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Isolation and Identification of environmental pollutants

ABSTRACT:

Numerous compounds are continuously released into the environment in large
quantities e.g. solvents, dyes and varnishes, herbicides, insecticides, as well as many
biologically active compounds such as hormones and antibiotics. They are suspicious as
the cause of adverse effects to biota, including mutagenicity, carcinogenicity, and
endocrine disruption. To ensure this problem to be minimized in the future, hazard
chemicals need to be identified in the environment. A simple analytical screening, of
e.g. water bodies, is insufficient to detect harmful compounds.

To facilitate the assignment of adverse effects of complex environmental mixtures,
the combination of chemical fractionation, specific biological endpoint detection and
chemical identification combined with qualitative structure-activity relationships
(QSAR) should be applied known as Effect-directed analysis (EDA). However, toxicant
identification in isolated fractions is still one of the biggest challenges in EDA, since
these fractions often remain complex even after extensive HPLC-based fractionation.
Therefore, preparative capillary gas chromatography (pcGC) — a method that holds
promise to overcome this problem — is presented here. The resolving power of capillary
gas chromatography compared to LC suggests to include this technique into effect-
directed fractionation procedures. Moreover, toxicity confirmation using computer
tools based on substructure identification and structure generation combined with

QSAR models is used in this study to establish reliable cause-effect relationships.

KURZBESCHREIBUNG:

Verunreinigungen von Grundwasser, Oberfliichengewdssern und Bdden mit einer
Vielzahl von organischen Schadstoffen stellen nach wie vor ein sehr aktuelles und
schwer einzuschdtzendes Problem dar. Ausgehend von der potentiellen Bedrohung
komplex kontaminierter Umweltkompartimenten sowohl auf das Okosystem als auch
auf den Menschen, ist eine Untersuchung der Schadstoffbelastung zwingend
notwendig. Eine erfolgreiche Charakterisierung und Gefdhrdungsabschétzung erfordert

eine enge Verkniipfung biologischer und chemischer Methoden, um die beobachtete





iv

Abstract / Kurzzusammenfassung

toxische Wirkung einer (oder mehreren) spezifischen Einzelkomponente(n) der
stofflichen  Belastung  zuzuordnen. Dies ermdglicht die effektorientierte
Schadstoffidentifizierung — auch bekannt als wirkungsorientierte Analytik — welche
physikalisch-chemische  Fraktionierungstechniken mit biologischer ~Wirktestung
kombiniert.

Die Komplexitdt der kontaminierten Umweltprobe erfordert oftmals mehrere
Fraktionierungsschritte, denen immer spezifischere Trennprinzipien zugrunde liegen.
Diese Arbeit stellt eine gas—chromatographische Fraktionierungsmethode vor, die
aufgrund ihrer héheren Trennleistung neben herkbmmlich eingesetzten prdparativen
HPLC-Systemen, die Modglichkeit bietet, komplexe Gemische auf einige wenige
Einzelsubstanzen in aktiven Fraktionen zu reduzieren. Zusammen mit neuen
Computermodellen zur Identifizierung und Struktur-Wirkanalysen bietet diese
Dissertation neue Anséitze um das Verstdndnis der Schadstoffbelastung im Sinne einer

Ursache—-Wirkungsbeziehung in kontaminierten Schutzgiitern zu verbessern.
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Abbreviation

AMDIS automated mass spectral deconvolution and identification system
ACN acetonitrile

CAS Chemical Abstracts Service

CIS cooled injection system

CSIA-CI compound-specific chlorine-isotope analysis
DCM dichloromethane

DDT 1,1-bis(4-chlorphenyl)-2,2,2-trichlorethane
DMSO dimethylsulfoxid

EC effective concentration

EDC endocrine disrupting compound

EDA effect-directed analysis

El electron impact

FID flame ionisation detector

GC gas chromatography

HD column high density column

HPLC high-performance liquid chromatography
HX hexane

ISO International Organization for Standardization
LC liquid chromatography

MeOH methanol

MSD mass spectrometric detection

MV match value

NIST National Institute of Standards & Technology
NMR nuclear magnetic resonance spectrometry
NP nonylphenol

NP-LC normal-phase liquid chromatography

oD optical density

PAC polycyclic aromatic compound

PAH polycyclic aromatic hydrocarbon

PBB polybrominated biphenyl






X Nomenclature

Abbreviation (continued)

PBDE polybrominated diphenyl ether

PCB polychlorinated biphenyl

PCDD/F polychlorinated dibenzo-p-dioxin / furan

pcGC preparative capillary gas chromatography

PFC preparative fraction collector

POP persistent organic pollutant

QSAR gualitative structure activity relationship

QSSR quantitative structure-retention relationship

RP-LC reversed-phase liquid chromatography

RSD relative standard deviation

SPME solid phase micro extraction

TOF-MS time-of-flight mass spectrometry

TIC total ion current

TIE methods for aquatic toxicity identification evaluation
US EPA US Environmental Protection Agency

WFD Water Framework Directive

Symbols

Symbol Description Units
ID inner diameter mm

D diffusion coefficient m*s™
F fraction —

k capacity factor —

Kow octanol/water partitioning coefficient —

MW mol weight g moL™
1B dynamic viscosity N-s-m2
P pressure Pa

pKa acid dissociation constant —

ra radius (of solute A) m

R universal gas constant JK mol™
T temperature °C

tr retention time min






1. General Introduction

Industrial technology uses a dizzying amount of chemicals to keep our modern life
running: Cosmetics, detergents, pharmaceuticals or crop protection chemicals are only a
small fraction of daily applied chemical products worldwide to fulfill the permanent
increasing human claims.

A critical view behind the scenes, however, shows that factories dump more than 220
million pounds of toxic chemicals into surface water each year, relying on dilution to
render them harmless. Especially, pulp and paper mills, steel foundries, and organic
chemical manufacturing facilities discharge waste of noteworthy potency. Numerous
compounds are continuously released into the environment in large quantities (e.g.
solvents, components of detergents, dyes and varnishes, additives in plastics and textiles,
herbicides, insecticides, and fungicides; Rice et al. 2008; US EPA 2010a). Furthermore,
there are many biologically active compounds such as hormones and antibiotics used for
human and veterinary applications, that may already effect the environment at
comparably low quantities.

The Toxics Release Inventory (TRI) program of the US Environmental Protection Agency
(US EPA) reports that 3,86 billion pounds of genotoxic and/or carcinogenic industrial
wastes are released into the US environment each year (US EPA 2008). Of the hazardous
toxicants, approximately one-third are rodent carcinogens. Most of these carcinognes are
discharged as complex mixtures, such as liquid effluents, air-borne emissions, and solid
wastes. Moreover, many unlisted genotoxicants can be both emitted into the
environment and produced by post-emission chemical and biological transformation

(Claxton et al. 1995).
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Generally, extensive industrial activity on water quality, transportation technology,
agriculture activities, mining, solid waste and resource recovery are leading to destruction
or disruption of ecological systems (Fig. 1-1). Moreover, human-caused environmental
catastrophes such as the Bophal disaster of 1984 in India that killed at least 20,000 people
(Greenpeace 2010) or the Exxon Valdez oil spill bound for California dumping an estimated
minimum of 40 million liters of crude oil into the sea have demonstrated the universality
of industrial negative events and the scale on which efforts to address them needed to

engage.

WARNING

OCEAN WATER CONTACT MAY
CAUSE ILLNESS
BACTERIA LEVELS EXCEED
HEALTH STANDARDS

iAVISO!

EL CONTACTO CON AGUA DEL OCEANO
PUEDE CAUSAR ENFERMEDADES
LOS NIVELES DE BACTERIAS EXCEDEN

eI.E)S ESTANDARES DE SALUD

Fig. 1-1. Human-caused impacts on the environment.

On the other hand, bad events of local pollution helped increase consciousness for our
environment in general and for our resources in particular in the last decades. In recent
years the analysis of contaminants in complex matrices has become increasingly

important. They comprise flame-retardants as polybromodiphenylethers and biphenyls
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(PBDEs and PBBs), polychlorobiphenyls (PCBs), chlorinated alkanes,
polychloronaphthalenes, fragrances as polycyclic musk compounds, chlorinated dioxines
and furans, pesticides and herbicides as toxaphenes and polychloroterphenyls, but also
petrochemicals, essential and edible oils (Table 1-1).

The borderless nature of atmosphere and aquatic ecosystems unavoidably resulted in
the implication of pollution on a planetary level with the issue of global warming. Most
recently PBDEs and perfluorinated compounds have been included into the list of

persistent organic pollutants (POPs) that persist in the environment, bioaccumulate

through the food web, and pose a risk of causing adverse effects to human health and the
environment (UNEP 2010). They have been detected in various ecological habitats far
remote from industrial activity such as the Arctic, demonstrating diffusion and
bioaccumulation after only a relatively brief period of widespread use (Ballschmiter 1992).

Sediments have been recognized as a major depository for persistent organic
substances released in the aquatic environment which frequently contain higher
concentrations of pollutants than are found in the water body (Tolun et al. 2001). Still,
pollutants accumulated in sediments cause adverse effects to indigenous biota and
aquatic organisms could they become remobilized or bioavailable following chemical (e.g.
changes in pH, salinity fluctuations), physical (dredging) or biological (bioturbation)
processes (Macken et al. 2008). Consequently, sediment-bounded toxicants become part
of the food chain, sometimes causing human health problems later on.

Because humans are at the top of the food chain, they are particularly susceptible to
the effects of nondegradable pollutants. This was clearly illustrated in the 1950s and
1960s when citizens living near Minamata Bay, Japan, developed nervous disorders,
tremors, and paralysis in a mysterious epidemic. More than 400 people died before
authorities discovered that a local industry had released mercury into Minamata Bay. This
highly toxic element accumulated in the bodies of local fish and eventually in the bodies of
people who consumed the fish. More recently research has revealed that many chemical

pollutants, such as DDT and PCBs, mimic sex hormones and interfere with the human
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body’s reproductive and developmental functions. These substances are known

endocrine disrupters (Sumpter and Johnson 2005).

Table. 1-1. Examples of typically environmental pollutants.
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PBDE Polybrominated diphenyl ethers CFC-12 Dichlorodifluoromethane

HFC-134a Tetrafluoroethane
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Another important group of environmental contaminants are individual polycyclic
aromatic hydrocarbons (PAHs) from anthropogenic sources present throughout the world.
From a human health perspective, PAHs became of larger interest since it is known that
some of them (e.g. benzo[a]pyrene) can exhibit a large range of effects including acute
toxicity, cytotoxicity, photoinduced toxicity, developmental and reproductive toxicity,
mutagenicity and carcinogenicity (Delistraty 1997; Kim et al. 1997; Finlayson-Pitts and
Pitts 2000). This is the main reason why PAHs are considered to be among the most
important air pollutants. Furthermore, because of their high tendency to bioaccumulate,
they are also of great ecotoxicological interest. It is, therefore, not surprising that these
compounds are among one of the most intensively investigated pollutants. In 2005, the
European Commission recommended the monitoring of fifteen EU priority PAHs along
with an additional PAH highlighted by the Joint FAO/WHO Expert Committee on Food
Additives (European Union 2005). This list is referred to as the EU 15+1 list. The US EPA
regulates a series of 16 PAHs historically addressed as environmental pollutants (US EPA
1999).

Due to the complex relationships among the many types of organisms and ecosystems,
environmental contamination may have far-reaching consequences that are not
immediately visible or easily predictable. Measures to protect the environment and
human health have involved a wide variety of approaches and underlying principles, and
still do. Through recent decades there has been a shift from reaction to suspicion-based
approaches to more pro-action and more concern with risks and their balance with costs.

A big reorganization of EU chemical legislation crystallized in the activation of
Regulation No 1907 (2006), known as REACH (Registration, Evaluation, Authorization and
Restriction of Chemicals), including a systematic review program of new and existing
chemicals released by manufactures, importers and users of chemicals to ensure a high
level of protection of human health and the environment, started on 1 June 2008.

Although in Europe a significant reduction in the emission of pollutants has been
achieved due to new chemical regulations, the so far applied substance-specific risk

assessment combining chemical target analysis and compound-specific toxicity data on
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surface, waste, and groundwater has shown to have its limitations (Blasco and Pic6 2009).
Water quality control, following several national and international directives based on this
tactic, is usually limited to the analysis of regulated compounds. The European Water
Framework Directive (WFD) for example released a list of 33 priority pollutants in different
priority categories, containing i.e. polycyclic aromatic hydrocarbons (PAHs), pesticides and
nonylphenol (Directive 2000/60/EC), to force a regeneration and preservation,
respectively of a good ecological status for European surface water till 2015. This
approach, however, only reflects the risk of those pre-selected toxicants, but not the risk
of the actual mixture.

The key-issue is that the overall risk of complex contaminated mixtures cannot be
satisfactorily explained or predicted based on the knowledge of the specific effect and
behavior of individual substances. Known substances present in concentrations below the
detection limits, unknown substances, as well as mixture effects lead to a discrepancy
between the actual and the evaluated risk of a complex mixture using substance-specific
risk assessment methods (Taylor et al. 1995; Jarvis et al. 1996; White et al. 1997).
Moreover, toxicity can increase due to the activation of pro-toxins (Filipic and Toman
1996a, 1996b; Sipi et al. 1997). Recently, KIépffer and Wagner (2007) proposed that highly
persistent chemicals should not be released into the environment, even if no negative
effects are known at present due to the lack of degradation and accumulation data of
many chemicals of concern.

To address this discrepancy numerous studies indicate that the focus should not be
limited to the most common priori-selected toxicants: these compounds may account for
only a small part of a present toxicity (Samoiloff et al. 1983; Jacobs et al. 1993; Castillo and
Barceld 2001; Brack et al. 2005; Hollert et al. 2005; Hartnik et al. 2007). Because of the
chemical complexity of industrial emissions, chemical target analyses are limited in their
ability to characterize the chemical composition and hazards of these mixtures.
Unintentionally-produced chemicals (by-products) or metabolites that may cause effects
even at very low concentrations might be overlooked by a chemical screening. Moreover,

a complete chemical analysis is time-consuming, cost intensive and a flood of mainly
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irrelevant data is produced. An alternative approach for toxicological risk assessment is
based on bioassays with various organisms (for review see Farré and Barcelé 2003; Farré
et al. 2005). In contrast to chemical analyses, bioassays can provide information of the
presence or absence of compounds affecting the applied biological test system without
any a priori knowledge about the chemical composition of the mixture (Houk 1992;
Claxton et al. 1995). Simple bioassays cannot simulate the complexity of the human
metabolism, but compounds recognized by molecular tests can indicate potential hazards.
However, bioassays are unable to give information on which specific compounds are
primarily responsible for the measured effects.

In order to overcome those problems, Schuetzle and Lewtas (1986) have developed an
approach known as bioassay-directed chemical analysis, which consists of a multilevel
fractionation protocol coupled to short-term bioassay to focus the analytical target onto
the toxic fractions. This is done by several levels of fractionation to simplify sample
complexity with the aim to correlate measured toxicity to specific organic components in
those fractions. Toxicity testing of these fractions combined with subsequent chemical
analysis of the toxic fractions reduces analytical costs by focusing on relevant harmful
substances. In a confirmation step, the suspected cause-effect-relationship between the
identified compound and the observed biological effects has to be proven (Fig. 1-2).

In the beginning of the 1990s, the US EPA described and promoted a detailed protocol
on the identification of cause-effect relationship known under the name of “Toxicity
Identification Evaluation (TIE)” (Mount 1989; Mount and Anderson-Carnhan 1989;
Norberg-King et al. 1991). The TIE methodology follows a standardized procedure for
aqueous samples consisting of three phases that include first the toxicity characterization
of general groups of compounds to characterize the nature of the measured toxicity.
Secondly, inorganic and organic toxicants are identified while the last step deals with the
confirmation of the suspected toxicants to check if the identified compounds can describe
the observed toxicity. This mindfully designed framework was originally developed for
effluents and tried to identify possible removal techniques applicable in wastewater

treatment. Since then the spectrum of applications concerning combined chemical and
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biological methods as well as the spectrum of investigated environmental samples
including also sediments, pore water and seawater, have continuously been extended
(Brack et al. 1999; Thomas et al. 2002, 2004; Grote et al. 2005; Klamer et al. 2005; Schwab
and Brack 2007; Kay et al. 2008; Phillips et al. 2009). While the principle of the approach is
always the same for various types of complex samples, the applied methods for
extraction, fractionation and toxicity testing have to be chosen carefully depending on the

specific contaminations as well as on the specific question to be answered (Brack 2003).

complex
mixture

chemical
L analysis

confirmation

Fig. 1-2. Schematic overview of Effect Directed Analysis (modified from Brack 2003).

Attempts undertaken to correlate e.g. the mutagenic activity and chemical composition
of certain fractions isolated from coastal sediments off Barcelona have shown the
difficulty of identifying responsible toxicants (Grifoll et al. 1990). Therefore, it took several

years for the concept of combined biological and chemical environmental risk assessment
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to gain the attention it has today. With the help of this instrument, well-known
environmental pollutants such as PAHs, DDT, polychlorinated dibenzo-p-dioxines, furans
(PCDDs/Fs), and biphenyls, as well as numerous pesticides were successfully identified
(Brack et al. 2007), but also compounds that were neither regulated nor known as
environmental pollutants before such as N-phenyl-B-naphthylamine (Brack et al. 1999),
dinaphtho[2,1-b;2’,3’-d]furan, and 2-(2-naphthalenyl)-benzothiophene (Brack and
Schirmer 2003).

Summarizing, since the beginning environmental risk assessment has been
continuously advanced and two main approaches emerged: TIE and effect-directed
analysis (EDA) — sometimes also called bioassay-directed analysis, bioassay-directed
chemical analysis or toxicity-based analysis. Whereas TIE is based on a standardized
protocol the EDA approach refers to the integrated use of biological and chemical tools in
a broader context, for which no standardized guidelines are available. EDA focuses not
only on acute toxicity but also on compounds which pose a potential risk in the
environment even if the actual concentration does not cause acute effects. Thus in
practice, extraction and pre-concentration procedure are commonly applied steps prior

fractionation and biological testing within EDA.

1.1 Effect-directed analysis of complex mixtures: state—of—-the—art methodology

Several authors have given excellent reviews on different EDA methodologies and
criteria for its successful use in environmental risk assessment (Burges 2000; Reemtsma
2001; Ho et al. 2002; Brack 2003; Hewitt and Marvin 2005; Brack et al. 2008; Streck 2009;
Blasco and Picé 2009), and | do not want to repeat them here in detail, but apart from a
brief overview on biological tools a short outline of the more recently reported analytical
chemical methods for fractionation and identification of potential hazard compounds in
the environment is presented.

Due to the complex chemical composition of contaminated environmental matrices,
the assignment of the chemicals responsible for toxicity is not an easy task. Consequently,

several fractionation schemes to sequentially reduce the complexity of environmental or
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technical mixtures have to be applied previous toxicity testing. Until recently fractionation
procedures have almost been limited to HPLC methods (Reemtsma 2001; Brack 2003).
Normal-phase (NP) and reversed-phase (RP) high-performance liquid chromatography
(HPLC) are known as reproducible techniques able to separate environmental samples
into distinct fractions based on different physicochemical properties of the analytes
(Schuetzle and Lewtas 1986; Fernandez et al. 1992; Castillo and Barcelé 1999; Grote et al.
2005; Hartnik et al. 2007). Several studies have calibrated RP-HPLC approaches against the
octanol-water partitioning coefficient (Kow) using reference compounds so that
immediately information on chemical properties of active compounds is obtained (Hewitt
et al. 1996; Galassi and Benfenati 2000; Hewitt et al. 2003).

Since a one-step HPLC fractionation is often insufficient for complete complexity
reduction, the combination of several stationary phases based on e.g., polarity,
hydrophobicity, molecular size, planarity and presence of specific functional groups was
shown to be helpful to overcome this problem (Brack et al. 2003b, 2005). More
sophistically, Liibcke-von Varel et al. (2008) reported the on-line coupling of three
different HPLC columns to fractionate polycyclic aromatic compounds (PACs) according to
their polarity, planarity, and the number of aromatic carbons, in simply one HPLC run.

