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ABSTRACT: There exists a growing need to establish a better in vitro model for
evaluating PAH toxicity and carcinogenicity and to improve assessments of risk to
human health, especially to the complex mixtures that exist in the environment.
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental contaminants
due to the incomplete combustion of fossil fuels. Several PAH compounds are classified
as known or probable human carcinogens and have been implicated in lung tumor
formation in various in vivo models. This study investigates the mutagenic potential of
soil samples from a Superfund creosote site contaminated with polycyclic aromatic
hydrocarbons before and after remediation using an in vitro mammalian transgenic
mutation assay. We hypothesize that contaminated soil samples have reduced
mutagenic activity and associated cancer risk after thermal remediation to remove
chemical contaminants. We further hypothesize the mutagenic potency for complex
PAH mixtures in soils can be estimated from mutagenic activity of individual component
PAHs. The MutaMouse FE1 lung cell line, an in vitro version of the lacZ transgenic
rodent mutation assay, is metabolically competent and can be used to evaluate
3

genotoxicity of DNA-reactive PAH chemicals to assess cancer risk. FE1 cells were
treated with PAH mixtures extracted from soils at 5 concentrations for 6-hrs and cells
collected for evaluation of cell viability and mutagenicity. Benzo[a]pyrene, a known
mutagenic carcinogen, was included as a positive control. Genomic DNA was isolated
from the exposed cells and the frequency of lacZ mutants were measured for each
sample and concentration to calculate mutagenic potency in soil samples before and
after remediation. The mutagenic potency for PAH mixtures was calculated and
compared, using the RPF approach, to the calculated potency for individual PAH
components to determine if the additivity model for risk assessment could be applied.
The goal of this research was to improve upon the knowledge of cancer risk of PAHs in
complex mixtures using an in vitro mammalian assay treated for mutagenicity. Further
information on the toxicity of PAH mixtures are provided by the evaluation of additional
endpoint analysis, by the like of a cytotoxicity assay and investigation of gene
expression in metabolism by looking at CYP isozymes, oxidative stress and DNA
damage markers. Cumulatively this information provides insight on the toxic and
mutagenic potential of PAHs in mixture forms and identifies if they are in fact
remediated to possess less potential cancer or toxic risk.
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Introduction
Polycyclic aromatic hydrocarbons (PAHs) and Genotoxicity
Polycyclic aromatic hydrocarbons or PAHs are a ubiquitous environmental
contaminant formed through the incomplete combustion of organic material. Many
PAHs are classified as either known or probable carcinogens that can often result in
cases of human lung cancer. PAHs are made carcinogenic through their metabolic
mode of action that; when engaged in phase I metabolism and then converted into
electrophilic metabolites that will interact with DNA and bind to form bulky DNAadducts.1 This action promotes DNA mutations and sequence changes that can in turn
contribute to cancer. PAHs are typically found as complex mixtures within the
environment and can contain hundreds or thousands of substances that can be
potentially toxic further confounding toxicity testing methods at identifying potential
cancer risk. There exists many PAH-containing mixtures that are classified as known
human or probable human carcinogens and can be derived from a variety of sources
both natural and anthropogenic Some of the more natural generations of PAHs occur
from forest fires, volcanoes or petroleum seepages.2 Source can be derived from
human made or anthropogenic sources such as tobacco smoke, diesel exhaust or
industries responsible for production of fuels and fuel additives accidentally releasing
hydrocarbon sources into the local environment. Anthropogenic sources are more
commonly seen in the environment due to pollution or spills consisting of coal tar used
in wood preservation and asphalt for roads and parking lots. These complex PAH
mixtures often originate from either existent or former industrial sites that are
responsible for pollution or improper disposal of industrial chemicals.3 The products or
5

