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ABSTRACT

JING HU: Effects of Bioremediation on Bioavailability and Genotoxicity o
Contaminants in PAH-contaminated Soil
(Under the direction of Michael D. Aitken)

Polycyclic aromatic hydrocarbons (PAHS) are a major polludass at thousands of
contaminated sites. They are of great concern due to their geritytaxiatagenicity and
carcinogenicity. Bioremediation is one of the commonly applied detien strategies to
clean up PAHs from the soils and the sediments. However, remedgma are
typically based on removal of the target PAHs rather than on éroaelasures related to
health risks. To better understand the risks addressed by reraetitad and the risks
caused by remedial action, the bioavailability and genotoxicityootaminants in a
PAH-contaminated soil from a former manufactured-gas plantvgte investigated for
two bioremediation processes simulated in the laboratorgxatu bioreactor system
and ann situ column system.

Potential dermal bioavailability of PAHs was investigated VA&l Rlesorption from
both untreated soil and treated soil to a two-dimensional hydrophobiceunta a
function of soil loading, temperature, soil moisture content and coimaet This study
demonstrated that dermal exposure assessment from soil should rceitsidpecific
conditions that influence the bioavailability of hydrophobic contaminaatsskin.
Moreover, the effects of remediation on potential dermal exposuredsbonsider not

only the reduction in contaminant concentration but also the reductioontansinant



bioavailability.

Effects of bioremediation on toxicity and genotoxicity of PAH-eomihated soil
were evaluated by the DT40 DNA damage response analysisstlidig demonstrated
that different bioremediation strategies could lead to differerdoouts of toxicity and
genotoxicity for PAH-contaminated soil. Toxicity and genotoxititgassays can be an
effective supplement to chemical analysis-based risk assets$onecontaminated soil.
Bioavailability of genotoxins in the soil was investigated throughbet hioreactor
treatment cycle. This study demonstrated that although biore&retmiment could
increase the genotoxicity of the whole soil, any genotoxic constitutbat may have
formed during treatment were primarily associated with é&sessible domains in the
soil. Bioavailability should be incorporated into the evaluation of biodeatien as a
treatment strategy of contaminated soils to reduce the esft@anup required to that

which is necessary to be protective of humans as well as ecosystems.
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1. INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are among the contatsirad greatest
concern at thousands of contaminated sites (USEPA 2004a; USEPA @041} their
known or suspected genotoxic, mutagenic or carcinogenic effeatagéh et al. 2004;
Baird et al. 2005). PAHs have been found at over 700 Superfund siteRAZSEL) and
also are the predominant pollutant class at an estimated 45,000 foanefactured gas
plant (MGP) sites in the U.S.A. (USEPA 2004a). Bioremediation isstablished
technology to clean up PAH-contaminated soils and sediments bghmaicdegradation
(Bamforth and Singleton 2005; USEPA 2007; Elliot et al. 2011). As of 2005,
bioremediation was used at 26% of the PAH-contaminated Superfund cleaesp
designated by the United States Environmental Protection AgendyPA)Smore than
any other single remediation technology (USEPA 2007).

The inherent assumption in the application of remediation methods is that the removal
of the regulated PAHs corresponds to a reduction in risk to humath.hEawever,
several studies have observed that disappearance of monitored PAHg duri
bioremediation of PAH-contaminated soil and sediments has not corresptinded
decrease in toxicity and/or genotoxicity (Baud-Grasset et al. 199@hes et al. 1998;
Haeseler et al. 1999b; Sayles et al. 1999; Mendonca and Picado 2002etSas2003;
Andersson et al. 2009; Gandolfi et al. 2010). There are variousddhtdrcan influence
toxicity and genotoxicity of PAH-contaminated soil during bioremigaiia A better

understanding of the sources and bioavailability of toxic and genosmeats either



caused by or remaining after bioremediation is essential to understanding exohong
those factors that could limit the application of bioremediation tevam broader range
of PAH-contaminated sites. The research described herein saaksdtigate the sources
and bioavailability of toxic and genotoxic agents in PAH-contamihatel undergoing

bioremediation using chemical analysis coupled with a toxicity/genotokicigssay.

1.1. Specific aims and rationale

Aim 1: Evaluate desorption of polycyclic aromatic hydrocarbons from field-contaminated
soil to a two-dimensional hydrophobic surface before and after bioremediation.

Dermal exposure can represent a significant health risktinggetnvolving potential
contact with complex materials containing PAHSs, including PAH-comat®d soil or
sediment (Boffetta et al. 1997; Sobus et al. 2009). Most previous work lesis be
concerned with integrated uptake of chemicals through the skin and thohew a
contaminant desorbs to the skin surface in the first place. Desopptiparties, such as
dynamic conditions by which soil contacts the skin, interactions afdhevith the skin
surface and chemical interaction with the soil, could influence deuptake of
chemicals (McKone and Howd 1992; Spalt et al. 2009). Therefore, mpsrtant to
understand desorption of PAHs from contaminated soil or sediment tkinhgusface in
order to better evaluate dermal exposure and to better set the cleanigp goakdiation.
Aim 1 was to investigate PAH desorption from a field-contaminaged to a
two-dimensional hydrophobic surface as a function of various fadgtdhsencing
desorption, including soil loading, temperature, soil moisture content, @oduee time

before and after bioremediation.



Aim 2. Evaluate the effects of bioremediation on genotoxicity of polycyclic aromatic
hydrocar bon-contaminated soil using genetically engineered, higher eukaryotic cell lines.

In most cases it remains unknown whether the removal of the w@ifgatds during
bioremediation corresponds to a reduction in health risk (Lemieusal.e£009).
Significant amounts of other carcinogenic polyaromatic compoundsisrefaind in
PAH-contaminated soils (Lundstedt et al. 2003; Lemieux et al. 2008ieLgnet al.
2009), and whether all hazardous compounds degrade concomitantly withgetedar
PAHs monitored at contaminated sites is unknown (Lundstedt et al. 2008mplete
metabolism of PAHs in contaminated soil can also vyield byproductsngdur
bioremediation, which can exhibit greater toxicity than the par@risRLundstedt et al.
2003; Lundstedt et al. 2007; Lemieux et al. 2008; Lemieux et al. 2008)2Avas to
investigate effects of bioremediation on toxicity and genotoxmwiti? AH-contaminated

soil from a former MGP site using the DT40 DNA damage response analysis.

Aim 3: Evaluate the bioavailability of (geno)toxic contaminants in PAH-contamianted
soil froma former MGP site before and after biological treatment.

Historically, the potential effects of contaminated sites on huwnacological health
are assessed based on the total contaminant concentrationerasnget by vigorous
chemical extraction techniques (Alexander 2000). However, becétiseiroassociation
with different soil components, hydrophobic organic pollutants in seilcaly partly
available for uptake by organisms, for exerting toxic effemtsl for biodegradation by
microorganisms (Alexander 1995; Alexander and Alexander 1999; Alex2Aa8; Reid
et al. 2000a; Lei et al. 2004; Jablonowski et al. 2008). Recently, thenld&tate

Technology and Regulatory Council (ITRC) has advised incorpordtiogvailability



considerations into the evaluation of contaminated sites to reduextdrdg of cleanup
required to that which is necessary to be protective of hunsthtend the environment
(ITRC 2011). Aim 3 was to investigate the bioavailability ofH2Aand their oxygenated
metabolites (oxy-PAHS) and the associated toxicity and gendipxdaring biological
treatment, using the same toxicity/genotoxicity assay and bbioresystem used under

Aim 2.

1.2. Dissertation organization

This dissertation is compiled into six chapters. Chapter 1 is eydudtion into the
objectives, rationale and framework of the dissertation. Chaps$ea 2aview of literature
to date, which provides background information for the work described & thi
dissertation. Chapters 3, 4 and 5 are each dedicated to one of thie sjpasifpreviously
outlined. Chapter 3 and Chapter 4 were publishechamosphere (Hu and Aitken 2012)
and Environmental Science & Technology (Hu et al. 2012), respectively. Chapter 5 is a
draft manuscript intended for submission to a peer-reviewed journghteCl@provides
conclusions and recommendations for future research.

Members of my dissertation committee (M.D. Aitken, J. Nakamuraan8hea)
provided guidance on experimental design and methods, and contributed to
interpretations of experimental results. Accordingly, they haven belentified as
co-authors on the relevant chapters. The roles of the remaininghmrsatdr Chapters 4

and 5 are identified in the chapter itself.



2. LITERATURE REVIEW

2.1. PAH contamination

PAHs are a class of compounds consisting of two or more fusedneenngs
(Harvey 1991) which provide high chemical stability through the a@dilation of
electrons in their chemical bonds (Schwarzenbach et al. 2003y. dree non-polar
compounds with low aqueous solubilities, vapor pressures and Henry®testants, but
high octanol/water and organic carbon partitioning coefficientackdy et al. 1992).
Selected properties of 16 USEPA Priority PAHs are presentéabile 2.1. The chemical
stability and hydrophobicity of PAHs contribute greatly to theirsig¢ence in the
environment (Schwarzenbach et al. 2003; Bamforth and Singleton 2005; Johiasen e
2005; Lu et al. 2011).

PAHs mainly occur in oil, coal and tar deposits and they ae ebntinuously
generated by the incomplete combustion of fossil fuel and biorvesstral and Callen
2000; Xu et al. 2006). The majority of PAHs in the environment come fnoomiplete
combustion of carbonaceous materials during energy and industrial productiesses,
such as coking plants, gas plants, refineries, wood-preserving planpet@odhemical
plants. PAHs are ubiquitous in the natural environment (van Metre ahteiM2005;
Berrojalbiz et al. 2009; Lammel et al. 2009; van Metre et al. 2009; Rodenbilrg @1 @
Usenko et al. 2010; Timoney and Lee 2011; Wang et al. 2011) as wabwsands of

contaminated sites. PAHs have been found at over 700 Superfund sitesA(REEp



and also are the predominant pollutant class at an estimated 45,080 k@GP sites in
the U.S.A. (USEPA 2004a). As a pollutant, PAHs are of great humalth heoncern,
because of their ubiquity in the environment as well as their knowsuspected
genotoxicity, mutagenicity and carcinogenicity (Bostrom et 28l02b; White 2002;
Ramesh et al. 2004; Shimada and Fujii-Kuriyama 2004; Baird et al. 2005;aKd

Warshawsky 2005; Mordukhovich et al. 2010).



Table 2.1Chemical structures and selected properties of the 16 USEPA Prioritje@RbPAHS b

Compound Structure MW Ciw%Tt pi* H logKow 100K

Naphthalene (NAP) T 128.18 3.10E+01 1.04E+01 4.30E+01 3.37 3.03
Acenaphthylene (ACY) 152.19 1.61E+01 5.80E-01 5.50E+00 4.00 3.40

4
4

Acenaphthene (ACE) 154.20 3.80E+00 3.00E-01 1.22E+01 3.92 3.62

Fluorene (FLU) 166.23 1.90E+00 9.00E-02 7.87E+00 4.18 3.97

=

\
7

Phenanthrene (PHN) \ 178.24 1.10E+00 2.00E-02 3.24E+00 4.57 4.21
Anthracene (ANT) qij 178.24 450E-02 1.00E-03 3.96E+00 4.54 4.38

Fluoranthene (FLA) o 202.26 2.60E-01 1.23E-03 1.04E+00 5.22 4.55
4
_/ \_/
Pyrene (PYR) 7~ O\ 202.26 1.32E-01 6.00E-04 9.20E-01 5.18 4.83
Benzf]anthracene ~ 228.30 1.1E-02  2.80E-05 5.81E-01 5.91 5.08
(BaA) 999
Chrysene (CHR) @[j 228.30 2.90E-03 5.70E-07 6.50E-02 5.86 5.17
Benzop]fluoranthene S (Y 252.32 2.00E-03 2.18E-07 2.14E-02 5.75 5.72
(BbF) - \
BenzoK]fluoranthene - ’ 252.32 8.00E-04 5.20E-08 1.60E-02 6.00 5.73
(BKF) SONS,
BenzoR]pyrene (BaP) [ T 252.32 3.80E-03 7.00E-07 4.60E-02 6.04 5.99
| IS

VAN

Benzop,h,ilperylene 276.34 3.00E-04 1.69E-08 7.50E-02 6.50 6.35

(BgP)

\
\
\

Dibenzf,hjanthracene 278.36 6.00E-04 3.70E-10 1.28E-03 6.75 5.96

(DBA)

/

=

IndenolL,2,3-c,d]pyrene « 276.34 6.20E-03 2.70E-09 1.00E-02 7.66 6.20
(INP) OO /N

% abbreviations: MW = molecular weight (g/mo(;;vv’?at = aqueous solubility (mg/L)pi = vapor
pressure (Pa)i = Henry's Law Constant (Pa“mol- K); K,,, = octonol/water partitioning coefficient;
Ko = organic carbon partitioning coefficieRll data from (Mackay et al. 1992).

2.2. PAH distribution in contaminated coll

Interactions of hydrophobic organic compounds (HOCs) such as PAHs with
geosorbents (i.e. soils and sediments) may affect the bioavailability afrtigpands and
subsequently affect bioremediation endpoints (Alexander 1995; Luthy. e198l;

Alexander 2000). In field-contaminated soil, HOCs are associatédany of several



components of the solil, including minerals, soil organic matter (SQ@§mbustion
residue particles and various non-aqueous phase liquids (NAPLs) (Cilai @hou et
al. ; Gustafsson et al. 1997; Luthy et al. 1997; Hong et al. 2003; Gserelet al. 2005).
There is a great diversity of physical and chemical principplasgovern the interactions
between HOCs and these soil components. When total organic mattesént above
trace levels in soils/sediments, sorption of HOCs by inorganienals could be
neglected (Schwarzenbach and Westall 1981; Kile et al. 1995; Hudng/elmer 1997;
Luthy et al. 1997). Although the mineral phase can indirectly regw@atption by
controlling the distribution and/or conformation of organic mattehatdolid-aqueous
interface (Xiao et al. 2004; Feng et al. 2006), organic mattetrols sorption and
bioavailability of HOCs in soils/sediments (Schwarzenbach andaWé&81; Kile et al.
1995; Huang and Weber 1997; Luthy et al. 1997).

SOM is the major fraction of organic matter in natural saisl is an important
reservoir for sorption of PAHs in the soil matrix. SOM is a noigtoxaturally occurring
material composed of living biomass of microorganisms, fresh an@lpadecomposed
residues, and humus. SOM is considered as a sorbent with sorptioaf sitegibuted
energy, which leads to the existence of both linear and nonlineaioscsjtés for organic
chemicals (Weber et al. 1992; Xing and Pignatello 1997; Xia and telgn2001;
Kriipsalu et al. 2008). Several sorption theories have been proposed baski on t
conceptualization, including dual-mode model (Xing and Pignatello 1997),bdistuli
reactive model (Weber et al. 1992), and extended dual-mode modelnKiignatello
2001). Generally, SOM is considered to have rubbery (amorphous carbon ahdse)

glassy (condensed carbon phase) domains (Kriipsalu et al. 2008).ubhery” domain



is characterized by relatively rapid rates of sorption and désorplittle or no
sorption-desorption hysteresis, and greater bioavailability dlesoHOCs. The “glassy”
domain is characterized by nonlinear sorption, slow rates of sorptidrdesorption,
sorption-desorption hysteresis, and significantly reduced bioavayatilgorbed HOCs.
Sorption of HOCs to soil is the combination of sorption to the rubberyachotoy
dissolution (linear sorption) and sorption to the glassy domain by contualissolution
(linear sorption) and hole-filling mechanisms (nonlinear sorptiongb@ et al. 1992;

Xing and Pignatello 1997; Xia and Pignatello 2001; Kriipsalu et al. 2008):

S=S(D)+S(H) = KpCW+i—§22W

where,§D) is the sorption through dissolutiogH) is the sorption through hole-filling;

Ky is a lumped partition coefficient of HOCs between aqueous pinadedissolution
regions;Cy, is the HOC concentration in wateg’ is the capacity constant for specific
sitei; by is the affinity constant for specific site However, because of the number of
parameters in§H), the above isotherm is rather less practical, despite being more
mechanistic. A very common mathematical approach for fitting exrpetally
determined sorption data using a minimum of adjustable parametgrkysman
empirical relationship such as the Freundlich isotherm (Webel. 982; Xing and

Pignatello 1997; Xia and Pignatello 2001; Kriipsalu et al. 2008):
S=K.C,"
where,Kg is the Freundlich constant or capacity factois the Freundlich exponent (the

smaller then, the broader the energy distribution, the greater the contributiagheof

hole-filling mechanism, and the higher nonlinearity). It is acknogdedhat there can be



more than two domains with different affinities for PAHs indiebntaminated soils or
sediments (Luthy et al. 1997; McLeod et al. 2004; Cornelissen @0@%), but it is
difficult to quantify the relative contributions of each domain (Lu#tyal. 1997) and
dual-mode models often describe sorption and desorption data adegibéslyK{ng et
al. 2002; Accardi-Dey and Gschwend 2003).

Combustion residue particles include coal, kerogen and black carbon (i.ensloot
char). These materials typically make up a small fractbrthe soil/sediment total
organic carbon. For example, median black carbon contents as anfraictotal organic
carbon are 9% for sediments (n=300) and 4% for soils (n=90) (Cornedisakr2005). A
fraction of PAHs can be sequestered within the particle xna$ra result of simultaneous
production during combustion or coalification (Jonker and Koelmans 2002). More
importantly, combustion residue particles contribute greatly to ribelinearity of
sorption for HOCs. They are a very strong sorption phase for HOEsight dominate
the observed overall sorption by soils (Xiao et al. 2004). One reason that PAHate sor
strongly to black carbon and other combustion residue particles aidedAHs are
planar compounds that fit in the black carbon nanopores (Cornelissen 2204)).
Sorption of HOCs to these materials generally exceeds sorptid®GE in amorphous
organic matter by a factor of 10-100 (Cornelissen et al. 2005).

Adherent or entrapped NAPLSs, such as coal tar, oil or creosotelscafuaction as
an important compartment for HOCs. In a source zone contaminated tydreosote, a
substantial fraction of the PAHs can be expected to be assomiaieda NAPL
(Rutherford et al. 1997; Haeseler et al. 1999a) that is heteroggnelmisbuted at a

grain or aggregate scale (Karimi-Lotfabad and Gray 2000). Tieexeapidly reversible
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association of HOCs with NAPLs (Luthy et al. 1997). Diffusion of H@Cs within the
NAPL itself and interfacial mass transfer may be rateting steps for desorption of
these compounds to the aqueous phase. Partitioning behavior of PAHs faedgals
at MGP sites containing weathered pitch particles might be dceditgt the sorption to

pitch and not by natural organic matter or black carbon (Khalil et al. 2006).