Chromatographic techniques play also a dominant role in compound identification and
quantification at present. Gas chromatography (GC), one of the oldest instrumentalized
separation method, still holds a leading position among them. High-resolution capillary
column gas chromatography coupled with mass spectrometry (MS) is routinely performed
for the characterization of environmental samples (Rosenkranz et al. 1980; Burkhard et al.
1991; Svenson et al. 1996). GC-MS offers high separation power combined with good
identification capabilities (Lukasewycz and Durham 1992). Moreover, it is useful to
guantify trace amounts of constituents by using either internal or external standards. The
majority of EDA studies are based almost exclusively on GC—MS analysis (e.g. references in
Brack 2003; Brack et al. 2007). Extensive databases (e.g. NIST 2007) combined with
Kovat’s or Lee retention indices are used in identifying structures and substructures based

on mass spectra information and retention time. Nevertheless, several authors
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recommended more comprehensive GC and MS systems such as GC-TOF-MS or GCxGC-
TOF-MS (Marriott et al. 2003; Adahchour et al. 2006; Pani¢ and Gérecki 2006; Hajkova et
al. 2007; Bordajani et al. 2008; Skoczynska et al. 2008). The latter device impressed by its
better selectivity and separation power. Prerequisites for the use of GC-based
identification techniques however are volatility, thermal stability, and resolvability of the
analytes, restricting their overall use (Liao et al. 2008).

One of the most promising tools for the determination of polar and thermolabile
environmental contaminants might be liquid chromatography—mass spectrometry.
Moreover, high-molecular mass compounds are also detectable with this approach. It is,
thus, consequent that the application of LC-based techniques coupled with MS detection
and quantification in effect-directed analyses has grown rapidly in recent years (Barceld
1996; Bobeldijk et al. 2001a, 2001b; Castillo and Barcelé 2001; Diaz-Cruz et al. 2003; Beck
et al. 2005; Petrovi¢ et al. 2005; Labadie and Hill 2007; Kuster et al. 2008; Vuillet et al.
2008, Bataineh et al. 2010). The types of systems applied differ in the kind of detectors:
quadrupole time-of-flight (Q-TOF) or Orbitrap mass spectrometer; multi-stage MS (LC-
MS") as well as their ionization techniques. Compared to GC-based methods, LC methods
have the advantage of avoiding an additional derivatization step, necessary in GC analyses
of more polar compounds to increase their volatility, and thus eliminating the associated
increase in spectral complexity. Although structural elucidation by LC-MS is indeed
possible, it is not as straightforward as with GC—MS. Due to the lack of easy-to-use
libraries (Schymanski et al. 2009) and simple fragmentation interpretation rules,
identification with LC-MS is still difficult and time consuming (Reemtsma 2001). Generally,
not all neat standards for structural confirmation in GC—MS and LC—MS, respectively, are
commercially available. Therefore, often lines-of-evidence approaches are required to
support identification combining computer-based structure generation and prediction of
retention behavior using quantitative structure-retention relationships (QSRR) based on
mass spectral information (Brack et al. 2008, Schymanski et al. 2009).

However, identification based on either LC-MS or GC—MS techniques alone may be

insufficient for a positive structural elucidation. Moreover, mass spectra are not
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necessarily unique, especially for isomers. Therefore, additional spectroscopic methods
such as nuclear magnetic resonance (NMR) (Kami et al. 2000), UV absorption (Brack and
Schirmer 2003), and infrared absorption (IR) spectroscopy (Brack et al. 2003a) are
recommended. Care must be exercised using the terms identification and confirmation of
chemicals which are used by many analytical chemist interchangeably (Lehotay et al.
2008). Analysts should be aware of the difference in meaning and thus in usage. While
identification arises from one method capable of providing structural information (e.g.,
MS detection) leading to a qualitative answer, confirmation is the result of at least two
independent analyses (ideally methods of orthogonal selectivity) confirming the result of
the other.

To complement chemical analysis with biological data, the development of short-term
acute-toxicity bioassays (Farré et al. 2005; Grote et al. 2005; Greenwood et al. 2007),
immnunochemical techniques (Farré et al. 2007a, 2007b), and biosensors (Gonzales-
Martinez et al. 2007) for the assessment of different adverse effects has grown steadily in
recent years. The most classic ecotoxicological methods in wastewater monitoring
programs are the standard tests with daphnids, green algae, and luminescent bacteria
(1ISO 8692 1989; ISO 6341 1996; ISO 11348 1998) which detect acute and chronic toxicity.
While bioluminescent bacteria, particularly, detect non-specific narcotic effects that are
exhibited by all natural and anthropogenic compounds present in the environment with
increasing hydrophobicity, specific effects, e.g. of pesticides cannot be detected with this
test system (Brack 2003). Therefore, bioluminescent bacteria are of limited value as
biological endpoint in EDA studies.

Salmonella-based assays have been coupled with fractionation methods for most of the
EDA studies detecting various lesions endpoints at different levels of biological
organization in genotoxic or mutagenic fractions (Houk 1992). Some strains have proven
more useful in the detection of specific classes of mutagens and this knowledge can be
used to determine chemical classes that may be present (Nagai et al. 2002). It is
recommended to use at least one of the following bacterial test systems (deMaagd and

Tonkes 2000): (a) the umuC test (Reifferscheid et al. 1991) which makes use of the SOS
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pathway which is induced upon the occurrence of DNA damage (deMaagd and Tonkes
2000) or the Ames test (Ames et al. 1973) using a mutated bacterial strain of Salmonella
typhimurium. Both tests are particularly suited to effect-directed investigations as they are
easy to use, cost-effective and provide rapidly, reliable results.

Depending on the chosen strategy of effect-directed analysis, the biomolecular
characterization step is used before or/and after the fractionation, either in an off-line or,
more sophistically, in online mode. There are several examples in the literature where the
whole fractionated extract using liquid chromatography was directly collected into
microtiter plates for further enzyme inhibition (Sipponen 1987; Fabel et al. 2005) or
genotoxicity testing (Bobeldijk 2001b).

Toxicity evaluation of exhaustively extracted sediment samples however may be
hampered when doubt exists about the bioavailability of identified bioactive compounds
(Brack et al. 2009). First promising tools addressing bioavailibility-directed fractionation
and partition-based dosing techniques within EDA were developed (Schwab and Brack
2007; Bandow et al. 2009a, b) enabling toxicity confirmation under more realistic
exposure conditions for soils and sediments.

Moreover, multiple interactions between components lead to variety of synergistic or
antagonistic effects that further complicate the toxicity assessment. In this respect, Brack
et al. (2008) summarized methodologies aiming at the assessment of mixture toxicity
responsible for unknown modes of action and heterogeneity of concentration-response
curves. Antagonistic effects in complex mixtures result in lower activity of the mixture
than expected from the additive action of the single fractions or individual components
(Grifoll et al. 1990; Fernandez et al. 1992). Generally, a reliable environmental risk
assessment requires sufficient fractionation to remove masking compounds in the applied
bioassay and to reduce the risk of false negative results.

Despite the level of effort over the last 20 years, the compounds responsible for
different levels of biological effects have often remained elusive. Two main difficulties

encountered include:
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() The resolution of LC-based fractionation in highly complex mixtures is often
insufficient to isolate closely related substances and isomers. It appears that a conclusion
drawn by Brack (2003), that “insufficient fractionation may be one of the major reasons for
the failure of many studies to identify the toxicants responsible for measured effects” still
holds true. However, chromatographic separation is needed for positive identification of
specific isomers in complex fractions.

(if) Structure—elucidation of unknown compounds from isolated toxic fractions remains
still “tentative” or even impossible, since authentic standards for complete chemical and
toxicological verification are not commercially available and custom synthesis or
preparative isolation may be expensive, time consuming and depending on the structure,

difficult to carry out.

Accordingly, the fractionation of complex mixtures played a major role throughout this
dissertation due to the lack of available methods capable to successfully reduce the
complexity of environmental mixtures. As stated above, the LC-obtained fractions in EDA
studies often remain relatively complex, even after extensive and multiple LC fractionation
steps. A method that holds promise to overcome this problem is preparative capillary gas
chromatography (pcGC). The resolving power of capillary gas chromatography (GC)
compared to LC, its capillary flexibility, and speed of analysis suggests to include this
technique into effect-directed fractionation procedures. In recent years, numerous
applications demonstrated that the high-resolution separation power combined with
excellent reproducibility of retention times and peak areas during automatic multiple
injection allowed pcGC to harvest pre-selected individual organic compounds from
complex mixtures (Eglinton et al. 1996; Reddy et al. 2002). As preparative capillary GC is
an increasingly important tool in environmental science for the sample enrichment for
compound-specific isotope analysis (Eglinton et al. 1997, Reddy et al. 2004, Mandalakis et
al. 2008), its potential application in EDA has never been reported so far. One reason for

that might have been the technical limitation to only six collectable fractions using one
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preparative fraction collector (PFC) that was overcome in this thesis by using two PFCs
resulting in twelve collectable fractions.

An optimized pcGC—PFC system however is very delicate to maintain. A slight change in
trapping temperature of the fraction collector, for instance, can result in the complete loss
of certain analytes and destroy the overall efficiency of the fractionation process
(Mandalakis and Gustaffson 2003). Further complications arise due to the coupling of the
standard pcGC—PFC system with an additional second PFC where a positive increase of
available fractions can adversely affect the recovery of the compounds. As a result, several
trial runs and recovery tests are necessary to determine the optimal fractionation and
trapping parameters. The difficulty within the optimization process is that different
compound classes having different physicochemical properties probably demand for a
different set of optimal pcGC parameters. Therefore, the harvesting efficiency as a
function of different compound properties which are actually present in environmental
samples has never been described in the literature before.

Consequently, chapter 2 is aiming to assist the analyst in developing best method
performance by systematically optimize the fractionation and trapping parameters of the
pcGC process to achieve maximum recovery for all individual compounds present in
complex environmental mixtures. For this purpose a set of six environmentally significant
compounds (Table 1-2) covering a wide range of physicochemical properties (Table 2-1)

was fractionated and enriched to investigate any trends in the trapping process.
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Table 1-2. Structures, applications and potential health effects for the investigated
analytes in chapter 2.

Compound / Structure Compound class Application Health effects
OH
conversion to plastics & developm.ental /
Phenol reproductive
detergents (alkylphenols) .
toxicity
Phenol
precursor for phthalic Zr??rr?il:tlcossible
PAH anhydrid, dyes, surfactants P
. - human
& carbamate insecticides .
Naphtalene carcinogen
PN . undetermined,
[\ » PAH chemical precursor for dyes, cosellslo e

plastics & pesticides

Acenaphtalene carcinogen
%‘D’O’N&
. - | "
WDOHDD, Organophosphate insecticide / acaricide ic:;)illl)?t?;erase

Methyl parathion

&l
. . .. e reproductive
VG%\f Organochlorine insecticide / miticide 'p' .
: difficulties

Methoxychlor

[j(%j PAH = pro-carcinogen

Benzo[a] pyrene

'US EPA (2010b).

One particular topic that has concerned risk assessors and regulators during the past
decades is the issue of endocrine disrupting compounds (EDC; Oehlmann et al. 2009).
While a large number of specific test systems exist to measure the potential of chemicals
to interact with the nuclear sex hormone receptor (estrogen and androgen) or to affect
the synthesis of steroid hormones (Streck 2009), only a limited number of sufficiently
powerful fractionation methods are available. As a consequence, there is still a lack of

addressing the endocrine effect to specific isomers, e.g. specific structural properties.
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While classical normal phase and reversed phase HPLC did not resolve individual peaks
(Kim et al. 2004), | developed a pcGC-based separation method to separate and harvest
individual isomers into distinct fractions (chapter 3). The challenge was to collect the
isomers in sufficient quantities and purities for a possibly subsequent structure-activity-
relationship investigation. Technical p-nonylphenol — known as endocrine disruptor — was
selected as target compound in this study, because of its increasing environmental
concern in the last years.

This was the first time pcGC has been applied for the fractionation of a technical
mixture for a potential subsequent biotesting and structure elucidation so far. Compared
to the simple p-nonylphenol mixture the complexity of environmental mixtures is
considerably. Typically, hundreds to thousands of individual compounds are present even
within purified sub-fractions. Therefore, the resolving power of pcGC is necessary and its
applicability in effect-directed analysis is tested in chapter 4.

For this purpose, a contaminated groundwater sample from Bitterfeld, Saxony,
Germany was sampled and subjected to effect-directed analysis to identify relevant
genotoxicants. Genotoxicity testing of complex industrial contaminated groundwater sites
demonstrates that these environmental mixtures contain many unidentified and,
therefore, unregulated toxicants that are potential carcinogens. The importance of this
task arises from the ubiquity of genotoxic compounds in the environment and the need to
identify the sources of contamination so that efforts aimed at control and minimization
can be implemented. Of even greater significance is the immediate concern for the
welfare of human health and the environment.

The identification of genotoxicants is used to be done by GC—MS analysis combined
with spectra library search. However, there are numbers of compounds present in the
environment which are not included in those libraries and therefore cannot be correctly
identified by this procedure (Brack et al. 2008). Even if an acquired mass spectrum shows
a good match with the library spectrum the compound cannot be easily confirmed (for
example isomers). The use of MS classifiers and structure generation in the program

MOLGEN-MS can assist in the identification of unknowns (Schymanski et al. 2008;
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Schymanski et al. 2009). Furthermore, effect data are missing for the majority of the
suggested or identified compounds. This often makes the identification and confirmation
of relevant toxicants in contaminated samples a challenging task. Quantitative structure-
activity relationships (QSAR; Braga et al. 1999, Liu et al. 2006) and structural alerts (von
der Ohe et al. 2005) are valuable tools for reducing and prioritizing the number of
candidate compounds where no neat standards are available.

The purpose of chapter 4 was therefore to complement the classical EDA procedure
with tools that promise high resolution fractionation, advanced structure elucidation and
structure-dependent effect prediction, pcGC, structure generation with the MOLGEN-MS
software and QSAR for the identification of possible toxicants, respectively, were tested in
EDA. The umucC test as a primary DNA damage test detects a broad range of genotoxic

lesions and was therefore chosen as toxicological endpoint in this study.
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Optimisation of trapping parameters in preparative capillary gas

chromatography for the application in effect-directed analysis

Cornelia Meinert and Werner Brack, 2010. Chemosphere 78 (4): 416—422

Summary & Classification

This paper considers how the performance of preparative GC can be improved to
fractionate and enrich a set of six environmentally significant compounds for a potential
further application in effect directed analysis. Therefore, the partial fraction collector
(PFC) trapping mode and temperatures were investigated. The results propose either the
use of dry trapping at variable temperatures (depending on the compounds) or of liquid-
filled traps for optimal trapping. As preparative GC is an increasingly important tool in
environmental science, e.g. for sample enrichment for compound-specific isotope analysis
or for toxicological tests and there are only a few published studies available that

investigate optimal trapping parameters, the subject is of significance.

Contributions

100% of the experimental work published here was performed by myself.

31










Optimisation of trapping parameters in preparative capillary gas

chromatography for the application in effect-directed analysis

Abstract

Preparative capillary gas chromatography (pcGC) provides novel high resolution
fractionation opportunities in effect-directed analysis. However, harvesting efficiency
strongly depends on the operating parameters of the system. Therefore, the
performance of the pcGC system was optimised by identifying the best operating
parameters for the preparative fraction collector (PFC) using six test analytes with
different physicochemical properties. The present study indicates that pcGC
parameters need to be selected individually for the investigated analytes.

The major focus was put on the trapping parameters as published findings on
optimum trapping conditions are very variable. No generally agreed concept is
available. An alternative to temperature-controlled trapping are solvent-filled traps.
The solvent dichloromethane (DCM) proved to be most suitable for a large range of
compounds. Recoveries are equal to optimised dry trapping at defined temperature.

Optimised recoveries were in the range of 50-70% for all compounds except
benzo[a]pyrene with a recovery of 94% using one PFC and DCM-filled traps at trapping
temperature of —10 °C, at PFC temperatures of 300 °C for phenol, 400 °C for

benzo[a]pyrene and 320 °C for the remaining analytes.

2.1 Introduction

Gas chromatography (GC) is by far the most frequently used analytical procedure
for the analysis of organic contaminants in the environment. For preparative purposes,
i.e. the fractionation of mixtures and isolation of their components, GC is only rarely
applied. However, preparative capillary gas chromatography (pcGC) has been found to
be a powerful tool for high-resolution separation and isolation of semi-volatile organic
compounds from complex mixtures (Eglinton et al. 1996). The major application of
pcGC has been the isolation of individual pre-selected components from complex

environmental matrices including aerosols, soils, sediments and biota for radiocarbon
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analysis. The isolated compounds include polycyclic aromatic hydrocarbons (PAHs)
(Currie et al. 1997; Reddy et al. 2002; Kanke et al. 2004; Mandalakis et al. 2004), fatty
acids, lipids, sterols, alkenes and alkanes (Eglinton et al. 1996, 1997; Pearson and
Eglinton 2000; Rethemeyer et al. 2005; Slater et al. 2005), halogenated organic
compounds (HOCs) (Reddy et al. 2004) and methoxylated polybrominated diphenyl
ethers (Teuten et al. 2005). The pcGC technique also allowed compound-specific
chlorine-isotope analysis (CSIA-Cl) of organochlorines such as DDT and PCBs for the
identification of their environmental fate (Reddy et al. 2000; Holmstrand et al. 2006;
Holmstrand et al. 2007; Mandalakis et al. 2008). Moreover, a few manuscripts were
published using pcGC to isolate naturally produced and bioactive compounds such as
methoxylated polybrominated diphenyl ethers and halogenated 1'-methyl-1,2'-
bipyrroles for structure elucidation studies (Teuten et al. 2006; Pangallo et al. 2008).

Only recently we made the first attempt to use this technique in effect-directed
analysis (EDA) of technical p-nonylphenol (Meinert et al. 2007). EDA is a concept for
the identification of biologically active compounds in complex mixtures combining
biological testing, physicochemical fractionation, chemical analysis and structure
elucidation (Schuetzle and Lewtas 1986; Brack 2003). Several powerful fractionation
procedures for different types of samples including effluents, sediments, pore water as
well as seawater have been developed (Durant et al. 1998; Brack et al. 2003; Thomas
et al. 2004; Libcke-von Varel et al. 2008). All of these fractionation procedures in EDA
have been based on liquid chromatography (LC). The high column efficiency of GC
compared to LC and the possibility to exploit gas—liquid partitioning as an additional
separation process suggests to include this technique into effect-directed fractionation
procedures. Lower capacities compared to LC can be overcome by multiple injections.
Recently we demonstrated that excellent reproducibility of retention times and peak
areas during automatic multiple injection pcGC allowed to harvest sufficient amounts
of the compounds for subsequent biotesting and structure elucidation (Meinert et al.
2007).

So far pcGC has been used almost exclusively for the enrichment of individual
compounds from mixtures for isotopic analysis. In these studies avoidance of
instrument-induced isotopic fractionation (Zencak et al. 2007) rather than optimal

recoveries is the major goal and therefore most studies only qualitatively validated
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pcGC methods. Only one report has been published on the harvesting efficiency as a
function of compound properties using PAHs as target compounds (Mandalakis and
Gustafsson 2003). This study suggests that, while pcGC provides unique opportunities
with respect to resolution and reproducibility, recoveries strongly depend on an
optimal selection of instrumental parameters.

The most critical processes for the losses in pcGC and thus for reduced recoveries
are supposed to be the injection and trapping procedures. While the impact of most
critical injection parameters using a cooled injection system (CIS) has been investigated
recently (Mandalakis and Gustafsson 2003) and could be confirmed in this study, the
concepts of optimised trapping conditions so far have been inconsistent and in
disagreement with our experience (Eglinton et al. 1996; Mandalakis and Gustafsson
2003). Thus, our major objective was to study and optimise these trapping conditions
for maximum recovery of analytes with a broad range of physicochemical properties as
they typically occur in EDA of environmental and technical mixtures.

So far pcGC applications have been restricted to the collection of maximally six
fractions since the commercially available preparative fraction collector (PFC, Gerstel,
Muhlheim, Germany) is restricted to this number. For application in EDA this is
obviously a limiting factor since in contrast to other applications all components of a
mixture need to be collected rather than only one or few individual compounds. Thus,
in our study a custom product using two PFCs was applied allowing the collection of
twelve fractions together with the conventional system with one PFC.

Note that the term fractionation in this manuscript describes the harvesting of
individual compounds based on specific component properties from a complex
mixture not to be mistaken with isotopic fractionation, induced during pcGC, leading

to variations in the isotopic composition (e.g. **C/*2C ratio) within an entire peak.

2.2 Materials and methods

2.2.1 Chemicals and materials
All pcGC optimisation experiments were performed using a standard mixture
containing six environmentally significant target analytes at concentrations of

0.1 pug pL™ in DCM (Table 2-1). The selected compounds show a wide range of
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physicochemical properties. Their boiling points range from 182 °C to 495 °C, their
vapour pressures at room temperature from 107 to 10 mbar and their log Koy values
from 1.5 to 6.1.