byproducts of these sites can contain additional compounds that make identification of
the overall toxicity of compounds difficult. Especially if many of the compounds in the
mixture are either unknown or unclassified by the Agency for Toxic Substance and
Disease Registry (ASTDR).
Assessing Risk for PAH Mixtures
It is common place to assess relative cancer risk by using evaluations of PAH
toxicity in equivalence to Benzo(a)pyrene (BaP). Commonly known as relative potency
factor (RPF) or potency equivalency factor (PEF), this methodology is used as a cancer
risk assessment and it analyzes each individual PAH in the mixture that has an RPF
value and sums the value of the mixture additively and equates it to a BaP equivalent.3
It analyzes for a mixtures potential to be carcinogenic in relation to BaP equivalents by
calculating the total risk as a sum of the contributing PAHs in the mixture. Typically, in a
PAH mixture there are known and unknown chemical compounds so to calculate the
RPF, risk is assessed by calculating the incremental sum of the contributions from a
subset of identified PAHs that are U.S. EPA priority PAHs and their contributing
concentrations in sample mixture. This gives values as to the relative cancer risk
associated with the mixture as a total when compared to BaP a known human
carcinogen. Ultimately some of these values can be higher or lower but are strongly
correlated with their overall concentrations in the mixture. The values are then
referenced by running a quantifiable experiment on the treatment cells to determine if
there is potential that the BaP equivalency of these mixtures do in fact cause
mutagenicity to a biological system.
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Due in part to the complexity of these mixtures that originate from a large
assortment of sources, hazard assessment is difficult. The presence of the unidentified
compounds that exist in these mixtures further hinder assessment of both hazard and
risk that typically requires fractionation of mixtures or creations of synthetic mixtures that
are similar to what is found in contaminated soils.4 Additional issues include that these
mixtures are filled with a large variety of PAHs that confers little understanding into how
these mixtures interact both with each other and within a biological system, further
confounding the assessment in their complexity and toxicity to these systems and their
potential for cancer. These mixtures are assessed by methods of the sum and are
calculated by total risk of the mixture. This can result in a biased assumption that the
mixture as a whole, is in fact carcinogenic but does not account for every compound or
PAH in the mixture, including the ones that have not been identified on a carcinogenic
standard. The results can be confounded by the levels of PAHs that are known to be
carcinogenic already existent in the mixture such as BaP or dibenz[a,h]anthrcene. This
in turn creates false positives, leading to the assessment of these mixtures being
classified as carcinogenic or toxic, when in fact only one or a few of the compounds in
the mixture are classified as toxic.5 Additionally the RPF approach can be too simple in
its assessment and may only assume a single endpoint of associated cancer risk and
does not take into account the possibility of additional endpoints such as cell death or
genotoxicity and assumes a common mechanism of action for all PAHs in a mixture and
how they act on a biological system It was also determined that assessment of PAHs in
mixture form using RPF can present risk assessments that are relatively conservative
relative to a bioassay based approach.4
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PAHs are typically difficult in that mostly single PAH substances were
characterized in their potential to cause cancer and DNA-adducts, but this assessment
varies in that the characterization of a mixture is different and proves more difficult due
to the number of unidentified compounds contained within it. Whole complex mixtures,
or soil samples, are hardly used in a biological assessment and even when they are
they commonly do not involve the chemical from the obtained soil sample itself, but from
closely similar substitute samples. A biological assessment of these soil samples and
the complex chemical mixtures within them is needed to give a detailed establishment
of the true carcinogenic potential of mixtures similar to what exists in the environment.
MutaMouse Model for Mutagenicity
The methods used to understand the mixtures in their complexity and potential toxicity
was the use of an in vitro mammalian cell system. This research utilized, specifically,
the use of a MutaMouse FE1 lung cell line, an in vitro version of the lacZ transgenic
rodent mutation assay. A cell line that is metabolically competent, due to its ability to
convert in this case PAHs to the toxic metabolites that are known for being genotoxic
and DNA reactive. These cells are also contact inhibited and allow for the formation of a
flat monolayer that is capable of retaining epithelial and pulmonary cell characteristics.
The cells are also stable and do not degrade DNA across multiple generations which
makes them a good candidate for in vivo applications of accurate chemical tests of
suspected mutagens.6 The MutaMouse model has been implored in identification and
clarification of misleading false positive chemicals in previous work with Maertens
(2017) and was found to be a more accurate predicator of true DNA-reactive chemicals.
This assay is beneficial because it eliminates the need for experimental animals and
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repeated or subsequent testing (e.g. Salmonella assay, micronucleus assay) of various
chemicals to ensure accuracy of mutagenicity and inclusion of all possible genotoxic
endpoints. This transgenic model cell line is also capable of reducing the cost of
mutagenic testing, cultured in vitro and applied in vivo, and is a great alternative to
previously existing transgenic cells line such as The BigBlue® Rat2 or the Chinese
Hamster embryonic cell line.7,8 Respectively in comparison to the transgenic FE1 cell
line, the previous cells were known to have poor differentiation and be cytogenetically
unstable or do not possess the metabolic independence for which the FE1 cells line
specializes to active and transform mutagens such as BaP into their cytotoxic
constituents.6 The uniqueness of the MutaMouse cell line is the implementation and use
of the lacZ transgene. A gene that is integrated into mammalian cells, in this case the
mouse cells. That allowed for the extraction of this gene from the treated cells to assess
for the mutagenic potential associated with the treatment medium. Additional studies
using this cell line were conducted where the FE1 cell line was used to characterize the
mutagenic potential of complex mixtures of PAHs found in contaminated soils.4
Consequences of PAH Remediation in Soils
The PAH mixture in question for this research was obtained from the Eagle Harbor
Superfund site in the Puget Sound of Washington State, a site undergoing remediation
to remove hydrocarbon contaminated soils. These thermal technologies can be useful in
remediating sites quickly and effectively in removal of close to 99% of hydrocarbon
contaminated soils, within hours to months, something that could otherwise take years,
extensive amounts of money and the liability that the PAH mixtures in the soils can
potentially become more genotoxic. Previous methods for bioremediation have used
9

microorganisms to lower PAH concentrations in contaminated soils, but reductions in
PAH soil contamination did not correspond with reduced levels of soil toxicity due to
possible incomplete degradation or further oxidation of PAHs generating more toxic
constituents9 Similar methods generated a developmentally toxic phenathrene
metabolite mixtures by a Mycobacterium strain, generating a toxic response in
zebrafish. In this case the degradation or co-metabolism of the parent PAH by the
microorganism had generated certain metabolites that was more toxic than the parent
PAH phenathrene from which they were derived.10 The contents of the mixtures, both
preR and postR being observed for this study was treated via applications of steam
injection. A method effective for the removal of organic contaminants with boiling points
less than 250 ºC, that utilizes higher heat capacities and high pressures to encourage
desorption and evaporation of target volatile hydrocarbons, further details in Vidonish
(2016). This method is relatively low cost due to its ability to capture and recycle the hot
water being used in the steam injection process and was performed by an alternate
laboratory at Oregon State University.
Hypothesis and Goals of Study
The soil samples obtained from the site were treated via steam injection in a separate
laboratory to convert the known PAH contaminants to potentially lesser toxic
constituents. The samples had been classified as post-remediated (postR) total extract
which was the original soil sample before steam injection remediation and preremediated (preR) total extract, the samples after treatment by steam injection and the
potentially less toxic soil sample. Once the cell line was treated with the soil extracts in
question from the superfund site the observed mutagenic levels of those mixtures had
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been assessed in comparison to a known carcinogen such as BaP in their relative
potency and their ability to cause cancer. Additionally, the potential for cytotoxicity and
genotoxicity was evaluated with the complex mixture extracts and compared across with
BaP to determine if there was either more, equal or less potential toxicity from these
samples. It was believed that the contaminated soil samples should have reduced
mutagenic activity associated with cancer risk after thermal remediation treatment to
remove the chemical contaminants and that the mutagenic potency for the complex
PAH mixtures in soils can be calculated from the mutagenic activity of individual
component PAHs. It was hypothesized that the postR sample extract was less toxic and
mutagenic in treatment to transgenic FE1 lung epithelial cells than preR sample due to
the remediation via steam injection platform of soil samples. To identify the validity of
this hypothesis this study evaluated the hazard associated with PAH exposure in
mixture form on the FE1 cells. This evaluation was conducted using the RPF approach,
an approach that additively summed the BaP equivalency of the PAHs in mixture forms.
Alongside this approach the Muta Mouse Model for mutagenicity (FE1 Cells) was
utilized to identify the mutagenic potential of the PAH mixtures through the evaluation of
plaque forming units (pfu) using the lacZ transgenic mutation assay contained within the
Muta Mouse Model. The workflow for which this method was described is seen in (Fig
1.), where the study was conducted starting with dosing determination studies,
exposure of cells and evaluation of lacZ mutation assay. This portion of the workflow
involved a protocol that was provided by Environmental Health, Science and Research
Bureau Health Canada and was a standard guideline in dosing, treating and extracting
DNA from FE1 cells to ensure maximum potential for the mutagenic assay. Additionally

11

(Fig 1.) evaluations of genotoxicity of the PAHs in mixture form utilizing the workflow
portion beginning at 48-hr exposure of FE1 cells and evaluated using endpoints of
cytotoxicity and qPCR for PAHs in soil preR and postR. The protocol for these methods
was derived from previous studies involving human lung cell exposures to PAHs and
involve higher dosing ranges and length of exposure times than those conducted in the
evaluation of the mutagenic assay.

