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requirements for the degree of Doctor of Philosophy in the field of
Environmental Chemistry and Chemical Oceanography

ABSTRACT

Steroidal estrogens are potent endocrine disrupting chemicals that are naturally
excreted by vertebrates (e.g., humans and fish) and can enter natural waters through the
discharge of treated and raw sewage. Because estrogens are detrimental to aquatic
organisms at picomolar concentrations, many studies have measured so-called “free”
estrogen concentrations in wastewater effluents, rivers, and lakes. Yet, to our knowledge,
no studies have characterized the broader range of estrogens that includes free,
conjugated, and halogenated forms.

Conjugated estrogens are important because they can be easily converted to
potent free forms by bacteria in wastewater treatment plants and receiving waters. And
halogenated estrogens, produced during wastewater disinfection, are only slightly less
potent than free estrogens but much more likely to bioaccumulate.

We have developed a tandem mass spectrometry method that is capable of
simultaneously quantifying free, conjugated, and halogenated estrogens at picomolar
levels in wastewater effluent and coastal seawater. The method was validated using
treated effluent from the greater Boston metropolitan area, where we found that
halogenated estrogens represented over 50 % of the total estrogen discharge flux. A
kinetic model of estrogen halogenation was used to predict the distribution of free and
halogenated forms in wastewater effluent and suggested that chlorinated estrogens may
be formed en route to the wastewater treatment plant.

In the receiving waters of Massachusetts Bay, we detected a range of conjugated,
free, and halogenated forms at concentrations that were well-predicted by dilution near
the sewage outfall. Farther downstream, we found significantly higher estrone
concentrations which points to large inputs of estrogens from sources other than sewage.



Finally, we have used compound-specific measurements of '>C and *C in
commercial and pharmaceutical estrogen preparations to evaluate the potential for using
carbon isotopes to distinguish between synthetic and endogenous steroids in wastewater
and other environmental matrices. Our results show that synthetic estrogens and
progestogens exhibit significantly depleted 8"°C values (~ -30 %o) compared to
endogenous steroids (-16 %o to -26 %o). This isotopic difference should make it possible
to apportion synthetic and endogenous hormone sources in complex environments.

Thesis Supervisor: Philip M. Gschwend
Title: Ford Professor of Civil and Environmental Engineering, MIT
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UHPLC ... ultra high performance liquid chromatography
WWTP et wastewater treatment plant
B 4 S ST USRP yeast estrogen screen assay
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ESTROGEN ABREVIATIONS

R T 1 USSR estriol-3-glucuronide
S 1 ST estrone-3-glucuronide
E2-3G e 17B-estradiol-3-glucuronide
EE2-3G oottt 17a-ethynylestradiol-3-glucuronide
B L3S ettt st estrone-3-sulfate
R TSP 17B-estradiol-3-sulfate
EE2-3S e 17a-ethynylestradiol-3-sulfate
B3 ettt ettt ettt bt e et et e s ae e e be e eateas estriol
MONOCIES L. 4-chloro-estriol
L ettt ettt ettt ettt et ees estrone
B e et et e e e e aa e e eaaeeenbeeennaeeens 17B-estradiol
S 2SS UURRRPR 17a-ethynylestradiol
QICIES oot e e e e e e e e e e e e eeaans 2,4-dichloro-estriol
MONOCIET ... 4-chloro-estrone
MONOBIEE2......ciiiiii e 2-bromo-17a-ethynylestradiol
MONOBIE2 ..o 2-bromo-17p-estradiol
MONOCIEE2 ..ottt 4-chloro-17a-ethynylestradiol
10000 1 0 1 23 SRR 4-chloro-17p-estradiol
L4 1T 1 = RSP R 2,4-dichloro-estrone
QICIEE2 ...t 2,4-dichloro-17a-ethynylestradiol
14 (] 3RS 2,4-dichloro-17-estradiol
AIBIEE2......oiiie e 2,4-dibromo-17a-ethynylestradiol
AIBTE2 ..o s 2,4-dibromo-17p-estradiol
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Chapter 1

An introduction to steroidal estrogens
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1.1 Motivation