Methanol, DCM and pentane were tested as fills for the PFC traps. All standards
were purchased from Promochem (Wesel, Germany). The solvents used were

purchased from Merck (Darmstadt, Germany) and of Suprasolv or Lichrosolv grade.

Table 2-1. Analytes and physicochemical properties: MW = mol weight (g mol™);
Tmeit = melting temperature (°C); Tpoi = boiling temperature (°C); Puvapour = vapour
pressure (Pa at 25 °C); K,,, = octanol/water distribution coefficient (-)

CAS-No. Formula MW  Tmet”  Tooil®  Puapour log Kow

Phenol 108-95-2 CgHeO 94.11 409 182 4.7x10' 1.46°
Naphthalene 91-20-3  CyoHs 128.17 80.2 218 1.1x10' 3.30°
Acenaphthene 83-32-9 Ci2H1o 15421 934 279 2.9x10 3.92°
Methyl

parathion 298-00-0 CgH;gNOsPS 263.21 35.5 154 4.7x10*  2.86°
Methoxychlor 72-43-5 CieH1sCls0, 345.66 87.0 346 5.6x10° 5.08°
Benzo[a]pyrene 50-32-8 CyoH12 252.32 1765 495 7.3x107 6.13°

4 US EPA: EPI Suite v4.00 (2009).
b Sabljic et al. (1995).

 Guesten et al. (1991).

dde Maagd et al. (1998).

2.2.2 Estimation of physicochemical analyte properties

Important parameters for pcGC performance including vapour pressures and
solvent—air partition coefficients at different temperatures have been calculated using
SPARC online calculator (SPARC 2008) according to the methods by Hilal et al. (2003)
and Hilal et al. (2004). For a quality check of SPARC predictions solvent—air partition
coefficients for those compounds with available Abraham descriptors were also
estimated using linear solvation energy relationships using methods and descriptors

provided by Abraham et al. (1994a, 1994b) and Acree and Abraham (2002).
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2.2.3 Optimisation design

The optimisation of the trapping process included the PFC temperatures of transfer,
switching and trapping. Moreover, the harvesting efficiency as a function of compound
properties is examined on the basis of two different trapping concepts: dry trapping
cryogenically at defined temperatures and the use of solvent-filled traps at one

defined temperature.

2.2.4 Instrumental parameters

The pcGC system used was described by Meinert et al. (2007). The system consists
of an Agilent Technologies gas chromatograph 6890 N (Santa Clara, USA), equipped
with two independent chromatographic systems for optimal linkage between
preparative fractionation and isolation on the one hand (preparative system) and
analyte identification and quantification on the other hand (analytical system). An
mps2-autoinjector and two cooled injection systems 4 (CIS 4) (all Gerstel, Mihlheim,
Germany) allowed an injection with programmed temperature vaporisation to both
the analytical and the preparative system. The latter was equipped with a flame
ionization detector (FID), a special zero-dead volume effluent splitter and two Gerstel
PFCs while the analytical system was connected to a mass spectrometer (Agilent
Technologies MSD 5973).

One percent of the effluent passed the FID and the remaining 99% were directed to
the PFCs. Each PFC consists of a PFC oven, a coolant and seven glass tubes for
compound trapping. The PFC oven itself includes the seven transfer capillaries of the
traps which are connected to an eight-port zero-dead volume valve. Moreover, a
heated transfer line is applied to interface the GC with the PFC. The PFC transfer line as
well as the PFC oven can be heated up to 400 °C to avoid condensation of the analytes
eluted from the effluent splitter into the PFC and finally into the traps. However, the

maximum PFC temperatures are limited by used capillaries, commonly to 320 °C.

2.2.4.1 Preparative system
All pcGC separations were performed on a 5% phenylmethylpolysiloxane fused-

silica capillary column (HP-5MS, 30 m x 0.32 mm ID, 0.5 um, Agilent Technologies).
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Helium was used as carrier gas (2 mL min~}, constant flow). The GC oven temperature
was programmed from 30 °C (hold time: 1 min) to 300 °C (hold time: 20 min) at a rate
of 10 °C min™".

Optimum injection parameters were selected based on previous findings that were
confirmed, adapted or optimised to our system. Therefore, volumes of 5 uL were
injected with a CIS 4 in solvent-vent mode using DCM as injection solvent. The inlet
was equipped with a 70 mm x 1.6 mm ID deactivated empty glass liner with baffles and
was set to 20 °C and heated at 12 °C s =300 °C. Maximum recovery with low relative
standard deviation (RSD, maximum 4-5%, n = 3) was achieved for a solvent venting
time of 5 s, an injection rate of 10 plL standa purge period of 90 s. The vent pressure
(column head pressure during solvent venting) was adjusted to 0.25 bar and the purge
flow (vent flow) through the split vent to 50 mL min™".

For optimisation of the trapping process the temperature of the external coolant
(behrotest® UK 12/2000, behr Labor-Technik GmbH, Dusseldorf-Reisholz, Deutschland)
where the traps are immersed during collecting the analytes (PFC trapping
temperature), the PFC transfer and the PFC switch temperature were investigated.
Therefore the trapping temperature ranged from —-10 °C to +80 °C and the PFC
temperatures were set to 280-320 °C. The optimum results obtained for two PFCs
connected via a special zero-dead volume effluent splitter were compared to the
conventional application of using one PFC at same conditions. To avoid the
condensation of the less volatile compounds special high temperature deactivated
capillaries (Z-Guard column, 0.32 mm ID, Phenomenex, Aschaffenburg, Germany) were
tested achieving PFC transfer and PFC oven temperature of 400 °C.

During fractionation and recovery tests, the compounds were trapped in 1 pL
U-tubes, which were rinsed five times with 500 uL DCM. Subsequently, the solvent was
removed under a gentle N, stream and a certain amount of polychlorinated biphenyl
(PCB) 153 (Ehrenstorfer, Augsburg, Germany) was added into each sample to correct
variations during injection.

For the investigation of solvent-filled traps compounds were trapped using 100 pL
glass traps which were filled with 400 uL DCM while the PFC trapping temperature was
set to—10 °C.
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The compounds were quantified using gas chromatography-mass spectrometry
analysis while their recoveries have been corrected against the amount directed to the

FID for simultaneously peak detection during fractionation.

2.2.4.2 Analytical system

For analytical GC separation followed by mass selective detection (MSD) 1 pL
sample volumes were injected. The CIS inlet was set at 40 °C and the temperature
programmed to 300 °C at a rate of 12 °C s . The chromatograph was equipped with a
HP-5MS column (30 m x 0.25 mm ID, 0.25 pm) coated with 5% phenylmethyl-
polysiloxane stationary phase. The GC oven temperature was programmed from 40 °C
(hold time: 1 min) to 300 °C (hold time: 10 min) at a rate of 10 °C min~". Helium was
used as carrier gas (1 mL min™, constant flow).

The transfer line, ion source and quadrupole temperatures of MSD, were
maintained at 280, 230, 150 °C, respectively. Electron ionization was performed at 70
eV electron energy and mass spectra were acquired in the full-scan mode.

Acquired data were reprocessed by Agilent Chemstation G1701DA version

D.00.00.38.

2.3 Results and discussion

2.3.1 Optimisation of PFC trapping procedure
2.3.1.1 PFC trapping temperature

Trapping procedures play a key role for acceptable recoveries in fractionation
procedures avoiding the discrimination of distinct components of the mixtures.
Systematic optimisation studies for PFC trapping are scarce. Published findings on
optimum conditions are very diverse. No generally agreed concept is available.
Instrumental parameters that may impact recoveries include the PFC trapping, transfer
and switch temperatures. In addition to cold trapping in empty traps also solvent-filled
traps may be used, although to the best of our knowledge no published experience

with this technique is available.
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PFC trapping temperatures were varied from —10 °C to +80 °C. Recovery of test
compounds after re-dissolving trap contents in DCM showed a strong and compound

specific dependence on the trapping temperature (Fig. 2-1).

100 7 Temperature-dependent vapour pressure (Pa) calculated with SPARC?

-10°C 0o°C +20°C 0+60°C H +80°C
phenol 2.62 8.59 66.95 1330 3960
napthalene 1.01 2.85 15.72 374 1360
80 - | acenaphtene 2.00x10°  9.28x10°  0.12 6.76 39.76
methyl parathion ~ 7.16x10°  3.51x10%  7.65x103 0.3 1.32
methoxychlor 1.51x10%  1.33x107  6.33x106 1.72x10°  2.26x10%?
benzo[&]pyrene 8.79x107  2.78x10%  5.25x106 3.18x10*  2.84x103

| =SPARC, v4.2

recovery (%)

phenol naphthalene acenaphthene methyl parathion methoxychlor benzo[a]pyrene

Fig. 2-1. Dependence of compound recovery on preparative fraction collector (PFC)
trapping temperature. The PFC transfer and switch temperature were set to 280 °C and
300 °C, respectively. The standard deviation (n = 3) is shown as + error bars. Estimated
vapour pressures at defined trapping temperatures are also given (table).

Recoveries of the most volatile compounds phenol and naphthalene were maximal
at the lowest trapping temperature of —10 °C with high losses at temperatures of 20 °C
and more. Recovery of acenaphthene followed an optimum curve with a trapping
temperature of 0 °C providing best recovery. Trapping at 60 and 80 °C reduced
recovery to below 10%. For methyl parathion and methoxychlor no significant
influence of the PFC trapping temperature in the range of —10 °C to 80 °C was

observed, while for benzo[a]pyrene, the compound with the lowest vapour pressure
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(Table 2-1), low temperatures of —10 °C and 0 °C resulted in an almost complete loss
of the compound.

From literature several contradictory ideas about an optimal trapping temperature
are available. One group of authors assumed that setting the PFC trapping
temperature as low as possible would prevent the breakthrough of analytes from glass
traps and would be the best choice to harvest the analytes. They used liquid nitrogen-
cooled traps to achieve a temperature of —20 °C during harvesting PAHs (Currie et al.
1997), n-alkanes (Eglinton et al. 1996) or fatty acids (Eglinton et al. 1996; Uchida et al.
2000). Reddy et al. (2002) used a PFC temperature of 0 °C for trapping of six PAHs.
Other authors suggested that harvesting efficiency of semi-volatile compounds does
not significantly depend on trapping temperatures and the use of expensive liquid
nitrogen-cooled traps is not necessary (Mandalakis and Gustafsson 2003). They based
their suggestion on a separation study of six PAHs at three different trapping
temperatures (-16 °C, 0 °C, and 30 °C). Pearson et al. (2000) harvested n-alkanes just
at room temperature. Other authors cited manufacturer recommendations suggesting
an optimal trapping temperature of Tirap= 1/3 (Thoil — Tmelt) (Mandalakis and Gustafsson
2003), probably meaning Tirap= 1/3 (Tboil = Tmelt) + Tmeit and a@iming at trapping in liquid
state to avoid that crystals will be flushed away with the gas flow. Our data clearly
contradict the concept of optimal trapping in liquid state, which would mean an
optimum trapping temperature for phenol of 90 °C. At 80 °C this compound was
already almost completely lost. Instead, our results suggest a clear dependency of
recovery from vapour pressure at the respective temperature. Acceptable recoveries
were found for those compound-trapping temperature combinations where vapour
pressures did not exceed values of about 5 Pa (Fig. 2-1). This suggests an estimation of
vapour pressure of target analytes to predict the suitability of selected trapping
parameters.

Benzo[a]pyrene was the only compound with recoveries increased with increasing
trapping temperature. This cannot be explained by vapour pressure. Benzo[a]pyrene
exhibits a significantly higher melting point than all the other compounds. However,
based on only one compound showing this behaviour no conclusions on the influence

of the melting point can be drawn.
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The unpredictable behaviour of benzo[a]pyrene suggests a dependence of optimal
trapping conditions not only on analyte vapour pressures but also other properties.
This has severe implications. It suggests a time consuming and compound specific
determination of optimal trapping temperatures prior to fractionation. Since we
develop pcGC towards an instrument for effect-directed isolation of unknown
components of complex environmental mixtures with highly variable properties,
analyte specific optimisations are not realistic. Thus, alternative methods such as the

use of solvent-filled traps were considered.

2.3.1.2 Solvent-filled traps

For EDA, the fractions must be collected in the solvent suitable for subsequent
biotesting such as dimethylsulfoxide (DMSQO) or methanol as well as in the solvent
suitable for GC analysis. Since DMSO is not suitable for analytical purposes and
impedes any solvent exchange it is not a good choice. Thus, we have tested traps filled
with highly volatile solvents enabling fast solvent exchange while minimizing the risk of
analyte losses. Selected solvents included methanol (Tyei: 65 °C), DCM (Tyoi: 40 °C) and
n-pentane (Tpoi: 36 °C). These solvents are either applicable for biotesting or GC
analysis and cover a wide range of polarity with dielectricity constants of 33.0 (at
293.3 K), 8.93 (298 K), and 1.84 (293.3 K) (Lide 1999), respectively.

DCM was found to provide reasonable recoveries throughout the selected
compounds except benzo[a]pyrene (Fig. 2-2). The use of n-pentane reduced recovery
of phenol, naphthalene, acenaphthene and methyl parathion by 10-30%, while
methanol completely failed to trap most of the compounds.

Solvent-dependent differences and the complete failure are obviously not related
to air—solvent partitioning coefficients at trapping or room temperature, at which the
solvent was blown off (Table 2-2). All equilibriums are far on the side of the organic
solution independent on temperature and selected solvent. This suggests non-
equilibrium conditions while the nitrogen flows through the solvent. Thus, kinetics of
dissolution and thus diffusion through the solvent boundary layer may play an

important role.
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Fig. 2-2. Dependence of compound recovery on solvent filled in the traps. Solvents
used were methanol (MeOH), n-pentane and dichloromethane (DCM). The preparative
fraction collector (PFC) trapping temperature was set to —10 °C and the PFC transfer
and switch temperature to 280 °C and 300 °C, respectively. The standard deviation
(n = 3) is shown as #* error bars.

To the best of our knowledge there are no diffusion coefficients for our compounds
in the three solvents available. However, according to hydrodynamic theory diffusion
coefficients are inversely related to viscosity according to the formula

RT
D, = ry— (2-1)
iy

where 77, is the viscosity of the solvent and r, is the radius of the solute molecule
(Poling et al. 2000). At the trapping temperature of —10 °C viscosities of the solvents
are 0.956 mPa s for methanol, 0.601 mPa s for dichloromethane and 0.301 mPa s for
pentane (Lide 1999). Thus, methanol has clearly the highest viscosity and thus should
have also the lowest diffusion coefficients and the slowest kinetics of transfer from the
gas to the liquid phase. This would support low recoveries in methanol. However, if
diffusion through the solvent boundary layer would be actually the rate limiting step,
the recovery, particularly in methanol, should decrease with increasing molecular size.

The opposite was observed. Processes in the gas phase are not further discussed since
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we assume that this phase does not differ if different solvents are used. The risk of
losses during solvent exchange might be highest for methanol since its relatively high
boiling point requires a longer time to evaporate the solvent. However, according to
our experience with solvent exchange of methanol, these losses do not provide a
conclusive explanation for the great losses observed for several compounds. Thus, so
far we cannot explain the trapping behaviour of the different solvents.

Like for cold trapping without solvent, the recovery of benzo[a]pyrene was
unacceptably low. The reason for that might be the condensation of this low volatile
compound before entering the trap, e.g. in the PFC transfer line or at the PFC switch.
This hypothesis was tested by manipulating both temperatures within the technical

limits of capillaries.

Table 2-2. Negative decadal logarithm of air-solvent partition coefficients
calculated with SPARC software (S) and estimated using the Abraham general solvation
model (A) for methanol, dichloromethane (DCM) and n-pentane at the trapping and
solvent exchange temperatures —10 °C and 25 °C, respectively.

Methanol DCM n-pentane

—10°C (S)® 25°C (S)*/(A)® —10°C (S)® 25°C (S)*/(A)° —10°C(S)* 25°C (S)*/(A)°
Phenol 7.66 6.17/6.43 5.51 4.61/5.28 4.31 3.60/3.76
Napthalene 5.25 4.59/5.04 6.53 5.73/6.10 6.54 5.59/4.96
Acenapthene 7.28 6.04/6.13 8.93 7.48/7.41 8.74 7.22/6.15
Methyl
parathion 9.37 7.47/n.a. 11.28 9.33/ n.a. 9.40 7.79/ n.a.
Methoxychlor 12.40 10.00/ n.a. 15.10 12.50/ n.a. 12.72 10.50/ n.a.
Benzo[alpyrene 9.06 9.19/10.70 11.40 11.50/12.70 11.40 11.30/10.10

2 SPARC v4.2 (2008).
® Abraham et al. (1994a,b) and Acree and Abraham (2002).

2.3.1.3 PFC transfer and PFC switch temperature

To investigate the effect of the PFC transfer and PFC switch temperature during the
trapping process, the test mixture was repeatedly injected at different PFC
temperatures varied from 280 °C to 320 °C using two PFCs. The trapping efficiency of

phenol (boiling point 182 °C) decreased when the transfer/switch temperatures
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increased from 280 °C to 320 °C (Fig. 2-3) probably due to thermal destruction. While
transfer/switch temperatures had little impact on naphthalene and acenaphthene,
recoveries of methyl parathion and methoxychlor were slightly enhanced by
maintaining both temperatures at 300 °C and higher. For benzo[a]pyrene a clear
improvement of recoveries from 6% to 31% could be achieved when PFC transfer and
switch temperature were enhanced. This supports the hypothesis that this compound
tends to condense before entering the traps.

In general, optimised recoveries of the present pcGC system with two PFCs
connected via a special zero-dead volume effluent splitter were in the range of 50%.
Losses of 50% are undesirable although they do not prevent the beneficial use of the
system for preparative separation. We hypothesized the use of the two-PFC system as
the cause of these losses. Using only one PFC actually tended to increase recoveries to
60-70%. In the case of benzo[a]pyrene recovery could be enhanced up to 75% with a

PFC transfer/switch temperature of 320 °C (Fig. 2-3).

100 ~

W 280 °C (2 PFCs) E300 °C (2 PFCs) W 320 °C (2 PFCs) Jf
[320 °C (1 PFC) 0360 °C (1 PFC) 0400 °C (1 PFC)

80 ~

recovery (%)

phenol naphthalene acenaphthene methyl parathion methoxychlor benzo[a]pyrene

Fig. 2-3. Dependence of compound recovery on the preparative fraction collector
(PFC) transfer/switch temperature. The traps were filled with dichloromethane (DCM)
and the PFC trapping temperature was set to —10 °C. The standard deviation (n = 3) is
shown as + error bars.
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Another strategy to enhance recoveries is to make use of higher temperatures than
320 °C in the transfer line and switch. However, in our experiments such high
temperatures within repetitive pcGC run cycles led to significant capillary porosity and
capillaries finally broke. A solution for that problem is the use of highly heat tolerant
capillaries for the fractionation of compounds with low volatility. For benzo[a]pyrene
an increase of recovery up to 95% with increasing PFC temperature up to 400 °C was
observed. For the remaining compounds, a PFC temperature of 320 °C offered the best

results.

2.4 Conclusions

The performance of the pcGC system was optimised by identifying optimal PFC
operating parameters using six test analytes with different physicochemical properties.
Optimised recoveries for the application of the two-PFC setup were in the range of
about 50% for all compounds except benzo[a]pyrene with a low recovery of 30%. For
the use of merely one PFC, the recovery values could be slightly enhanced ranging
between 50% and 70% for all compounds except benzo[a]pyrene with a recovery of
94%, which is in good agreement with previously reported studies concerning PAHs
(Mandalakis and Gustafsson 2003). At present, the advanced two-PFC setup allowing
the collection of 12 individual fractions seems to provoke higher losses of investigated
analytes compared to the one-PFC system.

However, the present study also indicates that one uniform and optimal set of
trapping parameters for a broad range of analytes in an environmental mixture will not
be feasible. Instead, optimal settings will be limited to distinct windows of analytes
vapour pressure and maybe other physicochemical properties. This limits the
applicability of pcGC as a primary fractionation tool in EDA. However, this may be of
less importance since pcGC is thought to be particularly useful as a final tool to isolate
similar compounds and isomers that are not resolved by HPLC. For optimal parameter
selection, a rough but sufficient estimation e.g. of their boiling point can be done by an
analytical GC run prior to the fractionation.