Fig 1. Workflow for assessing the mutagenic and toxic potential of the obtained soil extracts of
preR and postR on FE1 lung epithelial cells using the observed methods and assays. Orange
boxes indicate primary endpoints quantified in study for evaluation of toxicity.
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Material and Methods

Chemicals Safety Warning – Several PAHs Are Known or Probable Human
Carcinogens and Therefore Should Be Handled with Extreme Care.

Chemicals and soil extracts. The original creosote contaminated soil samples post
remediation was obtained from the Wyckoff Eagle Harbor Superfund site in the Puget
Sound, Washington. Soil samples had been treated via steam injection platform and
collected for identification, quantification of PAHs and were also measured for total
mass both post and pre-remediation of the soil samples after remediation (Fig 2.). The
identification and classification of the soil extracts obtained from the Puget Sound
Superfund site was performed by the Simonich Laboratory in the Department of
Environmental and Molecular Toxicology at Oregon State University. From which the
sample soil extracts preR and postR had been obtained to perform mutagenic assays to
identify mutagenicity and toxicity. These two-separate contaminated total soil sample
extracts had been analyzed along with Benzo(a)pyrene (BaP). All cells and protocols for
culturing treatment was obtained from Environmental Health Sciences and Research
Bureau, Health Canada (Ottawa, ON, Canada). Cell culture media related to the
mutagenicity screening was obtained via ThermoFisher. Additionally (Fig 2.) shows the
conversions of PAHs in preR mixture being remediated and potentially converted to
either less toxic PAHs or different classes of PAHs. In the figure it can be seen largely
that the PPAHs are degraded in the preR extract along with a small fraction of the
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NPAHs (Nitrated PAHs) and HMW-PAHs (High Molecular Weight PAHs). While there
was a potential loss of these PAHs in the preR sample to either conversion to alternate
classes of PAHs or complete degradation, it was seen that in the postR sample there
was an increase largely in the OPAHs (Oxygenated PAHs), followed by a small
increase in the OHPAHs (Hydroxy-PAHs). Although for the calculations of RPF only
PPAHs and HMW-PAHs had been considered since there is available data for theses
PAHs. The other PAH classes such as the OPAHs, OHPAHs and NPAHs are
essentially ignored due to lack of RPF evaluations.
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Calculation of BaP equivalents utilizing the (RPF) approach.
The RPF approach consisting of equation 1 was used to estimate carcinogenic potency
of PAHs in the soil extracts in terms of BaP equivalents. BaP equivalency (B[a]Peq) was
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calculated by taking the concentration of the PAH (CPAH) and multiplying it by its given
RPF value. This was done for a number of PAHs 1 through n with a known RPF value
and given concentration of both before and after the remediation process of steam
injection platform. All PAHs were then summed to get a total BaP equivalency for both
the preR and postR soil extracts. The PAHs for which there is available data (Appendix
A) shows the concentrations of both soil extract preR and postR in (µg/g) of soil extract.
These values had been multiplied against their respective RPF values for the
determination of BaP equivalency for both preR and postR extract, or before and after
steam injection remediation using equation 1. From those estimated BaP of
equivalencies of each individual PAH preR and postR, the total PAH BaP eq was added
up to obtain a total BaP equivalency Total of each extract (in bold) which can be seen
in (Appendix B). These totals would give the estimated BaPeq when using the RPF
approach for both the preR and postR soil extracts.

Equation 1
𝑛

B[a]P𝑒𝑞 = ∑(𝐶𝑃𝐴𝐻𝑖 × 𝑅𝑃𝐹𝑖 )
𝑖=1

Mutagenicity of soil extracts and BaP calculated through mutant frequency.
FE1 Cell Line. The MutaMouse FE1 epithelial lung cell line is a metabolically
competent cell line derived from the transgenic MutaMouse that was exposed to the
total soil extracts and BaP for the assessment of mutagenicity. This cell line has been
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previously characterized and used for mutagenicity screening and is further detailed in
White et al. (2003) and Maertens et al (2017). FE1 cells had been sustained in cell
culture medium known as DMEM/F-12 supplemented with 2% EGF (epidermal growth
factor), 100 Units/mL penicillin/streptomycin and 1ng/mL FBS (fetal bovine serum) all in
10cm plates. The medium was also used as a treatment medium to maintain cells
through culturing, along with 0.25% Trypsin-EDTA to lift cells and PBS, phosphate
buffered saline for rinsing. Cells had been maintained continuously during experiments
at 37 °C, 95% humidity and 5% CO2 for incubation periods.
Dose range-finding studies. Cell culturing protocol was followed according to
what had been established by Environmental Health Sciences from Health Canada.
FE1 cells had been seeded into 6-well plates with culture medium at 20,000 cells/well.
Cells were counted using a standard hemocytometer to determine initial counts. Cells
had been exposed for 6-hrs to at least five concentrations, up to seven, of both the preR
and postR total extract in duplicate along with DMSO as a negative control and BaP as
positive control. Treatments consisted of 3 mL DMEM/F-12 media containing extracts in
100x DMSO. After 6-hrs treatment medium was removed, cells were washed with PBS
and further incubated for another 72-hrs period for sampling. Following the 72-hr period
the cells were again rinsed, trypsinized and removed from the wells for counting using a
TC20 Automated Cell Counter (BioRad) to estimate cytotoxicity. Cytotoxicity was used
to determine appropriate ranges for mutagenicity testing and is desired to aim for a
Relative Increase in Cell Counts (RICC) range of 20%. RICC signifies that there is a 8090% of the cells present after treatment and have endured 10-20% cell death. RICC is
calculated for each concentration using Equation 2. Where NFinal is the cell count after
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sampling period by soil extracts and signifies cells remaining after treatment and
subtracted by Ninital, which is the number of viable cells not exposed to a treatment
medium. Cells in DMSO control were calculated for the RICC to identify viable levels of
cell counts without treatment and then divided by the cell counts impacted by treatments
to determine RICC. Cytotoxicity determination process of culturing and treating cells
with treatment media was performed repeatedly until a desired range of ~20% RICC
was obtained before application of mutagenicity screening.