2.3. Bioavailability of PAHs in contaminated soil

The term “bioavailability” has been given a variety of gifinie-specific definitions
in the literature (Ehlers and Luthy 2003; Semple et al. 2004). Blabugy of a
chemical depends on the physical environment, the biological receptdrtime of
exposure (Ehlers and Luthy 2003; Semple et al. 2004). It can be viewied adividual
physical, chemical, and biological interactions that deternfiaeeskposure of organisms
to chemicals associated with soils and sediments, including sorpsorpgtien between
solid and aqueous phase, transport (both dissolved and particulate-bound) to the
membrane of the organism, and uptake through the membrane into a |steq syhere
compounds are accumulated or metabolized (Ehlers and Luthy 2003). Thessarfgole,
the bioavailability of a PAH in a contaminated soil to a microoigya capable of
degrading it can be different from the bioavailability of the esaihemical in the same
soil with respect to dermal uptake by a person.
2.3.1. Bioavailability of toxic and genotoxic agents

Accurate risk assessments at contaminated sites requustcand representative
estimates of chemical exposure. Because of the associatidn dififerent soil
components as described in the previous section, organic pollutantsaresoilly partly

available for uptake by organisms, for exerting toxic effeatsl for biodegradation by
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microorganisms (Alexander 1995; Alexander and Alexander 1999; AlexaAa8; Reid
et al. 2000a; Lei et al. 2004; Jablonowski et al. 2008). Poor correlatidreasobserved
between the total amount of a contaminant determined by vigorousisekteaction and
the compound’s bioavailability to earthworms and bacteria overitinseil (Kelsey and
Alexander 1997; Kelsey et al. 1997). Assuming that a contaminant is a@&itable will
overestimate the health risk of soil contaminated with HOCsxéhliger 2000). Recently,
the US Interstate Technology and Regulatory Council (ITRC) adiviseorporating
bioavailability considerations into the evaluation of contaminated sie®duce the
extent of cleanup required to that which is necessary to be pvetetthuman health and
the environment (ITRC 2011).

A variety of biological and chemical techniques have been devetopedimate and
predict bioavailability. Biological techniques involve measuring sutestnaptake,
mineralization or toxicity (Kelsey et al. 1997; Stroo et al. 20Bfgida et al. 2004).
Chemical technigues involve non-exhaustive solvent extraction (HatandeAlexander
1995; Kelsey et al. 1997; Breedveld and Karlsen 2000; Reid et al. 203@; and
Alexander 2002) and solid-phase extraction (Cornelissen et al. 1998e1Get al. 2002;
Loehr et al. 2003; Lei et al. 2004). Solid-phase extraction is a conmathod for
estimating bioavailability in contaminated soils and sediments potymeric adsorbent
resins such as Tenax beads and XAD, which serve as an isfmité¢Cornelissen et al.
1998; Cuypers et al. 2002; Loehr et al. 2003; Lei et al. 2004). Seneestigators have
observed a reasonable correlation between the rapidly desorluhgrfraf PAHs and the
extent of PAH biodegradation in contaminated harbor sediments (3sarekt al. 1998).

However, estimation of bioavailability by solid-phase extractioriPAdd-contaminated
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soil is complicated by the fact that current adsorbent resonk well with only a limited
range of chemicals.

In a complex system such as soil, some transformations that ¢eaddb complete
metabolism of the parent compound are inevitable. The net accumulagpoodoicts of
incomplete metabolism is responsible at least in part for theitioobserved in studies
on bioremediation of field-contaminated soil or sediment. In PAH-contted soil
undergoing bioremediation, hundreds of hazardous compounds have been identified
(Lundstedt et al. 2003) covering a very wide range of physicocheprigaerties, with
logKow Values ranging from 2 to 8. Polar and semi-polar metaboliteAld$ Rave been
observed to accumulate in the soil during bioremediation (Lundstedt 20G8). In
studies employing bioassay-directed fractionation and analysisextfacts from
field-contaminated soil or sediment, genotoxicity has been associwith fractions
containing oxy-PAHs or other polar compounds rather than the parent (PaHset al.
2008). But until now, no adsorbent resins have demonstrated the abilitgumdate
both parent chemicals and their polar transformation products.

2.3.2. Bioavailability relevant to dermal uptake

Dermal exposure can represent a significant health risktinggetnvolving potential
contact with complex materials containing PAHS, such as cre@syRalt, coke, and oll,
as well as PAH-contaminated soil or sediments (Boffettal.e1997; Tsai et al. 2001,
McClean et al. 2004; Chen and Liao 2006; Cirla et al. 2007; Chen et al. 2008; Sobus et al.
2009; Linares et al. 2010). Monitoring of dermal exposure of PAHs usediys on the
measurement of specific metabolites, such as urinary 1-hydnegyf the exposed

subjects (Elovaara et al. 1995; Bentsen-Farmen et al. 1999; Bouchardaan@l999;
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Jongeneelen 2001), which represents an integrated measure of mulopksses
including desorption from the contaminated matrix to the skin surface, uptake by the skin,
transport to the dermal capillaries, metabolism, and excretidabdmatory experiments,
the substance of interest is usually applied to a sample of humammal skin in a
diffusion cell, which contains a receptor fluid beneath the skibgord any contaminant
that is taken up by and diffuses through the skin sample (Stroo2€08l; Roy and Singh
2001; Touraille et al. 2005; Spalt et al. 2009) .

Free chemicals can be absorbed by skin through the followingsegjwf events:
partitioning into stratum corneum, diffusion through the stratum campgartitioning
into the viable epidermis, diffusion through the epidermis and uppsrigleand finally
capillary uptake (Mukhtar 1992). The stratum corneum is a 1r2@hick, non-viable
outer layer of the epidermis and behaves as a hydrophobic memb@mei{d 1992).
Diffusion of organic nonelectrolytes through the stratum corneuransrglly considered
as the rate-limiting step in uptake of a chemical via derm@absure (Downing 1992).
However, contaminants in soil, unlike those free chemicals in digrgict with skin,
must first be released from the soil matrix to the stratameum surface before uptake
by skin (Roy et al. 1998; Shatkin et al. 2002). The uptake of a contanfioamsoil to
skin ultimately depends on how quickly the contaminant reaches the sKatesur
Desorption properties from soil to the stratum corneum surfacefdrerean influence
dermal uptake of chemicals, such as dynamic conditions by whicbosacts the skin,
interactions of the soil with the skin surface and chemical ictiera with the soil
(McKone 1990; Finley et al. 1994). By incorporating two-compartment gesor

kinetics for PAHs in field-contaminated soils into a fugacitgdzth model of dermal
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uptake via soil, Shatkin et al (Shatkin et al. 2002) concluded that estimiermal uptake
was lower than if total soil concentrations had been used anthshatesorbing fraction
of PAHs dominated dermal uptake of PAHs from soil.

Dermal uptake of a contaminant from soil occurs by direct cotrausfer between
soil and skin, as well as by indirect uptake via diffusion through pworand/or pore
water (McKone and Howd 1992; Duff and Kissel 1996; Bunge and Park RH6§;et al.
2004; Spalt et al. 2009). Transport of the contaminants away from theaskaiso occur
via volatilization (Spalt et al. 2009) or advection into a flowing aqugahase. The
manner of exposure to soil or sediments is expected to determiderthal uptake of
contaminants by humans. Exposure to unsaturated soil or dust is expeabecur
through direct solid-skin contact transfer or indirect air-skirfugibn uptake, while
exposure to saturated soil or contaminated sedimesitu is expected to occur through
liquid-skin diffusion. Both scenarios have been evaluated in laboratayest applying
soil directly to the skin sample in some cases (Roy et al. 1S88p et al. 2000;
Reifenrath et al. 2008; Spalt et al. 2009) and applying an aqueous meithutinessoil to
the skin surface in other cases (McKone and Howd 1992; Duff and Hi@36&| Spalt et
al. 2009). Simulation models of dermal uptake from soil have also beetoped to
account for direct contact transfer between soil and skin, andahdptake via diffusion
through pore air and/or pore water (McKone and Howd 1992; Duff anceIKI€96;
Bunge and Park 1998; Riley et al. 2004; Spalt et al. 2009). In a siomnutabdel, a soil
moisture content below 10% was predicted to decrease dermal uptakel®from soil
(Shatkin et al. 2002), consistent with the experimental observatiorappéitation of

artificial sweat to the skin surface can increase the darptake of contaminants from
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soil (Reifenrath et al. 2008).

Dermal uptake of chemicals from soil is also affected blyleading, the mass of
soil applied per unit surface area of skin (Spalt et al. 2009). Bungeaks (Bunge and
Park 1998) concluded that 1) when soil loading was less than monolayeageswehich
depends on particle size and soil bulk density (Duff and Kissel 1996; &l 2009),
the percentage absorption was constant regardless of soil loading)casaking soll
loading could dramatically increase mass absorbed per unit skin Zreehen soil
loading exceeded monolayer coverage, the percentage absorption desigaiieantly
as soil loading increased while absorbed mass per unit aremeshtonstant. Several
investigators have confirmed this theory experimentally (Duffiasdel 1996; Roy and
Singh 2001; Shatkin et al. 2002; Touraille et al. 2005). However, these tdictionmes
are based on the assumption that the contaminant concentration sncgmistant. When
the contaminants in soil are depleted, dermal uptake increaségught not
proportionally, with soil loading (Bunge and Park 1998). Based on these theode
observations, several investigators (Duff and Kissel 1996; Touraille 20@B; Spalt et al.
2009) have criticized the use of a fixed percent of the total comdatnuptake by skin in
estimating human health risk. The USEPA (USEPA 2004b) stipulated percent
absorption (13%) for dermal uptake of berapyrene and other PAHs based on
measurements from a single study (Wester et al. 1990). Thiepage is coupled to a
skin adherence factor (related to soil loading), exposure timethedfactors to arrive at
absorbed doses to various exposed population groups. While this approachtiyhere
assumes that only a fraction of the measured PAH content ialdgdor uptake over the

exposure period, it does not account for differences in contaminanalaigilamong
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contaminated soils or sediments (Shatkin et al. 2002).

There has been limited research on dermal uptake of the coat#miin
field-contaminated soil. In most previous experimental work on deuptake of
contaminants from soil, an individual contaminant was introduced into thihsmigh a
solvent that subsequently evaporated (Duff and Kissel 1996; Royl&x98; Stroo et al.
2000; Tourallle et al. 2005; Roy et al. 2007; Roy et al. 2008; Roly 20@9; Spalt et al.
2009). Exposure to spiked chemicals in soil does not account for thd effec
field-contaminated, site-specific soil conditions on the dermalahitly of compounds.
Spalt et al. (Spalt et al. 2009) pointed out that dermal absorgtidies with spiked
chemicals often utilize very short soil-chemical contact tiloe®re application of the
spiked soil to skin for convenience; in the extreme cases, thecttinta was zero. The
hypothesis that the contaminant could entirely associate witbrg@ihic matter instantly
IS not correct. Furthermore, the process of aging can decreasbiddneailability
(Hatzinger and Alexander 1995; Pignatello and Xing 1996; AlexanderAlménder
2000). Short aging time or excessive chemical concentration fae aoogtion capacity
of the soil applied may also lead to the presence of free chkptiase, from which the
results obtained do not represent the measurement of dermal uptaksail but rather
from neat compounds themselves (Spalt et al. 2009). Therefore, spikEaninants are
not likely to represent the influence of bioavailability on d@rnuptake and the
corresponding risk of exposure to the contaminants, and the most vahsghds into
dermal exposure will be obtained through work with the native contaminants

field-contaminated soils.
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2.4. Bioremediation of PAHs in contaminated soil

Bioremediation is an established technology for cleanup of PAH-caméedi soil
and sediment (Bamforth and Singleton 2005; USEPA 2007; Elliot et al. 2011). As of 2005,
bioremediation was used at 26% of the PAH-contaminated USEPA Gugerfeanup
sites, more than any other single remediation technology (USBE2). Bioremediation
of PAH-contaminated soils/sediments can be accomplished inibhatu and ex situ
remediation.In situ treatments do not require excavation and transport of the soil to a
treatment plant or disposal, whig situ treatments are more amenable to monitoring and
control. The main principle of bioremediation is to remove organic pollsitto an
innocuous state through metabolism by microorganisms via oxidative doctine
processes under controlled conditions (Mueller et al. 1996). It involvesdhkdown of
organic compounds through biotransformation into less complex metabolites, and through
mineralization into inorganic minerals, i.e,® and CQ or, for anaerobic processes,
CH,.
2.4.1. Microbial metabolism of PAHS

A wide variety of bacteria, fungi, and algae have been discovered tadeéegAHs
via either aerobic or anaerobic metabolism. The basis of aerolaboliem is the
oxidation of the aromatic ring, followed by the systematic breakdowimeofompound to
PAH metabolites and/or carbon dioxide (Figure 2.1) (Bamforth amgleédon 2005). The
basis of anaerobic metabolism is the hydrogenation of the &corimagy (Bamforth and

Singleton 2005).
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Figure 2.1 Microbial aerobic metabolism of PAHs (from reference (Bamforth and Samg2&05)).

2.4.1.1. Bacterial metabolism of PAHs

Many bacteria have been documented to use PAHs up to four rirsgdeasarbon
and energy source (Peng et al. 2008). Although bacterial growth on ligMig) five or
more rings as sole carbon or energy source has not been documeimedalzolism of
high-molecular-weight (HMW) PAHs has been observed (Moody. @084; Peng et al.
2008). Typically, bacterial metabolism of PAHs is an aerobicqasichowever anaerobic
transformation of PAHs has been observed and is discussed in temBinadMetabolism
of PAHs section below.

The common metabolic pathways for aerobic bacterial degradadiom been well
investigated (Bamforth and Singleton 2005; Peng et al. 2008), such aghthalane
(Davies and Evans 1964; Resnick et al. 1996; Annweiler et al. 2000), phenanthr

(Menn et al. 1993; Kiyohara et al. 1994; Pinyakong et al. 2003), anthrac®he
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acenaphthene (Dean-Ross et al. 2001; Pinyakong et al. 2004), and (&irenet al.
2007). The principal mechanism for the aerobic bacterial metabalisRAHs is the
initial oxidation of the benzene ring by the action of dioxygenasensezyto form
cis-dihydrodiols. A few bacteria are also capable of oxidizing MM the action of the
cytochrome P450 monooxygenase (two successive reactions) ttr&msdihydrodiols.
Then, these dihydrodiols are dehydrogenated to form dihydroxylatethedeates. The
dihydroxylated intermediates then can be further metabolizedingy cleavage and
further metabolism to tricarboxylic acid (TCA) cycle intedises, and then further
converted to carbon dioxide and water. Complete pathways have not beidated for
the metabolism of any five- or six-ring PAH.
2.4.1.2. Fungal metabolism of PAHs

Some fungi have been shown to remove PAHs more competently thandakthey
can degrade low-molecular-weight (LWM) PAHs as well as HNPAHS, including
naphthalene, fluorene, phenanthrene, anthracene, pyrene, djantopcene, chrysene,
benzol[b]fluoranthene and benzol[k]fluoranthene, beajpgfene, benzo[g,h,ijperylene,
and dibenzothiophene (Cerniglia 1997; Zheng and Obbard 2003). There are two mai
types of fungal metabolism of PAHs: non-ligninolytic fungal ateiism using
cytochrome P450 system and ligninolytic fungal metabolism using sthieble
extracellular enzymes such as lignin peroxidase, manganeseidasmxand laccase
(Bamforth and Singleton 2005; Peng et al. 2008).

The first step in the metabolism of PAHs by non-ligninolytindi is to oxidize the
aromatic ring in a cytochrome P450 monooxygenase enzyme-catalgaetiom to

produce an arene oxide. This route is similar to the mammakgebawlism of PAHs. The
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arene oxide is subsequently hydrated via an epoxide-hydrolasezedtadaction to form
a trans-dihydrodiol. In addition, phenol derivatives may be produced from aremesoxi
by the non-enzymatic rearrangement of the compound, which can adbsimates for
subsequent sulfation or methylation, or conjugation with glucose, xyvosgucuronic
acid. Most non-ligninolytic fungi are not capable of the complete mineralizafiPAHS.

The principle mechanism of ligninolytic fungal metabolism of RAElI generating
free radicals (i.e. hydroxyl free radicals) to oxidize PAtdsform PAH-quinones and
acids rather than dihydrodiols. The acids produced can be further wahtercarbon
dioxide and water. Ligninolytic fungi have low substrate spegffigitd are therefore able
to degrade even the most recalcitrant compounds. And also, the ennywlesd are
extracellular, and are theoretically able to diffuse into smililnent matrix and
potentially oxidize PAHs with low bioavailablitity.
2.4.1.3. Anaerobic metabolism of PAHs

It was not until relatively recently that the potential of aobEr microbial
degradation of PAHs has been recognized. In the absence of molesyigen,
alternative electron acceptors such as nitrate, ferrous iron afadesaie necessary to
oxidize these aromatic compounds (Coates et al. 1996). Recent hebearclearly
demonstrated that PAH degradation can occur under both nitrate-gpdBRaokne and
Strand 1998; Rockne et al. 2000) and sulfate-reducing anaerobic (Coallesl@96;
Meckenstock et al. 2000; Zhang et al. 2000; Tsai et al. 2009) conditions.

Mechanisms of anaerobic PAH degradation are still tentativeetabolic pathway
for anaerobic degradation of naphthalene has been proposed (Bamforth detbising

2005). As shown in Figure 2.2 (Bamforth and Singleton 2005), the firstistépe
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carboxylation of the aromatic ring to 2-naphthoic acid, which mayadetthe aromatic

ring prior to hydrolysis. Stepwise reduction of 2-naphthoic acid viaeress of
hydrogenation reactions results in decalin-2-carboxylic acid.|De2aarboxylic acid is
subsequently converted to decahydro-2-naphthoic acid that is ultinmaétfpolized to

CO,. The exact mechanisms for naphthalene anaerobic degradation have mot bee
confirmed and it is possible that the initial step under sufiedecing conditions occurs

via a hydroxylation reaction to form a naphthol intermediate.
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Figure 2.2 Proposed pathway for anaerobic metabolism of naphthalene under sedfiatéig
conditions (from reference (Bamforth and Singleton 2005)).

2.4.2. Incomplete PAH metabolism
Under favorable conditions, microorganisms can degrade organic contaminants
completely into nontoxic end products such as carbon dioxide and watgaarcoacids

and methane. However, enzymes along the metabolic pathway mbralcdegradation
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of PAHs may have varying kinetic properties and substratefigiezs, which can lead

to the formation and accumulation of metabolites (products of incompietabolism).
There are many examples in which PAHs are transformed to nwerahiproducts that
accumulate extracellularly, both in pure or mixed cultures of ongeni@nd in more
complex field-contaminated systems. The non-mineral products inclutibalites in

the known aerobic PAH-metabolic pathways, such as ketones, dihydraatiots/@roxyl

acids (Gibson et al. 1975; Jerina et al. 1984; Mahaffey et al. 1988jl @tial. 1995;
Stringfellow and Aitken 1995; Schneider et al. 1996; Kazunga and Aitken 2@20nka

et al. 2001; Moody et al. 2004; Jouanneau and Meyer 2006). The non-mineral roduct
also includeo-quinones, which are not direct bacterial metabolites of PAHstHmut
derivatives of the autoxidation of unstable dihydroxy intermedidd@vi€s and Evans
1964; Laurie and Lloyd-Jones 1999; Kazunga and Aitken 2000; Kazunga et al. 2001,
Jouanneau and Meyer 2006).