However, an alternative to temperature-controlled trapping are solvent-filled traps.

The solvent DCM proved to be most suitable for a large range of compounds.
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Recoveries are equal to optimised dry trapping at defined temperature and the
compound specific optimisation can be avoided suggesting a better applicability for

EDA purposes.
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Fractionation of technical p-nonylphenol with preparative capillary gas

chromatography

Cornelia Meinert, Monika Mdder, Werner Brack, 2007. Chemosphere 70 (2): 215-223

Summary & Classification

This article describes the fractionation of technical p-nonylphenol (NP) using
preparative capillary gas chromatography (pcGC) for the first time. Eleven different
fractions were collected in microgram quantities after repeated injections and
subjected to additional characterisation by mass spectrometry. The developed pcGC
technique presents a valuable tool for studying possible isomer-specific biological

effects of NP isomers, in particular the presumed differences in their estrogenicity.

Contributions

All pcGC fractionations of NP and further GC—MS measurements to study the
reproducibility of the applied method were performed by myself. Dr. Monika Moéder
contributed to this publication by performing additional GC—MS analyses determining
the yield of fractionated NP-isomers in the respective fractions. Provided data are
shown in Table 3-2 on page 64. My own experimental contribution averages out at

approximately 90%.
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Fractionation of technical p-nonylphenol with preparative capillary gas

chromatography

Abstract

A fractionation procedure for technical p-nonylphenol using preparative capillary
gas chromatography (pcGC) was developed and evaluated for its potential applicability
in effect-directed analysis (EDA). The instrument is composed of (1) a preparative unit
equipped with a cold injection system (CIS), two preparative fraction collectors (PFCs)
with six fraction traps each, and a flame ionization detector (FID), and (2) an analytical
unit sharing the same GC oven and equipped with another CIS and mass spectrometric
detection (MSD) for isomer identification. The pcGC methodology used in this study is
characterized by a high reproducibility of retention times and peak areas. This provides
the fractionation of nonylphenol isomers into 11 fractions containing 77-552 pg of
isomers collected after 600 single injections. This yield is sufficient to allow subsequent

biotesting in the E-screen assay.

3.1 Introduction

In many cases, toxic effects of environmental and technical mixtures are exhibited
by so far unknown or unexpected contaminants (Brack 2003), environmental
metabolites (Brack et al. 2003) or individual isomers and congeners as components of
technical products (Falandysz et al. 2000; Villeneuve et al. 2000). To identify individual
toxicants, effect-directed analysis (EDA) has been developed, which combines
biological analysis, preparative fractionation and chemical analytical procedures
(Schuetzle and Lewtas 1986). The aim of this approach is to sequentially reduce the
complexity of toxic mixtures by a step-wise removal of non-active components.
Therefore, sophisticated and tailor-made physicochemical fractionation procedures

with respect to the toxicological endpoints are required. To date, fractionation within
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EDA is mainly done by liquid chromatographic approaches (Brack 2003). However,
HPLC is often insufficient to resolve closely related substances and isomers in complex
mixtures. Gas chromatography provides better separation for many organic
compounds. Therefore, preparative capillary gas chromatography (pcGC) was
suggested as a promising alternative or supplement for fractionation of technical and
environmental mixtures (Mandalakis and Gustafsson 2003). Features of pcGC are its
high chromatographic resolution and the excellent reproducibility of retention times. It
is based on gas-liquid partitioning that is driven by the vapour pressure of the analytes,
their polarity and spatial structure. Although pcGC fractionation is not a new concept
and previous studies demonstrated the potential of pcGC to harvest micrograms of
pure individual compounds from complex mixtures, the application of pcGC is very
limited so far. By now, it is restricted to the isolation of selected alkanes, alkenes, fatty
acids, sterols, triterpenols or polycyclic aromatic hydrocarbons from archaeological or
environmental samples for subsequent **C-analyses or hydrogen isotope ratio (D/H)
measurements (Eglinton et al. 1996, 1997; Currie et al. 1997; Pearson and Eglinton
2000; Uchida et al. 2000; Sauer et al. 2001; Reddy et al. 2002; Stott et al. 2003; Kanke
et al. 2004; Rethemeyer et al. 2005). The approach has neither been tested for its
applicability in EDA so far nor applied to the fractionation of technical or
environmental mixtures for subsequent biotesting and structure elucidation. One
reason for that might have been the technical limitation to only six collectable
fractions using one preparative fraction collector (PFC) (Mandalakis and Gustafsson
2003) that was overcome in this study by a new technique combining two PFCs via a
special zero-dead volume effluent splitter. This enhanced the number of fractions from
six up to twelve collectable fractions within one pcGC run cycle.

To demonstrate the potential of pcGC as a fractionation tool for EDA technical
p-nonylphenol (NP) has been selected as a target mixture because of its increasing
environmental and toxicological concern during the last few years. Due to the wide use
patterns NP is globally present and can be found in food, wastewater, sediment and
other environmental samples (Guenther et al. 2002; Ying et al. 2002; Xu et al. 2006;
Loos et al. 2007). NP is fairly persistent, toxic and known as an endocrine disruptor
(Soto et al. 1995; Routledge and Sumpter 1996; Ying et al. 2002; Ishibashi et al. 2006;

Chang et al. 2007; Zha et al. 2007). NP represents a mixture of many isomers that differ
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in branching of the nonyl chain. The estrogenic activity depends on the structure of the
alkyl chain (Routledge and Sumpter 1997; Tabira et al. 1999; Preuss et al. 2006). Thus,
structural characterization of these isomers is of great interest. Wheeler et al. (1997)
identified 22 p-nonylphenol isomers using a 100 m capillary column and Thiele et al.
(2004) classified them into six groups of similar mass spectral features. Several
methods for the analysis of p-nonylphenols in the environment are available. These
include liquid chromatography—mass spectrometry (LC-MS) and tandem mass
spectrometry (LC-MS—MS) (Schroeder 2001), gas chromatography—mass spectrometry
(GC—MS) (Jeannot et al. 2002) often in combination with solid phase micro extraction
(SPME-GC-MS) (Moeder et al. 2000; Braun et al. 2003), and cyclodextrin-modified
micellar electrokinetic chromatography (He and Lee 1996). Comprehensive two-
dimensional gas chromatography with time-of-flight mass spectrometry (GCxGC-TOF-
MS) was able to separate 40 to more than 100 alkylphenol isomers in technical NP
(leda et al. 2005; Moeder et al. 2006b). Structure identification for selected isomers
could be achieved with gas chromatography—tandem mass spectrometry (GC—MS—MS)
in combination with multivariate statistics (Moeder et al. 2006a). However, satisfying
preparative separation procedures for NP isomers providing sufficient resolution,
purity and yields of isomers for subsequent effect analysis are still missing (leda et al.
2005). While classical normal phase and reversed phase HPLC did not resolve
individual peaks (Kim et al. 2004) some improvements could be achieved by using a
graphitic carbon column (Gundersen 2001). However, the preparative resolution of NP
isomers has been rather low and no fractions were collected for further biological and
toxicological testing so far. In the present paper a pcGC method is presented and
evaluated for the first preparative fractionation of NP isomers for a subsequent
investigation of relationships between the structure of NP isomers and their estrogenic

activity.

3.2 Materials and methods

A technical 4-nonylphenol mixture (t-NP) was purchased from Fluka (Buchs,
Switzerland). For the investigations, a stock solution with a concentration of 1.25

Mg uL_1 was prepared in n-hexane.
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The solvents used were purchased from Merck (Darmstadt, Germany) and of
Suprasolv or Lichrosolv grade.

The pcGC system used is shown in Fig. 3-1. It is composed of two individual
chromatographic units — a preparative and an analytical one — in one instrument
sharing the same column oven (Agilent Technologies gas chromatograph 6890 N). The
preparative unit is equipped with a mps2-Auto-injector (Gerstel, Mihlheim, Germany)
integrated with a cooled injection system (CIS 4) (Gerstel), a flame ionization detector
(FID), a special zero-dead volume effluent splitter, and two preparative fraction
collectors (PFC) (Gerstel). Each PFC consists of a PFC oven, a coolant and seven glass
tubes (six sample traps and one waste trap) for compound trapping. The analytical unit
is equipped with a second identical injection system (CIS 4%) and a mass spectrometer

(Agilent Technologies MSD 5973).

Computer
Autosampler

cIs# FID
He Cls 4*
Transfer line 194
PFC | 300 °C Valve 1 'l Valve 2 300 °C PFC Il
-
300 °C 3
[ TN ! oo, | /1N

A

—f "10°C MSD
Coolant Traps

_ CIs
capillary column Controller

Gas chromatograph

Fig. 3-1. Automated preparative capillary gas chromatography system equipped
with two cooled injection systems (CIS), two preparative fraction collectors (PFC), mass
selective detector (MSD) and flame ionization detector (FID). Conditions for pcGC (—)
and GC-MSD (---) separation are described in Section 3-2.

3.2.1 CIS 4*~pcGC-FID
All pcGC separations were performed on a 5% phenylmethylpolysiloxane fused-
silica capillary column (HP-5MS, 30 m x 0.32 mm ID, 0.5 um, Agilent Technologies). The

effluent was splitted into one flow towards the flame ionisation detector (FID) and one
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to a fraction collector using an additional pressure of 40 kPa by toggling Valve 1 and
Valve 2, respectively. A 0.2 m deactivated FS-Phenyl-Sil capillary column (0.05 mm ID)
was used for connecting the splitter effluent with the FID while two 0.87 m columns
(0.32 mm ID) were used for interfacing the effluent splitter with the PFC devices. The
resulting split flow of 1% that arrives at the FID allows peak detection at the same time
as the corresponding fractions were collected. Helium was used as carrier gas
(2 mL min~’, constant flow). The GC oven temperature was programmed from 50 °C
(hold time: 1 min) to 280 °C (hold time: 10 min) at a rate of 13 °C min™".

Samples were injected using the CIS 4* (Fig. 3-1) that was equipped with a 70 mm x
1.6 mm ID deactivated empty glass liner with baffles. Volumes of 2 uL were injected
splitless 600 times with an autosampler mps2 (Gerstel) equipped with a 10 uL syringe.
The injector starting temperature was 50 °C and the liner was flash heated at 12 °C s~
to 300 °C, which was held for 5 min. One percent of the effluent passed to the FID and
the remaining 99% were directed to the PFCs and collected in two series of six 100 pL
traps each filled with dichloromethane (DCM) at a temperature of —10 °C (external
cooler behrotest® UK 12/2000, behr Labor-Technik GmbH, Dusseldorf-Reisholz,
Germany).

Computer control allowed synchronization of the trapping time windows,
permitting the collection of multiple identical runs. After trapping the compounds in
100 pL tubes, which were rinsed five times with 500 puL of DCM, samples were

concentrated and transferred to 2 mL vials for GC—MSD analysis.

3.2.2 CIS 4#-GC-MSD

For analytical GC separation followed by mass selective detection (MSD), 1 uL
sample volumes were injected in CIS 4. The CIS inlet was set at 50 °C and temperature
programmed to 280 °C at a rate of 12 °C s . Analytes were separated on a HP-5MS
(30 m x 0.25 mm ID, 0.25 pum) coated with 5% phenylmethylpolysiloxan stationary
phase. The GC oven temperature was programmed from 50 °C (hold time: 1 min) to
280 °C (hold time: 10 min) at a rate of 13 °C min™". Helium was used as carrier gas

(1 mL min™%, constant flow).
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The transfer line, ion source and quadrupole temperature of MSD, were maintained
at 280 °C, 230 °C and 150 °C, respectively. Electron ionisation was performed at 70 eV
electron energy and mass spectra were recorded in full-scan mode.

The total yield of each NP isomer within the individual fractions was determined

using internal standard 4n-NP.

3.3 Results and discussion

The gas chromatogram of technical NP recorded by pcGC with FID is given in Fig.
3-2. It was used as a basis for the collection of 11 fractions that were analyzed by the
analytical GC—MSD system for an evaluation of resolution and yields of the pcGC. The
identification of isolated isomers by switching between pcGC—FID and GC-MS using
the same type of column is very simple due to an inter-calibration of retention times

(R*=0.9965).

M e

16 16.% 17 7.5 Time (min) 15
Fraction 1 2 3 4151617 8 191101 11

Fig. 3—2. FID-chromatogram of technical p-nonylphenol on a 30 m HP-5MS column
and selected fractionation time windows.
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Total lon Current (TIC) chromatograms of technical NP and all fractions thereof as
well as mass spectra of major peaks are given in Figs. 3—3 to 3-5. The fractions 1 and
3-7, and 11 are characterised by one major peak with negligible or minor amounts of
components from neighbouring fractions. The other fractions (2 and 8-10) obviously
still contain a mixture of two to several not fully resolved compounds. Moreover, not
every peak represents only one single NP isomer. Several isomers may co-elute in one
non-resolved peak as indicated by different mass spectra at the ascending and the
descending branch of the peak (e.g. in fractions 5, 6 and 10). Even if the separation of
NP isomers with the preparative GC system was not as effective as that of the
identification methods using high-resolution GC—MS (Wheeler et al. 1997; Jeannot et
al. 2002; Thiele et al. 2004; leda et al. 2005; Moeder et al. 2006a,b), for the first time
pcGC was able to separate NP into well resolved fractions for further testing.

The recorded mass spectra of the individual peaks (Table 3—1) and also the elution
sequence of the isomers correspond to those reported in literature so far (Wheeler et
al. 1997; Thiele et al. 2004). In general, the full scan mass spectra of NP isomers are

very simple but characteristic for several isomer groups. The mass spectra are
characterized by the molecular ion (M+) at m/z 220 and the phenol-typical hydroxyl

tropylium ion at m/z 107 resulting from the elimination of —CgHy; from the alkyl chain.
Individual ion trace patterns of further diagnostic fragments such as those at m/z 191
(IM=C3Hs]"), m/z 177 (IM=C3H7]"), m/z 163 ([IM—CaHo]"), m/z 149 ([M—CsH11]"), m/z 135
([M—C6H13]+), and m/z 121 ([M—C7Hl5]+) indicate several isomer groups with common
structural features concerning the branching positions in the nonyl chain. This was the
basis to classify the NP isomers into six groups of isomers as reported by Thiele et al.
(2004).

For better comparison the numbering of GC-peaks and classification of isomers was
carried out strictly following Thiele et al. (2004) (Table 3-1). However, fractions F1 and
F2 contained homologues of NP which were not considered by Thiele and were

therefore labelled as Oa to 0d.
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Fig. 3-3. GC—MS chromatograms of p-nonylphenol (NP) and fractions F1—F3 of

fractionated NP.
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Fig. 3—4. GC-MS chromatograms of p-nonylphenol (NP) and fractions F4—F7 of
fractionated NP.





62 Chapter 3 — Fractionation of p-nonylphenol

abundance

1.E+09 —

p-Nonylphenol

14.0 14.5 15.0 15.5 16.0
6.E+04
135 10
(15124 mir) Fraction 8
4. E+04 -
11
107
2. E+04 - 1=
163 177
il Al s || e e e
oo 120 140 160 180 200 220
AT S Y Y Y
I AP A A A AN N ALAAAANN N
0.E+00 : . . ,
14 14.5 15 15.5 16
6 .E+04 - 139 12c
(15203 mir) Fraction 9
107
4 . E+04 13
121
177
2. E+04 o 11
135 | -
LY Y L2 - A
100 120 140 160 180 200 220
RSN AN A
MAPASAAAA N AN A AN A PAAAAANAPA A A
0.E+00 : : : .
14 14.5 15 15.5 16
6 .E+05 — e
14/15a Fraction 10
{15.270 min)
4. E+05 -
2. E+05 - 13 /
107 120 L
‘ 2 s e gy 205 220 \
W00 120 140 160 180 200 220
0.E+00 : - ; ;
14 14.5 15 15.5 16
3.E+05 -
143 18
Fraction 11
{15.352 min)
2. E+05 -~
107
1.E+05 -
121
L s 161177 191
P SSRGS ML ENERLL A 1L S
00 120 140 180 180 200
0.E+00 : ; : .
14 14.5 15 15.5 Time(min) 16

Fig. 3-5. GC—MS chromatograms of p-nonylphenol (NP) and fractions F8—F11 of
fractionated NP.
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Table 3—1. Mass spectrometric features of p-nonylphenol isomers of the 11 pcGC

fractions allocated to the numbered isomers and groups, respectively.

Fraction Isomer Retention  Product ions (% relative intensity)
no./ (x)° time (min)
F1 0a 14.40 107(100), 121(55), 135(85), 149(47), 191(14), 220(16)
F2 0b 14.50 107(29), 121(18), 135(100), 149(5), 191(1), 220(7)
F2 Oc 14.54 107(30), 121(10), 135(100), 149(2), 220(6)
F2 od 14.56 107(40), 121(100), 135(17), 149(13), 163(5), 191(2),
205(1), 220(11)
F3 1(5) 14.80 107(58), 121(100), 135(16), 163(38), 177(17), 220(11)
F4 2(1) 14.88 107(12), 121(6), 135(100), 220(4)
F4 3(1) 14.94 107(25), 121(18), 135(100), 149(19), 163(2), 191(4),
220(8)
F5 4a (1) 14.93 107(31), 121(15), 135(100), 149(4), 191(3), 220(10)
F5 4b (2) 14.95 107(83), 121(58), 149(100), 191(31), 220(13)
F5 5 (1) 14.96 107(33), 121(13), 135(100), 149(5), 220(10)
F6 6 (2) 14.98 107(59), 121(100), 135(31), 149(94), 191(16), 220(11)
F6 7 (1) 15.02 107(19), 121(17), 135(100), 149(14), 191(3), 220(8)
F7 8(2) 15.04 107(60), 121(90), 135(13), 149(100), 191(17), 220(7)
F7 9 (5) 15.12 107(100), 121(97), 135(55), 149(36), 163(37), 177(38),
191(10), 220(8)
F8 10 (1) 15.12 107(30), 121(19), 135(100), 149(2), 163(9), 177(9), 220(3)
F8 11 (4) 15.16 107(100), 121(95), 135(32), 149(3), 163(88), 177(6),
220(7)
F9 12¢ (3) 15.20 107(63), 121(39), 135(7), 149(100), 177(21), 220(3)
F9 13 (4) 15.23 107(100), 121(100), 135(47), 149(34), 163(78), 177(7),
191(3), 220(4)
F10 14/15a (1) 15.27 107(14), 121(3), 135(100), 149(1), 163(1), 220(2)
F10 16 (2) 15.31 107(100), 121(57), 149(84), 163(10), 191(39), 220(11)
F10 17 (1) 15.33 107(33), 121(15), 135 (100), 149(5), 191(2), 220 (8)
F11 18 (3) 15.35 107(41), 121(11), 135(4), 149(100), 220(2)

® Thiele et al. (2004) classified 21 p-nonylphenol isomers obtained by using a 100 m

Petrocol DH column isothermal at 180 °C into six groups (x) due to identical mass

spectra.

3.3.1 Reproducibility and yield

As key parameters for an application of pcGC for an EDA of NP we considered (i) the

reproducibility of retention times and (ii) peak areas during the large number of

repeated injections (600 GC runs) and (iii) the yield in relation to the requirements for

subsequent biotesting.
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Eleven fractions of NP were isolated using pcGC with 600 repeated injections over
15 days, resulting in amounts of 77-552 ug for the isomers in the respective traps
(Table 3-2). Typically, ECso values in in vitro assays for estrogenicity such as the
E-screen with MCF-7 cells correspond to amounts of 0.2—-200 pg of NP isomers (Preuss
et al. 2006). This is obviously well within the range that can be provided by pcGC. The
yield per run is in good agreement with yields of other compounds as reported in
literature (Pearson and Eglinton 2000; Kanke et al. 2004). It should be noted that the
autosampler, GC and PFC are fully controlled by a microprocessor which allows

programmable operation throughout the pcGC trapping process.

Table 3-2. Retention times, peak areas and yield of main peaks in each pcGC
fraction from 600 replicate pcGC runs.