Equation 2

RICC =

NFinal − NInital
𝑁Final − NInitial

Chemical Treatment of Cells for Mutagenicity Screening by Post, Pre-remediated
Soil Extracts. After determination of correct dosing ranges through cytotoxicity
proceeding forward FE1 cells had been seeded on 10cm plates at a cell density of
300,000 cells/plate in culture medium. Cells were next exposed to test chemicals for 6hr in 100X stock solution DMSO and added to 10 mL media, mixed and placed on cells.
After 6-hr period cells were rinsed free of treatment medium using PBS and allowed to
incubate for another 72-hr period in complete culture medium. Treatments consisted of
four concentrations of extract in duplicate including DMSO as a negative control and
one concentration of BaP for a positive control. The ranges for concentration of each of
the treatments were determined previously in the RICC calculations and a range of 20%
RICC was desired. Following the 72-hr sampling period cells were harvested, media
17

was removed, and cells were rinsed. At which protocol kit was used for DNA extraction
to lyse the cells and obtain the potentially mutated DNA for mutagenic analysis using
the lacZ transgenes mutation assay. Once DNA had been carefully extracted it was
overnighted to Health Canada for packaging of DNA into λ phage heads and mutant
scoring of plaques for calculation of mutant frequency.
Detection of lacZ mutants in Post-Remediated, Pre-Remediated and BaP treated
FE1 Cells. To be able to observe true mutagenic potential from the selected soil
extracts the final requirement was the packaging of treated FE1 cell DNA in λ phage
heads in preparation for the PGal positive selection assay. This entire and final process
took place at Environmental Health Sciences and Research Bureau, Health Canada
(Ottawa, ON, Canada). For the assessment of mutation, the λgt10lacz shuttle vectors
are excised from the sample treated genomic DNA and packaged into phage heads
using the appropriate packaging extract kit. Phages were then absorbed onto a host
bacterium E. coli C (galE- lacZ-) and mutation selection is carried out on P-Gal medium
which is toxic to galE- strains that express functional lacZ genes. So, therefore phages
that do not retain a functional lacZ will form plagues on P-Gal medium according to
Lambert et al. (2005). This signifies the number of λ vectors still containing the lacZ
transgene obtained from the treatment cells. On P-Gal medium mutant plagues will
show up as whites scores and normal plaques alternatively as blue. Mutation frequency
for each sample is then calculated using the total number of plaque forming units (PFU),
and was calculated as a ratio of the mutant plaque forming units (PFU) to the total
number of plaque forming units.
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Treatment of FE1 Cell Line with Soil Extracts and BaP for Assessment of
Cytotoxicity and Gene Expression. For the examination of additional endpoints, the FE1
cells had been setup and treated with same chemical extracts at 48-hr exposure times
in same treatment medium used for 6-hr dosing studies. FE1 Cells had been seeded
into 6-well plates with 3 mL of culture medium with supplements at 170,000 cells/well.
Cell media was then removed from the remaining wells and rinsed. Cells had been
exposed to 3 mL of test media containing 30μL of each treatment with 100x stock in
DMSO added to wells. Treatment was composed of four concentrations of extract and a
DMSO control in replicates of four. FE1 cells had been exposed to BaP at four different
concentrations with an additional DMSO control, all in replicates of three following same
cell culturing and protocol at 48-hr exposure times. Following the 48-hr sampling period
cells had been harvested, medium from treated cells was collected in amounts 1 mL per
well and stored at -80 °C for future Lactate Dehydrogenase Analysis (LDH). Remaining
cells had then been rinsed with PBS, followed by the use of an RNeasy kit for extraction
of RNA for the production of cDNA corresponding with qPCR analysis.
Cell Cytotoxicity. Cytotoxicity was measured from the release of lactate
dehydrogenase (LDH) from cells after treatment with postR, preR extracts and BaP
following standard manufacture protocol kit Pierce LDH Cytotoxicity Assay Kit
(ThermoFisher). Post 48-hr treatment of cells was followed by the application of medium
that was extracted from cells post-treatment and frozen at -80 °C. Medium from treated
cells had then been prepared along with an LDH positive control, with maximum level of
LDH, and a medium only standard for background absorbance. LDH Reaction was
performed in 96-well plates using 40 µL of basal medium, the addition 40µL of reaction
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mixture in each well with the addition of 40µL of stop solution. After which absorbance
was measured at 490nm and 680nm. Calculations of cell cytotoxicity had been
determined by subtracting 690nm reading from 490nm reading for each well at which
the mean was then calculated for all replicates and then the calculation of background
absorbance from the medium was subtracted from all other readings to determine
overall absorbance levels indicating levels of LDH leaked from cells and therefore cell
cytotoxicity.
qPCR Gene Expression Analysis of FE1 Cell Post and Pre-Remediated Sample
Extracts and BaP.
RNA isolation and conversion to cDNA. Following collection of cell lysate post
48-hr treatment of FE1 cell RNA extraction protocols had been followed for both preR
and postR treatment cells including DMSO treated and BaP treated FE1 cells. Isolation
of total RNA using protocol from RNeasy kit (Qiagen) with modifications to standard
protocol at first addition of 350 µL Buffer RW1 and centrifuging for 30 second instead of
15 seconds as well as waiting for two minutes after second addition of 350 µL Buffer
RW1 before centrifuging. Additional modifications to protocol included centrifuging at full
speed for 5 minutes instead of 1 minute. Modifications to protocol seemed to improve
yields of RNA content. After extraction of RNA development of cDNA proceeded using
.25μg of total RNA for 10 µL reaction volumes. Preparation of cDNA was performed for
preR and postR extract each totaling 22 samples including DMSO as a negative control,
cDNA was then diluted at a 1:10. Protocol was followed from Super Script III
(ThermoFisher) and run on a Applied Biosystems 2720 Thermal Cycler (ThermoFisher).
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Similar protocol was used for preparation of cDNA for BaP with 16 samples in total
including DMSO and diluted to identical ratios.
qPCR. Quantitative PCR was done on all three samples sets obtained from
treated FE1 cells of preR, postR extracts and BaP to determine endpoint gene
expression. The specific mouse primers included Cyp1a1, Cyp1b1, Nqo1, Hmox1 and
Ddb2 with GAPDH (ThermoFisher) designated as house-keeping gene using CFX96
Optics Module (BioRad) following protocol for standard qPCR. Primers are listed in
Table 1. In preparation for qPCR 2μL of cDNA were used as a template to perform a
20μL reaction. Program cycle for qPCR was designated as 1 cycle @ 95ºC for 1 minute,
40 cycles @ 95ºC for 15 seconds and then 60ºC for 30 seconds and then 1 cycle melt
curve 65-95ºC and 0.5ºC for 5 seconds. All samples were assayed in single replicates
and data analyzed using ΔΔCT.
Table 1. Mouse primer sequences for quantitative PCR. Forward and reverse sequences are
provided for genes to assess genotoxicity of the preR and postR extracts on the FE1 cell line. All primers
were run normalized to Gapdh a house keeping gene and estimated using ΔΔCT to identify the Log2Fold
Change.