In field-contaminated soil/sediment, many PAH metabolites Haeen observed,
including 9-fluorenone (Fernandez et al. 1992; Mosi et al. 1997; Meyal. 4999;
Eriksson et al. 2000; Machala et al. 2001; Lundstedt et al. 2003; Bergkalit2004;
Lundstedt et al. 2006; Park et al. 2008), 9-hydroxyfluorene (Park .eR204l8),
4-hydroxy-9-fluorenone (Eriksson et al. 2000), phenanthrene-9,10-dione (Erikssbn e
2000), anthracene-9,10-dione (Fernandez et al. 1992; Mosi et al. 1997; é¥lalet999;
Machala et al. 2001; Saponaro et al. 2002; Lundstedt et al. 2003; Bergjlatu2@04;
Lundstedt et al. 2006; Park et al. 2008), bejajthracene-7,12-dione (Fernandez et al.
1992; Mosi et al. 1997; Meyer et al. 1999; Eriksson et al. 2000; Machala 2001;

Lundstedt et al. 2003; Lundstedt et al. 2006; Park et al. 2008),
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7H-benzfl,elanthracene-7-dione (Fernandez et al. 1992; Meyer et al. 1999; Berglahut et
2004; Lundstedt et al. 2006), 4H-cyclopedteflphenanthrenone (Fernandez et al. 1992;
Lundstedt et al. 2003; Lundstedt et al. 2006; Park et al. 2008), fluoranthene quinone
(Fernandez et al. 1992), pyrene quinone (Fernandez et al. 1992%jsah@-pyrene
dihydrodiol (Li et al. 1996). The presence of these compounds in beldwminated
soil/sediment that have been contaminated for years indicatethdisat compounds are
either continually produced or are relatively persistent in tloosgaminated systems
(Lundstedt et al. 2007). Some PAH metabolites were observed to @eteinduring
biological treatment, including 9-fluorenone  (Eriksson et al. 2001),
phenanthrene-9.10-dione (Eriksson et al. 2001), anthracene-dione (Sapona20G)al.
4H-cyclopentad,e flphenanthrenone (Eriksson et al. 2001), and ketone products of
acenaphthene (Lundstedt et al. 2003). However, in another study (Lundsted20£13),

some PAH metabolites were observed to decline over time dumhgglwal treatment,
including 9-fluorenone, anthracene-9.10-dione, bejanthracene-7,12-dione,
7H-benzfl,elanthracene-7-dione and 4H-cyclopediaf]lphenanthrenone. Transient
accumulation and subsequent removal of PAH metabolites has also beeredbse
uncontaminated soils spiked with PAH mixtures (Wischmann and Steit®@rt Meyer

and Steinhart 2001). These PAH metabolites can inhibit the metabafisther PAHs
(Kazunga and Aitken 2000; Kazunga et al. 2001; Juhasz et al. 2002; Holt et al. 2005), and
some exhibit toxic and/or genotoxic effects (Fernandez et al. 1%@ll et al. 1995;

Traczewska 2000; Machala et al. 2001; Zielinska-Park et al. 2004; Pagnout et al. 2006).

2.5. Genotoxicity of PAH-contaminated soil

PAHs have been identified to have effects deleterious to hunath lence the
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British surgeon Sir Percival Pott demonstrated a correlationeleetwhe exposure of
chimney sweeps to soot and the incidence of scrotal cancer in 1778 éBai. 2005).
Parent PAHs are thought to act by narcosis as the modeiofattbion (Sverdrup et al.
2002). They do not bind to specific receptors within an organism butiqgrarand
accumulate in the lipid bilayer to affect the fluidity and functafncell membranes
(Sverdrup et al. 2002). This alteration of membranes can influenceenkeyy
transduction across membranes as well as the activity of raaerembedded proteins in
order to elicit toxicity (Sikkema et al. 1995). The 4gDralues of some representative
parent PAHs are shown in Table 2.2. However, due to their low wali@pility and high
logKoc, PAHS in the environment are seldom present in concentrations highhetmoug
directly cause acute toxicity. They exert deleteriousceffeshen they are metabolized to
oxygenated intermediates (Cerniglia et al. 1983; Swanson et al. N886; et al. 1992,
McConkey et al. 1997; Bertilsson and Widenfalk 2002) which can also cahNge D

damage (Xue and Warshawsky 2005).

Table 2.2LDs values of some representative PAHs

Material LDy, value (mg/kg) Test subject Exposure route
Naphthalene 533-710 Male/female mice respectivedyal
Phenanthrene 750 Mice Oral
Anthracene >430 Mice Intraperitoneal
Fluoranthene 100 Mice Intravenous
Pyrene 514 Mice Intraperitoneal
BenzoRg]pyrene 232 Mice Intraperitoneal

% data taken from the Risk Assessment Information System (RaS)/risk.Isd.ornl.goyBamforth
and Singleton 2005).

2.5.1. DNA damage caused by PAHs

PAHs, with relatively planar and highly conjugated aromaticcstires, require
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metabolic activation to exert their genotoxic/mutagenic/cagenic effects through
biochemically reactive electrophilic metabolites (Miller addler 1966; Miller 1978).
Metabolically activated PAHs can cause direct DNA adductiorcdwsalent binding to
form stable or depurinating adducts and indirect DNA damage by oxidatgs sitrough
the formation of active metabolites (Xue and Warshawsky 2005).eTaex three
principal pathways currently proposed for metabolic activation of PAH bay region
dihydrodiol epoxide pathway by cytochrome P450 enzymes; 2) rawdittah pathway by
one-electron oxidation; and ®rquinone pathway by dihydrodiol dehydrogenase (Xue
and Warshawsky 2005).

The bay region dihydrodiol epoxides pathway involves three enzyme-eubdiat
reactions (Harvey 1991; Baird et al. 2005): 1) oxidation of a double batatyzed by
P450 enzymes to unstable arene oxides; 2) hydrolysis of the alides by microsomal
epoxide hydrolase twans-dihydrodiols; 3) oxidation of the double bond adjacent to the
diol function to a vicinal diol-epoxide by P450 enzymes. The bay or fijegion
diol-epoxides produced via this pathway are electrophiles capable/afnty binding
to DNA to form bulky DNA adducts (Broyde et al. 2011). The major atfdhave been
found to result from bonding between the benzylic carbon of the ep@xidethe
exocyclic amino groups of dGuo and dAdo residues in the DNA (Breyds. 2011).
Minor covalent dCyd adducts by alkylation at exocyclic amirfoaNd ring imino N3
positions have also been found (Wolfe et al. 2004).

The radical cation pathway involves the removal of one electron fiemelectron
system of the PAH molecule through one-electron oxidation to fleennadical cation of

PAH (Cavalieri and Rogan 1992; Cavalieri and Rogan 1995). Radicainsaare
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extremely reactive electrophiles in nature and they are btmpaf binding with
nucleophilic centers in DNA (Cavalieri and Rogan 1995) at the N7CGhgosition of
guanine bases and the N7 or N3 positions of adenine bases (Rogd®88alHowever,
DNA adducts formed through PAH radical cations are unstabléingdo spontaneous
depurination in addition to some stable adducts. These unstable DNA addsets
primarily from binding at the N7 position of guanine bases and #TerNN3 positions of
adenine bases, where the glycosidic bond is cleaved to lose theidessymoiety of
DNA (Xue and Warshawsky 2005). Spontaneous depurination of adducts woutdrresul
formation of apurinic (AP) sites as the major type of DNA dgenéDevanesan et al.
1992; Chakravarti et al. 1995).

The o-quinone pathway involves the formation ofquinones by dihydrodiol
dehydrogenase-catalyzed oxidation of eithier or trans-dihydrodiols and the formation
of reactive oxygen species (ROS) through redox cycles (Pennialy £999). In this
pathway, dihydrodiol dehydrogenases compete with P450 enzymes tazeoxid
non-K-region diols to ketols that spontaneously rearrange to catedimwed by
auto-oxidation of the unstable catecholsotquinone (Palackal et al. 2001; Jiang et al.
2005). PAHe-quinones are highly reactive Michael acceptors. They can forimshalble
and depurinating (reaction at N7 of dGuo) DNA adducts (Shou et al. 19%3WM et al.
1999). Additionally, PAHe-quinones can enter redox cycles and produce ROS, such as
semi-quinone radicals, hydroxyl radicals, hydrogen peroxide, and sugeraxiion
radicals. ROS can induce oxidative damage of DNA bases in callsing oxidized
deoxynucleosides such as 8-0x0-dG/8-OH-dG. The unrepaired oxidized Gsraatch

with A on the replicative strand and leads to G->T transversibib&ni et al. 1991).
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ROS such as hydroxyl radical can also cause DNA strandiasciand illegitimate
recombination through formation of base propenals.

Although the principal mechanisms of DNA damage caused by PAHs beere
studied, the toxicity/genotoxicity knowledge of each individual HAHRLill incomplete.
This is further complicated by the fact that PAHs occur in glern mixtures in the
environment, such as contaminated soil (White 2002). Contaminated soitantain
hundreds of compounds, many of which individually may or may not exhibit
toxic/genotoxic potential. These compounds in a mixture may competeciptors or
metabolizing enzymes, leading to additive, synergistic or antagonistitseffec
2.5.2. Effects of bioremediation on genotoxicity of PAH-contaminated soil

Traditionally, bioremediation as well as other remedial technddgrecontaminated
soil are evaluated based on the removal of monitored pollutants, i.e AUfbiitfelines
generally only focus on un-substituted PAHsS, most often the 16 prighitls, during the
risk assessment of PAH-contaminated soil (USEPA 2000). Howevergniiains
controversial whether the removal of the regulated PAHs during nbegli@ation of
field-contaminated soil or sediment corresponds to a reduction ithhesk, since
toxicity and/or genotoxicity of contaminated soils may be unrel@té¢tde concentration
of the 16 priority PAHs (Lemieux et al. 2009). First, significamioants of many other
carcinogenic polycyclic aromatic compounds, such as dibamhjmjrene, are also found
in PAH-contaminated soil (Lundstedt et al. 2003; Lemieux et al. 200@jeux et al.
2009), and whether all hazardous compounds degrade concomitantly with therity pr
PAHs monitored at the contaminated site is unknown (Lundstedt et al.. Z383)nd,

incomplete metabolism of PAHs in contaminated soil can yieldmedrate metabolites
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that may accumulate, such as oxy-PAHs, which exhibit greataity than their parent
PAHs (Alexander et al. 2002; Andersson et al. 2003; Lundstedt et at. 2@@3stedt et

al. 2007; Lemieux et al. 2009). These parent compounds and their metabblites
contribute to the total risk of the contaminated site. Howevas, ot practicable to
monitor hundreds of these compounds during the bioremediation process. More
importantly, identities of many hazardous compounds in PAH-contaminde=d ese
rarely known and their concentrations cannot be monitored. Third,
chemical-analysis-based risk assessment assumes thatitty twxa mixture is simply

the sum of the expected effects from each mixture component AJEERD). It doesn't
account for the possible synergistic or antagonistic interactionseéet mixture
components (White 2002; Park et al. 2008).

Soil genotoxicity assessment, an effective supplement to chesmiabises, has been
used to assess the hazard and risk of contaminated soil. Although li@mnehas
been shown to significantly remove PAHs from the contaminated keileffects of
bioremediation on genotoxicity of PAH-contaminated soil describedeititerature vary.
Some studies have shown decreased genotoxicity as treatmensgedgfBaud-Grasset
et al. 1993; Haeseler et al. 1999b; Sayles et al. 1999; Mendoncacadd RD02; Sasek
et al. 2003). However, other studies have shown no reduction or even a substantia
increase in genotoxicity following bioremediation (Hughes el @98; Andersson et al.
2009; Gandolfi et al. 2010), suggesting the formation of genotoxicants oasedre
bioavailability of native genotoxicants over the course of the biorenedi(Andersson
et al. 2009). Temporal changes in the genotoxicity of PAH-contaminailediadergoing

bioremediation have also been observed (Belkin et al. 1994; Lemielix2€08). The
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somewhat cyclical nature of the genotoxicity may suggestottmeation, and subsequent
degradation, of genotoxic compounds, and longer periods of bioremediation may be
required to significantly reduce the genotoxic hazard of a contéedisail (Lemieux et

al. 2009). The sources of genotoxicity either caused by or remaifténdraremediation

have not been elucidated, and the extent to which toxicity is eérgnbas not been

studied extensively.

2.6. DT40 genotoxicity bioassay

Several genotoxicity bioassays have been used to investigate ffdots eof
bioremediation on the genotoxicity of PAH-contaminated soil, includingAthes test
(Brooks et al. 1998; Hughes et al. 1998; Sayles et al. 1999; Lemieak 2009),
MutatoX™ assay (Belkin et al. 1994; Mendonca and Picado 2002), SOS Chromotest
(Haeseler et al. 1999b; Phillips et al. 2000; Sasek et al. 2003)prmdateus test
(Baud-Grasset et al. 1993), and Comet assay (Andersson et al. 2009; Gamdlad £0).
The Ames test is a bacterial reverse mutation assay capéhletecting base-pair
substitutions and frame-shift mutations. Mutatbxassay is a test that measures the
ability of a chemical or sample to induce a genetic or epigeceange in a luminescent
bacterium. SOS Chromotest is a bacterial test for inductionno$@S function to
measure genotoxicity. The above three prokaryotic tests areesanglfast, but whether
a bacterial test is a suitable model for eukaryotic systems is stlligouable (Evans et al.
2010). The micronucleus test is based on the principle that formaitiomcronuclei
indicates chromosomal damage or aneuploidy. This test only deteotsosome breaks
(Barile 1994) and it is particularly prone to false positive andefalegative results

(Evans et al. 2010). The Comet assay is the single-cell getagboresis assay (Collins
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2004). It is a sensitive technique for the detection of DNA damagdjeedevel of the
individual eukaryotic cell. However, it is limited to a small rangf detectable DNA
injuries.

Besides all the genotoxicity bioassays mentioned above, a novekdyoasing
DNA-repair-deficient chicken DT40 B-lymphocyte cell lines foneasuring the
genotoxicity of PAH-contaminated soil before and after bioremediahas been
proposed (Knight 2009; Ridpath et al. 2011). The DT40 genotoxicity bioassay is a reverse
genetic approach, which has high specificity and sensitivity.k&ntost other assays,
DT40 genotoxicity bioassay can also provide information on mechanisgahofoxicity
of a given sample (Ji et al. 2009; Ridpath et al. 2011).

2.6.1. Reverse genetic approach for genotoxicity test

One of the novel approaches for detecting genotoxicity is to usadhhat in order
to achieve the greatest accuracy during DNA synthesis, aépBcDNA polymerases
cannot replicate template DNA that is damaged (Friedberg 20@5%). Replicative DNA
polymerases can recognize subtle chemical modifications noplage DNA strands,
which results in stalling of replication. To avoid such stallinglls may use direct
reversal repair, base excision repair (BER) and nucleotidesiemcrepair (NER) to
eliminate DNA lesions from DNA template strands before Digplication. Cells may
also use translesion synthesis (TLS), homologous recombination (&)
non-homologous end-joining (NHEJ) to repair or bypass DNA damage dDiN#
replication (Sonoda et al. 2006; Evans et al. 2010). If DNA damagep&srad or
bypassed, DNA can be replicated. After all chromosomal DNAbkas replicated, cells

can proceed with the next cycle. If DNA damage is not repairbgmassed, DNA can’t
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be replicated, the cell cycle does not proceed, and it will finally lead to cedlutade.

The main principle of the reverse genetic approach for genotostiyg is that a
certain DNA repair pathway is knocked out. Then the mutant dafien that specific
DNA repair pathway is exposed to a genotoxic agent. If cell deathserved, the DNA
damage caused by that genotoxic agent is not repaired in thattnAgaa result, it can
be concluded that the DNA repair pathway that has been knocked out muitzant is
involved in the repair of DNA damage caused by that genotoxic agene 8Sauh
individual repair pathway processes a distinct set of the DNdretype, differential
cytotoxicity as a function of which DNA repair pathway hasnbkeocked out would
provide insight into the type(s) of genotoxicity induced (Sonoda et al. 2006; Ji et al. 2009;
Evans et al. 2010).
2.6.2. Advantages of DT40 cell linesin genotoxicity test

The DT40 chicken B-lymphocyte cell line is derived from an aviankdsis
virus-induced bursal lymphoma (Baba et al. 1985). It appears to be fdeal
genotoxicology studies using the reverse genetic approach.660%% of cycling cells
are in S phase; exogenous DNA damage may have a direct @ifda2NA replication
(Wu et al. 2006). Second, DT40 cells allow relatively more fanémipulation of their
genome than other higher eukaryotic cells. They have high efficiehgene targeting
(Buerstedde and Takeda 1991; Yamazoe et al. 2004) and also displakatdynatable
karyotype and phenotype. Third, DT40 cells show strong phenotypic reserablo
murine cells with respect to genes involved in DNA recombination epairr (Sonoda et
al. 2001). The translation of DT40 assay results to human exposurasotoxjeants is

therefore much greater than assays which employ microorgaaisin®wer eukaryotes.
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Fourth, DT40 cells lack a functional p53 protein (Ulrich et al. 1992). fEaisire permits
DT40 cells to bypass apoptosis, so that the observance of céllaanabe explained by
DNA repair deficiency rather than the activation of apoptosist, LIaT40 cells can be

easily maintained in suspension culture and have relatively short doubling time (7h)
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3. DESORPTION OF POLYCYCLIC AROMATIC HYDROCARONBS FROM
FIELD-CONTAMINATED SOIL TO A TWO-DIMENSIONAL
HYDROPHOBIC SURFACE BEFORE AND AFTER BIOREMEDIATION *

3.1. Introduction

Polycyclic aromatic hydrocarbons (PAHS) are of great conceraulecof their
known or suspected genotoxicity, mutagenicity and carcinogenicity (Santodb®@yv;
Bostrom et al. 2002a). Dermal exposure can represent a signtiealth risk in settings
involving potential contact with complex materials containing PAHs;luding
PAH-contaminated soil or sediment (Boffetta et al. 1997; Sobud. €089). Most
previous work has been concerned with integrated uptake of chemiwalgttthe skin
and not with how a contaminant reaches the skin surface in theldicst However, only
a contaminant that reaches the skin surface is availableiforatl absorption (Roy et al.
1998; Shatkin et al. 2002). Desorption properties, such as dynamic conbiiovisch
soil contacts the skin, interactions of the soil with the skin serf@ed chemical
interaction with the soil, have been identified to influence deuptdke of chemicals
(McKone and Howd 1992; Spalt et al. 2009). Therefore, it is impottaninderstand
desorption of PAHs from contaminated soil or sediment to the skin surface.

To account for the association of hydrophobic contaminants such as P#iHs
compartments of varying sorptive strength in soil (Alexander 19891g Znd Pignatello

1997; Cornelissen et al. 2005), a so-called two-compartment desorptionassdeles a

! Hu, J. and Aitken, M.D. (2012). “Desorption of poyclic aromatic hydrocarbons from
field-contaminated soil to a two-dimensional hydropic surface before and after bioremediation.”
Chemospher89(5): 542-547.



simplified situation in which a fraction of the contaminant igaskd relatively rapidly
and the remainder is released relatively slowly (Cornelissah 1998; Hawthorne et al.
2001; Zhu et al. 2008). By incorporating two-compartment desorption ¢sngtio a

fugacity model, Shatkin et al. (2002) illustrated that a greaped-@desorbing fraction of
a chemical would result in greater dermal uptake. In most previpesisental work on

dermal uptake of contaminants from soil, an individual contaminantnagluced into

the soil through a solvent that subsequently evaporated (Spalt etO8). Hbwever,

exposure to a spiked chemical does not account for the effect ofhmoatd aging that
would have occurred in field-contaminated soil (Roy et al. 1998; Strab 2000; Spalt

et al. 2009), which is well known to decrease its bioavailability (Alexander 2000).