Fraction/ Retention time Retention time Peak area Yield of main
(Peak) (min), GC-MS (min), pcGC-FID (10* counts) peak (ug)
Oa 14.40 16.51+£0.01 0.11+0.01 77.43
Ob 14.50 16.60 £ 0.02 0.16 £ 0.01 268.90
1 14.80 16.93 £ 0.03 0.41+0.03 184.19
2 14.88 17.03 £ 0.02 1.24 £ 0.08 108.99
4a/4b/5 14.95 17.10£0.03 1.94+0.11 551.72
6/7 15.00 17.15+0.02 1.84 £ 0.08 347.24
8 15.04 17.21+0.03 1.26 £ 0.07 196.73
10 15.12 17.24 £ 0.02 1.60+0.11 114.56
12c 15.20 17.33£0.02 2.02+0.11 108.72
14/15a  15.27 17.41£0.03 2.74+0.14 123.72
18 15.35 17.48 £ 0.02 1.11 +£0.08 197.85

Despite multiple injections of technical nonylphenol, retention times of NP isomers
did not shift by more than three seconds within a run cycle. This allowed an exact
setting of the fractionation time windows and agreed with previously reported studies
concerning n-alkanes, fatty acids and PAHs (Eglinton et al. 1996). The relative standard
deviation (RSD) of peak areas did not exceed 9%, which is in good agreement with the
results of Mandalakis and Gustafsson (2003) for PAHs. Thus, the procedure clearly
meets the requirements of an application in EDA of technical NP, an ongoing project

that will be reported soon.
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3.4 Conclusions

Preparative capillary gas chromatography on a 30 m HP-5MS column using a cold
injection system, a FID, and two preparative fraction collectors was shown to give an
appropriate resolution, yield and reproducibility of retention times and peak areas for
an EDA of technical NP with respect to in vitro estrogenicity. The combination of pcGC—
FID with analytical GC—MSD in one column oven allows a direct transfer of retention
times and facilitates isomer identification without facing problems with the vacuum in
the MSD due to the combination with fraction collectors. Moreover, the operation of
the fractionation process is executed automatically. Altogether, these results show
that the major requirements for an EDA study are fulfilled.

At present an advanced pcGC system allows a collection of maximal 12 fractions.
According to the eleven distinct peaks visible in the FID-chromatogram 11 fractions
have been collected in this study. Future work is planned to enhance resolution by
using a 60 m column. In addition, thicker films of the stationary phases are available
and may be used for an increase of the yield per run and could reduce the number of
runs required.

Our study is the first successful attempt to fractionate technical NP and will help to

identify biologically active isomers and to elucidate structure-activity relationships.
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Application of preparative capillary gas chromatography (pcGC),
automated structure generation and mutagenicity prediction to improve

effect-directed analysis of genotoxicants in a contaminated groundwater
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Summary & Classification

In this article recently developed methods including preparative capillary gas
chromatography (pcGC), MOLGEN-MS structure generation and genotoxicity
prediction (ChemProp) were used in an effect-directed analysis (EDA) study to enhance
the power of toxicant identification. A major focus was put on the added value of
these tools compared to conventional EDA combining reversed-phase liquid

chromatography (RP-LC) followed by GC—MS analysis and MS library search.

Contributions

Dr. Ralph Kiihne contributed to this publication by performing the genotoxicty
prediction calculations for the identified substances using the in-house developed
software ChemProp and providing the data presented in Table 4-3 on page 93. In the

context of her PhD thesis Emma Schymanski contributed to this work by generating
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the possible structures for all compounds detected in the obtained fractions using the
computer tool MOLGEN-MS. The data evaluation and finally compound identification
was done by myself. Furthermore, the practical work including sampling, sample
extraction, all preparative fractionation procedures using LC and pcGC, the GC-MS
analysis as well as the toxicity testing were performed by myself. My own

experimental contribution averages out at approximately 80%.





Application of preparative capillary gas chromatography (pcGC),
automated structure generation and mutagenicity prediction to improve

effect-directed analysis of genotoxicants in a contaminated groundwater

Abstract

Background, aim and scope The importance of groundwater for human life cannot
be overemphasized. Besides fulfilling essential ecological functions, it is a major source
of drinking water. However, in the industrial area of Bitterfeld, it is contaminated with
a multitude of harmful chemicals, including genotoxicants. Therefore, recently
developed methodologies including preparative capillary gas chromatography (pcGC),
MOLGEN-MS structure generation and mutagenicity prediction were applied within
effect-directed analysis (EDA) to reduce sample complexity and to identify candidate
mutagens in the samples. A major focus was put on the added value of these tools
compared to conventional EDA combining reversed phase-liquid chromatography (RP—
LC) followed by GC—MS analysis and MS library search.

Materials and methods We combined genotoxicity testing with umuC and RP-LC
with pcGC fractionation to isolate genotoxic compounds from a contaminated
groundwater sample. Spectral library information from the NISTO5 database was
combined with a computer-based structure generation tool called MOLGEN-MS for
structure elucidation of unknowns. Finally, we applied a computer model for
mutagenicity prediction (ChemProp) to identify candidate mutagens and
genotoxicants.

Results and discussion A total of 62 components were tentatively identified in
genotoxic fractions. Ten of these components were predicted to be potentially
mutagenic, whilst 2,4,6-trichlorophenol, 2,4-dichloro-6-methylphenol and 4-chloro-
benzoic acid were confirmed as genotoxicants.

Conclusions and perspectives The results suggest pcGC as a high-resolution
fractionation tool and MOLGEN-MS to improve structure elucidation, whilst
mutagenicity prediction failed in our study to predict identified genotoxicants.
Genotoxicity, mutagenicity and carcinogenicity caused by chemicals are complex

processes and prediction from chemical structure still appears to be quite difficult.
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Progress in this field would significantly support EDA and risk assessment of

environmental mixtures.

4.1 Introduction

Groundwater in industrial areas such as Bitterfeld, Germany is often contaminated
with a multitude of chemicals and may exhibit genotoxicity together with other
adverse effects to aquatic organisms but more importantly may also pose a risk to
human health since groundwater is often used as a source of drinking water. One of
the major requirements in the characterization of such complex mixtures is the
identification of those compounds causing the effect. It is crucial to reduce the
complexity of the mixture to a limited number of candidate compounds and finally to
individual toxicants. Effect-directed analysis (EDA), combining biotesting, toxicity-
based fractionation and chemical analysis was shown to be a powerful tool to meet
this requirement (Brack 2003).

In most cases, EDA of aqueous samples is based on reversed-phase high-
performance liquid chromatography (RP—HPLC) (Castillo and Barcelé 1999; Brack 2003)
followed by GC—MS analysis and MS library search. In complex samples this procedure
may result in fractions that are still too complex, containing a multitude of chemicals.
Many of them are not included in commonly used libraries such as NIST and analytical
standards are not commercially available. Furthermore, effect data are missing for the
majority of the suggested or identified compounds. This often makes the identification
and confirmation of e.g. genotoxicants in contaminated waters a challenging task.

Thus, the present investigation aims to complement the classical procedure with
tools that promise high resolution fractionation, advanced structure elucidation and
structure-dependent effect prediction. These tools include preparative capillary gas
chromatography (pcGC), structure generation with the MOLGEN-MS software and
qualitative structure activity relationships (QSAR) for the identification of possible
genotoxicants. The present study provides first evidence as to whether these tools
may be able to enhance the probability to identify genotoxicants based on umucC test

(ISO/TC 147/SC5 1999) in contaminated groundwater.
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The success of identifying unknown substances in complex samples strongly
depends on the resolution of the fractionation procedure prior to chemical analysis
(Brack et al. 2008). Therefore, we established preparative capillary gas
chromatography (pcGC) as an additional fractionation approach in EDA to separate and
harvest closely related substances and isomers. Initial studies demonstrated high
resolution, good recovery and excellent reproducibility of pcGC (Eglinton et al. 1996;
Holmstrand et al. 2006; Meinert et al. 2007; Mandalakis et al. 2008). These
characteristics, together with the opportunity to exploit vapour pressure as additional
compound property for fractionation, makes pcGC a promising complementary tool to
HPLC-based separations (Meinert and Brack 2010).

Recently, a novel software for structure generation on the basis of mass spectra
called MOLGEN-MS has been developed that may help to overcome the limitations of
library search based toxicant identification (Benecke et al. 1997; Kerber et al. 2001;
Schymanski et al. 2008). Today, the library of NIST covers 190,000 spectra, which is
only a small fraction of the chemicals that may be present in the environment. Isomers
with similar mass spectra of which only some may be included in the library impede
the positive identification of chemicals if no standards are available. The hypothesis
was that MOLGEN-MS based on easily accessible information from electron impact
mass spectrometry (EI-MS) such as molecular mass and substructure information from
fragmentation patterns together with predicted octanol-water partitioning coefficients
(log Kow) (Galassi and Benfenati 2000) and RP—HPLC retention could further enhance
the success of toxicity identification in the contaminated groundwater.

Even after extensive fractionation and appropriate structure elucidation, too many
suggested structures may be left in genotoxic fractions to initiate extensive standard
procurement or synthesis for confirmation purposes. A promising approach to select
candidate genotoxicants from a list of tentatively identified structures may be the
application of genotoxicity or mutagenicity prediction on the basis of substructures
(toxicophores) (Kazius et al. 2005). It is believed that validated prediction models can
be suitable tools to allow for rapid screening of the toxicological potential of chemicals
and therefore for the prioritization of toxicological confirmation (Zvinavashe et al.
2008). Since no QSAR for genotoxicity based on umuC was available, an approach for

mutagenicity prediction based on the Ames test was used (Kazius et al. 2005).
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However, there is a good agreement between both test designs with a concordance of
about 90% (Reifferscheid and Heil 1996). The modelling approach used here is based
on the finding that in a dataset of more than 4,000 molecular structures, a set of 29
toxicophores could classify mutagenicity with a total classification error of 18%. In the
present study we applied that approach on a native mixture isolated from
contaminated groundwater and tried to confirm the findings with a limited set of
commercially available standards.

The study was performed in the industrial area of Bitterfeld, Germany, which has
been heavily polluted by mining, chemical industry and the uncontrolled disposal of
chemical waste over nearly 100 years. In total, over 4,000 different products have
been produced in Bitterfeld/Wolfen including chlorochemicals, dyes, pesticides and
plastics (Chemie AG B-W 1993). The majority of the industrial landfills are in contact
with the groundwater. Moreover, the careless contaminant input in addition to a large
variety of compounds with different chemical properties led to a significant
groundwater contamination in the Bitterfeld region of about 25 km? (WeiR et al. 2001;
Woycisk et al. 2003). Since volatile and semi-volatile compounds play an important role
in this groundwater, our study focused on GC-based methods being aware that non-

volatile polar and thermolabile compounds will not be detected by this procedure.

4.2 Materials and methods

4.2.1 Chemicals
HPLC-grade solvents n-hexane (HX), dichloromethane (DCM), acetonitrile (ACN),
acetone, dimethylsulfoxide (DMSO) and methanol (MeOH) for sample extraction,
clean-up, fractionation and analysis were obtained from Merck (Darmstadt, Germany).
Supplier information of reference standards used for transformation of capacity
factor kK’ to log K, values within RP—LC fractionation are given in Table 4-1. Supplier
information of reference standards used for biological confirmation in the umucC test is

given Table A-2.
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4.2.2 Sampling and sample extraction

The groundwater sample was taken from a depth of 26 m (quaternary aquifer) from
an area that has been polluted directly by seepage of spilled chemicals using a MP1
groundwater pump (RK Carl Hamm GmbH, Essen, Germany). The sample was
characterised by a pH value of 3.65, an oxygen value of 0.55 mg L™ and a conductivity
of 808 uS cm ™. A total of about 87 L were collected in three 30 L barrels and stored in
darkness at 4 °C until further processing.

Organic contaminants were solid phase extracted (SPE) using poly(styrene-
divinylbenzene) (Bakerbond SDB, J.T. Baker, Deventer, Netherlands). The groundwater
was pumped with a stainless steel pump (SM 16617, Sartorius AG, Goéttingen,
Germany) through a cascade of two glass columns filled with 7 g of absorbent each to
prevent a breakthrough of analytes. The groundwater was delivered at a flow rate of
65 mL min*. Columns were dried under a moderate stream of nitrogen, eluted
separately with 200 ml ACN and concentrated for genotoxicity testing as well as for

RP-LC fractionation.

4.2.3 Genotoxicity analysis

The umuC test was applied due to its use as standardized test method for the
detection of the genotoxic potential of water and wastewater (ISO/TC 147/SC5 1999).
Advantages are its high sensitivity to a broad range of mutagenic compounds present
in the low pg L™ concentration range (Whong et al. 1986; Bobeldijk et al. 2001).
Furthermore, it can be easily applied and results are rapidly obtained within 8 h and
measured on microtiter plates at the same time (Reifferscheid et al. 1991). The
bioassay was performed in 96 microtiter well plates with Salmonella typhimurium with
and without S9 metabolic activation according to ISO/TC 147/SC5 (1999) with some
minor modifications. The strain cultivation was done directly from the cryopreserves
instead of an overnight culture. This simplification did not affect the growth rate or the
test results. The tester strain Salmonella typhimurium TA1535/pSK1002 carries a fused
umuC—lacZ gene, allowing for the monitoring of umuC expression by measuring cellular
R-galactosidase. The determination of the R-galactosidase activity by the colorimetric

method using 2-nitrophenyl-B-D-galactopyranoside (ONPG, ICN Biomedicals GmbH,
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Eschwege, Germany) as a substrate was done at a cultivation temperature of 37 °C
instead of 28 °C. In order to exclude errors due to the absorption of coloured samples,
the growth factor was calculated from the increase of the optical density.

The organic extracts of the samples were assayed in the umucC test in geometrical
dilution series with a maximum test concentration of 3% DMSO solution. All dilutions
were tested using three replicates with a maximum groundwater concentration factor
of 750:1. According to ISO/TC 147/SC5 (1999), 2-aminoanthracene and 4-nitro-
quinolene-N-oxide were used as positive controls for the tests with and without S9
activation, respectively.

The genotoxic activities were expressed in B-galactosidase units and in enzyme
induction ratios. Induction ratios above 1.5-fold are scored as positive results,
estimated as minimal concentrations of the samples required to produce significant
increases above background controls. The test was considered valid if the growth

factor of exposed bacteria versus negative control was above 0.5.

4.2.4 Fractionation procedure
Fractionation was based on RP—HPLC followed by pcGC. Fractions are marked as Fi.j
with i representing the fraction number in the primary HPLC fractionation step and j

the fraction number in the pcGC step, respectively.

Reversed-phase liquid chromatography The first fractionation step was performed
on reversed-phase HPLC, using a preparative Nucleosil 100-5 C18 HD column (21 mm x
250 mm, Macherey-Nagel, Diiren, Germany) at 20 °C. The system was equipped with
two high pressure pumps (Kontron HPLC-pump 422, Biotek Instruments, Neufahrn,
Germany), a dual mode UV-VIS detector (BIO-TEK HPLC 535, Milan, Italy) operated at
220 nm and a fraction collector (model SF2120, Advantec MFS, Japan). Injection
volumes of 2 mL were delivered isocratically by ACN/phosphate buffer pH 3 (20:80,
v/v) at a flow rate of 14 mL min™". In order to obtain enough material for further
investigations, the fractionation was performed three times. After separation the
collected fractions were combined and transferred to DCM by triple liquid-liquid

extraction after adding twice the volume of half-saturated NaCl solution.
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This fractionation step was designed to separate compounds according to their
lipophilicity and was validated with standard compounds with known log K, values
(Table 4-1). Thus, retention times (tg) could be related to estimates of log K, values
from linear regression (R* = 0.9771) using the following equation:

k' =A*logKow —B (4-1)
where A =4.3396 and B=0.1161.

Commonly available software (KowWin, EPISuite™: US EPA 2007) was used to
estimate the log K, values of the analytes. The capacity factor k' (k' = (tg - to) / to) of
each fraction was then determined using the retention times (tg) of the relevant time
window and the death time of thiourea (to = 3.9 min). Subsequently, the
transformation of capacity factor k' to log K, values was performed using equation

(4-1).

Table 4-1. The capacity factor k’ (k’ = (tg - ty) / to) of each standard was determined
using the relevant retention times (tz) and the death time of thiourea (to = 3.9 min) on a
C18 HD column (21 x 250 mm) by isocratically separation using ACN/phosphate buffer
pH3 (20:80, v/v).

log Kow®  tr(min) K supplier
1,2-benzenediol 0.88 11.11 1.85 Fluka, Buchs, Switzerland
benzaldehyde 1.48 26.18 5.71 Fluka
nitrobenzene 1.85 39.07 9.02 Fluka
atrazine 2.61 38.04 8.75 Fluka
chlorobenzene 2.89 58.56 14.02 Riedel de Haén, Seelze, Germany
naphthalene 3.30 65.55 15.81  Ultra Scientific, Kingstown, USA
diphenylether 421 74.36 18.07  Aldrich, Steinheim, Germany
biphenyl 4.01 75.25 18.30 Promochem, Wesel, Germany
phenanthrene 4.47 82.62 20.19  Ultra Scientific
fluoranthene 5.16 90.52 22.21  Ultra Scientific
DDT 5.73 105.98 26.17 Promochem
hexachlorobenzene 6.91 112.37 27.81  Promochem
PCB 209 8.27 141.36 35.25  Promochem

2 US EPA: EPISuite™ v3.20 (2007).
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Preparative capillary gas chromatography The applied instrument used has been
described by Meinert et al. (2007) and integrates an analytical GC system with mass
selective detection (GC—MS; MSD 5973, Agilent Technologies, Santa Clara, USA) and a
preparative GC system connected via a special zero-dead volume effluent splitter to a
flame ionization detector (FID) and two Gerstel preparative fraction collectors (PFC).
Both systems share the same oven (6890 N, Agilent Technologies) and are each
equipped with a cooled injection system (CIS 4, Gerstel, Miihlheim, Germany).

The preparative separation was performed on a 5% phenylmethyl-polysiloxane
fused-silica capillary column (HP-5MS, 30 m x 0.32 mm ID, 0.5 um, Agilent
Technologies) using helium as carrier gas (2 mL min~, constant flow). A 0.5 m
deactivated FS-Phenyl-Sil capillary column (0.1 mm ID, Agilent) was used for
connecting the effluent splitter with the FID while two 0.87-m columns (0.32 mm ID)
were used for interfacing the effluent splitter with the PFC devices. The column
temperature was held at 50 °C for 1 min and then increased with a rate of 5 °C min™" to
300 °C and held for 10 min. The temperature of the PFC transfer line as well as the PFC
switch device was set to 300 °C.

Volumes of 5 pL were injected in solvent vent mode with an auto-sampler mps2
(Gerstel) and a speed of injection of 100 uL s™*. The vent flow was adjusted to 50 mL
min~" for a solvent vent time of 5 s. The split valve was then opened for 1 min with a
purge flow of 30 mL min~*. The injector starting temperature was 50 °C and the liner
was flash-heated at 12 °C s to 300 °C, which was held for 5 min.

After separation, the compounds were trapped in twelve 100-uL glass tubes which
were filled with DCM and cooled to —10 °C with an external cooler (behrotest® UK
12/2000, behr Labor-Technik GmbH, Disseldorf-Reisholz, Germany). The traps were
then rinsed five times with 500 uL of DCM and transferred to 2-mL glass vials for
GC-MS analysis.

4.2.5 Chemical analysis
Analysis was performed on a HP-5MS column (30 m x 0.25 mm ID, 0.25 um, Agilent
Technologies) with helium as carrier gas (1.1 mL min~*, constant flow). The GC oven

temperatures were programmed from 50 °C (hold time, 1 min) to 300 °C (hold time, 10
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min) at a rate of 5 °C min". Aliquots of 1 uL DCM solution were injected in splitless
mode. The CIS 4 inlet was set at 50 °C for 1 min and temperature programmed to
300 °C (hold time, 3 min) at a rate of 12 °Cs™*.

The transfer line, ion source and quadrupole of the mass selective detector (MSD)
were maintained at 280 °C, 230 °C and 150 °C, respectively. Electron ionisation was
performed at 70-eV electron energy and mass spectra were recorded in full-scan mode

from m/z 50 to 500.

4.2.6 Structure elucidation

To identify known compounds, as well as for structure elucidation of unknown
compounds, the mass spectra of all analysed fractions were compared with the NISTO5
mass spectral database (NIST/EPA/NIH 2005). For identification of compounds without
a good NIST match and for confirmation of compounds tentatively identified by library
search, the program MOLGEN-MS (Schymanski et al. 2008) was used to identify
possible candidate structures. Mass spectral classifiers (Varmuza and Werther 1996)
and exhaustive structure generation have been combined in the program MOLGEN-MS
(Kerber et al. 2001; Kerber et al. 2006) to generate all possible structures consistent
with a given mass spectrum.