Gene:
Gapdh
Cyp1a1
Cyp1b1
Nqo1
Hmox1
Ddb2

Forward Primer (5' - 3')
TCT CCC TCA CAA TTT CCA TCC CAG
CCTCATGTACCTGGTAACCA
ACATCCCCAAGAATACGGTC
AGGATGGGAGGTACTCGAATC
AAGCCGAGAATGCTGAGTTCA
AAATGCCCAGAAACCCAGAAG

Reverse Primer (5' - 3')
GGG TGC AGC GAA CTT TAT TGA TGG
AAGGATGAATGCCGGAAGGT
TAGACAGTTCCTCACCGATG
AGGCGTCCTTCCTTATATGCTA
GCCGTGTAGATATGGTACAAGGA
GTCCTGCTAGAAACGGGACC
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Results
Estimation of carcinogenic risk for PAHs in soil extracts using RPF approach.
Observed mutagenicity in Sample Extract treated FE1 Cells. The application of the
treatment samples preR and postR on the FE1 lung epithelial cell line for the
identification of mutagenic activity returned results that show negative mutagenic activity
for the treatment samples as can be viewed in Table 2. Mutagenic activity expressed
with the DMSO, the negative control and BaP, the positive control shows levels of
mutagenic activity are well within historical values for both negative and positive
controls.3 Calculations of RPFs for observable PAHs in mixture (Appendix A) shows
that there was a calculated decrease in BaP equivalency across the remediation of
sample extracts from preR to postR assuming a 1:1 remediation of preR to postR.

Table 2. Mutation frequencies for soil sample extracts pre- and post-remediation. Sample IDs
expressed in left columns shows the amount of calculated dosage levels of preR and postR samples
applied to the FE1 lung epithelial cells for identification of mutagenic activity. Mutant frequency (x105)
identified in right columns shows formation of mutant plaques from lacZ mutant assay. preR and postR
treated with DMSO at the top of both columns was run as negative control and BaP as positive control at
bottom of each respective column.

Sample ID:
preR DMSO-1
preR DMSO-2
preR 0.1 µg/ml-1
preR 0.1 µg/ml-2
preR 0.2 µg/ml-1
preR 0.2 µg/ml-2
preR 0.4 µg/ml-1
preR 0.4 µg/ml-2
preR 0.8 µg/ml-1
preR 0.8 µg/ml-2
BaP-1 (0.10 µg/ml)

Mutant Freq. (x10^5) Sample ID:
70
111
61
59
57
53
95
77
92
67
637

postR DMSO-1
postR DMSO-2
postR 0.1 µg/ml-1
postR 0.1 µg/ml-2
postR 0.2 µg/ml-1
postR 0.2 µg/ml-2
postR 0.4 µg/ml-1
postR 0.4 µg/ml-2
postR 0.8 µg/ml-1
postR0.8 µg/ml-2
BaP-2 (0.10 µg/ml)

Mutant Freq. (x10^5)
55
49
73
51
53
51
71
66
68
77
713
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LDH Cytotoxicity Assay. LDH cytotoxicity assay of preR, postR and BaP samples was
conducted to quantify cellular cytotoxicity due to plasma membrane damage that
allowed the leakage of unique enzymes necessary for the conversion of lactate to
pyruvate into the cell media. Both the preR and postR sample extracts had been
evaluated in comparison to BaP a known class 1 carcinogen. The preR sample (Fig 3.)
showed minor levels of elevation in LDH when compared to both the postR sample and
BaP, there is still signs of LDH leakage from the cells into media, but results were
shown to be statistically insignificant. LDH leakage for postR (Fig 4.) showed levels that
were in fact elevated in comparison to BaP (Fig 5.) signifying that there was in fact cell
cytotoxicity and plasma membrane damage that caused the release of LDH into the cell
media.

C y t o t o x ic it y o f P r e R E x t r a c t
150

DMSO

%DMSO

0 .4  g /m L
0 .8  g /m L

100

1 .6  g /m L
3 .2  g /m L
50

0

T r e a tm e n t S a m p le s
D a ta is s h o w n n o t to b e s t a t is tic a lly s ig n if ic a n t

Fig 3. Cytotoxicity of pre-remediated
extracts from soil in FE1 cells. Cytotoxicity was measured by
w it h L D H le a k a g e r e p r e s e n t in g c e ll c y t o to x ic it y
release of lactate dehydrogenase
(LDH)
from lung cells 48 hr after treatment with extracts from soil
o f F E 1 t r e a t e d c e lls b y p r e R s o il e x t r a c t
compared to 1% DMSO vehicle control. Values are provided as percent (%) control for treated compared
to DMSO vehicle with error bars showing standard error. Levels were calculated by measure of
absorbance. Treatments were not significant compared to DMSO control as measured by ANOVA with
Dunnett’s multiple testing correction.
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C y t o t o x ic it y o f P o s t R E x t r a c t
150

DMSO
1

0 .4  g /m L

%DMSO

0 .8  g /m L
100

1 .6  g /m L
3 .2  g /m L

50

0

T r e a tm e n t S a m p le s

1

R e p r e s e n ts a extracts
p < 0 . 0 5 , fo from
r c e ll csoil
y t o t o in
x ic ity
s h ocells.
w in g Cytotoxicity was measured by
Fig 4. Cytotoxicity of post-remediated
FE1
s t a t is tic a l s ig n if ic a n c e o f L D H le a k a g e o f F E 1 c e ll tr e a t e d
release of lactate dehydrogenase (LDH) from lung cells 48 hr after treatment with extracts from soil
p o s tR s o il e x t r a c t
compared to 1% DMSO vehicle control. Values are provided as percent (%) control for treated compared
to DMSO vehicle with error bars showing standard error. Levels were calculated by measure of
absorbance. P-values expressed as p<(10.05, 20.01, 30.001, 40.0001) as measured by ANOVA with
Dunnett’s multiple testing correction.