The objective of this study was to evaluate desorption of PAHs from
field-contaminated soil from a former MGP site to a two-dinmred hydrophobic
surface (Empord C18 extraction disk) as a measure of potential dermal exposure.
Various factors affecting desorption were investigated, includind kmding,
temperature, soil moisture content (SMC), and exposure time. Vde calspared
desorption to the C18 disk to a conventional method of evaluating potemitah@nant
bioavailability in soil, desorption to Tenaveads in a well-mixed aqueous slurry (Loehr
et al. 2003). The efficacy of bioremediation (in a slurry-phase ditwe) in removing the

most readily desorbable PAH fractions was evaluated with both methods.

3.2. Materials and methods
3.2.1. Materials
Source soil used in this study was collected from a former Mi@&Pin Salisbury,

North Carolina, U.S.A.. Samples were air-dried, sieved (@b0nesh) and maintained at
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4 °C prior to use. The total organic matter fractifag) (vas 0.16 (dry mass basis, wt/wt),
SMC was 2.0% (wt/wt), field capacity was 40% (wt/wt), and gailticle density was
2.57 glcni (methods are identified in Table A.1). The total concentration ofafgett
PAHs (the 16 priority PAHSs, excluding acenaphthylene and indgh®{cd]pyrene) was
780 + 10 mg/kg (dry mass basis, wt/wt; individual PAH concentratavesshown in
Table A.2); the most abundant PAHs were phenanthrene (PHE, 322 + %g) ragd
pyrene (PYR, 121 = 0.05 mg/kg). Soil samples were mixed with de-tbvizger to
reach desired SMC levels prior to desorption experiments. @reaié was the slurry
from a continuously stirred, semi-continuous (draw and fill), laboretoaje aerobic
bioreactor (Zhu et al. 2008) treating the source soil. The tresi# had a total PAH
concentration of 121 + 8 mg/kg (individual PAH concentrations are shown in Table A.2).

Emporé™ C18 extraction disks (25 mm diameter, 0.5 mm thickness) were obtained
from 3M (St. Paul, MN, U.S.A.) and cleaned by acetone extractionnigixrand
air-dried before use. Ten@xTA beads (60/80 mesh) were purchased from Alltech
(Deerfield, IL, U.S.A.) and cleaned by Soxhlet extraction in acetosmeane (50:50, v/v)
mixture overnight and air-dried before use. PAH standards (EPA 610 PAHs Mixene) w
obtained from Sigma-Aldrich (St. Louis, MO, U.S.A.). Anthracene-D18 whtained
from Cambridge Isotope Laboratories (Andover, MA, U.S.A). Solvents were
high-pressure liquid chromatography (HPLC) grade and were obtained Fisher
Scientific (Pittsburgh, PA, U.S.A.).

The C18 extraction disks were used to evaluate variables that milgience the
transfer of PAHs from soil to a static hydrophobic interfades method is analogous to

the Tenax beads method for evaluating PAH desorption kinetslsiiry systems (Loehr
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et al. 2003), in that both C18 extraction disks and Tenax beads seamdrdsiite sink;
however, we believe that the C18 disk is more relevant to the applicditsoil to skin in
a dermal exposure scenario.
3.2.2. Desorption experiments

Desorption of PAHs from soil samples to C18 disks was determirtdcea different
temperatures (20 °C, 30 °C and 40 °C), four SMC levels (2%, 8%, 20% and 40%) and
seven soil loadings (5 to 100 mg dry soilfyrover periods of 6 d, when total PAHs
desorbed from soil to a C18 disk reached an apparent equilibrium (RdyreKinetics
for desorption of PAHs from soil to C18 disks were investigated over periods of 16 d. The
sorption capacity of C18 disks was evaluated by repeated soil loafdihg same disk;
results indicated that the sorption capacity greatly exceededarttmunt of PAHSs
desorbed in any given experiment (Table A.3). Soil with a spdcBRIC level was
spread as evenly as possible (under microscopic observation) onto tlksk,1&hich
was then transferred with an aluminum spatula onto an aluminum weidising Soil
weight was determined by weight difference of the C18 disk befmieafter soil loading.
The aluminum weighing dish was then transferred into a sealedim@nand kept in the
dark in a constant-temperature room set to the desired tempevafiwreeach desired
time interval, disks were removed and rinsed with de-ionized whtee times for
subsequent PAH extraction. To investigate possible mechanisms ofr&Asport from
soil to the hydrophobic surface, dry or moist Whatman glass nberofilters (pore size
0.7um, pre-baked at 400°C for 4h) (Fisher Scientific, Pittsburgh, PA, U.%&e placed
between the C18 disk and the soil. Triplicates of procedure blanks (havemlincluded.

Total PAH recovery over all experiments was 94 + 6% (individéddl Pecoveries are
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shown in Table A.4), calculated by comparing the initial PAHanmaghe soil with the
PAH mass desorbed to the C18 disk and the PAH mass remainig isoil after
desorption.

Desorption of PAHs from soil to Tenax beads was carried out at 20 °C
Approximately 3 g of soil (dry wt.) and 0.2 g Tenax beads were suspendz) mL
phosphate buffer (pH 7.5) amended with 4.15 g/L NiaNa 30-mL glass serum vial with
a PTFE-lined septum and screw cap. The vials were placednoisteaction shaker at
240 rpm in the dark. After 1, 2, 4, 8 and 16 d, the vials were centrifug0@ rpm for
15 min, Tenax beads were removed from the vials for subsequentiexti@idescribed
by Zhu et al. (2008), and the supernatant was discarded. For all H6-théme point,
20 mL fresh medium was added along with 0.2 g fresh Tenax beads int@lthelhe
mass recovery of Tenax beads over all time points was 97 * 2&b.PRdtl recovery was
92 + 10% for combined experiments with source soil and treated soiviual PAH
recoveries are in Table A.4).

3.2.3. PAH extraction and analysis

C18 disks and Tenax beads were extracted with 10 mL acetone andrh@thenol,
respectively, in a 20-mL test tube with a PTFE-lined septum aravscap; each tube
was amended with 20L anthracene-D10 (10Qg/L) as recovery surrogate. The tubes
were placed on a wrist-action shaker at 240 rpm in the dark for 241-mL aliquot of
extract from the C18 disk was then removed for HPLC analysiseXinact from Tenax
beads was filtered through a Millipore (Billerica, MA, U.S.Aylan membrane (pore
size 0.20um) to remove the beads and subsequently analyzed by HPLC. Spilesam

were extracted overnight twice each with a mixture of 10 roétame and 10 mL
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dichloromethane as described elsewhere (Zhu et al. 2008). All extvace analyzed by
HPLC (Zhu et al. 2008).
3.2.4. Dataanalysis

SPS$ (v16.0, SPSS Inc.) was applied for data analysis. One-way ANGIwed
by Tukey's test was employed to test for differences amongipteulgroups. The
maximum soil loading required to provide monolayer coverage was éstiraacording
to Equation 3.1 (Duff and Kissel 1996) assuming solid spherical soilcleartand

face-centered packing:

_ loparticle (ﬂd3 / 6)

S‘monolayer - d2 = Ioparticle (7Td / 6) (31)

whereSLonaayer IS the soil loading representing a monolayer (mé)pmamde is the soil
particle density (g/c); d is the soil particle diameteprf). Desorption kinetics data
were evaluated with the commonly used two-compartment kinetic midahtion 3.2

(Cornelissen et al. 1998; Hawthorne et al. 2001; Zhu et al. 2008):

3-8 g fett—fe (3.2)
S

whereSyis the initial soil concentration of a given PARD(g); S is the soil concentration

at timet (ug/g); fr and fs are the fractions of the PAH that desorb rapidly and slowly,
respectively;k; and ks are the rate constants for rapid and slow desorption, respgctivel
(d™h); andt is the desorption timel). All model parameters with their standard errors and

coefficients of determination were determined using nonlinear regression.

3.3. Results
The mass of PAHs desorbed from soil to a C18 disk increasednertbasing soil

loading, although the percentage desorbed decreased as loadingeoh¢feégare 3.1).
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According to Equation 3.1, the maximum soil loading required to provide murola
coverage was estimated as no more than 34 mgfdth soil particle density of 2.57
g/cnt and soil particle diameter less than 280 (soil was sieved through 25én mesh).
It is obvious from Figure 3.1 that the total PAH mass desorbed t€1Bedisk kept

increasing at soil loadings well above the estimated monolayer coverage.
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Figure 3.1 Total PAHs desorbed from source soil to C18 extraction disks ast@fun€soil loading.
Soil moisture content was 2%, temperature 20 °C and contacé ttn®ashed vertical lines indicate
the estimated maximum monolayer coverage of 34 nfg/cm

Soil loading effects on PAH desorption to C18 disks was influencedrbgerature,
but the influences depended on the specific PAH (Figure A.2). Forhzdghé (NAP),
the mass desorbed was constant for all soil loadings at each thfréleetemperatures
evaluated (20, 30 and 40 °C). For acenaphthene (ACE) and fluorene, (fReUnass
desorbed was proportional to soil loading at each temperature. Fangimeme (PHN),
anthracene (ANT), fluoranthene (FLA) and pyrene (PYR), the smdssorbed
asymptotically approached a maximum that appeared to have éaemed for each
compound at 20 °C and 30 °C over soil loadings up to 100 rg/ine asymptote
generally tended to be approached at higher soil loadings as &unpeincreased. In

separate experiments, we verified that the apparent maximass of PAH desorbed did
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not approach the sorption capacity of the C18 disk (Table A.3).

Increased desorption of PAHs to the C18 disk at soil loadingsalvelle monolayer
coverage suggested that PAHs were transferred to the disketlyamsms other than
direct soil contact. Accordingly, with a fixed soil loading above mojeslaoverage (40
mg/cnf), we evaluated the extent to which placing a barrier to dimutact between the
soil and the disk would affect desorption. The desorption of PAHs frantosthie C18
disk still occurred even with a dry or moist glass microfibkerf placed between the
hydrophobic surface and the soil (Figure 3.2). For NAP, ACE and Eidde were no
significant differences between desorption with a dry or atnitier and that without a
filter. However, for PHN, ANT, FLA and PYR, desorption from thd soithe C18 disk
was significantly lower with a dry or a moist filter thanthaut a filter; in addition,
desorption was significantly lower in the presence of a maist tthan in the presence of
a dry filter. Desorption in the presence of two dry or two midistrs was only slightly
less than in the presence of only one dry or one moist filter for all PAksr{dashown).
No PAH was detected in the dry or moist filter that wasimalirect contact with the sail,

suggesting that PAHs were not sorbed by the filters.

10C
. B wio filter
] a aaad
2 80f - [ with dry filter
= L P % . e
o o K B with moist filter
o 60k % o5
Q % %
q (X
= X K3
c  40r o8 b a
3 I % e a
S % % b b a
2 201 <N B c
l aaa ,‘,: :‘: c b c
k4 I

NAP ACE FLU PHN ANT FLA PYR

Figure 3.2Desorption of PAHs to C18 disks from source soil with or withouaasgiicrofiber filter
placed between the C18 disk and the soil. Soil moisture content wasol%ading 40 mg/cfy
temperature 20 °C, and contact time 6 d. Desorption was less thar B#\{ CHR, BoF, BkF, BaP,
DBA and ByP under all three conditions. The same letter is assigned to condiitiansich there was
no significant differencep(> 0.05).
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The desorption of all PAHs to the C18 disk with a fixed soil loadualj above
monolayer coverage (50 mg/@mwas substantially reduced at an SMC of 40%, which
corresponded to approximate field capacity of the soil (Figug Desorption of total
PAHSs from soil at an SMC of 40% was only one-third of that at an $M&%. For NAP,
ACE, FLU and PHN, there were no significant differences betwlesorption from soll
at SMC from 2% to 20%. For ANT, FLA and PYR, there was naisggnt difference
between desorption from soil at SMC of 2% and 8%; at an SMC of th@%e was a

statistically significant, but modest, decrease in desorption.

100
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8%
20%
40%

ORI

Percent desorbed

Figure 3.3 Effect of SMC on desorption of PAHs to C18 disks from sourde Soil loading was 50
mg/cnf, temperature 20 °C, contact time 6 d. Desorption was less than BaXpCHR, BbF, BkF,
BaP, DBA and BJP under all four conditions. Same letter is assigned to conditions wifierence
was not significantg> 0.05).

Desorption of PAHs to C18 disks from both the source soil and the Hallygi
treated soil was compared to desorption to Tenax beads in a vigomuixed aqueous
slurry (Figure 3.4). For the source soil, only 62 % of the total Pdétorbed to Tenax
beads was desorbed to C18 disks. Lower molecular weight PAHs haer gret@ntial to
desorb from soil than higher molecular weight PAHs; the percemtag@ption both to
Tenax beads and to C18 disks decreased as PAH molecular weiglsiset For the
biologically treated soil, desorption to C18 disks was not observed ydpPAdd (data not

shown), suggesting that biological treatment of the soil in an aershigy-phase
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bioreactor removed the fraction of each PAH that was capablesofhileg to the C18
disk. The percentage desorption of all PAHs from biologicallyeéceaoil to Tenax beads
was much lower than that from the source soll, reinforcing thamib&t bioavailable

fractions of the PAHs had been removed by biological treatment.
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Figure 3.4 Desorption of individual PAHs from source soil to Tenax beads & 8x) or to C18 disks
(5S-C18) or from biologically treated soil to Tenax beads (TSxX)efi&e inset enlarges the results
for higher molecular weight PAHs. All measurements were atQ@t°a 16-d contact time. For
desorption to C18 disks, soil moisture content was 2% and soil lo&@linmy/cn. Desorption to C18
disks from biologically treated soil was not detectable.

Desorption kinetics of each individual PAH from source soil to both C4l&dind
Tenax beads were described well by the commonly used two-congpdirkinetic model
(Equation 3.2), as illustrated in Figure A.3. Fitted parameter vateesummarized in
Table A.5.The rapidly desorbing fractior ) for desorption from the source soil to Tenax
beads was higher than that for desorption to the C18 disk. For desorpRéisffrom
the biologically treated soil to Tenax beafisyas not significantly different from 0 for
any PAH. The rate constant for the slowly desorbing frackgridr biologically treated

soil was lower than that for source soil in the Tenax-bead system.

3.4. Discussion
Current guidance from the US Environmental Protection Agency P4pEor

assessment of dermal exposure to contaminants in soil (USEPA 2@p4dlatss a fixed
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percentage absorption (13%) for dermal uptake of belmoene and other PAHs based
on measurements from a single study (Wester et al. 1990). Althbiggkingle value
simplifies human health risk calculation, it doesn’t account foeffexts of soil loading
configuration on dermal absorption. Bunge and Parks (1998) proposed gtmactdi
situations based on a mathematical model describing dermal absoggtiorganic
chemicals from contaminated soils for a given exposure time. \Athieioading is less
than monolayer coverage, the percentage absorption remains conssant laading
increases while the mass absorbed per unit skin area drdipaticeeases; when soil
loading exceeds monolayer coverage, the percentage absorption elesrgagicantly as
soil loading increases while the mass absorbed per unit skin eresns constant.
Several investigators have confirmed these results experitygiaff and Kissel 1996;
Roy and Singh 2001; Touraille et al. 2005). However, such predictions sed ba the
assumption that the contaminant concentration in the soil remainsambr(ge.,
percentage absorption less than 10% of applied dose) during dermal iabs@phge
and Parks 1998). When the contaminant is depleted from the soil, thentage
absorption would decrease with increasing soil loading above monaiayenage while
the mass absorbed would increase disproportionately (Bunge ansl F38B). This
prediction is consistent with our observation that the mass of PAddslael from soil to
the hydrophobic surface disproportionately increased with increasihdoading well
above monolayer coverage while the percentage desorption was morE%aof the
applied dose (Figure 3.1). Touraille et al. (2005) also observed themeeon that the
mass of 4-cyanophenol (CP) absorbed increased with increasing sbiiglagbove

monolayer coverage for an exposure time of 24 h.
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The increasing mass of PAH desorbed at soil loadings beyond ayenaloverage
demonstrated that not only the contaminants in a monolayer of sodlgmin direct
contact with the hydrophobic surface were desorbed. One explanatibrsforsult is the
depletion of PAHSs in the soil, thus establishing concentration gradawy from the
surface (Bunge and Parks 1998). Since the soil was unstirredpricentration of a
desorbable chemical in the soil will depend on the distance fromythrephobic surface.
As chemicals in soil layers closer to the hydrophobic surfacenbe depleted, the
concentration gradient provides a larger driving force for chdsicaipper soil layers to
diffuse toward the hydrophobic surface. However, it is diffiauiéxperimentally confirm
concentration gradients through the soil depth.

We propose that contaminants can move from the soil to the hydrophofzaces
through a combination of three processes: direct contact tramsier goil solids,
diffusion through solil pore air, and diffusion through soil pore watke pjore air and
pore water transport pathways would be most important at saiinlga beyond
monolayer coverage of the hydrophobic surface. Transport through padikely to be
more significant because diffusivity in air is far greatérant that in water
(Schwarzenbach et al. 2003), and air would be the predominant fluid iphasees for
soil moisture contents below field capacity. Also, soil-to-aifudibn of PAHs and other
volatile and semi-volatile organic pollutants is well-documentedijéviet al. 2003;
Ribes et al. 2003; Yang and Holmen 2008). This hypothesis is supported faydaugy
that the mass of PAHs desorbed from the soil to the hydrophobic euvwas
considerable even when dry or moist glass microfiber filtezsewlaced between the

hydrophobic surface and the soil (Figure 3.2). These filters prohitrdaadfer of PAHs
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from soil solids to the hydrophobic surface by direct contaemnsport by mechanisms
other than direct contact was most significant for the loweeoutdr weight PAHs (NAP,
ACE, and FLU; Figure 3.2) that also have the highest vapor pres@uemarized in
Table A.6). Although soil moisture contents below field capacityd&hadhited effect on

PAH desorption from the soil, the significant reduction of PAH desorption to the C18 disk
at SMC corresponding to field capacity (Figure 3.3) also sugdest$AH diffusion in

pore air was a predominant mechanism of transport to the C18 disk.

Besides soil loading configuration, other site-specific propentiag also influence
desorption of PAHs from soil to a two-dimensional hydrophobic surfeemperature is
one of these factors, as diffusion coefficients are positivelyeleted with temperature
(Schwarzenbach et al. 2003). We observed inconsistent effects of ré¢ungeon
desorption to the C18 disks. For several compounds (ACE, FLU, and ANBif¢lae of
temperature was limited (Figure A.2). For the remaining compold®,(PHN, FLA,
and PYR), the effect of temperature on desorption was substangiatgfA.2). Several
other investigators have also observed a positive relation betwegersdures and
desorption of semi-volatile compounds from soil to air (Hippelein andddalan 2000;
He et al. 2009). Overall, the effect of temperature in our work wouldoactasy to
predict, as temperature affects not only the soil-air parttgrEquilibrium and PAH
diffusivity, but the PAH-C18 sorption equilibrium as well; theseee of temperature
could be counter-acting for a given PAH.