The Automated Mass Spectral Deconvolution and ldentification System (AMDIS;
NIST 2007) was used to deconvolute spectra prior to a library search using the NISTO5
database. Classifier information, molecular mass information and probabilities of
presence/absence of Cl and Br were retrieved from NISTO5 following the library
search. This information was combined with the calculation modules in MOLGEN-MS
which are described elsewhere (Schymanski et al. 2008). The final step of MOLGEN-MS
calculates a theoretical spectrum for each structure generated and compares this with
the experimental spectra to generate a 'match value'. Structures, with rankings, were
then exported for further processing using procedures written in MATLAB (The
MathWorks 2006) incorporating OpenBabel (2007) conversions and calculation of
octanol-water partition coefficients (log Kow) using EPISuite™ (US EPA 2007),

preferring experimental values for predictions if available. Comparison with log Kow
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values calculated from RP—HPLC retention times calibrated with a set of standards with

increasing log K,w was used as a further line of evidence for structure elucidation.

4.2.7 Mutagenicity prediction

The model of Kazius et al. (2005) was applied to predict mutagenicity. This model
applies structural alerts in terms of molecular fragments (substructures) to identify
chemicals suspected to be mutagenic. From a data set of Ames test results for 4,337
compounds, 29 substructures (toxicophores) were identified by Kazius et al. (2005). A
molecule is predicted to be mutagenic when any of these substructures occurs, whilst
non-mutagenicity is predicted in the absence of all of these substructures. Due to the
large heterogeneous data set, the application of the method covers a broad range of
organic compound classes. The model has been run automatically as implemented in

the in-house software system ChemProp (Schiiiirmann et al. 1997; 2007).

4.3 Results

4.3.1 RP-LC fractionation and genotoxicity analysis

Reversed-phase HPLC of the groundwater extract provided a separation of
numerous major peaks according to lipophilicity. Distinct time windows were defined
from the main peaks of the RP—LC chromatogram. Subsequently, 19 fractions were
collected (Fig. 4-1): F1 (0-4.0 min), F2 (4.0-9.0 min), F3 (9.0-19.5 min), F4 (19.5-22.2
min), F5 (22.2-29.0 min), F6 (29.0-36.3 min), F7 (36.3—-45.4 min), F8 (45.4-53.1 min),
F9 (53.1-62.2 min), F10 (62.2-67.2), F11 (67.2-71.3 min) F12 (71.3-79.0 min), F13
(79.0-87.2 min), F14 (87.2 95.4 min), F15 (95.4-104.5 min), F16 (104.5-113.1 min),
F17 (113.1-121.3 min), F18 (121.3-140.4 min) and F19 (140.4-170 min). Strong
absorbance of wavelength 220 nm was observed for fractions F7, F9, F11 and F13,

indicating the presence of UV-active compounds in those fractions.
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Fig. 4-1. Reversed-phase high-performance liquid chromatogram at 220 nm of the
solvent-extracted groundwater sample of Bitterfeld. Time windows of collected
fractions (vertical dotted lines) and respective log K, values (x-axis) are also shown.

All fractions were tested for their effects in the umuC test with a maximum
groundwater concentration factor of 750:1 (Fig. 4-2, Table A-1). An induction of more
than 1.5 was observed for fractions F4, F8 and F9 without S9 activation as well as F4,
F7, F9 and F12 with S9 activation, which is considered as a significance threshold
according to ISO/TC 147/SC5 (1999). Addition of S9 reduced these effects slightly. Note
that the most likely process for this decrease is suggested to be the sorption of
genotoxic compounds to constituents of the S9 mix such as membranes and proteins
(Coutois et al. 1992) and not due to biotransformation reactions (de Maagd and
Tonkes 2000).

For fractions F7 and F12 without S9 as well as for fractions F3, F5, F6 and F11 in
both tests, with and without S9, possible genotoxicity was masked by cytotoxicity
indicated by the decrease in cell viability expressed by a growth factor below 0.5

(Table A-1). There was no correlation between UV absorbance of fractions and effects.
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Fig. 4-2. Induction of genotoxicity in the umuC test with and without S9 activation
presented by RP—LC fractions (F1-F19) of groundwater from Bitterfeld at the maximum
tested concentration factor of 750:1. The dotted line at 1.5 indicates the genotoxicity
threshold according to I1SO/TC 147/SC5 (1999). For the factions showing cytotoxicity

(growth factor < 0.5) no conclusion about genotoxicity could be done indicated by an
induction rate of zero.

4.3.2 pcGC fractionation and genotoxicity analysis

Fraction F8 was characterised by low UV absorption, still relatively high complexity
(Fig. 4-3a), significant genotoxicity and the absence of cytotoxicity. Thus, this fraction
was selected for pcGC fractionation and in-depth analysis.

Using pcGC, 11 sub-fractions containing one to three individual components could
be collected with a recovery of about 80% and an excellent baseline resolved
separation except for fraction F8.9 where about ten peaks occurred (Fig. 4-3).

All sub-fractions were tested in the umuC test. Fraction F8.9 was the only sub-
fraction to show an effect (Fig. A-1). Induction ratios of 2.15 and 1.52 for the first
sample dilutions were obtained in the test without S9 for this fraction, while in the test

with S9 no effect was observed.
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Fig. 4-3. GC-MS chromatograms of Fraction 8 (a) & pcGC sub fractions 8.1 to 8.11
(b-1). I: 1,1,2,2-tetrachloroethane, ll: O,0,0-trimethylthiophosphate, lll: 2-bromo-1,2-
dichloropropane, IV: 1,1-dichloro-2,2-diethoxyethane, V: methyl trichloropropenoate
VI: methyl (methylthiomethyl) disulfide, VII: methyl 3,3-dichloropropenoate
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Fig. 4-3. (continued) VIII: 1,7,7-trimethyl-bicyclo[2.2.1]heptan-2-one, IX: O,0,S-
trimethyldithiophosphate, X: O,S-diethyl hydrogen dithiophosphate, XI: 1,2,5-trichloro-

indane, Xll: O,S,S’-trimethylphosphoro-trithioate, Xlii:
methanol

2-methyl-a-phenyl-benzene-
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4.3.3 Chemical analysis of genotoxic fractions

A total of 150 peaks were found to be present in geno- and cytotoxic fractions F4 to
F12 by GC-MS screening, neglecting peaks resulted from common contamination
during sample preparation and GC—MS analysis (e.g. n-alkanes and siloxane). Following
mass spectra deconvolution from the chromatograms using AMDIS, the obtained
spectra were compared to NISTO5 mass spectral data base. In total, 28% of the spectra
(42 structures) with a match value >65% (Table 4-2) could tentatively be identified.

Both mass spectra without a reasonable NIST match and tentatively identified
spectra were used for the generation of all possible structures with MOLGEN-MS
based on the molecular formula and a combination of mass spectral substructure
classifiers derived from experimental mass spectra (Schymanski et al. 2008). The
number of possible structures for each spectrum ranged between 1 (for Sg) and 13,000
(for C1gH3sNO). Further reduction in structure numbers was achieved by applying the
log Kow information gained from the fractionation technique and mass spectrum match
value (MV) for each structure. Structures with an estimated log K, widely outside the
experimental fraction range were excluded, as were structures with spectrum MVs
significantly lower than other structures. Estimated log K., values 1.0 were
considered close enough to the fraction range when considering the errors associated
both with the correlation of capacity factor and log Ko in RP—LC fractionation and the
prediction of log Ko, from structures using EPISuite™ (Schymanski et al. 2008).

In cases where EPISuite™ predicted obviously non-realistic values such as for
dimethyl thrithiocarbonate (prediction, —0.49; Table 4-2) these predictions were cross-
checked with the SPARC online calculator (Hilal et al. 2004) (prediction, 1.8) and
replaced. Acidic chromatographic conditions (pH3) were applied to ensure that all
compounds were present in their non-dissociated form based on SPARC pK, estimates
(Hilal et al. 1995). Using these methods, 32 compounds identified by NIST could be
confirmed and for 20 additional peaks most probable matches were suggested (Table
4-2). In some cases several isomers with similar spectra were possible (e.g. substituted
aromatic compounds), indicated by a number of MOLGEN matches >1. Hence, the
combination of NIST and MOLGEN-MS was able to provide sufficient information to

tentatively identify 42% of the compounds for confirmation studies.





Table 4-2. List of compounds identified in genotoxic fractions of Bitterfeld groundwater. Structures are provided for identified compounds (x)

using NISTO5 database and MOLGEN-MS, respectively as well as corresponding partitioning coefficient (log K,,,) values. In addition, the number

of MOLGEN matches that fit to the match range [%] and to the log K,y fraction range gained from applied fractionation protocol reducing

candidate structures is given. Highlighted compounds were confirmed as genotoxicants.

NIST MOLGEN No. of MOLGEN MOLGEN
Fraction NIST match match 10g Kou® Molecular MOLGEN match MOLGEN match log Kow®
[CAS no.] [%)] ov Formula [CAS no.] matches range (%) range (%)
4 0,S,S-Trimethyldithiophosphate [22608-53-3] (a) 97 0.68/2.64°  C3HeO,PS, 0,S,S-Trimethyldithiophosphate [22608-53-3] 4 50-82 0.50-1.70
unknown C3Hs0,S; (Methyltrisulfanyl)acetic acid [not available] (b) 1 72 1.13
3-Hydroxybenzaldehyde oxime [22241-18-5] (c) 90 1.39 C;H/NS 3-Hydroxybenzaldehyde oxime [22241-18-5] 6 44-46 1.00-1.50
Me\ ﬁ /Me
(a) S—T—O () HSC\S/S\S/WOH ©) HO\©/N\OH
Me/S (o]
5 2-Chloro benzenemethanol [17849-38-6] (a) 72 1.72 C;H;CIO 0-, m- or p-Chloro benzenemethanol 3 15-45 1.72
Dimethyltetrasulfide [5756-24-1] (b) 96 1.87 CyHsS4 Dimethyltetrasulfide [5756-24-1] 3 64-68 1.60-1.90
unknown C;H,CIO 0-, m- or p-Chloro benzenemethanol (c) 3 18-19 1.72
Cyclic octaatomic sulfur [10544-50-0] (d) 99 0.23/0.42° S; Cyclic octaatomic sulfur [10544-50-0] 1 11 0.23
oH /S—s\
HO S S
(a) A/@ (b) HSC/S\S/S\S/CHS (© CI—@—/ @ g é
@ Nes”
6 Dimethyltrisulfide [3658-80-8] (a) 99 1.87/1.60°  C,HeSs Dimethyltrisulfide [3658-80-8] 8 49-67 1.50-2.00
Dimethyltetrasulfide [5756-24-1] (b) 96 1.87/1.66°  see Fraction 5 9 52-59 1.50-2.00
unknown C;HsCIO, 2-, 3- or [EGHIGIOBERzZoIcIaeE [74-11-3] (c) 3 73-75 2.52
Dimethylpentasulfide [7330-31-6] (d) 79 1.87/1.72" C,HeSs Dimethylpentasulfide [7330-31-6] 8 20-23 1.20-2.40
o]
(a) H3C/S\S/S\CH3 (b) Hac/s\s/s\s/CH3 (© u—@—( d s s s
OH H3C/ g s \CH3
7 0,0,S-Trimethyldithiophosphate [2953-29-9] (a) 98 1.81 C3HgyO,PS, 0,0,S-Trimethylthiophosphate [2953-29-9] 6 43-50 1.50-3.00
unknown C,HgCl,0 3,5-Dichlorobenzene methanol [60211-57-6] (b) 6 40-42 2.36
Formothion [2540-82-1] (c) 71 1.48/2.26" CeH12NO4PS, O-(4-Mercaptobutyl) O,0-dimethyl thiophosphate [not available] 2 29 2.23-2.58
Bisphenol A [80-05-7] (d) 95 3.32 Ci5H1602 4-(2-Hydroxypropan-2-yl)biphenyl-2-ol [not available] 37 74-87 2.70-3.60
HO Me\ o
/Me 0 K
? _/ CH,
@  s=p—o (b) cl © =P M e ) HOOH
/(‘3 \Me Me—0 /\H/
Me cl o] CHg
8.01 1,1,2,2-Tetrachloroethane [79-34-5] 98 2.19 C,H,Cl,4 1,1,2,2-Tetrachloroethane [79-34-5] 1 72 2.19
8.02 0,0,0-Trimethylthiophosphate [152-18-1] 95 1.16 C3HgO5PS (Mercaptooxy)(dimethoxy)methylenephosphorane [not available] 1 78 1.77
8.03 0,0,0-Trimethylthiophosphate [152-18-1] 95 1.16 see F8.02
2-Bromo-1,2-dichloropropane [17759-88-5] 84 3.26 C3HsBrCl, 2-Bromo-1,2-dichloropropane [17759-88-5] 8 28-31 2.60-3.30
8.04 1,1-Dichloro-2,2-diethoxyethane [619-33-0] 95 1.64/2.29" CeH12Cl,0, 1,1-Dichloro-4-(ethylperoxy)butane [not available] 6 20-32 1.50-3.20
Methyl trichloropropenoate [17640-12-9] 98 2.07 C4H3ClI30, Methyl trichloropropenoate [17640-12-9] 1 46 2.07
8.05 Methyl (methylthio)methyl disulfide [42474-44-2] 98 1.96 C3HsS3 1-(Methylthio)ethane-1,2-dithiol [not available] 2 72-74 2.23/2.36
Methyl 3,3-dichloropropenoate [2257-46-7] 94 1.58/1.94° CsHsCl,0, 4-Chloro-3-(chloromethyl) butanoic acid [not available] 1 78-80 2.00
8.06 Methyl (methylthio)methyl disulfide [42474-44-2] 98 1.96 see Fraction 8.05
Methyl 3,3-dichloropropenoate [2257-46-7] 97 1.58/1.94°  see Fraction 8.05
unknown C1oH160 1,7,7-Trimethyl-(1S)-bicyclo[2.2.1]heptan-2-one [464-48-2] 98 60-70 2.50-3.50
8.07 0,0,S-Trimethyldithiophosphate [2953-29-9] 98 1.81 see Fraction 7
8.08 0,0,S-Trimethyldithiophosphate [2953-29-9] 98 1.81 see Fraction 7
unknown C4H110O,PS; 0,S-Diethyl hydrogen dithiophosphate [not available] 5 18-25 2.70-3.20
8.09 2,3-Bis(methylthio)bicyclo[2.2.1]hept-2-ene [not available] (a) 65 3.74 see F8.08 0,S-Diethyl hydrogen dithiophosphate [not available] (b) 5 18-25 2.70-3.20
unknown CioH160 3-Isopropyl-6-methylcyclohex-2-en-1-one [not available] (c) 3 80-85 2.94
unknown CeH100S> 3-Methyl-1,4-dithiepan-2-one [72018-97-4] (d) 4 50-58 2.60-2.90
unknown CgH,CIO, Methyl o-, m- or p-chlorobenzoate (e) 3 77-78 2.47
unknown see F7 3,5-Dichlorobenzene methanol [60211-57-6] 6 40-42 2.36
EEDiChIcro e etRYIBReRsl [1570-65-6] (f) 65 3.35 C7HsCI,O Dichloromethylphenol or Chloro(chloromethyl)phenol 9 78-80 2.90-3.40
2,6-Dichloro-4-methylphenol [2432-12-4] (g) 65 3.35 C;HsCI,O Dichloromethylphenol 9 78-79 2.90-3.40
2,6-Dichloro-4-methylphenol [2432-12-4] (g) 71 3.35 see Fraction 8.09
unknown CoHeCIO 2-Chloro-1-[(chloroethynyl)oxy]-3-methylbenzene [not available] 5 35-45 3.30
unknown CsH12S3 4-(Methyldisulfanyl)butane-1-thiol [not available] (h) 2 60-68 3.23/3.29
unknown CyH/Cls Trichloroindane (i) 6 45-60 4.47 [ 4.94
HaC
S CHy OH
S~—ch, N/ Me cl CHy
S—P—o0 0
@ o, ® MeJ c‘)H 9o } o C|—< >—< ®
(d) (e)
O—Me
HaC S cl
OH CHy
cl cl
cl
@ () eSS () \@/U
CHs cl
8.10 0,S,S'-Trimethylphosphorotrithioate [not available] 92 2.45 C3HyOPS; 0,S,S'-Trimethylphosphorotrithioate [not available] 7 57-68 2.30-2.90
8.11 2-Methyl-a-phenyl-benzenemethanol [5472-13-9] 91 3.26 C14H140 2-Methyl-a-phenyl-benzenemethanol [5472-13-9] 20 10-35 3.00-3.50
9 Dimethyl trithiocarbonate [2314-48-9] (a) 98 -0.49/1.80° C3HeSs (3-Methyldithiiran-3-yl)methanethiol [not available] 2 73-74 2.79
P DichIcro e metAYIBREnsl [1570-65-6] (b) 70 3.35 see Fraction 8.09
1,2,3,4-Tetrathiane [290-81-3] (c) 98 1.76 CH4Ss 1,2,3,4-Tetrathiane [290-81-3] 1 84 1.76
unknown CsHsCl;0 EIGETiCRIGIopReRsl [s8-06-2] (d) 5 51-53 3.45
unknown CyHsCly 1-Chloromethyl-3-(1,1,2-trichloroethyl)benzene [not available] (e) 3 29-31 4.45
3,4,6-Trichloro-o-cresol [643-14-1] (f) 89 3.99 C,HsClI;0 3,4,6-Trichloro-o-cresol [643-14-1] 20 35-46 3.60-4.00

88





Table 4-2. (continued)

NIST MOLGEN No. of MOLGEN MOLGEN

Fraction NIST match match l0g Ko.2 Molecular  MOLGEN match MOLGEN match log Kow®
[CAS no.] [%] 9 Row Formula [CAS no.] matches range [%] range [%]

9 Methyl parathion [298-00-0] (g) 98 2.75 CgH1NOsPS 0, m & p-isomers of Methylparathion 3 0 2.75

OH
cl OH cl Me,
R cl CHg S\ /o
N\ @ « OH @ o9 p Me
@ s:< ®) oMy © ¢ s © ) \ o
S—Me S—S cl Vi
cl cl 3
H cl cl

11 unknown CeH4Cl Dichlorobenzene [106-46-7] (a) 3 72 3.28
unknown C4HsCls Pentachlorobutene (b) 2 63-67 3.95

unknown C4H4Cly 1,2-Dichloro-4-(dichloromethyl)benzene [56961-84-3] (c) 5 76-80 4.20-4.50
Benzylmethyldisulfide [699-10-5] (d) 85 3.58 CgH10S2 Benzylmethyldisulfide [699-10-5] 19 82-90 3.50-4.50
2-Cyclohexylidene cyclohexanone [1011-12-7] (e) 65 4.15 CioH150 2-Cyclohexylidene cyclohexanone [1011-12-7] 1 50 4.15

cl cl /CH3 0
(a) CI@Cl ®) cl ) «c (d) s—s (e)
d cl e

12 1,1,3,4-Tetrachloro-1,3-butadiene [42769-38-0] (a) 80 3.73 C4H.Cl, Tetrachlorobutadiene 3 56-57 3.73
unknown C4HzCls 3,3,3-Trichloro-2-(dichloromethyl)prop-1-ene [not available] (b) 3 50-65 4.00-4.20
Acenaphthene [83-32-9] (c) 75 3.92 Ci2H1o Acenaphthene or 1-Ethylnaphthalene [1127-76-0] 2 60-64 3.90-4.20
Dibenzofuran [132-64-9] (d) 91 4.12 Ci2HgO Dibenzofuran [132-64-9] 1 65 4.12
Pentachlorocyclohexane [22138-39-2] (e) 81 4.08 CeH-Cls 1,1,2,2,3-Pentachlorocyclohexane [22138-39-2] 13 0.2 4.00-4.20

Fluorene [86-73-7] (f) 75 4.02 Ci3Hio Fluorene [86-73-7] 1 80-82 4.02

unknown CeHsCls alpha-Hexachlorocyclohexane [319-84-6] 1 0 4.26
Triphenylphosphate [115-86-6] (h) % 4.0 CisHisOP Triphenylphosphate [115-86-6] ! 55 4.70

cl o—< >
Hc  C o cl cl o a oS
II . o ey @ Jeagl "
@ o N XM cl cl OO @ al &l a

Cl
Cl

Cl

3 US EPA: EPI Suite v3.20 (2007).
b SPARC v4.2 (2008).
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The main part of contamination of the Bitterfeld groundwater was found to be
chlorinated and sulphurous hydrocarbons. In fractions with increasing ordinal
numbers, the number of chlorinated compounds as well as their degree of chlorination
increases, which basically confirmed the RP—LC separation according to lipophilicity.
Overall, the complex contaminated groundwater contained compounds with log Kow
values of —0.5 to 4.7.