C y t o t o x ic it y o f B a P E x p o s u r e
200

DMSO
0 .0 3  g /m L

%DMSO

150

0 .0 6  g /m L
0 .1 2 5  g /m L

100

0 .2 5 0  g /m L

50

0

T r e a tm e n t S a m p le s
D a ta is s h o w n n o t to b e s t a t is tic a lly s ig n if ic a n t

Fig 5. Cytotoxicity of benzo[a]pyrene
(BAP) positive control in FE1 cells. Cytotoxicity was measured
w it h L D H le a k a g e r e p r e s e n t in g c e ll c y t o to x ic it y
by release of lactate dehydrogenase
from
cells
o f F E 1 t r e a(LDH)
te d c e lls
b y Blung
a P tre
a tm e48
n t hr after treatment with BAP compared to
1% DMSO vehicle control. Values are provided as percent (%) control for treated compared to DMSO
vehicle with error bars showing standard error. Levels were calculated by measure of absorbance.
Treatments were not significant compared to DMSO control as measured by ANOVA with Dunnett’s
multiple testing correction.
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Gene Endpoint Expression Observed by FE1 Cells Treated by Sample Extracts
and BaP. Multiple gene expression endpoints had been analyzed for FE1 cells treated
by both preR, postR and BaP as a comparison PAH to asses for metabolic expression.
Gapdh was used as a standardized housekeeping gene to run all gene endpoints
against and each FE1 cell treated samples was examined for Cyp1a1, Cyp1b1, Nqo1,
Hmox1 and Ddb2. Gene expression results obtained for preR extract (Fig 6.) show
significant upregulation for Cyp1a1, 1b1, Nqo1, Hmox1 and Ddb2. There was also
significant gene expression in postR samples (Fig 7.) in three of the apparent genes
Cyp1a1, 1b1 and Nqo1 with upregulation. But no significant values or increases in
Hmox1 or Ddb2. As these values are compared to BaP (Fig 8.) a known carcinogen it
can be viewed that these levels of expression are higher than that of the levels
expressed by the BaP treated FE1 cells.
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q
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S t aExpression
t is t ic a l s ig n if ic a
e is r e p r e s e n t n e d biomarkers
b y v a lu e s ( 1 - 4in
) wFE1
h e r e cells
p v a lu after
e s a r e treatment
le s s t h a n e itwith
h e r 0extracts
.0 5 ,
Fig 6.
ofn ctranscriptional
from pre2
3
4
0 . 0 1 , 0 .(preR)
0 0 1 , 0 .soil.
0 0 0 1 .Gene
R e p r e expression
s e n t in g t h e s for
ig n ifCyp1a1,
ic a n c e o f Cyp1b1,
g e n e e x p r Nqo1,
e s s io n s Hmox1
m a r k e r sand
in F E
1 c e llswere measured
remediated
Ddb2
tr e acells
t e d bafter
y p r e R48
s ohr
il eexposure
x tra c t
in FE1
to preR soil extract by quantitative PCR as calculated by ΔΔCT. Values
are reported as fold-change (Log2) compared to vehicle control (1% DMSO) after normalization to Gapdh
housekeeping gene. P-values denoted as p<(10.05, 20.01, 30.001, 40.0001) by ANOVA with Dunnett’s
multiple testing correction.
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48 hr exposure to postR soil extract by quantitative PCR as calculated by
ΔΔCT. Values are reported as fold-change (Log2) compared to vehicle control (1% DMSO) after
normalization to Gapdh housekeeping gene. P-values denoted as p<(10.05, 20.01, 30.001, 40.0001) by
ANOVA with Dunnett’s multiple testing correction.
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Fig 8. Expression of transcriptional biomarkers in FE1 cells after treatment with BAP. Gene
expression for Cyp1a1, Cyp1b1, Nqo1, Hmox1 and Ddb2 were measured in FE1 cells after 48 hr exposure
to BAP by quantitative PCR as calculated by ΔΔCT. Values are reported as fold-change (Log2) compared
to vehicle control (1% DMSO) after normalization to Gapdh housekeeping gene. P-values denoted as
p<(10.05, 20.01, 30.001, 40.0001) by ANOVA with Dunnett’s multiple testing correction.
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Discussion
Assessment of the PAH mixtures was conducted using a metabolically
competent cell system via the MutaMouse FE1 Lung epithelial cell line, through the
usage of this cell line the various endpoints had been analyzed for valuation of toxicity;
mutagenicity through lacZ transgene mutation, lactate dehydrogenase assay and gene
endpoint expression for specified primers. Each providing a different aspect into the
toxicity of these compounds to a biological system and to determine if the current
remediation method of steam injection is effective at breaking down the PAHs in
contaminated soils. Evaluation of PAH mixture soil extracts using RPF approach and
the FE1 lung epithelial cell line derived from the transgenic rodent mutation assay,
evidence is inconclusive as to the mutagenic potential of postR soil extract after
attempted remediation compared to the preR extract that retains said parental PAHs.
Examination of additional endpoints of cytotoxicity also did not conclude to the potential
cytotoxic or plasma membrane damage caused by exposure of FE1 cells to specifically
postR and additionally preR extracts, while results did show elevations in LDH levels the
data overall was not considered significant enough to evaluate soil extracts toxicity.
Although evaluation of gene expression analysis produced results showing elevations in
targeted metabolic enzymes such as CYPs and DNA damage markers in both the preR
and postR sample extracts with significant results. Certain factors need to be
considered when evaluating these results as potential signals for genotoxicity, such as
differences in PAH concentrations between preR and postR samples when applied to
the FE1 cell line for assessment and the complexity of these two mixtures and how
interactions apply in the model system in which they were tested (i.e. PAH interactions
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and cell receptors competitions). These two mixtures both preR and postR had been
compared to a known human carcinogen BaP, with a known RPF classified by the EPA
and measured using BaP equivalency to evaluate the potential mutagenicity and
genotoxicity.
RPF for Measuring Genotoxicity in Mixtures
Using RPF as a measure of toxicity for mixtures of PAHs gives information on the
potential for genotoxicity of said mixtures when applied to the FE1 cells in search of a
biological response. This technique is favored due to most carcinogenic PAHs having a
common mode of action and therefore a common pathway of toxicity. The contributions
of each monitored PAH to the total hazard of the mixture are generally inferred by
employing the comparative potency of each compound relative to BaP, and an
assumption of simple additivity is used to calculate the total concentration of BaP
equivalents in the mixture.3 This paired with the analyses of mutagenic potential of PAH
mixture can elude to the potential cancer risk associated with these soil mixtures
through the assumption of additivity of all the priority identified PAHs in the mixture. The
calculation of RPF for the sample extracts provided shows that there was a decrease in
total BaP equivalents across the samples preR and postR in (Appendix B) from this
simple calculation one could infer that the process of remediation did in fact lower the
mutagenic or toxic potential of the soil samples from preR to postR. Although the RPF
approach in its assessment is not without limitations.3 Firstly, RPF data is only available
for a small subset of PAHs and their metabolites effectively not taking into consideration
the carcinogenic potential of PAHs that do not have any data on RPF values (i.e.
PPAHs converted to NPAHs), so while in fact there was a significant decrease in
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PPAHs or HMW-PAHs. It can be assumed that many of these PAHs were in fact
degraded into unregistered or non-toxic compounds, there exists potential that the
PAHs may have also been converted into a PAH for which we lack substantial toxicity
data or RPF values, PAHs that may in fact be mutagenic or genotoxic. This effectively
restricts mixture assessments to the only known attributes PAHs. Secondly, the RPF
approach only assumes that cancer is potentially the most sensitive and final endpoint
of PAHs when measuring for additivity and does not consider the potential for additional
issues to a biological system such as cell cytotoxicity or death. This method assumes
that all PAHs in mixture activate and metabolize via a common mechanism of action
and therefore cause mutagenicity or cancer to a cell via the same generalized routes of
exposure through DNA adduct formation and therefore DNA mutations. Finally, RPF
assumes only additivity among PAH components in a mixture an idea supported by
additional studies. 14,15 Although the method does not take into account the possibility of
subadditive impacts with PAH mixtures at much higher doses, generating competition
for enzyme catalysis.16 Ultimately the RPF approach is a conservative approach to
identifying the potential mixtures additivity and carcinogenicity to a living organism, but
due to some of the gaps in knowledge that exist with some PAH in and outside of a
mixture equivalent, such as mixture complexity, interactions and lack of reliable RPFs
for some PAHs there still exists a level of uncertainty when utilizing this approach. This
approach combined with the utilization of the in vitro transgenic rodent mutation assay
(FE1) should have given a more comprehensive overview of the mutagenic and toxic
potential of these soil mixtures.
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Mutagenic Screen and Dosing Studies of PAH Mixtures
When running the mutagenicity assay in an effort to induce lacZ transgene
mutation in the FE1 cells thereby identifying scoring plaques, it was observed that all of
the dosing ranges of both the preR and postR samples were in fact non-mutagenic
aside from the BaP positive control. Although issues as to why this occurred may be
apparent in that the mutagenicity assay was only replicated once and not within a
suitable number of times to allow for accurate analysis of mutagenic potential of the
preR and postR soil extracts. Also, mutagenic potential may not have been observed
due to the conservatively low dosing level used to treat the cells during the 6-hr
mutagenic screening time. To identify a suitable dosing level during the RICC
determinations, inconsistent levels of cell count consistently presented for each
replicate of RICC determination for the PAH mixtures in question (Appendix C). Where
levels of increase in treatment media containing PAH extract on FE1 cells did not
correspond well with an elevation in RICC or overall cell death. Likely attributing to the
estimation of more conservative dosing levels to prevent from inducing excessive cell
death. Complexity and interaction of PAHs in mixture and within biological interactions
as stated earlier may be contributing to the inconsistent analysis of dose range finding
studies. Raising difficulty in running a consistent RICC and therefore determining
suitable dosing level. Inconsistencies in how the mixture interacted with the cells in each
replicate may have contributed to an array of RICC levels for each dose. Mixtures,
unlike single PAHs or fractions, can interact with each other therefore interfering with
how each PAH may interact with the experimental cells and can compete for binding
specificity inside a cell. There is additional knowledge that mixtures can exhibit no
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carcinogenic potential, but this is mainly due to chemical competition for certain
receptors or metabolizing enzymes, therefore causing a synergistic action or inhibition
of enzymes to occur.12,13 Do to these undocumented interactions at least for this study it
was advised to re-evaluate both preR and postR soil extracts potential for mutagenicity
in fractionated form. This would be the breaking down of the whole mixture into its
component PAHs (i.e. PPAH, HMWPAH, OPAH or NPAH) and retesting each
component on the FE1 assay to identify individual mutagenic potential. Similar to what
was performed in the Lemieux et al. (2015) study, where it was found that mutagenic
activity of PAHs in mixture where influenced by level of the present PAHs in mixture but
also by nonmutagenic PAHs and related compounds and that the more complex PAH
mixtures were seen to have decreased activity as compared to the 5-PAH and 16-PAH
mixtures. Fractionations would allow for individual classification and characterization of
these PAHs to better expose treatment cells and rule out variability involved with
interactions and competition between PAHs for binding specificity or variability of
absorption into the cell. So, while it is possible that these mixtures are in fact mutagenic
to the FE1 cell line, further analysis and more accurate determination of dosing level
would be necessary to further identify the mutagenic potential of these mixtures
compared to a BaP equivalent.
Genotoxic Assessment of PAH Mixtures
Further data points had been evaluated when assessing both preR and postR
soil extracts as either mutagenic or genotoxic. Since most PAHs act via a common
mode of action through metabolism that form DNA adducts and mutations leading to
cancer.1 Biomarkers of gene expression involving the analysis of the induction of AhR31