Bioremediation can be an attractive remediation approach for BAtdminated
systems (Aitken and Long 2004). In this study, treatment of the seailc@ an aerobic

bioreactor reduced total PAH concentration by approximately 80%lgTA.2) and
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seemed to eliminate the most readily desorbable fraction of all PA¢le€R3.4). Similar
decreases in the rapidly desorbed fractions of PAHs after bidrato& have also been
observed in previous research (Cornelissen et al. 1998; Hawthorne 004l
Richardson and Aitken 2011). For the treated soil, no PAH desorption tdisks8was
observed, and there was no rapidly desorbing fraction in the slurrg-Gasax bead
desorption system. It therefore appeared that biological tesdteliminated the PAHs
that could desorb to a two-dimensional surface, and thus might sudlifadecrease the
dermal bioavailability of PAHs in contaminated soil.

The default assumption for exposure time in dermal exposure assgssfar
contaminated soil is 24 h (USEPA 2004b). Although we carried out mostuiof
experiments over a six-day period, the majority of the desorbed lRAss desorbed
within 24 h (Figure A.1). The experiments we performed are easdgified to 24-h
duration if desired for an actual exposure analysis. We also nigeothat skin is a
complex matrix containing both hydrophobic and hydrophilic compartnanigell as
metabolic enzymes. A uniformly hydrophobic surface might overesdirtiee flux of
PAHs from soil to the skin surface and/or neglect the metabalfsRAH by skin. The
more important point is that dermal exposure assessment fronshemild consider
site-specific conditions that influence the bioavailability of deythobic contaminants to
skin. The effects of remediation on potential dermal exposure shouldieomsit only
the reduction in contaminant concentration but also the reduction in contamina

bioavailability.
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4. EVALUATING THE EFFECTS OF BIOREMEDIAITON ON
GENOTOXICITY OF POLYCYCLIC AROMATIC
HYDROCARON-CONTAMINATED SOIL USING GENETICALLY
ENGINEERED, HIGHER EUKARYOTIC CELL LINES 2

4.1. Introduction

Polycyclic aromatic hydrocarbons (PAHSs) are of human health comlter to their
known or suspected genotoxic, mutagenic, or carcinogenic effects (200 Xue and
Warshawsky 2005), and they are a major pollutant class at thousandstaminated
sites in the U.S.A. (USEPA 2004a). Bioremediation is an establisatohology for
cleanup of PAH-contaminated soils and sediments (USEPA 2007), but like most temedia
technologies it is typically evaluated based on the remov#drget pollutants. U.S.A.
Environmental Protection Agency (USEPA) guidelines for riskesssents of
PAH-contaminated soil generally focus only on 16 priority-pollutaAtH® (USEPA
2000). However, in most cases it remains unknown whether the remotal refgulated
PAHs during bioremediation corresponds to a reduction in health risk ¢Lgneit al.
2009). Significant amounts of other carcinogenic polyaromatic compounds,asuch
dibenzop,l]pyrene, are also found in PAH-contaminated soils (Lundstedt et al. 2003;
Lemieux et al. 2008; Lemieux et al. 2009), and whether all hazardoupooons
degrade concomitantly with the 16 priority PAHS monitored at contdednsites is

unknown (Lundstedt et al. 2003). Incomplete metabolism of PAHs in contaahisail

Hu, J., Nakamura, J., Richardson, S.D., Aitken, M@D12). “Evaluating the effects of bioremediatimm
genotoxicity of polycyclic aromatic hydrocarbon-taminated soil using genetically engineered, higher
eukaryotic cell lines.” Environmental Science & fiaology46(8): 4607-4613.




can also yield byproducts, such as oxy-PAHs, during bioremediationhwhin exhibit
greater toxicity than the parent PAHs (Lundstedt et al. 2003; Ludtdsteal. 2007,
Lemieux et al. 2008; Lemieux et al. 2009).

Although the parent compounds and their metabolites all contribute tot@heisk
of contaminated sites, it is not practical to monitor hundreds of thesgounds
throughout the bioremediation process. More importantly, the identitiesnafy
hazardous compounds in PAH-contaminated sites are rarely known. Anotitatidn of
risk assessment based solely on chemical analysis is th&bxibgy of a mixture is
assumed to be simply the sum of the expected effects fromceaghonent (USEPA
2004b), and it does not account for the possible synergistic or antagamtstactions
between mixture components (White 2002; Park et al. 2008).

Toxicity and genotoxicity bioassays such as the Ames teshidux et al. 2009),
Mutatox ™ assay (Mendonca and Picado 2002), SOS Chromotest (Haeseldro8al),
micronucleus test (Baud-Grasset et al. 1993), and Comet asaago|i et al. 2010)
have been used to assess the potential hazard and risk of contdrembteefore and
after bioremediation. However, all of these bioassays have tmations. The Ames
test, MutatoX" assay and SOS Chromotest are all bacterial-based genotoxicityalymass
Whether a bacterial test is a suitable model for eukaryositess is still questionable
(Evans et al. 2010). The micronucleus test and Comet assay can bd &pplukaryotes,
but they are limited to a small range of detectable DNA iegu(Barile 1994; Collins
2004).

The DT40 genotoxicity bioassay is a novel reverse genetic apptoatdtermine

genotoxicity of chemicals and permits characterization of motlastion (Ridpath et al.
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2011). Recently, DT40 cells have been applied to measure genotaxieityironmental
samples (Ji et al. 2011). The DT40 bioassay uses the chicken DTypBecyte
isogenic cell line and its DNA-repair-deficient mutants, whate ideal for reverse
genetic studies (Ulrich et al. 1992; Yamazoe et al. 2004; Ridpasih €011). Their
strong phenotypic resemblance to murine cells in DNA repair gea&ss it relatively
easy to translate DT40 assay results to human exposures to gesd®anoda et al.
2001). The DT40 bioassay can detect not only whether test matertklsei DNA
damage but also determine the DNA repair or cell-cyclekguiet genes required for
cell survival after DNA damage. Because each individual repdimwag processes a
distinct set of DNA lesion types, differential cytotoxicity afunction of which DNA
repair pathway has been knocked out provides insight into the profilenoftaxicity
induced (Evans et al. 2010; Ridpath et al. 2011).

The objective of this study was to investigate effects of erkation on toxicity
and genotoxicity of PAH-contaminated soil from a former MGP. 3iteo representative
biological treatment processes were evaluated in the laboratohyding a sequencing
batch bioreactor system (simulatieg situ treatment) and a continuous-flow column
system (simulatingin situ treatment). The DT40 parent cell line and fifteen
DNA-repair-deficient mutants were employed to understand the @aoity potential

and profile of the contaminated soil before and after biological treatment.

4.2. Materials and methods
4.2.1. Chemicals
PAH standards (EPA 610 PAH Mixture), bergplyrene diolepoxide (BPDE),

methyl methanesulfonate (MMS), hydrogen peroxidgOd dimethylsulfoxide (DMSO)
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and phosphate buffer solution (PBS) were obtained from Sigma-Al®ich.guis, MO,
U.S.A)). All solvents were high-performance liquid chromatography.#Ryrade and
were obtained from Fisher Scientific (Pittsburgh, PA, U.S.A.).

4.2.2. Soil, bioremediation processes, and sampling

Source soil used in this study was collected from a former M@&Pin Salisbury,
North Carolina, U.S.A., in the vicinity of the former tar well, 1.2below the surface.
The soil was transferred by shovel to sample buckets and imtalgdiransported to the
laboratory, where it was blended and processed through a 10 mnasdstored at 4 °C
prior to use. The sieved soil contained 66% sand, 28% silt, and 6%wataytotal
organic matter of 16.6%. The total concentration of target PAHs (1Hdeoi6 priority
PAHSs, excluding acenaphthylene and indé&#)B-cd]pyrene) was 556 = 50 ng/mg (dry
mass basis, w/w; individual PAH concentrations are shown in Table B.1).

Two bioremediation processes were employed to treat the saikc®se process
involved treatment by a continuously stirred, semicontinuous, laborataley-aerobic
bioreactor (Singleton et al. 2005; Singleton et al. 2011). The biordaatba working
volume of approximately 2 L, a solids concentration of 20% (w/w) afidssretention
time of 35 d. Every week, 20% of the treated slurry was repladbdunwtreated source
soil in a pH 7.5 buffer containing 5 mM phosphate and 5 mM ammoniunenitrhe
other process was the 2.5-year-treatment by two continuous-flow col@ronsrol
column and biostimulated column), which were 110 cm long and 10.2 cm irtdiam
(Richardson and Aitken 2011). Prior to column treatment, the source sorixad with
sterile 40/50 grade silica sand (Unimin Corporation, Le Sueur, MNAU.&t a 50:50

ratio (dry weight) to maintain low-pressure flow during long-teastumn operation. The
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control column received simulated groundwater saturated with hé&. Biostimulated
column received simulated groundwater saturated with pure oxygeana@added with
ammonium nitrate and phosphate to yield final nitrogen and phosphorus concentrations of
1.0 mg/L and 0.3 mg/L, respectively. Detailed column design and opeeatalescribed
elsewhere (Richardson and Aitken 2011). Individual PAH concentrationsitodated
bioreactor feed soil, bioreactor-treated soil, untreated column packailg and
column-treated soil are shown in Table B.1.

To evaluate the temporal change in toxicity and genotoxicity ibithreactor system,
slurry from the bioreactor was sampled at five time intendising each cycle:
immediately after feeding (O h), 8 h, 1 d, 3 d and 7 d after feedmigr&m each column
was sampled at the surface of the soil bed and at three sgmplits at 25 cm intervals
along the column length (Ports A, B, and C respectively, in thetidineof flow) after
2.5 years of continuous operation.

4.2.3. Sample extraction, PAH analysis and residue preparation

Soil samples were centrifuged at 3500 rpm for 15 min, after whickupernatant
was discarded. Triplicate aliquots of 3 g (wet weight) cemeél soil were each
extracted overnight twice, each time with a mixture of 10 rokt@ne and 10 mL
dichloromethane as described elsewhere (Richardson et al. 2011). Headt was
filtered through a 0.2 um pore-size nylon filter (Millipore, Buyton, MA, U.S.A.) and
was brought to a volume of 50 mL with acetonitrile. An aliquot of 1ahkach extract
was removed and analyzed by HPLC for PAH quantification (Richarelsain 2011). An
aliquot of 10 mL of each triplicate extract from the sawmik sample was combined in a

preweighed vial (total 30 mL) and evaporated to dryness with é fitoiv of nitrogen.
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The mass of dry residue was determined gravimetrically. ®sdue was then
redissolved with DMSO to 100Q®)/mL and stored in liquid nitrogen before use.
4.2.4. DT40 DNA damage response analysis

DNA damage was determined by 24-well plate-based DNA damagmonse
analysis using a DT40 isogenic cell line and its mutants knocketh @jgecific DNA
repair and cell cycle pathways as described elsewhere (Ridpath2011). Cells were
exposed to the residue redissolved in DMSO that was serialliediwith PBS. The
concentration of DMSO was adjusted so that the final concentrati@d foell exposures
was 0.3%. BPDE, MMS, and,B, were used as positive controls (Table B.2); while a
vehicle blank (DMSO diluted in PBS) was used as negative coriiiftéen DT40
mutants were tested in this study, including base excisioir (R)-deficient mutants
(Polg”, Fen1™), DNA damage sensor-deficient mutarRad9”, Rad17”), a nucleotide
excision repair (NER)-deficient mutankga”), a mis-match repair (MMR)-deficient
mutant Msh2”), a nonhomologous end-joining (NHEJ)-deficient mutakti70™),
homologous recombination (HR)-deficient mutarRad54”, FancD2”), and tans-lesion
synthesis (TLS)-deficient mutant®ed18”, Revl”, Rev3™, Polx", Poly™, Pole™).

The DT40 system has not been tested previously for its aloilagttvate compounds
that require metabolic activation before exerting a genotoxiecteffTherefore, we
conducted a preliminary evaluation of the response of DT40 and the rRetéit to
exposure to benzajpyrene (BaP). Details are provided in the Appendix B.

4.2.5. Dataanalysis
Statistical analyses were conducted with SP886.0, SPSS Inc.). Studentsest

and one-way analysis of variance (ANOVA) with Tukey's testenenployed to test for
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statistically significant differences between two groups amdbrgy multiple groups,
respectively. Spearman test and partial correlation analyifiis Spearman test were
applied to investigate relation between sgdnd total PAH concentration€ifans) Or
total organic residue concentratiolC.&qe). LDso was calculated based on the
dose-response relation and converted from residue dose to equivaledbs®ias

described in the Appendix B.

4.3. Results

Both the bioreactor system and the column system significartipved PAHs from
the contaminated soil (Figure 4.1). For the bioreactor system, deaicty cycle (7 d),
total PAH concentration of the treated soil decreased with am# approached a
minimum 24 h after feeding (Figure 4.1a). For the column system, the PAH caticentr
of both control-column and biostimulated-column treated soil was signific lower
than that of the untreated column packing soil (Figure 4.1b). Ovenallpibreactor
system had total PAH removal of 69% and the biostimulated columntdtal PAH

removal of 84%.
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Figure 4.1 Total PAH concentration of soil before and after bioremediaifap.Soils from five
consecutive sampling times during 7 d cycle in the bioreactor teatrtb) Soils from both the
control column and biostimulated column at four sampling points along eaahrcalfter 2.5-year
column treatment. Values are mean £ SD of triplicates. BFSeatett bioreactor feed soil; BTS,
bioreactor treated soil; CPS, untreated column packing soil; CTotcolumn treated soil; BIO,
biostimulated-column treated soil.

On the basis of its sensitivity to a broad range of DNA daraaddts application in
measuring genotoxicity in crude oil-contaminated sedimentg @i 8011). theRad54”
mutant was selected for detailed analysis of the effectth@ftwo bioremediation
processes on genotoxicity of the soil. For the bioreactor system|.Dbg of the
bioreactor-treated soil for DT40 and tRad54”mutant increased through Day 1, then
decreased (Figure 4.2a). The JgDof the bioreactor-treated soil for DT40 was
significantly lower than that of the untreated bioreactor soilegixat Day 1; the LEof
the bioreactor-treated soil for tRad54” mutant was not significantly different from that

of the untreated bioreactor soil through Day 1 but was significéoilgr on Day 3 and
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Day 7 (Figure 4.2a). For the column system, the;,LB&f both control-column and
biostimulated-column treated soils for DT40 was significantly highan that of the
untreated column soil; the Igpof the control-column treated soil f&ad54” was not
significantly different from that of the untreated column soil, levtthe LDy of the
biostimulated-column treated soil fRad54” was significantly higher than that of the

untreated column soil (Figure 4.2b).
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Figure 4.2 LDs, of soil before and after bioremediation for parental DT40 cell dime itsRad54™
mutant. (a) Soils from five consecutive sampling times during 7 d cycle in thadiimréreatment. (b)
Soils from both control column and biostimulated column at four samplingspaliorig each column

after 2.5 year column treatment. Values are mean = SD of sepagate experiments. Abbreviations
are as defined in Figure 4.1.

Inverse correlations between 2andCipans Or Cresique Were both highly positive and
statistically significant (Figure 4.3). However, wherClq.e Was controlled, partial

correlations between Ldgand 1Cpans Were not statistically significant; conversely,
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when 1Cipans Was controlled, partial correlations betweernsg.8nd 1C;e5q0e Were highly

positive and statistically significant (Table B.3).
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Figure 4.3 Inverse correlations between ¢fand concentrations of tPAH for parental DT40 cell line
(a) and itsRad54” mutant (b), and between kPand concentrations of total residue for parental
DT40 cell line (c) and itRad54” mutant (d). Each data point represents the mean for each soil sample
(total 15 samples) including untreated column packing soil, all samplimgspaiong each column,
untreated bioreactor feed soil, and all sampling events for btordegated soil during the 7 d cycle.
Asterisks indicate the correlation is statistically significant 0.05).

The column system soils were also screened with a batteryf4® Dell lines for
genotoxicity profiling (Figure 4.4a). There were no significalifferences in LI
between control-column treated soil and untreated column packing saptee the
parent DT40 cells. In general, the §Jof biostimulated-column treated soil was
significantly higher than the correspondingdsDf untreated column packing soil, except

for Rad9”, Radl7”, Ku70”, Rad18”, Revl” and Rev3”. The LDy of

57



biostimulated-column treated soil was significantly higher than th&eoédntrol-column

treated soil, except fakad9” andRad17™".
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Figure 4.4LDs () and relative LE) (b) of soil before and after 2.5 year column treatment in the tes
with a battery of DT40 cell lines. Values are mean + SDhoéd separate experiments. Different
letters are assigned to conditions for which there was a sigrifiifierence |p < 0.05). Asterisks
indicate values significantly less than d € 0.05). CPS, untreated column packing soil; CTR-A,
control-column treated soil at Port A; BIO-A, biostimulated-column treaig@isPort A.

For a quantitative comparison, we also calculated the relatiggdfl@olumn-system
soils (Figure 4.4b) as described by Ji et al. (2009), where thvedl®s, of the parental
DT40 cell was defined as 1. If the relative g[@f a mutant to a sample is significantly
less than 1, that mutant is defined as sensitive to that samplen Smutants were
sensitive to both untreated and treated columns soils, incliaig, Rad17”", Msh2”,

Rad54”, Rad18”, Revl” and Pol”. Seven mutants were sensitive only to
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column-treated soils but not to untreated column packing soil, inclibhgy”, Fenl™”,
Ku70", FancD2”, Rev3”, Polx™ andPoly;™. Xpa” was not sensitive to either untreated

column packing soil or column-treated soils.

4.4. Discussion
4.4.1. Effects of bioremediation on toxicity and genotoxicity

Bioremediation is an established technology to remove PAHs fromnomatized soil
and sediment (USEPA 2007). However, some researchers have adwied eaout
bioremediation because the removal of the monitored PAHs during bioetiordof
contaminated soil or sediment might not correspond to a reduction ith hiesi
(Lundstedt et al. 2007; Lemieux et al. 2009). In some studies, toxieityeased as
treatment progressed (Baud-Grasset et al. 1993; Haeselet @%b; Sayles et al. 1999;
Mendonca and Picado 2002; Sasek et al. 2003), while in other studiew/dseegher no
reduction or even a substantial increase in toxicity following biedkation (Hughes et
al. 1998; Gillespie et al. 2007; Andersson et al. 2009; Gandolfi et al. 28tBases in
toxicity might be caused by formation of toxic metaboliteghoreased bioavailability of
native toxins over the course of bioremediation (Andersson et al. 2009).