The one active fraction of the 11 pcGC fractions was sub-fraction F8.9 (Fig. 4-3j),
which still contained several compounds. Apart of minor unidentified peaks, the major
peaks detected in F8.9 were tentatively identified. Thus, methyl chlorobenzoate
(CgH+ClO,) could be identified by characteristic ion trace patterns at m/z [50 75 111
139 170] and partly confirmed by its matching log Kow value of 2.47 to the fraction
range of F8.9 (2.72-3.20). Three peaks were identified as isomers of
dichloromethylphenol (C;HgCl,0) by ion trace patterns at m/z [38 51 77 111 141 176].
Moreover, the main peak in F8.9 at 17.41 min could be tentatively identified as
trichloroindane (CoH,Cl3) by m/z [61 89 123 149 185]. The compound at 14.44 min was
identified as O,S-diethyl hydrogen dithiophosphate, which corresponds to the main
component of the previous fraction and could not be the reason for genotoxicity since

sub-fraction F8.8 showed no effect in the umucC test.

4.3.4 Genotoxicity prediction and confirmation

Since for many tentatively identified compounds neither pure standards nor
genotoxicity or mutagenicity data were available, candidate genotoxicants were
identified applying software-based mutagenicity (Schildrmann et al. 1997). Ten
structures were predicted to be potentially mutagenic in the fractions 4 and 8 to 12,
whilst 19 structures in all fractions were predicted to be non-mutagenic (Table 4-3).
About 50% (29 compounds) from a total of 58 tentatively identified chemicals were

found to be out of the applicability domain of the model.
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Table 4-3. Mutagenicity prediction calculated by in-house database ChemProp

using the Bursi dataset (Kazius et al. 2005) as well as available genotoxicity data of

chemical compounds in the umuC test identified with the NISTO5 database and

MOLGEN-MS [M], respectively in genotoxic fractions of Bitterfeld groundwater.

c i =
O % "’5 = 'g o g’
STaszl Es
§E oS0 ~ 93
¥ "ses EE
54 5 ® O S <
E §5< 2

F Compound / [M] = MOLGEN-MS match CAS No. g ° &

4 0,S,5-Trimethyldithiophosphate 22608-53-3 0 0 -(1,5)
(Methyltrisulfanyl)acetic acid [M] — 0 3 n.a.
3-Hydroxybenzaldehyde oxime 22241-18-5 0 3 n.a.

5 2-Chloro benzenemethanol 17849-38-6 0 0 —(5)
Dimethyltetrasulfide (F6) 5756-24-1 0 3 n.a.
4-Chloro benzenemethanol 873-76-7 0 0 —(5)
Cyclic octaatomic sulfur 7704-34-9 0 3 n.a.

6 Dimethyltrisulfide 3658-80-8 0 3 n.a.
4-Chlorobenzoic acid 74-11-3 0 0 1 (5)
Dimethylpentasulfide 7330-31-6 0 3 n.a.

7 0,0,S-Trimethyldithiophosphate (F8.07/8.08) ® 2953-29-9 0 0 —(5)
3,5-Dichlorobenzene methanol (F8.09)° 60211-57-6 0 0 —(5)
Formothion 2540-82-1 0 0 —(5)
Bisphenol A 80-05-7 0 0 -(2,5)

8.01 1,1,2,2-Tetrachloroethane 79-34-5 2 -(2,5)

8.02 0,0,0-Trimethylthiophosphate (F8.03)° 152-18-1 0 0 -(2,5)

8.03 2-Bromo-1,2-dichloropropane 17759-88-5 1 3 n.a.

8.04 1,1-Dichloro-2,2-diethoxyethane 619-33-0 1 3 n.a.

8.04 Methyl trichloropropenoate 17640-12-9 1 0 n.a.

8.05 Methyl (methylthio)methyl disulfide ( F8.06)°  42474-44-2 2 n.a.

8.05 Methyl 3,3-dichloropropenoate (F8.06)° 2257-46-7 1 0 n.a.

8.05 3,3-Dichloro-2-methoxyacrylic acid [M] — 1 3 n.a.

8.06 1,7,7-Trimethyl-(1S)-Bicyclo[2.2.1]heptan-2-
one 464-48-2 0 0 n.a.

8.08 2,3-Bis(methylthio)bicyclo[2.2.1]hept-2-ene
(F8.09)° — 0 3 n.a.

8.08 0,S-Diethyl hydrogen dithiophosphate [M] — 0 3 n.a.

8.09 3-Isopropyl-6-methylcyclohex-2-en-1-one 499-74-1 0 0 n.a.
3-Methyl-1,4-dithiepan-2-one 72018-97-4 0 3 n.a.
Methyl 4-chlorobenzoate 1126-46-1 0 0 —(5)
2,4-Dichloro-6-methylphenol (F9)° 1570-65-6 0 0 +(5)
2,6-Dichloro-4-methylphenol 2432-12-4 0 0 n.a.
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Table 4-3. (continued)

§-. 2 3
- 88%% %%
T ¢EmBIH oS
c 5 290 1 o5
8 = 2 S g
£a45%% §s5
e fge: ¢

F Compound / [M] = MOLGEN-MS match CAS No. b u it
2-Chloro-1-[(chloroethynyl)oxy]-3-
methylbenzene [M] — 1 3 n.a.
4-(Methyldisulfanyl)butane-1-thiol [M] — 2 n.a.
2,4,7- Trichloroindane [M] — 1 0 n.a.

8.11 2-Methyl-a-phenyl-benzenemethanol 5472-13-9 0 3 n.a.

9 Dimethyl trithiocarbonate 2314-48-9 0 3 —(5)
1,2,3,4-Tetrathiane 290-81-3 0 3 n.a.
2,4,6-Trichlorophenol 88-06-2 0 0 +(2,5)
5,7-Dichlorobenzoxazole-2-thiol 98279-11-9 0 3 n.a.
1-Chloromethyl-3-(1,1,2-trichloroethyl)
benzene [M] — 1 3 n.a.
3,4,6-Trichloro-o-cresol 643-14-1 0 0 n.a.
Methyl parathion 298-00-0 1 0 —(5)

11 1,4-Dichlorobenzene 106-46-7 0 0 -(3,5)
1,1,2,2,3,3-Hexachloropropane 15600-01-8 1 3 n.a.
Pentachlorobutene [M] — 1 3 n.a.
1,1,2,5,6,6-Hexachloro-1,5-hexadiene 98141-62-9 2 n.a.
1,2-Dichloro-4-(dichloromethyl)benzene [M] 56961-84-3 1 0 n.a.
Benzylmethyldisulfide 699-10-5 2 n.a.
2-Cyclohexylidene cyclohexanone 1011-12-7 2 n.a.

12 1,1,3,4-Tetrachloro-1,3-butadiene 42769-38-0 1 0 n.a.
1,1,2,3,3-Pentachloropropane 15104-61-7 1 3 n.a.
3,3,3-Trichloro-2-(dichloromethyl)prop-1-ene
[M] — 1 3 n.a.
Acenaphthene 83-32-9 0 0 —(5)
Dibenzofuran 132-64-9 1 0 —(5)
Pentachlorocyclohexane 22138-39-2 1 0 n.a.
Fluorene 86-73-7 0 0 — (4, 5)
alpha-Hexachlorocyclohexane 319-84-6 1 0 -(2,5)
Triphenylphosphate 115-86-6 0 0 —(5)

® Kazius et al. (2005);

b compound also identified in fraction (x);
“Genotoxicity testing, S. typhimurium: +, —, +, positive, negative, equivocal test result,
References: (1) Imamura and Talcott (1985); (2) Degirmenci et al. (2000); (3)
Reifferscheid et al. (1996); (4) Nakamura et al. (1987); (5) present study
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Confirmation of the prediction power of our model was done for 21 commercially
available standards. Different dilutions of standards in a range of 1 mg L™ up to
1 mg mL™" according to their water solubility were tested in the umuC test in at least
two independent replicates (Table A-2). An induction of more than 2.0 was obtained
for 2,4-dichloro-6-methylphenol and 2,4,6-trichlorophenol without S9 activation
(Table 4-3). Thus, part of the genotoxicity observed in fraction F8.9 and F9,
respectively may be attributed to 2,4,6-trichlorophenol and 2,4-dichloro-6-
methylphenol. 4-Chlorobenzoic acid found in F6 showed an induction rate of 1.6
without S9 activation. No mutagenicity was predicted for these three compounds using
our model. However, effects were predicted for methyl parathion (F9), dibenzofuran
(F12) and a-HCH (F12), for which no effects were detectable with the umucC test. For
the 15 negatively tested compounds in the umuC test, our model also predicted no
effects.

The genotoxicity of F5 to F7 remained unresolved, as the components identified in
these fractions neither affected the Salmonella bacteria nor was mutagenicity

predicted for those structures.

4.4 Discussion

After RP-LC separation, the fractions analysed by GC—MS still contained a high
number of compounds and showed both cytotoxic and genotoxic effects in the umuC
test, overlapping each other. Structure elucidation and the purchase or synthesis of
standard compounds for toxicant identification and confirmation would be costly and
time-consuming for such unresolved fractions. Thus, pcGC was tested for its potential
within EDA studies, to separate components in the toxic RP—LC fraction F8. Subsequent
GC-MS analysis revealed significantly reduced complexity of the sub-fractions
F8.1-F8.11 compared with the parent fraction F8 (Fig. 4-3). Moreover, the
combination of pcGC—FID with analytical GC—MS in one column oven allowed for a
direct transfer of retention times and made compound identification possible. Isolation
of pcGC fractions was highly reproducible with recoveries of about 80% for harvested

compounds, facilitating structure elucidation and allowing for further genotoxicity
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testing. As toxicity was only recovered in pcGC fraction 8.9 from a total of eleven sub-
fractions, this method is also advantageous in pinpointing the toxicity.

A total of 42 compounds were identified in active fractions (Table 4-2) using
classical NIST database search. The plausibility of the identified structures of
compounds was checked on the basis of MOLGEN-MS estimations and RP—LC retention
times and thus log K, values. On one hand, this method can indicate whether
additional compounds need to be considered or whether the library match is the only
likely match. On the other hand, it could be used as a supplement to library search
especially for unknowns where no clear library match is available. Thus, 30 compounds
identified with NIST could be confirmed and additional 20 structures were suggested
using MOLGEN-MS. Of these, some are well-known compounds that are already
recognized as environmental pollutants in water bodies, e.g. the insecticide methyl
parathion and the endocrine disrupter bisphenol A. Other compounds were identified
that are not as well known. These could be identified by comparison of existing GC—MS
data and/or by generating structures using MOLGEN-MS.

Based on the knowledge of industrial processes in Bitterfeld, the presence of
chloroaromatic compounds was expected. 1,4-Dichlorobenzene (F11), for instance,
was used as pesticide and as an intermediate or precursor in the production of dyes,
pesticides, pharmaceuticals and dichloroaniline. Similarly, 2,4,6-trichlorophenol,
identified in fraction F9, was used as intermediate in the production of chloroaniline,
dyes, pentachlorophenol, pesticides and preservative agents (Chemie AG B-W 1993).

The added value of MOLGEN-MS for structure elucidation can be demonstrated
using two examples. The first example shows the added value of MOLGEN-MS as an
independent confirmation tool for an obtained NIST match. In fraction F4, O,0,5-
trimethyldithiophosphate was identified with a match value of 97% using the NISTO5
database (Table 4-2). On the basis of the empirical formula C3Hs0,PS, and additional
classifier information gained from mass spectra, MOLGEN-MS suggested 116
structures with match values >50% out of 264 candidate structures (Fig. A-2).
Additional estimates for log Kow from EPISuite™ reduced the possible structures to 4
matches with log K, values between 0.5-1.7 (Fig. 4-4). The estimated log K, values
are considered close enough to the fraction range (1.07-1.23) taking into account

errors in estimation and calculation, as mentioned above. The log K, as additional
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filtering criteria limited the possible structures as most candidates have log K, that
are below the accepted range (Fig. A-2).

Whilst two of the four matches were considered less likely due to O-S or S-S bonds
and a third due to clear differences in overlaying its NIST spectrum with our unknown,
MOLGEN-MS provided an independent line of evidence to confirm O,0,5-
trimethyldithiophosphate as the compound detected in fraction F4. In cases where no
standards are available, structure confirmation relies on a weight of evidence
approach (Brack et al. 2008) and MOLGEN-MS provides a helpful line of evidence to

confirm the identity of an unknown compound.

09\

B
B,

W

(1) MV =80.8%, log Kow = 0.61 (1) MV =56.5%, log Ko, = 1.18

9

() MV = 56.3%, log Kow = 0.68 (IV) MV =56.3%, log Kow = 1.81

Fig. 4-4. All generated structures for the molecular formula CsHs0,PS, from F4 at
16.63 min with log K,, values between 0.5-1.7 and match value (MV) >50%.
| = 3-methyl-2-oxa-4,5-dithia-3-phosphahexane 3-oxide, Il = 3-methyl-2,4-dioxa-5-thia-
3-phosphahexane 3-sulfide, Ill = O,S,S-trimethyldithiophosphate, IV = O,0,S-trimethyl-
dithiophosphate.

The second example using the unknown found in fraction F4 demonstrates how
MOLGEN-MS can predict possible structures in cases where library search does not

provide a well-fitting match (Table 4-2). The spectrum of the best NIST match 1,2,4,6-
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tetrathiepane fits poorly with the unknown, indicated by a low match value (31%) due
to missing peaks in the NIST match compared with the experimental spectrum (Fig.
4-5). Thus, the peak obviously does not represent the suggested compound. This

compound was also calculated by MOLGEN-MS with a match value of 28%.
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Fig. 4-5. Experimental mass spectrum of the ‘unknown’ from fraction 4, peak at
22.15 min (red) compared with top NIST spectrum of 1,2,4,6-tetrathiepane (blue).

However, MOLGEN-MS generated (methyltrisulfanyl)acetic acid (Fig. 4-6) as a likely
match with an estimated log K,y of 1.13 matching the fraction log K, range and MV
higher than 70% from 831 total candidates (Fig. A—3). The estimated pK, value of 3.41
(+0.01) using ACD/pK, DB 11.0 (ACD 2007) provides significant supporting evidence to
confirm this most likely match out of three possible candidate structures for the
unknown compound, as the RP—LC fractionation was performed at pH 3.

Here, MOLGEN-MS increases the chance to identify the unknown where no clear
library match was available. However, the effectiveness of this computer tool largely
depends on the available mass spectral “classifiers”, such as exact molecular masses,
presence and absence of specific elements, isotope peaks and fragmentation pattern
as well as additional sorting criteria like fractions log K, range gained from previous

fractionation procedures (Schymanski et al. 2009).
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(1) MV =72.2%, log Kow = 1.13 () MV = 64.6%, log Ko = 1.07

@
4 y @
9

(1) MV = 61.0%, l0g Kow = 0.65

Fig. 4-6. Possible structures matching the additional filtering criteria of mass spectral
MV >60% and log K., fraction range (1.07-1.23) +0.5 for C3Hs0,S3 in F4, peak at 22.15
min from 831 total candidates.

I = (methyltrisulfanyl)acetic acid, Il = (ethyldisulfanyl)acetic acid, Ill = (methyl-sulfanyl)
(disulfanyl)acetic acid

Mutagenicity prediction was tested as a tool to select candidates for genotoxicity
from tentatively identified structures. Mutagenic activity could be predicted
qualitatively for all compounds, while the model provides no predictions on effect
concentrations or effect intensities. About half of the tentatively identified structures
were outside the application domain of the model. For these compounds no reliable
predictions were expected. Attempts were made to confirm the model outcome for 21
compounds that were commercially available. None of the three compounds identified
as genotoxic experimentally was predicted to be mutagenic by the model. Three other
compounds that were predicted to be potential mutagens could not be confirmed as
genotoxicants in umuC experimentally. Although the presented data are limited, they
suggest that the power of the mutagenicity prediction model for the pre-selection of
potential genotoxicants from environmental mixtures is still insufficient. Although

umuC and Ames have been found to be comparable in sensitivity (Reifferscheid et al.
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1996), the discrepancy may partly be due to the different endpoints covered by umuC
genotoxicity assay and Ames test-based mutagenicity.

The compounds that could be confirmed experimentally as genotoxic in genotoxic
fractions were chlorinated phenols and 4-chlorobenzoic acid. 2,4,6-Trichlorophenol
and other chlorophenols have been already identified as genotoxic in the umucC test
(Degirmenci et al. 2000). Other major components identified in genotoxic groundwater
fractions from Bitterfeld were phosphoric acid esters. However, O,0,0-
trimethylthiophosphate, identified in fractions F5 and F8, as well as 0,0,5- (F7) and
0,S,S-trimethyldithiophosphate (F4) have been described to be not mutagenic in S.
typhimurium with or without activation by S9 liver homogenate (Imamura and Talcott
1985). This was confirmed by our umucC test results for O,0,0-trimethylthiophosphate
and 0,5, S-trimethyldithiophosphate (Table 4-3).

4.5 Conclusions

Conventional EDA of contaminated groundwater, combining biological assays,
RP-LC fractionation and GC-MS analysis were supported with novel tools to further
reduce the complexity of environmental mixtures and to enhance the power of
toxicant identification. Using genotoxicity identification in a contaminated
groundwater as an example, pcGC for high-resolution fractionation, MOLGEN-MS
structure generation for improved structure elucidation and genotoxicity prediction for
selecting candidate genotoxicants were applied.

The present results suggest pcGC as a high-resolution tool for separation of volatile
and thermostable components in pre-fractionated environmental mixtures. MOLGEN-
MS provides a strong line of evidence in structure confirmation if no standards are
available but also helps to suggest structures if library search does not provide
satisfying results. High-resolution MS with exact masses and spectral qualifiers may
significantly enhance the power of the model. Further progress in structure prediction
from mass spectra would improve outcomes from EDA further.

Mutagenicity prediction failed in our study to narrow down a list of tentatively

identified compounds to candidate genotoxicants. Genotoxicity, mutagenicity and
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carcinogenicity caused by chemicals are complex processes and prediction from
chemical structure still appears to be quite difficult and limited to selected compound
groups such as PAHs (Braga et al. 1999). Progress in this field would significantly
support EDA and risk assessment of environmental mixtures.

However, we could confirm three genotoxic compounds in our study. 2,4,6-
Trichlorophenol, identified in fraction F9 and produced in high amounts in Bitterfeld
(Chemie AG B-W 1993) was already described in the literature to be genotoxic. To the
best of our knowledge, this is the first time that 2,4-dichloro-6-methylphenol and
4-chlorobenzoic acid were found to be genotoxic in a contaminated groundwater

sample using the umucC test.
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Summary

Numerous compounds are continuously released into the environment in large
guantities e.g. solvents, dyes and varnishes, antifouling agents, herbicides, insecticides,
and fungicides. Furthermore, there are many biologically active compounds such as
hormones and antibiotics used for human and veterinary applications, that may
already effect the environment at comparably low quantities. To protect our
environment, a sustainable resource management is needed, which clearly requires a
well developed understanding of the actual contamination present in environmental
compartments. Therefore, the combination of toxicity-based fractionation integrated
with analytical characterization — known as effect-directed analysis (EDA) — has been
suggested to detect the relevant toxicants in a complex sample. However, the
identification of specific chemical compounds that can cause human health or
ecological effects still remains one of the key challenges of environmental toxicologists
since the obtained fractions often remain too complex even after extensive HPLC-
based fractionation. Moreover, missing reference standards and insufficient spectral
libraries prevent structure elucidation of all detected peaks. The objective of this
dissertation was therefore to develop a comprehensive analysis tool that integrates
powerful fractionation using preparative capillary gas chromatography (pcGC) and
state-of-the-art identification methods to improve key-toxicant identification within
EDA.

The main purpose of my thesis was to investigate whether the pcGC is capable of
separating potentially relevant toxicants in distinct fractions with high purity and
recovery. Therefore, the application of two fraction collectors combined via a special
zero-dead volume effluent splitter is utilized for the first time. This enhanced the

number of fractions from six up to twelve collectable fractions within one pcGC run
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cycle. The first step was to establish best harvesting efficiency throughout the pcGC
fractionation. In general, optimization of a few operational pcGC parameters, namely
PFC trapping and transfer temperature, guarantees an efficient and reproducible
pcGC—fractionation step. Moreover, the use of solvent-filled traps avoids extensive
compound-specific parameter optimization and therefore allows the applicability of
pcGC for EDA purposes. The solvent DCM proved to be most suitable for a large range
of compounds. Another advantage of the applied pcGC system equipped with a cold
injection system is that solvent venting mode can be used to achieve superior
resolution without overloading the column. Thus, the optimized approach presented
here will facilitate the application of pcGC for various research questions in
environmental chemistry.