mediated metabolism had been assessed through the exposure of the contaminated
soil extracts on FE1 cells in 48-hr studies.17 The evaluated endpoints examined for the
study consisted of Cyp1a1 and Cyp1b1, both being associates of the P450 family of
enzymes commonly responsible for xenobiotic metabolism and responsible for
involvement in the oxidation of organic substances such as PAHs. CYPs or Phase I
enzymes are classified as substrate inducible monooxygenases and are the main route
for converting typically non-carcinogenic PAHs (i.e. BaP) into their more carcinogenic
metabolites via metabolic action.12 Additional biomarkers include Nqo1, a NAD(P)H
quinone oxidoreductase a Phase II enzyme responsible for detoxification and metabolic
activation of various xenobiotics and PAHs and Hmox1 (HO-1) a heme oxygenease
enzyme. Both of these enzyme which have major detoxifying processes converting
highly reactive quinones to hydroquinones have also been known to induce anti-cancer
agents an additional endpoint to determine if the total soil remediated extracts are in
fact genotoxic and causing oxidative stress to the cells.18 Previous research in Delfino,
Staimer and Vaziri (2011) found that Nqo1 and Hmox1 enzymes have been shown to
be upregulated in response to diesel exhaust particles in human endothelial cells
connected with air pollution exposures. Ddb2 a nucleotide excision repair gene (NER)
expressed when exposed to low dose levels of BaP metabolite responsible for the
repair of subsequent DNA damage possibly caused by DNA-adduct binding of PAHs
showing an adaptive response in human cells.19 Elevation in a number of these genes
signified that there was a potential increase in metabolic action interacted upon by the
soil extract PAH mixtures, therefore a generation in the toxic metabolites of these PAHs
that can potentially cause genotoxicity or a response in reaction the binding or damage
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caused by the PAH mixtures in question, evaluated along BaP which is known to be
genotoxic. When evaluating our results from running the genotoxic assays and
observing the biomarkers or interest for preR extract we see a nearly 10-fold increase in
expression levels for metabolic enzymes, Cyp1a1, 1b1, and Nqo1. This would be
expected in the fact that preR should contain most the PPAHs known to be mutagenic
and genotoxic, the extract that comes from the contaminated soil before being broken
down in remediation processes. We also observe elevation in the Hmox1 biomarker an
oxidative stress response enzyme responsible for mitigating reactive oxygen species
(ROS). This biomarker has been used previously used to evaluate the positive
relationship between diesel exhaust particulate exposure to human lung inhalation.20
Elevation in this marker would show that the FE1 cells underwent exposure to reactive
PAHs that can induce oxidative stress and inflammatory responses when exposed to
the preR mixture extract, needing a response from the cells metabolism to defend
against the ROS created by the PAHs. An additional study found when welders were
exposed to diesel exhaust fumes that there was observed upregulation in Hmox1 do to
the similar generation of ROS and inflammatory reposnses.21 Additionally there was
mild upregulation in marker Ddb2 when exposed to the preR extract, signifying that
exposure of the cells to this soil extract is generating a response of needed DNA repair
due to the formation of adducts created by PAH exposure. Similar results had been
found with Christmann et. al. (2016) with exposure of human cells to BaP was
generating an upregulated response in Ddb2 markers to repairs the formation of
adducts generated by a BaP carcinogenic metabolite benzo[a]pyrene-7,8-diol-9,10epoxide (BPDE). For the treatment of the FE1 cells by the preR extracts in genotoxic