Our study confirmed that bioremediation reduced PAH levels in th&aconated
soil (Figure 4.1), but the effect of bioremediation on toxicitgasplicated. Generally,
we observed increased toxicity (decreasedglih the bioreactor system but decreased
toxicity (increased L) in the column system after bioremediation (Figure 4.2).
Remediation methods and the specific ways they are implementedutestantially
influence the community of PAH-degrading microorganisms in comiaed soil, thus

influencing the collective balance between complete and incomplete matabbFPAHs
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by these organisms and, therefore, potential variation in tpx@od genotoxicity. Longer
periods of bioremediation, such as that used in the column system&emeaguired to
significantly reduce the genotoxic hazard of a contaminated Llsshiéux et al. 2009).
Hughes et al. (1998) also found Vvariations of genotoxicity changes in
creosote-contaminated soil before and after four bioremediation proddesesier, they
could not determine whether observed increases in genotoxicity were due tocHss@so
themselves or to the amendments added to the soil (Hughes et al. 1998).
4.4.2. Temporal changein toxicity and genotoxicity in the bioreactor system

A temporal change in toxicity was observed in the bioreactdemsy$ollowing a
feeding event (Figure 4.2a). Toxicity to both the DT40 parent icelldnd itsRad54”
mutant initially decreased (increased ggDand then increased (decreasedsd.@uring
the feeding cycle. Other researchers have also observed tengbarades in the
genotoxicity of PAH-contaminated soils undergoing bioremediation (Belkial. 1994;
Lemieux et al. 2009). The somewhat cyclical nature of toxitg genotoxicity may
suggest the formation, and subsequent degradation, of toxic compoundsuflLeina.
2009), although if that were the case with our bioreactor systemwbewould have
observed a temporal trend opposite to that shown in Figure 4.2a. Samghegcofumn
system was not designed to evaluate temporal trends intyoaia genotoxicity, so only
the long-term treatment effects were observed.
4.4.3. Source of toxicity

Compounds responsible for toxicity and genotoxicity of PAH-contaminatdd soi
other than the USEPA 16 priority PAHs might not degrade concomitathy PAHS

during bioremediation (Lundstedt et al. 2003; Lemieux et al. 2008; Lersieaix 2009).
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Moreover, in a complex system such as contaminated soil, sangfarmations that do
not lead to complete metabolism of the parent compound are inevitdtileugh the
correlation between L{3 and total PAH concentration was significant (Figure 4.3a and
4.3b), the partial correlation between 4gCand total PAH concentration was poor and
insignificant, when controlling for the effects of total organisidae. We conclude that
the total organic compounds present in soil extracts are respofwsilbhee toxicity and
genotoxicity of PAH-contaminated soil undergoing bioremediation.hEuntesearch is
needed to identify the toxic and genotoxic compounds.
4.4.4. Genotoxicity profiling

To understand the effects of bioremediation on the genotoxicity padtesftia
PAH-contaminated soil in the column system, we screened 15 Dpbieeficient
DT40 mutants. When compared to the untreated soil, the control column digdooer
toxicity except for the parental DT40 cell line; in contrast, bi@stimulated column
significantly reduced toxicity for both the parental DT40 cell line and masteomutants
(Figure 4.4a). We also observed that the genotoxicity profilestifrel LDsg) of
control-column treated soil and biostimulated-column treated so#é siemilar but both
were different from that of the untreated soil (Figure 4.4b). Sévwautants were
sensitive to treated soil but not untreated soil, includiolg™, Fen1™, Ku70™, FancD2",
Rev3”, Polx” andPoly™, indicating that more types of DNA damage were induced by
remediation. This finding suggests that genotoxic compounds were @ehelating
bioremediation, although their concentrations must have been low enoughlead to

an overall increase in genotoxicity per unit soil mass.
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RAD9 and RAD17 are intra-S-phase DNA damage checkpoint control mscad
are in the cellular response to stalled DNA replication (Kabhyet al. 2004). Both
Rad9” andRad17” were sensitive to treated and untreated soil, strongly suggekstit
bioremediation could not eliminate genotoxic compounds in PAH-contaminaitetiat
can induce DNA replication block. RAD54 is a DNA repair and HR jpndt®onoda et al.
2006). Rad54™ was sensitive to both treated and untreated soil, indicatatgthl soil
both before and after bioremediation could induce DNA double-strand boedlSA
damage leading to replication blockage (Sonoda et al. 2006). NERtetedatheXpa
gene is thought to be involved in the elimination of bulky DNA add{wete Gent et al.
2001). HoweverXpa’ was not sensitive to either treated soil or untreated soil aitiaic
that the potential for formation of bulky DNA adducts may be nddédgefore and after
bioremediation. Metabolic activation of PAHs may lead to bulky Dadilucts (Xue and
Warshawsky 2005), but the capacity of DT40 cells for metabolicaticn has not been
reported before. Our preliminary results indicate Bes8” was sensitive to BaP (Figure
B.1), indicating that DT40 cells may have a metabolic activasiggstem for PAHS.
Regardless, this study was not intended to elucidate the geriytaxiPAHs per se, but
to evaluate the changes in genotoxicity of the combination of soil contaminanesat a r
of bioremediation.

BER plays an essential role in protecting cells from DNA dgmaaused by
hydrolysis, oxidative agents and alkylating agents (Yoshimurh 20@6). We observed
that BER-deficient mutantsP6l5”, Fenl”) were sensitive to treated soils but not to
untreated soil, indicating that bioremediation generated genotoxiparords that could

induce oxidative stress, unstable depurinating DNA adducts or atkylBiNA damage
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(Tano et al. 2007; Asagoshi et al. 2010). Certain TLS-deficient nsuf@ai18”, Revl™”
and Polg™) were sensitive to untreated soil, indicating that unstable deimg DNA
adducts and alkylated DNA bases could also be generated by expmsuntreated soil.
Whereas oxidative DNA damage is thought to be repaired by BERS ibeen proposed
that DNA lesions caused by oxidative stress could also beredpay NHEJ involving
protein KU70 (Narasimhaiah et al. 200Bu70"" was sensitive to treated soil but not to
untreated soil, further indicating the likelihood that bioremediation rgések genotoxic
compounds causing oxidative stress, which might be attributed to thmatfon of
oxy-PAHs during incomplete biodegradation (Zielinska-Park et al. 2004).
4.4.5. Value of genotoxicity testing

Although bioremediation is an effective tool to remove PAHs from cointzed soll,
its effects on toxicity and genotoxicity of PAH-contaminated segd thorough study if
the ultimate goal of remediation is to reduce human health ris&.study demonstrated
that different bioremediation strategies could lead to differerdoouts of toxicity and
genotoxicity for PAH-contaminated soil. Our results also indicdteat enhanced
oxidative DNA damage was caused by the soil after bioremediatibie column system.
Overall, toxicity and genotoxicity bioassays can be an effestygplement to chemical
analysis-based risk assessment for contaminated soil. Furtbaratess still needed to
isolate, characterize, and quantify the toxic and genotoxic compounds in

contaminated soil as remediation progresses.
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5. BIOAVAILABILITY OF (GENO)TOXIC CONTAMINANTS IN
PAH-CONTAMINATED SOIL FROM A FORMER MGP SITE BEFORE
AND AFTER BIOLOGICAL TREATMENT 3

5.1. Introduction

Polycyclic aromatic hydrocarbons (PAHSs) are a major pollutkass at thousands of
contaminated sites in the USA, including over 700 Superfund sites (USER) and an
estimated 45,000 former manufactured-gas plant (MGP) sites (U3&PR). PAHs are
of great human health concern because of their ubiquity in the enviromsewll as
their known or suspected genotoxicity (Bostrom et al. 2002b; White 2G0Resh et al.
2004; Shimada and Fujii-Kuriyama 2004; Baird et al. 2005; Xue and Waski&005;
Mordukhovich et al. 2010).

Historically, the potential effects of contaminated sites on husnacological health
are assessed based on the total contaminant concentrationgrasinget by vigorous
chemical extraction techniques (Alexander 2000). However, becéatiseirnassociation
with different soil components, hydrophobic organic pollutants in seilcaly partly
available for uptake by organisms, for exerting toxic effemtsl for biodegradation by
microorganisms (Alexander 1995; Alexander and Alexander 1999; Alexa0a8; Reid
et al. 2000a; Lei et al. 2004; Jablonowski et al. 2008). Poor correlatidrebasobserved
between vigorous solvent extraction and compound bioavailability to earntswvand
bacteria over time in soil (Kelsey and Alexander 1997; Kelsey. di997). Recently, the

US Interstate Technology and Regulatory Council (ITRC) has advismdporating
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bioavailability considerations into the evaluation of contaminated sie®duce the
extent of cleanup required to that which is necessary to be pvetettihe environment
(ITRC 2011).

A variety of biological and chemical techniques have been devetopedimate and
predict bioavailability. Biological techniques involve measuring sutestnaptake,
mineralization or toxicity (Kelsey et al. 1997; Stroo et al. 20Bfida et al. 2004).
Chemical techniques involve non-exhaustive solvent extraction (HatandeAlexander
1995; Kelsey et al. 1997; Breedveld and Karlsen 2000; Reid et al. 203@é; and
Alexander 2002) and solid-phase extraction (Ten Hulscher et al. 2008t Bt 2004;
Harwood et al. 2012). Solid-phase extraction is a common method fonagst
bioavailability in contaminated soils and sediments with polymeisodoent resins, such
as Tenax beads and XAD, serving as an infinite sink. These somerkswell with
nonpolar compounds such as PAHs.

In a complex system such as soil, it is likely that soraesformations of organic
pollutants by microorganisms do not lead to complete metabolismheofparent
compound. In PAH-contaminated soil undergoing bioremediation, hundreds of hazardous
compounds have been identified, covering a very wide range of physidoehem
properties. For example, IKg, values can range from 2 to 8 (Lundstedt et al. 2003),
including polar and semi-polar metabolites of PAHs. Compounds other themt pPaHs
are responsible at least in part for the toxicity and genotgxitiserved in studies on
bioremediation of field-contaminated soil (Hu et al. 2012).

The objective of this study was to investigate the bioavailmf PAHS, selected

oxygenated metabolites (oxy-PAHs), and other constituents thactoodly lead to
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toxicity or genotoxicity during biological treatment in a -stmle, slurry-phase
sequencing batch bioreactor. Both hydrophobic (Ténaxd universal (OasisHLB)
sorptive resins were used to evaluate potential bioavailabihyy. DNA damage response
assay using the chicken DT40 B-lymphocyte isogenic cell line aisd
DNA-repair-deficient mutantRad54” was applied to evaluate the toxicity and
genotoxicity of different fractions of the soil throughout a treattncycle in the

bioreactor.

5.2. Materials and methods
5.2.1. Materials

PAH standards (EPA 610 PAH Mixture), 9,10-phenanthrenequinone (PQ) and
9,10-anthraquinone (AQ) were purchased from Sigma-Aldrich (St. Louis, WVER®).
9-fluorenone (FLO) and berglpnthracene-7,12-quinone (BAQ) were purchased from
Acros Organics (Morris Plains, NJ, USA). All solvents were pghformance liquid
chromatography (HPLC) grade and were purchased from Fishamti8c (Pittsburgh,

PA, USA).

TenaX TA beads (60/80 mesh) and the universal (mixed-function) ®ksiB resin
(particle size 60 um) were obtained from Alltech (Deerfidld, USA) and Waters
(Milford, MA, USA), respectively. They were cleaned by Soxlaetraction in acetone:
hexane (50:50, v/v) mixture and methanol: dichloromethane (50:50, v/v) mixture
overnight and air-dried before use, respectively. Snak&Stialysis tubing (10,000
MWCO, 22 mm diameter, 10.5 m) was obtained from Thermo Scientibckfard, IL,
USA).

Contaminated soil (feed soil) used in this study was collected & former MGP
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site in Salisbury, North Carolina, USA, processed and charastieras described
elsewhere (Richardson and Aitken 2011; Hu et al. 2012). The total catmentf target
PAHs (14 of the 16 USEPA priority PAHs, excluding acenaphthylemel a
indenofl,2,3-cd]pyrene) was 362 + 23 pg/g and the total concentration of target
oxy-PAHs (FLO, PQ, AQ and BAQ) was 22.3 + 0.5 upg/g (dry massspav/w).
Individual PAH and oxy-PAH concentrations of feed soil are shown bieT&€.1 of
Appendix C. The feed soil was treated by a continuously stirredi-csgminuous
(draw-and-fill), laboratory-scale aerobic bioreactor with a wakinolume of
approximately 2 L, a solids concentration of 14% (w/w), and solidstien time of 35 d
(Hu et al. 2012). Every week, 20% of the treated slurry was replaitedeed soil in a
pH 7.5 buffer containing 5 mM phosphate and 5 mM ammonium nitrate. drslatey
was sampled at three time intervals during each 7-d feediclg: ammediately after
feeding (0 d), 1 d and 7 d after feeding. The treated slurry arasifaged at 3500 rpm
for 20 min to remove excess water prior to use. PAH and oxy-R&identrations of
treated soils are shown in Table C.1.
5.2.2. Desorption experiments

The infinite-sink desorption method (Loehr et al. 2003) was employet/éstigate
desorption of PAHs and oxy-PAHs from soil (feed soil or treatd)l teosorbents (Tenax
beads or HLB resin). Because of the small particle size bB Hesin and its
hydrophilic-lipophilic balanced property, the conventional method (addiagsorbent
directly to soil slurry) was adapted by placing the sorbentdratysis tubing suspended
in the solil slurry. Briefly, an aliquot of 0.1 g sorbent was waeailghied transferred into 5

cm of dialysis tubing with knots on both ends. Approximately 4 g of wiétasd one
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dialysis tubing containing the sorbent were suspended in 50 mL phospHatgjhbidf7.5)
amended with 4.15 g/L NaNn a 60-mL centrifuge tube with a PTFE-lined septum and
screw cap. Six centrifuge tubes were prepared for each sgilesdor each desired time
interval: three tubes with dialysis tubing containing Tenax beadstlaree tubes with
dialysis tubing containing HLB resin. The tubes were placed onstaction shaker at
240 rpm in the dark. After each desired time interval (1 d, 2 d, dd,1@ d and 15 d),
the six centrifuge tubes for each soil sample were sadtifithe dialysis tubing was
removed from the centrifuge tube and rinsed with deionized wateraohdsoil particles
on the outside wall. The dialysis tubing was then unknotted and thens®slgere rinsed
with deionized water into a vacuum filtration apparatus to removesexwater. The soll
slurry left in the centrifuge tube was centrifuged at 3500 rpm fom&® and the
supernatant was discarded. The sorbents and the soil after desorption weré dogdex

The conventional Tenax-bead desorption method was carried out as dkscribe
elsewhere (Hu and Aitken 2012). Briefly, approximately 4 g ef feed soil and 0.1 g
Tenax beads were suspended in 50 mL phosphate buffer (pH 7.5) ametidéd Bvig/L
NaN; in each of triplicate 60-mL centrifuge tubes with a PTFEdiseptum and screw
cap. The tubes were placed on a wrist-action shaker at 240 thendark. After 7 d, the
tubes were centrifuged at 3500 for 20 min, and Tenax beads were tefrmwehe tubes
for subsequent extraction.
5.2.3. Sample extraction, chemical analysis and DT40 bioassay

Tenax beads and HLB resin were extracted overnight with 10 rthama or 10 mL
methanol: dichloromethane mixture (50:50, v/v), respectively, in a 20-ads glial with

a PTFE-lined septum and screw cap. The extracts wereediltthhrough a 0.2 um
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pore-size nylon filter and brought to 25 mL with acetone. The soil sampleexteseted
overnight twice each with a mixture of 10 mL acetone and 10 mL dahkethane as
described elsewhere (Richardson et al. 2011). The extractdiltenred through a 0.2 pm
pore-size nylon filter and brought to 50 mL with acetonitrile.

The filtered extracts were analyzed by HPLC for PAHsdascribed elsewhere
(Richardson et al. 2011) and were analyzed by liquid chromatograptgsh mass
spectrumetry (LC-MS/MS) for oxy-PAHs as described in Apper@ixToxicity and
genotoxicity of the filtered extracts were determined by DDMA damage response
analysis using a DT40 isogenic cell line and its mutBat54” knocked out in
homologous recombination DNA repair pathway as described else@Ridpath et al.
2011; Hu et al. 2012).

5.2.4. Dataanalysis

SPS$ (v16.0, SPSS Inc.) was applied for statistical analysis. Studetest and
one-way analysis of variance (ANOVA) followed by Tukey'st te@ere employed to test
for differences between two groups and among multiple groups, respectivelyDihef L
a sample for the parental DT40 cells and forRag54” mutant was calculated based on
the dose-response relation and converted to an equivalent mass of si@saibed

elsewhere (Hu et al. 2012).

5.3. Results
5.3.1. Dialysis tubing desorption method validation

Dialysis tubing was used to contain Tenax beads or HLB resimuestigate
desorption of PAHs and oxy-PAHs from soil. Desorption of total PAsisn of 14

compounds) and total oxy-PAHs (sum of four compounds) to HLB resin fromfdxdh
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soil and treated soil increased with time and approached appareittraquilin 7 days,

as shown in Figure 5.1.
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Figure 5.1 Desorption kinetics of total PAHs and total oxy-PAt® HLB resin from (a) feed soil and (b)
treated soil removed from the bioreactor 1 dayrdfeding using the dialysis-tubing desorption rodth
described in the text

Recoveries of PAHs and oxy-PAHs were calculated by comp#rengitial mass in
the soil with the mass desorbed to Tenax beads or HLB resin anth#seremaining in
the soil after 7 days of desorption. Individual PAH and oxy-PAH races@re shown in
Table C.2. Total PAH recovery in the Tenax-bead system was 96.7% and in the
HLB-resin system was 93.6 + 1.1%; total oxy-PAH recovery inaXebead system was
101 = 8% and in the HLB-resin system was 110 + 5%. We also cethghe
dialysis-tubing desorption method to the conventional Tenax-bead desompithiod
(direct suspension of Tenax beads in the soil slurry). As shown imeFg2, desorption
of PAHs and oxy-PAHs from feed soil to Tenax beads or HLB resimg the
dialysis-tubing desorption method was not significantly different feairh other or from

that using the conventional Tenax-bead desorption method.
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Figure 5.2 Comparison of desorption of PAHs and oxy-PAHs fifeed soil to HLB resin and Tenax beads
in the dialysis-tubing desorption method and in tlomventional Tenax-bead desorption method. NAP:
naphthalene; ACE: acenaphthene; FLU: fluorene; PHiienanthrene; ANT: anthracene; FLA:
fluoranthene; PYR: pyrene; tPAHSs: total PAHs; t(P4HSs: total oxy-PAHs. Desorption was less than 2%
for benzplanthracene (BaA), chrysene (CHR), befjioranthene (BbF), benzkffluoranthene (BkF),
benzof]pyrene (BaP), dibenalhJanthracene (DBA) and benzph,i]perylene (BgP) under all methods.
Desorption time was 7 d. There was no significadfferdnce ¢ > 0.05) between methods for any of the
analytes.