In chapter 3 previously proposed separation power for the fractionation of complex
mixtures using pcGC was tested with regard to its applicability within effect-directed
analysis qualitatively and quantitatively. For this purpose, technical p-nonylphenol (NP)
was fractionated using two fraction collectors. The system was indeed able to give an
appropriate resolution and reproducibility of retention times and peak areas to
fractionate and collect NP isomers into eleven fractions. Moreover, the vyield of
harvested isomers was sufficient to allow subsequent investigation of relationships
between the structure of NP isomers and their estrogenic activity. Generally, chapter 3
demonstrates that pcGC gives reliable and good separation of closely related
compounds which could be fractionated in high purity.

The aim of chapter 4 was to investigate whether it is possible to identify potentially
mutagenic chemicals in a complex contaminated groundwater sample using a
comprehensive EDA methodology. Therefore, an effect-directed fractionation
procedure combining LC and pcGC for volatile and semi-volatile compounds was
developed with the capacity of harvesting microgram-levels of individual compounds.
The high potency of combined LC/pcGC procedures is shown for the example of solid
phase extracts of groundwater from the industrial area of Bitterfeld (Germany). The
umucC-test was used to evaluate the genotoxicity of these fractions. Significant levels of
genotoxic activity were found in the more polar fractions (log Kow < 4.5) which were

further analysed for chemical composition.





C. Meinert (2010) 105

In addition to GC—MS analysis and subsequent NIST library search, mass spectral
classifiers combined with structure generation in the program MOLGEN-MS were
successfully used for the chemical characterization of the groundwater sample. A total
of 50 compounds were identified in active fractions, among them 2,4-dichloro-6-
methylphenol and 4-chlorobenzoic acid which could be confirmed as genotoxic for the
first time in groundwater. The results indicate that pcGC is a helpful tool in EDA and
should be further developed while the program MOLGEN-MS was shown to be an
efficient tool for structure identification where the common libraries lack to give
reliable hits.

The thesis also demonstrated several problems that have to be encountered when
using EDA. As shown for several RP-LC fractions, the umuC-test was limited due to
general cytotoxicity that masked genotoxic effects. This issue of overlying toxicity,
addressed also by other authors can be overcome by dilution series or in the future
with an additional pcGC—fractionation step resulting in the separation of compounds
with different mode of actions. Generally, surface, effluent and groundwater samples
are often highly concentrated on solid phase materials to enable genotoxicity
detection within EDA like in our case. The use of those concentrated samples however
have to be critically addressed for the following reasons: First, concentrations of
genotoxicants which are orders of magnitude higher than the actual concentrations
may lead to ecologically irrelevant test conditions. Second, any applied concentration
step can never recover all relevant substances from a sample in equal quantities. To
avoid at least artifacts due to cytotoxicity of our concentrated sample to the original
groundwater sample, all fractions were tested in dilution series.

The identification and confirmation was still not successful in all toxic fractions, so
that the genotoxicity observed in the groundwater sample could not be completely
attributed to the identified compounds. One reason might be that GC-MS used
without derivatization is only suitable for non-polar, volatile, and semi-volatile
compounds. Thus, the list of identified structures is obviously incomplete. For semi-
polar and polar target compounds present in water samples, LC-MS or LC—MS—MS
should be the technique of choice. Moreover, missing library entries and leaks of
commercially available reference standards additionally prevents the analytical

confirmation step of all peaks. Substructure identification combined with structure
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generation using MOLGEN-MS was helpful in giving additional lines-of-evidence of MS-
identified unknowns. However, the effectiveness of this software largely depends on
the mass spectral classifiers. Therefore, high-resolution mass spectra should be
recorded in addition to obtain exact masses and thus reliable summation formula to
significantly reduce the number of probable structures.

In the case of genotoxic fractions containing several (tentatively) identified
compounds, for which no experimental effect data exist, quantitative structure activity
relationships (QSARs) were used for toxicant identification. This approach, however,
was not able to reduce or prioritize the number of candidate compounds. Substantial
progress is still necessary in the prediction of specific effects such as mutagenicity in
complex samples.

In conclusion, the thesis adds to the growing evidence that effect-directed
fractionation presents an important tool for characterizing effects identified in
ecosystems. In particular, pcGC is a feasible fractionation instrument to reduce the
complexity of contaminated environmental samples and therefore helpful in isolating
and identifying toxic substances. Such a method helps to identify real toxicants not
only in aquatic systems but also in other environmental compartments. Our combined
HPLC—pcGC-based fractionation approach is not easy to perform and might therefore
not be useful for routinely monitoring programs. However, this tool may serve as
additional approach in comprehensive EDA studies where the focus lies in the
identification of unknowns causing biological effects. Furthermore, this research
underpins the necessity of combining chromatographic techniques based on mass—
spectrometric detection with structure generation tools including integration of

classifiers to improve structure elucidation in EDA.
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Table A-1. Induction ratio in the umuC test with and without S9 activation as well as
the corresponding growth factor for each dilution level presented by RP—LC fractions
(F1-F19) of groundwater from Bitterfeld. Induction ratios above 1.5 (highlighted)
indicate the genotoxicity threshold according to I1SO/TC 147/SC5 (1999). A growth
factor below 0.5 indicate cytotoxicity.

fraction dilution Induction ratio Growth factor
without S9 with S9 without S9 with S9
1 1:1.5 1.40 1.21 1.02 0.95
1:3 1.11 1.05 1.15 0.97
1:6 1.05 1.02 1.25 1.08
1:12 1.03 1.01 1.14 1.03
2 1:1.5 1.27 1.38 0.84 0.83
1:3 1.07 1.15 1.02 0.86
1:6 1.01 1.09 1.14 1.00
1:12 0.98 1.04 1.11 1.07
3 1:1.5 7.90 10.81 0.01 0.01
1:3 2.94 2.56 0.28 0.30
1:6 1.40 1.37 0.80 0.82
1:12 1.16 1.20 0.93 0.98
4 1:1.5 1.85 1.59 0.51 0.66
1:3 1.13 1.22 0.88 0.80
1:6 1.03 1.13 1.09 0.96
1:12 1.03 1.09 1.12 1.00
5 1:1.5 21.46 6.41 0.02 0.06
1:3 2.45 2.01 0.40 0.53
1:6 1.28 1.24 0.86 0.86
1:12 1.09 1.14 0.91 0.90
6 1:1.5 17.34 6.38 0.02 0.07
1:3 2.77 2.37 0.31 0.40
1:6 1.41 1.31 0.79 0.82
1:12 1.09 1.15 0.96 0.94
7 1:1.5 2.70 1.86 0.48 0.79
1:3 1.40 1.32 0.97 0.96
1:6 1.13 1.19 1.20 1.05
1:12 0.97 1.07 1.09 1.08
8 1:1.5 1.82 1.46 0.78 0.90
1:3 1.29 1.20 0.97 0.97
1:6 1.09 1.13 1.16 1.05

1:12 1.01 1.06 1.10 1.01
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Table A-1. (continued)

fraction dilution Induction ratio Growth factor
without S9 with S9 without S9 with S9
9 1:1.5 1.93 1.67 0.60 0.79
1:3 1.29 1.23 0.87 0.95
1:6 1.12 1.20 1.08 0.98
1:12 1.03 1.12 1.06 0.95
10 1:1.5 1.39 1.24 0.88 0.99
1:3 1.17 1.15 0.97 0.92
1:6 1.02 1.11 1.15 0.96
1:12 1.00 1.11 1.09 0.97
11 1:1.5 9.12 6.74 0.02 0.06
1:3 7.43 2.19 0.04 0.44
1:6 2.03 1.31 0.43 0.84
1:12 1.24 1.18 0.93 0.95
12 1:1.5 3.64 1.89 0.07 0.51
1:3 1.69 1.31 0.36 0.83
1:6 1.51 1.23 0.77 0.92
1:12 1.14 1.14 0.97 0.93
13 1:1.5 1.21 1.09 1.02 1.02
1:3 1.10 0.97 1.10 1.05
1:6 1.06 0.98 1.21 1.11
1:12 1.00 0.98 1.14 1.08
14 1:1.5 1.17 1.15 0.95 1.00
1:3 1.08 0.96 1.06 1.04
1:6 1.09 1.05 1.17 1.03
1:12 1.03 1.00 1.11 1.05
15 1:1.5 1.18 1.15 0.97 0.98
1:3 1.10 1.02 1.04 0.96
1:6 1.10 1.06 1.11 1.04
1:12 1.05 1.06 1.12 0.98
16 1:1.5 1.16 1.15 0.97 1.00
1:3 1.08 1.04 0.98 0.97
1:6 1.08 1.06 1.08 1.01
1:12 1.04 1.03 1.05 1.05
17 1:1.5 1.13 1.11 0.97 1.01
1:3 1.06 1.02 0.99 0.96
1:6 1.10 1.06 1.03 1.01

1:12 1.00 1.05 1.07 1.04
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Table A-1. (continued)

fraction  dilution Induction ratio Growth factor

without S9 with S9 without S9 with S9

18 1:1.5 1.14 1.12 1.04 1.06
1:3 1.06 0.99 1.02 1.02

1.6 1.10 1.09 1.09 1.05

1:12 1.00 1.05 1.06 1.02

19 1:1.5 1.20 1.19 1.04 0.96
1:3 1.10 1.09 1.05 0.96

1:6 1.08 1.10 1.11 1.00

1:12 1.09 1.09 1.04 1.03

Genotoxicity of pcGC sub-fractions

2.5 7

induction ratio

dilution

sub-fraction

Fig. A-1. Genotoxicity presented as induction factor in the umuC test without S9
activation by pcGC sub-fractions (8.1-8.11). The dotted line at 1.5 indicates the
genotoxicity threshold according to ISO/TC 147/SC5 (1999).
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Table A-2. Water solubility (WatSol), maximum concentration in the umucC test and

supplier information given for reference standards solved in DMSO for biological

confirmation.
compound WatSol° conc. supplier
(mgL™) (mgL™)
0,0,0-Trimethylthiophosphate 16156 751.50 Cheminova AlS, Lemvig,
Denmark
0,0,S-Trimethyldithiophosphate 4543 375.50 Cheminova AlS, Lemvig,
2-Chloro benzenemethanol 8663 150.70 Sigma-Aldrich, Seelze,
Germany
4-Chloro benzenemethanol 2500 109.90 Sigma-Aldrich
4-Chlorobenzoic acid 388 54.10 Sigma-Aldrich
3,5-Dichlorobenzene methanol 2186 67.90 Sigma-Aldrich
Formothion 2600 132.10 Fluka
Bisphenol A 120 8.40 Merck
1,1,2,2-Tetrachloroethane 1850 111.90 Fluka
Methyl 4-chlorobenzoate 890 25.80 Sigma-Aldrich
2,4-Dichloro-6-methylphenol 1063 30.90 Sigma-Aldrich
Dimethyl trithiocarbonate 35388 1017.70 Sigma-Aldrich
2,4,6-Trichlorophenol 800 24.60 Sigma-Aldrich
Methylparathion 38 3.20 Riedel de Haén
1,4-Dichlorobenzene 81 3.30 Sigma-Aldrich
Acenaphthene 4 2.30 Sigma-Aldrich
Dibenzofuran 10 2.10 Fluka
Fluorene 2 3.55 Fluka
alpha-Hexachlorocyclohexane 2 0.80 Riedel de Haén
Triphenylphosphate 5 1.35 Sigma-Aldrich

2US EPA: EPISuite™ v3.20, 2007.
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Fig. A-2. Mass spectrum match value (MV) provided by MOLGEN-MS (above) and
partitioning coefficient data (bottom) for molecular formula C3Hs0,PS, identified in F4
(16.63 min). The dashed box enclosed those structures fitting the log K,,, fraction range
+0.5. Log K, values were estimated using EPISuite™ (US EPA 2007).





Appendix 113

"Il T T T T T T T T
O log Kow — estimated

[k oy

1 1 1 1 1 1 1 1
1] 100 200 300 400 500 E00 700 Bo0
Structure Mumber

1|:ID T T T T T

G0 [ == oo .

Matchv'alue or Rank (%)

A e mm s e .

I:l 1 1 1 1 1 1 1 1
0 100 200 300 400 500 Ea0 700 200
Structure Mumber
Fig. A-3. Partitioning coefficient data (above) and mass spectrum match value (MV)
provided by MOLGEN-MS (bottom) for molecular formula CsHsO,S; identified in F4

(22.15 min). The dashed box enclosed those structures fitting the log K, fraction range
+0.5. Log K, values were estimated using EPISuite™ (US EPA 2007).





114 A Appendix

References

ISO/TC 147/SC5, 1999. Water Quality-Determination of genotoxicity of water and
wastewater using the umu-test. International Organization for
Standardization, Geneva, Switzerland

US EPA, 2007. Estimation Program Interface (EPI) Suite (TM), version 3.20, United
States Environmental Protection Agency, Washington DC, USA





115

CURRICULUM VITAE

Personal Details

Date of Birth 30" September 1980
Place of Birth Rostock, Germany
Marital status unmarried, 1 child

Practical Experience

05/09 — current Research fellow, Laboratoire de Chimie des Molécules
Bioactives et des Aromes (LCMBA) — UMR 6001, Université de
Nice-Sophia Antipolis, Nice, France

10/04 - 04/09 PhD Student, Department of Effect-Directed Analysis, UFZ —
Helmholtz Centre for Environmental Research, Leipzig,
Germany

(07/07 — 08/08 on maternity and parental leave)

01-06/03 Student Research Assistant, Leibniz Institute for Tropospheric
Research, Leipzig, Germany

Education

Tertiary

09/04 Diplom (equiv. M.Sc.) in Chemistry
University of Leipzig, Germany
grade: 1.0 (scale 1-6, 1 being best)

2003 — 2004 Diploma thesis at the Department of Ecotoxicology, UFZ —
Helmholtz Centre for Environmental Research, Leipzig,
Germany
Title of Thesis: Identification of genotoxic compounds in
complex contaminated groundwater from Bitterfeld (Saxony-
Anhalt, Germany) using effect-directed analysis

2002 — 2004 Master of Chemistry, University of Leipzig, Germany
Main subjects: organic & environmental chemistry

1999 — 2002 Bachelor of Chemistry, University of Rostock, Germany

Secondary

1999 Abitur (University entrance qualification)

CJD Christophorus School Rostock, Germany
Advanced courses: mathematics, physics
grade: 1.7 (scale 1-6, 1 being best)





116 Curriculum Vitae

Publications

Articles:

Talks:

Marcellus P, MEINERT C, Nuevo M, Filippi J-J, Danger G, Deboffle D, Nahon L,
d’Hendecourt L, Meierhenrich UJ, 2011. Photon-induced enantiomeric
excesses in initially achiral solid-state “interstellar” molecules. Astrophysical
Journal Letters 727, L25 (6pp)

Meierhenrich UJ, Filippi JJ, MEINERT C, Bredehoft JH, Takahashi J, Nahon L,
Jones NC, Hoffmann SV, 2010. Amino acid vacuum ultraviolet circular
dichroism spectra. Angewandte Chemie International Edition 49: 7799—
7802

MEINERT C, Filippi J-J, Nahon L, Hoffmann SV, d’Hendecourt L, Marcellus P,
Bredehoft JH, Thiemann WH-P, Meierhenrich UJ, 2010. Photochirogenesis:
Photochemical Models on the Origin of Biomolecular Homochirality.
Symmetry 2: 1055-1080

Meierhenrich UJ, Filippi J-J, MEINERT C, Vierling P, Dworkin JP, 2010. On the
origin of primitive cells: from nutrient intake to elongation of encapsulated
nucleotides. Angewandte Chemie International Edition 49: 3738-3750

Meierhenrich UJ, Filippi J-J, MEINERT C, Hoffmann SV, Bredehoft JH, Nahon L,
2010. Photolysis of rac-Leucine with Circularly Polarized Synchrotron
Radiation. Chemistry & Biodiversity 7: 1651-1659

MEINERT C, Schymanski E, Kuester E, Kuehne R, Schiilirmann G, Brack W,
2010. Application of preparative capillary gas chromatography (pcGC),
automated structure generation and toxicity tools to improve effect-
directed analysis of genotoxicants in a contaminated groundwater.
Environmental Science & Pollution Research 17: 885-897

MEINERT C and Brack W, 2010. Optimisation of trapping parameters in
preparative capillary gas chromatography for the application in effect-
directed analysis. Chemosphere 78 (4): 416-422

Schymanski E, MEINERT C, Meringer M, Brack W, 2008. The use of MS
classifiers and structure generation to assist in the identification of
unknowns in effect-directed analysis. Analytica Chimica Acta 615 (2): 136—
147

MEINERT C, Moeder M, Brack W, 2007. Fractionation of technical p-
nonylphenol with preparative capillary gas chromatography. Chemosphere
70 (2): 215-223

MEINERT C, Meierhenrich UJ. The Origin of Life — Enantioselective analysis of
amino acids in interstellar ices and meteorites by multidimensional GC—MS.
LECO conference on GCxGC, December 2010, Aachen, Germany (invited
lecture)





List of publications 117

MEINERT C, Moeder M, Brack W. Optimisation of preparative capillary Gas
Chromatography (pcGC) as a promising approach for effect-directed
fractionation of organic toxicants in complex environmental mixtures.
SETAC Europe, May 2006, Den Haag, Netherlands

MEINERT C, Moeder M, Brack W. Preparative capillary Gas Chromatography
(pcGC) for the Effect-Directed Fractionation of organic toxicants in complex
mixtures. SETAC Europe, April 2005, Lille, France

MEINERT C, Brack W. Identification of genotoxic compounds in complex
contaminated groundwater using effect-directed analysis. SETAC-GLB,
October 2004, Aachen, Germany

Posters: MEINERT C and Brack W. Optimisation of fractionation methods for PAC
fractions with different physicochemical properties using pcGC. SETAC
Europe, May 2007, Porto, Portugal

MEINERT C and Brack W. Optimisation of preparative capillary Gas
Chromatography for effect-directed fractionation of organic toxicants,
GDCh congress, section of Environmental Chemistry/Ecotoxicology, October
2006, Halle, Germany

Others:  Meierhenrich UJ, Filippi JJ, Meinert C, Hoffmann SV, Bredehoft JH, Nahon L.:
Photolysis of rac-leucine with circularly polarized synchrotron radiation. In:
D-Amino Acids in Chemistry, Life Sciences, and Biotechnology. Eds. Briickner
H., Fujii N., Wiley-VCH, Weinheim 2011, 341-349

Signature Date










ERKLARUNG

Ich versichere, dass ich die vorliegende Arbeit selbststandig angefertigt und mich
fremder Hilfe nicht bedient habe. Alle Stellen, die woértlich oder sinngemal
veroffentlichtem oder unveroffentlichtem Schrifttum entnommen sind, habe ich als

solche kenntlich gemacht.
Die vorliegende Arbeit wurde weder im Inland noch im Ausland in gleicher oder

dhnlicher Form einer anderen Priifungsbehérde zum Zwecke der Promotion oder eines

Prufungsverfahrens vorgelegt.

Nice,

Ort, Datum Unterschrift

119










Numerous compounds are continuously released into the environment in
large quantities e.g. solvents, dyes and varnishes, herbicides, insecticides, as
well as many biologically active compounds such as hormones and antibiotics.
They are suspicious as the cause of adverse effects to biota, including
mutagenicity, carcinogenicity, and endocrine disruption. To ensure this
problem to be minimized in the future, hazard chemicals need to be identified
in the environment. A simple analytical screening, of e.g. water bodies, is
insufficient to detect harmful compounds.

To facilitate the assignment of adverse effects of complex environmental
mixtures, the combination of chemical fractionation, specific biological
endpoint detection and chemical identification combined with qualitative
structure-activity relationships (QSAR) should be applied known as Effect-
directed analysis (EDA). However, toxicant identification in isolated fractions is
still one of the biggest challenges in EDA, since these fractions often remain
complex even after extensive HPLC-based fractionation. Therefore,
preparative capillary gas chromatography (pcGC) — a method that holds
promise to overcome this problem — is presented in this PhD thesis. The
resolving power of capillary gas chromatography compared to LC suggests to
include this technique into effect-directed fractionation procedures.
Moreover, toxicity confirmation using computer tools based on substructure
identification and structure generation combined with QSAR models is used in
this study to establish reliable cause-effect relationships.
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