33

review it can be concluded that it is potentially toxic due to upregulation of the interested
biomarkers compared to postR extract sample. PostR extract sample additionally
showed upregulation in metabolizing enzymes Cyp1a1, 1b1 and Nqo1, but not in
oxidative stress enzyme Hmox1 and DNA damage marker Ddb2. Expression levels of
the CYP enzymes and Nqo1 were greater than 2-fold higher but less than levels
expressed in preR extract runs. We can conclude that due to the expressed levels that
postR extract in comparison to preR extract may in fact be potentially less genotoxic
when exposed to the FE1 cells, since there was only expression in the corresponding
biomarkers and not in inflammatory response or nucleotide excision repair genes.
Although this data does not conclude that postR is in fact any less toxic than BaP just
that remediation processes made it possibly less than the preR extract. Even in the
biomarker analysis of BaP there existed level of upregulation for Cyp1a1 and Nqo1 at
roughly 2-fold levels and downregulation for the oxidative stress gene Hmox1. We know
that BaP is capable of inducing expression levels in biological assays, but the levels at
which we tested BaP on the FE1 cells were lower than that used for the preR and postR
extract. High levels for preR and postR were selected in reference to previous in-house
lab studies performed on human lung cells in response to less complex PAH mixtures
and are known for inducing expression in test cells. These levels chosen for the soil
sample extracts exhibit levels much greater than 2-fold showing that they were in fact
still genotoxic for preR and postR samples, but still lack fundamental knowledge on their
complexity and interactions. Additionally, what was not accounted for in this study was
the levels of concentration of each soil extract, preR extract after remediated did not
equal the concentration or weight of postR extract, not equaling a 1:1 ratio. So, while
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levels postR extract was not as genotoxic as preR extract the concentration of PAHs in
the extract may have also been less. In conclusion when it come to the analysis of both
the preR and postR extract in comparison to BaP we found that both sample extracts
may have been nonmutagenic in terms of mixture complexity. Difficulty existed at
finding suitable dosing levels which was hindered by how PAHs interact with each other
or the cells causing either overly conservative dosing levels or completion for binding
site affiliation to cause mutagenic potential. Alternatively, we do see that these soil
extract were potentially genotoxic to the FE1 cells when applied, shown by the level of
upregulation for all biomarkers of interest in preR sample and only a few biomarkers in
the postR extract, but once again certain factors were not accounted for such as
different concentrations of each extract when applied to FE1 cells. To further conclude if
the sample extracts are in fact mutagenic or genotoxic to a mammalian system such as
the FE1 cells, further tests and replicates would need to be applied and the potential for
fractionation of PAH mixtures may additionally aid in identifying the samples mixtures
carcinogenic potential.
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Appendices
Appendix A
PAH Name:

Dibenzo[a,e] + [b,k]fluoranthene
Dibenzo[a,e]pyrene
Dibenzo[a,h]pyrene
Dibenzo[a,i]pyrene
Dibenzo[a,l]pyrene
Naphtho[2,3-e]pyrene
Benzo(a)anthracene
Benzo(a)pyrene
Benzo(b)fluoranthene
Benzo(c)fluorene
Benzo(ghi)perylene
Benzo(k)fluoranthene
Chrysene + Triphenylene
Dibenz(a,h)anthracene +
Dibenz(a,c)anthracene
Fluorene
Indeno(1,2,3-cd)pyrene

Class

RPF

MW302-PAHs 0.90
MW302-PAHs 0.40
MW302-PAHs 0.90
MW302-PAHs 0.60
MW302-PAHs 30.00
MW302-PAHs 0.30
PPAHs
0.20
PPAHs
1.00
PPAHs
0.80
PPAHs
20.00
PPAHs
0.01
PPAHs
0.03
PPAHs
0.10
10 and
PPAHs
4
PPAHs
0.08
PPAHs
0.07

PreR Weight (μg g-1)

PostR Weight (μg g-1)

14.7000
0.8690
0.6710
0.8760
0.8340
0.6730
17.9000
5.7100
8.6100
7.7600
1.5900
2.9800
25.3000
7.8400

13.6000
0.8230
0.6060
0.8160
0.7490
0.6660
12.6000
3.0700
7.3300
1.8500
0.9230
1.3500
16.1000
0.0263

13.23
0.3476
0.7821
0.5214
25.02
0.2019
3.58
5.71
6.888
155.2
0.0159
0.0894
2.53
54.88

12.24
0.3292
0.5454
0.4896
22.47
0.1998
2.52
3.07
5.864
37.00
0.00923
0.0405
1.61
0.1841

93.7000
1.2500

0.5120
0.8920

7.496
0.0875

0.04096
0.06244

PreR BaP Equivalency (µg g-1)

PostR BaP Equivalency (µg g-1)

Appendix B

PPAHs
HMW-PAHs
PAH Totals

PreR Total
BaP Equivalency (µg/g)
236.48
40.10
276.58

PostR Total
BaP Equivalency (µg/g)
50.40
36.27
86.67
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Appendix C

PreR Extract (µg/mL) Mean RICC (%) PostR Extract (µg/mL) Mean RICC (%)
DMSO
1.00
DMSO
1.00
.049 µg/ml

0.52

0.1 µg/ml

0.84

.098 µg/ml

0.23

0.2 µg/ml

0.78

.195 µg/ml

0.63

0.4 µg/ml

0.38

0.39 µg/ml

0.56

0.6 µg/ml

0.63

0.78 µg/ml

0.31

0.8 µg/ml

0.60

1.0 µg/ml

0.63

2.0 µg/ml

0.57

4.0 µg/ml

0.56
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