5.3.2. Biodegradability and desorbability of PAHs and oxy-PAHs

Bioreactor treatment significantly removed PAHs and oxy-PAism the
contaminated soil, and the removal increased over the duration of ttreatrdent cycle
(Figure 5.3). After 7 d, removal of total PAHs and total oxy-PAtds 50.2 + 4.5% and
71.6 = 0.7%, respectively. Removal of each individual oxy-PAH and the poréisg
parent PAH in the contaminated soil also increased with time. YHoyweemoval of FLO
and BAQ was significantly less than removal of their respegiarent compounds FLU
and BaA, while removal of PQ and AQ was significantly gredlen their parent

compounds PHN and ANT, throughout the bioreactor 7-d treatment cycle.
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Figure 5.3Removal of PAHs and oxy-PAHs in the treated sal®sled at three time intervals during 7-d
feeding cycle: immediately after feeding (TS-dO)] {TS-d1) and 7 d (TS-d7) after feeding. In abes
there was a significant difference € 0.05) between removal of an oxy-PAH and theasponding parent
PAH. Removal is relative to the initial concentoatiof the respective analyte in the feed.soil

Desorption of PAHs and oxy-PAHs to HLB resin and Tenax beads $wois
decreased with longer treatment time, except for BaA (Figure de4prption of BaA in
feed soil was slightly less than that in treated soil samgiléide end of the 7-d treatment
cycle, although the desorbable fraction of BaA was 2% or less samples. In both feed
soil and treated soils, desorption of total oxy-PAHs was sigmifig greater than that of
total PAHs. At the end of the 7-d treatment cycle, 7.6 + 1.1% and 6.0 + &f.%6tal
oxy-PAHs were still desorbable to HLB resin and Tenax beadpectvely, while only
0.5 £ 0.1% and 0.6 + 0.1% of total PAHs were desorbable to HLB resimesrack beads,
respectively. However, when comparing each individual oxy-PAH wustkarresponding
parent compound, desorption of only PQ and AQ were significantly grisate that of
PHN and ANT throughout the bioreactor treatment cycle. DesormfoBAQ was
significantly greater than that of BaA only in feed soil ancated soil sampled
immediately after feeding, while desorption of FLO was sigaiftly less than that of
FLU in those two samples. No differences between desorption ofdfIEAQ and that
of their corresponding parent compounds were observed in treated sgiledd d and

7 d after feeding.
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Figure 5.4 Desorption of PAHs and oxy-PAHs to HLB resin (Hdarenax beads (T) from feed soil (FS)
and treated soils (TS) sampled at three time iaterduring 7-d feeding cycle: immediately afterdieg
(TS-d0), 1 d (TS-d1) and 7 d (TS-d7) after feediDgferent letters are assigned to conditions fdrick
there was a significant differenge € 0.05).

The percentage of PAH and oxy-PAH desorbed in the feed soilomgsaced to the
percentage of PAH and oxy-PAH removed in the bioreactor at thefethe bioreactor
treatment cycle (Figure 5.5). For every compound, the removal ibitneactor was

greater than its desorption.

73



100

= s
g 80 e o 4
: 0%,
£ 60 y
= s
2 40 y
§ 20 %
O PR TR I BT |

0O 20 40 60 80 100
Percent desorbed

Figure 5.5 Percentage of PAH and oxy-PAH removed at the endtdtreatment cycle vs. percentage of
PAH and oxy-PAH desorbed from the feed soil. Eaomtprepresents the mean value for an individual
PAH or oxy-PAH. The dashed line represents a lrietation. Close and open circles represent PAHs an
oxy-PAHSs respectively. NAP is not included becanse@emoval was observed.

5.3.3. Toxicity and genotoxicity

The toxicity and genotoxicity of solvent extracts and desorbadnstituents of soil
samples were examined using the DT40 bioassay. For both the DT40apastinline
and its Rad54” mutant, the LB, of the solvent extracts increased with time during
biological treatment (Figure 5.6). The same trend was also @uoséw the constituents
desorbed to HLB or Tenax. The kfof constituents desorbed to HLB or Tenax for both
DT40 andRad54” was significantly higher than that of the solvent extracts for a
samples. No significant differences of 4ivere observed among the solvent extracts of
each sample before or after desorption to HLB or to Tenax @iGut). The Ly, of
constituents desorbed to HLB was significantly lower than thabos$tduents desorbed
to Tenax in feed soil and treated soil sampled immediafedy geeding (dO) for both
DT40 and Rad54™. In contrast, the LR of constituents desorbed to HLB was
significantly higher than that of constituents desorbed to Ten#eatsnent progressed
during the 7-d treatment cycle (d1 and d7 samples) for DT40, while gmificant

differences were observed amongskRalues forRad54” in these samples.
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Figure 5.6 LDs, of solvent extracts (SE) and constituents desotbédl B (H) and Tenax (T) of soils for
parental DT40 cell line and i8ad54” mutant. TS-dO, TS-d1 and TS-d7 represent treatédsampled
immediately after feeding, 1 d and 7 d after fegdiluring the 7-d feeding cycle, respectively. Theet
enlarges the results for spof solvent extracts.

For a quantitative comparison of genotoxicity, we also calcul@iedelative L3y
(LDso of Rad54™ divided by the L3, of the parental DT40 cell line; Figure 5.7). If the
relative LD;p of a sample is significantly less than 1.0, that sample is defined as genotoxic.
The lower the relative LE is, the more genotoxic the sample is. The relativegoldd
solvent extracts decreased after biological treatment, whige relative LRy of
constituents desorbed to either HLB or Tenax increased as aakkidlogical treatment
(Figure 5.7a). The relative Lldp of constituents desorbed to HLB or Tenax was
significantly higher than that of the solvent extracts forsalnples (Figure 5.7b). No
significant differences of relative lLfpwere observed among the solvent extracts of each
sample before or after desorption to HLB or to Tenax (Figure Tt .relative L3, of
constituents desorbed to the HLB was not significantly differemn fhat of constituents
desorbed to Tenax in the feed soil and treated soil sampled imeteditier feeding (d0),
but was significantly lower in treated soil sampled at d1 anduding the 7-d treatment
cycle (Figure 5.7b). The relative lpof the constituents desorbed to Tenax in treated soil

sampled at d1 and d7 was not significantly different from 1.0 (Figure 5.7b).
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Figure 5.7 Relative LDy, of solvent extracts (SE) and constituents desotbéddl B (H) and Tenax (T) of
soils. TS-d0, TS-d1 and TS-d7 represent treatddsaaipled immediately after feeding, 1 d and 7 tdraf
feeding during 7-d feeding cycle, respectively.f@&iént letters are assigned to conditions for wiiiere
was significant differencep(< 0.05) Data are organized by extract type in panel (a) and by saypgle t
in panel (b).

5.4. Discussion

Solid phase extraction using Tenax beads is a commonly used teclniegtemate
and predict bioavailability of organic pollutants in contaminatels ind sediments (Ten
Hulscher et al. 2003; Harwood et al. 2012). In previous work (Hu et al. 20¥2), w
reported that treatment in a lab-scale bioreactor led to asase in genotoxicity of the
soil. Because PAH metabolites and other products of aerobic bhatetabolism can be
more polar than the parent compounds, we were concerned about relyipdrophobic
Tenax beads to evaluate the potential bioavailability of such produibtss, the
mixed-function Oasis HLB resin, a macroporous copolymer made fipaphilic

divinyloenzene monomer and hydrophilic N-vinylpyrrolidone monomer (Bugebe
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2007), was also employed in this study. However, because of the hydropdmomer in
HLB resin and its small particle size, the conventional method»ahgithe sorbent with
soil slurry directly is not applicable for HLB resin. Thus, we daved the
dialysis-tubing desorption method. Results indicate that this methoehlid for
determining desorption of PAHs and oxy-PAHs from soil. First, the Siakealialysis
tubing did not sorb PAHs or oxy-PAHs (data not shown) and the ovecallegy of
PAHs and oxy-PAHSs ranged from 90% to 110%. Second, desorption éfHsgldhd four
oxy-PAHSs from soil to Tenax beads or to HLB resin using the sisgyibing desorption
method was not significantly different from desorption to Tenax begisg the
conventional slurry-based desorption method (Figure 5.2).

Bioreactor treatment significantly removed PAHs and oxy-PAfsm the
contaminated soil (Figure 5.3). In soils and sediments, the desorpalbilPAHS is
believed to be one of the major factors influencing the extent of driadation (Luthy et
al. 1997; Lei et al. 2004). Some studies have suggested that fast-desmrhivtgl
desorbing fractions of a hydrophobic contaminant can be used to predizilaibgity
and, correspondingly, the achievable endpoint of bioremediation (Gs®rlet al. 1998;
Hawthorne et al. 2001; Braida et al. 2004; Lei et al. 2004). Howeveiounel that the
percentage of both PAHs and oxy-PAHs removed at the end of thadimréreatment
cycle exceeded the percentage desorbed from the feed soil (Figure 5.5). Thisgsttanom
was also observed for PAHs in a study on the same soil using ttafyocalumns to
simulate in situ bioremediation (Richardson and Aitken 2011). We olasé¢had the
oxy-PAHs 9,10-phenanthrenequinone and 9,10-anthraquinone were more biodegradable

and desorbable than their parent compounds phenanthrene and anthracene, but that
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9-fluorenone was less biodegradable and desorbable than the parent cofhymyand.
The differences in desorbability could at least partially erpldie differences in
biodegradability between these oxy-PAHs and their respectiventpamompounds.
However, we also observed that bejahthracene-7,12-quinone was more desorbable
but less biodegradable than the parent compound &an#jracene, which suggests that
microbial factors rather than bioavailability limited the biodegtiada of
benzpglanthracene-7,12-quinone when compared to lagsnzfhracene.

Biological treatment decreased the toxicity of both desorbatdenan-desorbable
compounds in the soil; comparing kPvalues, the toxicity mainly came from the
non-desorbable constituents (Figure 5.6). For the desorbable compounds, theetassti
that desorbed to HLB resin were more toxic than the constituentdebarbed to Tenax
beads in the feed soil and in the treated soil immediatelyfattding (d0), but less toxic
in the treated soil sampled at d1 and d7 (Figure 5.6). These sydgsst that HLB resin
and Tenax beads sorb different categories of compounds, although thsirtalsibrb 14
PAHs and four oxy-PAHs analyzed in this study was similaguii@ 5.2). Moreover, the
toxic compounds targeted by HLB resin were removed to a gresdtemteduring the
bioreactor treatment cycle than the toxic compounds targetecetgx Toeads (Figure
5.6).

Biological treatment slightly increased the genotoxicity of wisole soil, but it
significantly reduced the genotoxicity of the desorbable fractiospeatally the
constituents desorbed to Tenax (which were not genotoxic at all after Indein¢aluring
the 7-d treatment cycle; Figure 5.7). Consistent with our previauk (#u et al. 2012),

these results indicate that bioremediation generated genotoxing, dmgears that the
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genotoxins were not desorbable. It is interesting that the desdaspalbiputative PAH
metabolites such as oxy-PAHs also decreased during the bioresdtment cycle
(Figure 5.4); however, the increased genotoxicity resulting fraatrtrent cannot be
attributed to the four oxy-PAHs we analyzed because there was removal of these
compounds during treatment (Figure 5.3).

The findings from this work have potential implications for the infee of
bioremediation on overall risk to human health and to ecological reseptor
Bioremediation can clearly lead to the formation of products tieatnare genotoxic than
the original constituents in a contaminated soil, which presumablieadrto increased
risk upon exposure to the soil. However, if the genotoxic constituentsated soil are
less desorbable than those in untreated soil, they may be lessilaioi@, with a
corresponding decrease in overall risk. Further work is necessatydidate the nature
of genotoxic constituents resulting from bioremediation as weheis bioavailability to

relevant receptors.
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6. CONCLUSIONS AND RECOMMENDATIONS

6.1. Conclusions

The overall goal of this dissertation was to investigate tHiectsf of various
bioremediation strategies on the bioavailability and toxicitydgexicity of contaminants
in PAH-contaminated soil. Conclusions for the specific aims ofrdgsarch project are

outlined below:

Aim 1: Evaluate desorption of polycyclic aromatic hydrocarbons from field-contaminated
soil to a two-dimensional hydrophobic surface before and after bioremediation.

The mass of PAHs desorbed from soil to a 2-D hydrophobic surfacsagsd with
increasing solil loading beyond a soil loading corresponding to monalayerage of the
surface. This finding suggested that PAHs were transferreddodinto the hydrophobic
surface by mechanisms other than direct soil contact. Suchamems were reinforced
by observations that desorption occurred even with dry or moist glassfiber filters
placed between the hydrophobic surface and the soil. Desorption of ld8 RAas
substantially reduced at a soil moisture content corresponding t dbacity,
suggesting that transport through pore air contributed to PAH trarfsprtsoil to the
hydrophobic surface. Soil loading effects on PAH desorption to the hydraphatiace
was influenced by temperature, but the influences depended on thecspatif The
lower-molecular-weight PAHs had greater potential to desorb fremi than

higher-molecular-weight PAHs. Desorption kinetics of PAHs front tsohydrophobic



surface or Tenax beads were described well by an empwoeatdmpartment kinetic
model. Bioremediation was an effective approach to remove PAHs from the cwattzin

soil. Moreover, it seemed to eliminate the most readily desorlbaugon of all PAHs

and substantially decreased the potential dermal bioavailabilPAHS in contaminated

soil. Overall, this study demonstrated that dermal exposure assgstom soil should
consider site-specific conditions that could influence the biodikiyaof hydrophobic
contaminants to skin. Furthermore, the effects of bioremediation @nt@dtdermal
exposure should consider not only the reduction in contaminant concentration but also the

reduction in contaminant bioavailability.

Aim 2. Evaluate the effects of bioremediation on genotoxicity of polycyclic aromatic
hydrocar bon-contaminated soil using genetically engineered, higher eukaryotic cell lines.
Both the bioreactor system and the column system significamigwed PAHs from
the PAH-contaminated soil, but the effect of bioremediation on tgxacitl genotoxicity
of the soil is complicated. Generally, bioreactor treatment tegkuh an increase in
toxicity and genotoxicity over the course of a treatment cydiereas long-term column
treatment resulted in a decrease in toxicity but increaggmotoxicity. When screened
with a battery of DT40 mutants, column-treated soils showed satysiti more mutants
than the untreated soil. This observation suggested that more typBafdinage were
induced by bioremediation. Detailed genotoxicity profiling indicatesl likelihood that
bioremediation generated genotoxic compounds causing oxidative atingss might be
attributed to the formation of oxy-PAHs during incomplete biodegradaltoorder to
track the sources of toxicity in the soil throughout bioremediationegs®ss, correlation

analyses were performed. Although the correlation between toxacitl total PAH
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concentration was significant, the partial correlation betweercitpxand total PAH
concentration was poor and insignificant, when controlling for theteftddotal organic
residue. This finding suggests that organic compounds other than PAldatgrethe soil
were also responsible for the total toxicity and genotoxicity?AH-contaminated soll
undergoing bioremediation. Overall, effects of bioremediation on tgxacidl gentoxicity
of PAH-contaminated soil was complicated, but toxicity and genatgXioassays can
be an effective supplement to chemical analysis-based riskssasset for the

contaminated soil.

Aim 3: Evaluate the bioavailability of (geno)toxic contaminants in PAH-contamianted
soil from a former MGP site before and after biological treatment.

A dialysis-tubing desorption method was demonstrated to be validetermining
desorption of PAHs and oxy-PAHs from soil to Tenax beads or to ldki.rThe method
recovery of 14 target PAHs and four target oxy-PAHs ranged ®0fb to 110%.
Moreover, desorption of 14 PAHs and four oxy-PAHs from soil to Tenagsbaad to
HLB resin using the dialysis-tubing desorption method was notfisignily different
from that to Tenax beads using the conventional Tenax-bead desorption method.
Biological treatment significantly removed both PAHs and oxy-BAknd the
desorbability of both PAHs and oxy-PAHs descreased throughout the bioreaatment
cycle. Collectively, oxy-PAHs were more desorbable and biodegeadhban PAHs
(although fewer oxy-PAHs than PAHs were evaluated). For both R&ldsoxy-PAHS,
the percentage removed in the bioreactor significantly exceedg@ittentage desorbed
from the untreated soil; contrary to suggestions by other ineéstsy this finding

suggests that desorption is not always a good predictor of the bthatioe potential for
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soil contaminated with PAHs. Toxicity of the whole soil slightlecreased after
biological treatment. However, genotoxicity of the whole soil shginicreased after
biological treatment, which presumably can lead to an increasledor humans or to
ecosystem upon exposure to the soil. Both toxicity and genotoxiCitlye desorbable
constituents in the soil decreased after treatment, suggestinganlyatgenotoxic
constituents that may have formed during treatment were plynasociated with less
accessible domains in the soil, which might lead to a decreasavarall risk.

Bioavailability should be incorporated into the evaluation of contandrsd#s to reduce
the extent of cleanup required to that which is necessary toteefive of human health
and the environment, and to balance the risks caused by remediatigieacs well as

the risks reduced by remediation activities.

6.2. Recommendations for future work

First, for future studies, reconstructed human skin should be employeudther
investigate dermal bioavailability of contaminants in the PAH-&mmated soil before
and after bioremediation. In this dissertation, factors that couldeimde the dermal
uptake have already been elucidated by using a 2-D hydrophobicesadac surrogate
for skin. However, skin is a complex matrix containing both hydrophobidaeaphilic
compartments as well as metabolic enzymes. A uniformly hydroptsabface might
overestimate the flux of PAHs from soil to the skin surface ana¥glect the metabolism
of PAHs by skin. In order to include site-specific conditions intomad exposure
assessment for site risk evaluation, exposure of contaminated stabte human skin
should be further studied.

Second, ecotoxicity assays such as seed a germination amthwoem toxicity
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assay, algal survival assay and fish toxicity assay should peed to study the effects
of bioremediation on potential receptors in an ecosystem. In thigtdigse, the DT40
DNA damage response analysis was used to determine the gdpntafidhe soll
throughout a bioremediation process from a human-health perspectivevéiowe
impact of contaminated soil and the associated bioremediation prebestd be
considered not only to humans but also to the ecosystem. The above @gyohss@ays
would provide an insight into the influence of bioremediation on a taalesystem and
on an aquatic system.

Third, further research is needed to isolate, characterize, amiifguthe toxic and
genotoxic compounds in the contaminated soil as remediation progredsss.
dissertation demonstrated that different bioremediation strategidd lead to different
outcomes of toxicity and genotoxicity for PAH-contaminated soil. el@y, the reason
behind this difference is not well understood. Although certain enhancéddaiage
was observed over the bioremediation process, the compounds thaesgoesible for
the increased toxicity and genotoxicity were not elucidated. Bayadirected chemical
analysis might be a helpful tool to further track and identify themacals causing
toxicity and genotoxicity during the bioremediation process. Only whensources of
toxicity and genotoxicity are identified, can a bioremediation psbedurther improved
to not only reduce the amount of target contaminants but also reducsktibh@ humans

and to ecosystems.
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APPENDIX A. SUPPORTING INFORMATION FOR CHAPTER 3

Table A.1 Methods used to measure the properties of the source soil.

Method Reference

Total organic matter  (Lukasewycz and Burkhard 2005)
Soil moisture content (ASTM 1999a)

Field capacity (Cassel and Nielsen 1986)

Bulk density (Arshad et al. 1996)

Soil particle density  (ASTM 1999b)
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Table A.2 Concentrations of PAHs in source soil and treated soil from a labpra
bioreactor (n = 3).

Soil Concentration (ug/g dry soil)

Source Soil Treated Soll
naphthalene (NAP) 33.3+0.8 16.9+0.6
acenaphthene (ACE) 22.4+0.6 4.9+0.3
fluorene (FLU) 16.9+0.5 1.8+0.2
phenanthrene (PHN) 322+5.1 15.9+1.3
anthracene (ANT) 22.2+0.3 1.9+0.2
fluoranthene (FLA) 66.0£2.7 10.6+0.6
pyrene (PYR) 121+0.05 16.5+0.9
benzpglanthracene (BaA) 36.2+0.6 13.3+0.8
chrysene (CHR) 35.4+0.5 8.3£0.5
benzop]fluoranthene (BbF) 24.2+0.1 5.7+0.4
benzok]fluoranthene (BkF) 15.6+0.1 2.2+0.2
benzop]pyrene (BaP) 39.1+0.3 5.7£3.6
dibenzp,hjanthracene (DBA) 3.310.1 1.310.1
benzof,h,i]perylene (BgP) 23.0£0.2 16.5£1.3

Total PAHs 781+10 121+8
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Table A.3 PAH mass desorbed to C18 disks after 12 repeated soil loaditigs sdme
C18 disk. Each time, 100 mg/énfresh source soil (soil moisture content 2%,
temperature 20 °C) was loaded onto the C18 disk for 24 h.

PAH mass desorbed to C18 diskuQ)

naphthalene (NAP) 9.1+0.3
acenaphthene (ACE) 50.9+2.4
fluorene (FLU) 32.3+2.1
phenanthrene (PHN) 181+7
anthracene (ANT) 4.7+0.2
fluoranthene (FLA) 21.0+0.3
pyrene (PYR) 28.3+0.9
benzp]anthracene (BaA) 0.92+0.03
chrysene (CHR) N.D.
benzop]fluoranthene (BbF) 3.4+0.2
benzok]fluoranthene (BkF) 0.09+0.01
benzof]pyrene (BaP) N.D?
dibenzp,hjanthracene (DBA) N.D.?
benzof,h,i]perylene (BgP) N.O?
Total PAHs 332+10

2N.D. is not detected.

87



Table A.4 PAH recovery (%) for desorption to C18 disks and to Tenax beads.

C18 disks Tenax beads

Source Soil Source Soil Treated Soil
naphthalene (NAP) 7315 91+2 84120
acenaphthene (ACE) 9015 104+3 9944
fluorene (FLU) 9415 95+3 1007
phenanthrene (PHN) 9916 91+4 106+7
anthracene (ANT) 10348 8716 83+18
fluoranthene (FLA) 92+7 9245 1054
pyrene (PYR) 9415 87+3 90+18
benzp]anthracene (BaA) 10516 9243 86x17
chrysene (CHR) 88+17 93+4 90+18
benzop]fluoranthene (BbF) 8115 92+4 96+17
benzoK]fluoranthene (BkF) 7919 8719 92+10
benzop]pyrene (BaP) 80x10 90£2 109+22
dibenzp,hjanthracene (DBA) 1074 9815 94+3
benzof,h,ilperylene (BgP) 88+7 89+18 91+23
Total PAHs 9416 91+3 94+15
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Table A.5 Fitted parameter values for models representing desorptionstvarne soil (SS) or biologically treated soil (BS) to Tenax
beads or from source soil to C18 extraction disks at 28.°C

fe ke (d) ks (d) r’

b
PAR SS-Tx® SS-C18 BS-Tx® SS-Tx® SS-C18 BS-Tx®  SS-Tx® Ss-c18  BS-TX¥ SS-Tx® SS-C18" BS-Tx®
NAP  0.16+0.01 0.08+t0.03 0 1.31+0.10 39.1+8.0 0 0.004+0.0010.002+0.001 0.003+0 0.98 0.83 0.95
ACE  0.68+0.01 0.53+0.01 0 2.01+0.09 16.3+1.9 0 0.026+0.0020.027+0.005 0.004+0 0.98 0.94 0.90
FLU  0.69+0.01 0.62+0.02 O 2.21+0.10 5.65+0.60 0O 0.023+0.002 0.030+0.008 0.005+0 0.98 0.96 0.93
PHN  0.44+0.01 0.24+0.01 O 1.60+0.11 5.51+0.47 0O 0.013+0.002 0.001+0.001 0.008+0 0.97 0.97 0.96
ANT  0.52+0.01 0.37#0.02 0 1.88+0.14 0.88+0.10 0 0.024+0.002 0.007+0.003 0.007+0  0.97 0.99 0.97
FLA  0.44+0.01 0.22+0.02 O 1.33+0.09 0.44+0.08 0 0.012+0.002 0.001+0.002 0.007+0 0.98 0.97 0.97
PYR  0.39+0.02 0.13+0.05 O 1.11+0.12 0.83+0.09 0 0.010+0.002 0.001+0.001 0.006+0 0.95 0.99 0.98

& Desorption from biologically treated soil to C18 disks was not detectable for &hy PA

® Desorption from source soil to C18 disks was less than 2%afr BHR, BbF, BKF, BaP, DBA and BJP.
¢ Desorption to Tenax beads from source soil.

4 Desorption to C18 disks from source soil at 2% moisture content and soil loading of 5¢.mg/cm

© Desorption to Tenax beads from biologically treated soil. The fitteds not significantly different from 0 for the two-site model, so
regression was performed assuming simple first-order one-site desorptiok{ = 0,k = 0).



Table A.6 Selected properties of 14 target PAHs

Compound MW p H logKow
naphthalene (NAP) 128.18 1.04E+01 4.30E+01 3.37
acenaphthene (ACE) 154.20 3.00E-01 1.22E+01 3.92
fluorene (FLU) 166.23 9.00E-02 7.87E+00 4.18
phenanthrene (PHN) 178.24 2.00E-02 3.24E+00 4.57
anthracene (ANT) 178.24 1.00E-03 3.96E+00 4.54
fluoranthene (FLA) 202.26 1.23E-03 1.04E+00 5.22
pyrene (PYR) 202.26 6.00E-04 9.20E-01 5.18
benzplanthracene (BaA) 708 30 2.80E-05 5.81E-01 5.91
chrysene (CHR) 228.30 5.70E-07 6.50E-02 5.86

benzopjfluoranthene (BbF)  »55 35 2 1807 2.14E-02 5.75
benzoK]fluoranthene (BKF) 555 35 520E-08 1.60E-02 6.00
benzop]pyrene (BaP) 252.32 7.00E-07 4.60E-02 6.04
dibenzp,hjanthracene (DBA) 576 34 1.69E-08 7.50E-02 6.50
benzophilperylene (BaP) 77836 3.70E-10 1.28E-03 6.75

2 abbreviations: MW = molecular weight (g/mab); = vapor pressure (Pa) = Henry’s
Law Constant (Pa-fmol- K); Kq, = octonol/water partitioning coefficient.

® All data from Mackay, D., Shiu, W.Y., Ma, K.C., 1992. lllustrated Handbook of Physical
and Environmental Fate for Organic Compounds. Lewis Publishers, Cheldey, M
(Mackay et al. 1992)
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Figure A.1 Total PAHs desorbed from source soil to C18 extraction diskswuascadn of
time. Soil moisture content was 2%, temperature 20 °C. Resultgplarate C18 disks

are shown at each time point.
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Figure A.2 Effect of temperature on desorption of individual PAHs to C18 disks as
function of soil loading after 6 d contact time. Soil moisture conest 2%. Desorption
was less than 0.5ug each for benzJanthracene (BA), chrysene (CHR),
benzop]fluoranthene (BF), benzok]fluoranthene (BF), benzof]pyrene (EP),
dibenzp,hJanthracene (DBA), and benzpip,i]perylene (BP) for all soil loadings at all
three temperatures. Note that the legend is at the lower right.
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Figure A.3 Cumulative desorption of selected PAHs from source soil to Tersistge),
from source soil to C18 extraction disks),(or from biologically treated soil to Tenax
beads &) at 20 °C. Lines represent best fits to the first-ordeergite desorption model
for source soil and to a simple first-order one-site desorption nfodddiologically
treated soil.
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APPENDIX B. SUPPORTING INFORMATION FOR CHAPTER 4

Table B.1 Concentrations of individual PAHs in the soil before and after two
bioremediation processes (hg/mg dry soil) (n = 3).

Compound BFS? BTS* (Day 7) CPS CTR?(PortA) BIO?(Port A)

NAP 22.3+2.5 16.5+0.1 12.2+0.2 6.4+0.1 10.4+0.9
ACE 22.2+2.2 1.8+0.2 11.3+25 2.5+0.4 2.8+0.4
FLU 15.2+1.7 2.5+0.2 6.3+1.6 2.1+0.7 1.7+0.2
PHN 226+x17 50.1+14.4 129+45 41.7+5.8 27.2+0.3
ANT 9.1+1.0 2.0+0.3 11.9+1.2 4.3+1.2 2.3x0.5
FLA 55.846.9 11.5+1.9 42.9+0.5 17.6%£3.8 9.1+2.3
PYR 80.9+5.2 25.4+4.6 63.4+7.1 24.7+5.9 17.1+3.8
BaA 36.4+4.3 12.1+0.3 18.6£2.8 12.4+4.2 5.8+1.3
CHR 34.6+£3.8 17.8+2.3 27.4+2.8 18.2+3.9 7.2+0.2
BbF 13.4+0.7 8.3+0.8 11.8+0.3 7.4+2.4 4.8+0.8
BkF 10.8+1.4 6.8+0.8 8.7+1.1 5.4+1.4 3.2+0.6
BaP 13.7+1.3 8.4+1.5 13.8+1.6 11.4+3.2 7.2+1.6
DBA 1.9+0.1 1.3#0.1 0.78+0.020+0 0+0

BgP 23.1+2.8 13.5+0.9 10.6£0.8 7.2+2.9 6.4+1.4
Total PAHs 56650 178+20 369154 161+38 105+12

2 BFS: untreated bioreactor feed soil: BTS: bioreactor treated soil; CP&ataaticolumn
packing soil; CTR: control-column treated soil; BIO: biostimulated-colunatedesoil.
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Table B.2Table of LDy, for BPDE, MMS and KO, as positive control (ug/L) (n = 3).

LDso(DT40) L Dso(Rad54™")

BPDE 49.6+8.5 27.0+2.7
MMS 7.1x10+1.5x1G 1.7x10+1.7x1C
H,O, 61.2+8.5 34.7+3.4
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Table B.3 Partial correlation coefficients and correspondmgalues among LB,
1/Cipans and 1C:esidue-

LDso(DT40) L Dso(Rad54™)

1/Cipanis (Control Variable: Mesqe) 0.464 0=0.08) 0.48214=0.07)
1/Cresicue (Control Variable: Mipang) 0.78F (p=7x10%) 0.836' (p=1x10%

& Partial correlation is significant p&0.05.
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LD 50 calculation method

LDso is calculated based on the dose-response relation as follows:

IN(R,,iva ) =2+ b[caposure—rwdue (Equation
B1)

where,Ceoposrreresidue IS the exposure concentration of residue (Lg/hiva is the cell
survival relative to vehicle control (%g;andb are fitting parameters.

For each residue sample, cells were exposed to 6 concentrationgettauating 6
survival percentage values. The exposure concentration and the obtdinsahaeal
percentage data were used to fit Equation B1 to obtain the valfingfparameters
andb. After a andb values were obtainetlDsg.resdue Was calculated as follows:

LD

50-residue

=(In0.5-a) /b (Equation
B2)

LDso-resdque Obtained from Equation B2 is in terms of residosal(ug residue/mL). It
was converted thDsg.« In terms of soil dose (mg soil/mL) as follows:

LDSO—soiI = LDSO—residue/C (Equation

residue /soil

B3)

where,Cresiquesoil IS the residue mass produced per unit soil (piguegmg soil).
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Test of benzo@]pyrene metabolic activation by DT40 cell lines

The DT40 system has not been tested previouslysfability to activate compounds
that require metabolic activation before exertinggenotoxic effect. Therefore, we
evaluated the potential for metabolic activationdxposing the DT40 parental cell line
and its mutanRev3”" to benzof]pyrene (BaP). According to unpublished data from D
Nakamura’s lab,Rev3” is sensitive to benzalpyrene diolepoxide (BPDE), BaP's
ultimate carcinogenic metabolite.

The DT40 andRev3”” were exposed to BaP using the method as describRiipath
et al. (Ridpath et al. 2011). The results are showhigure B.1. A paired-sample t-test
was applied to determine the significant differencé cell survival rate between the
DT40 andRev3”". The survival rate oRev3” was significantly lowerg{ < 0.05) than that
of the DT40 parental cell line. Therefore, BaP doohuse DNA damage response in

Rev3”, which indicates that DT40 cells may have metabalitivation capacity for

PAHSs.
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Figure B.1 Cell survival of DT40 parental cells and mutaRév3” exposed to
benzop]pyrene.
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APPENDIX C. SUPPORTING INFORMATION FOR CHAPTER 5

Table C.1 Concentrations of PAHs and oxy-PAHSs in the feed ad treated soils. Data
are means and standard deviations of triplicates.

Compound Feed soil, TS-d@, TS-dF, TS-d7,
ug/g soill pno/g soil  pg/g soil Hno/g soll
naphthalene (NAP) 142+16 154+0.2 16.4+017.9+0.0
acenaphthene (ACE) 75+£0.8 52+0.2 3.7x0.2 6+0.8
fluorene (FLU) 4.7+0.5 14+0.0 12+%0.0 1.08
phenanthrene (PHN) 849+11.2 526+4.4 39.8+0.33.7+1.8
anthracene (ANT) 53+0.2 30+0.1 25%0.2 221
fluoranthene (FLA) 27.0+10.6289+0.6 21.6+4.0 20.1+2.2
pyrene (PYR) 65.6+64 395+0.2 30.2+09 26482
benzglanthracene (BaA) 33.7x16 7.7x0.1 6.5+£0.6 2%60.0
chrysene (CHR) 404+6.4 21205 194124 4182.6

benzop]fluoranthene (BbF) 126+08 80+03 73+x107.1+x14
benzoK]fluoranthene (BkF) 7.2+04 4.0+0.1 3.6£04 53806

benzop]pyrene (BaP) 320+41 204+0.2 18923 1836
dibenzp,hjanthracene (DBA) 3.2+0.1 0.7x00 0.7x0.1 061
benzof,h,i]perylene (BgP) 23.3+x42 21.1+04 20.3+0.1 .9200.3
Total PAHs 362+23.0 229+4.8 192+12.6 18016
9-fluorenone (FLO) 14+0.1 1.1+00 06+£00 6601
9,10-phenanthrenequinone (PQ).9 £ 0.1 05+0.0 0.3%0.1 0.3x0.0
9,10-anthraquinone (AQ) 18.3+04 8.8+0.2 6.7+0 4.7+0.1

benzp]anthracene-7,12-quinonel.7 £ 0.1 1.0+£0.0 0.9%0.0 0.8+0.0
(BAQ)
Total oxy-PAHs 22.3+05 99+03 7.0x0.7 58.12

& TS-d0, TS-d1 and TS-d7 represent treated soil Ehimmediately after feeding, 1 d
and 7 d after feeding during 7-d feeding cycle.
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Table C.2 Recovery (%) of PAHs and oxy-PAHs for the dialysibing desorption
method’ Data are means and standard deviations (n = 3).

Compound HLB Tenax’
naphthalene (NAP) 104.3+2.109.1+1.5
acenaphthene (ACE) 88.7 £18.%00.3 £ 3.0
fluorene (FLU) 827+£7.0 805+11.2
phenanthrene (PHN) 99.1+26 111.8+23
anthracene (ANT) 92.8+25 83764
fluoranthene (FLA) 104.8 £ 0.8102.4 + 15.5
pyrene (PYR) 86.1+8.7 84.9+5.6
benzpglanthracene (BaA) 98.7+1.2 91.7+£115
chrysene (CHR) 922+0.8 88.9+9.1
benzop]fluoranthene (BbF) 80.3£0.8 87.4+115
benzoK]fluoranthene (BkF) 84.8+£0.7 90.1+£6.0
benzop]pyrene (BaP) 943+£0.7 85.0+x17.0
dibenzp,hjanthracene (DBA) 106.2 +0.1104.9+ 24
benzof,h,i]perylene (BgP) 81.8+3.1 93.0+£13.9
Total PAHs 93.6+1.1 957%0.7
9-fluorenone (FLO) 81.8+3.3 100.0+125
9,10-phenanthrenequinone (PQ) 84.3+£1280.3+4.2
9,10-anthraquinone (AQ) 116.1 +5.403.9 £ 8.6
benzplanthracene-7,12-quinone (BAQB3.7+1.2 86.1+6.0
Total oxy-PAHs 110.2 +5.2101.4 £ 8.2

®Feed soil was used; desorption time was 7 d; Téxeaxis or HLB resin were used as
sorbents.
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Figure C.1 LDsp of solvent extracts of soils before (SE) and atesorption to HLB
(H-SE) or Tenax (T-SE) for parental DT40 cell lised itsRad54” mutant. TS-d0, TS-d1
and TS-d7 represent treated soil sampled immedliatitéér feeding, 1 d and 7 d after
feeding during 7-d feeding cycle, respectivéyp significant differencesp(> 0.05) of

LDso for DT40 or Rad54” were observed among the solvent extracts of eaniple
before or after desorption to HLB or to Tenax.
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Figure C.2 RelativeL D5 of solvent extracts of soils before (SE) and afiesorption to
HLB (H-SE) or Tenax (T-SE). TS-dO, TS-d1 and TSrdpresent treated soil sampled
immediately after feeding, 1 d and 7 d after fegdiaring 7-d feeding cycle, respectively.
No significant differencesp(> 0.05) of relative LE, were observed among solvent
extracts of each sample before or after desorptid#LB or to Tenax.
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Oxy-PAHSs analysis by LC-MS/MS

9-fluorenone (FLO), 9,10-phenanthrenequinone (PQ))-anthraquinone (AQ) and
benz[a]lanthracene-7,12-dione (BAQ) were analyzedidwid chromatography-tandem
mass spectrometry (LC-MS/MS). LC-MS/MS analysis wasformed using a Thermo
Scientific TSQ Quantum Ultra Triple Quadrupole M&ysectrometer (Thermo Fisher
Scientific, Waltham, MA, USA) with a Thermo Sciditi Atmospheric Pressure
Chemical lonization (APCI) source, a Waters AcquWfyLC system (Waters Corporation,
Milford, MA, USA), and a Waters BEH g UPLC Column (1.7 pm, 2.1 x 50 mm).

The column temperature was maintained a€38nd the sample injection volume
was 10 pL. The mobile phase consisted of deionizatér and LC-MS- grade methanol.
The mobile phase was started at a flow rate ofDr@R/min with 30% methanol for 2.07
minutes followed by a linear increase to 75% methamer 2.72 minutes and was held at
75% methanol for 2.95 minutes. Then at a flow cdt®.5 mL/min, the mobile phase was
increased linearly to 100% methanol over 0.45 neiswnd held at 100% methanol for
3.81 minutes. Finally, at a flow rate of 0.294 midmthe mobile phase was decreased
linearly to 30% methanol over 0.20 minutes and la¢lB0% methanol for 2.8 minutes.

AQ and BAQ were quantified in APCI negative ioriiaa mode using the molecular
ions m/z=208 andm/z=258, respectively. PQ and FLO were quantified PCA positive
ionization mode using the precursor to fragmenttransitionm/z= 209 > 152 anadn/z=
181 > 153, respectively. AQ and PQ standards werehpsed from Sigma Aldrich (St.
Louis, MO, USA). FLO and BAQ standards were pureldagrom Acros Organics
(Morris Plains, NJ, USA). Quantification of eachhgmound was performed according to

corresponding standard curve. The method deteétaih is 6.88 pg/L for FLO, 1.69
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ung/L for PQ, 21.2 pg/L for AQ and 3.87 ug/L for BAQ
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