Estrogens are potent steroidal hormones that are key for the normal growth and
development of all vertebrates. Estrogens are naturally excreted from the body, mainly as
conjugated forms that contain attached sulfate and glucuronide groups, but these forms
can be rapidly converted back into potent forms by bacteria in wastewater treatment
plants (WWTPs) and the environment. During wastewater disinfection, estrogens may
react with chlorine or bromine to create halogenated forms. Estrogens are also
manufactured for use as pharmaceuticals (e.g., birth control and hormone replacement
therapy) and to enhance livestock production. All of these natural and synthetic estrogens
are released into the environment through myriad routes including sewage and livestock
effluent (Shore and Shemesh 2003). And since estrogens are potent enough to severely
affect natural populations and individual organisms in receiving waters and have been
found in treated drinking water, it is crucial that we better characterize the range of

estrogens being released into the environment.

1.2 The history of endocrine disruption

Endocrine disruption has been comprehensively reviewed in other publications
(Tyler, Jobling et al. 1998; Sumpter and Johnson 2005; Williams, Keller et al. 2009;
Snyder and Benotti 2010; Bergman, Heindel et al. 2013). An endocrine disrupting
chemical (EDC) is defined as “an exogenous substance or mixture that alters function(s)
of the endocrine system and consequently causes adverse health effects in an intact
organism, or its progeny, or (sub) populations” (IPCS 2002). The brief summary that
follows is focused on the history of EDCs in terms of their occurrence in wastewater and
effects on wildlife.

As a class of steroidal hormone, estrogens were first discovered in the 1920s and
1930s (Morgan and Moynihan 2000). Non-steroidal chemicals with appropriate size and
chemical character were known to mimic steroids as early as the 1940s (Schueler 1946),
and by the 1950s, studies had made direct links between endocrine disruption and

specific plant-derived and synthetic chemicals (Levin, Burns et al. 1951; Fisher, Keasling
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et al. 1952). As public interest grew and analytical capabilities improved through the
1960s and 1970s, increasing numbers of chemicals were identified in wastewaters, rivers,
and lakes. Many of these chemicals were pharmaceuticals and steroidal hormones that
were excreted by humans and survived wastewater treatment (e.g., Stumm-Zollinger and
Fair 1965; Hignite and Azarnoff 1977). By the 1990s and 2000s, scientists were able to
make direct connections between fish abnormalities and endocrine disrupting chemicals
in water (Tyler, Jobling et al. 1998; Kidd, Blanchfield et al. 2007; Bergman, Heindel et
al. 2013). These effects, which include the feminization of males and impaired

reproductive fitness, have been observed at both the individual and population levels.

1.3 A range of estrogen-like chemicals

Knowing the affinity between a chemical and an estrogen receptor is a first step in
understanding a chemical’s estrogenic potency. Some compounds bind strongly (e.g.,
1 7a-ethynylestradiol), while others bind weakly (e.g., bisphenol A), and this difference is
a direct reflection of chemical structure (Fang, Tong et al. 2001). Still, the net strength of
a hormonal response, and thus a chemical’s overall potency, is mediated by many
physiological and environmental variables (Bergman, Heindel et al. 2013).

Human estrogen receptors (ER) are expressed in living tissue to different degrees.
Each receptor (e.g., ERa, ERP) also exhibits a unique binding affinity for each individual
estrogen or estrogen-mimic (Kuiper, Carlsson et al. 1997; Kuiper, Lemmen et al. 1998).

In general, chemicals that bind well to estrogen receptors share some common
features. The 3-dimensional shape and electronic structure of the ligand binding domain
of an estrogen receptor determines which chemicals will bind strongly (Brzozowski, Pike
et al. 1997). Key characteristics include molecular size, a hydrophobic central molecular
core, and functional groups (like hydroxyl groups) that have H-bond donating ability at
either end of the molecule (Schueler 1946; Anstead, Carlson et al. 1997; Fang, Tong et al.
2001).

Since chemical structures are so diverse, binding affinity can vary by many orders

of magnitude. Typically, the estrogen 178-estradiol (E2) is treated as the reference for
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estrogen receptor binding affinity (sometimes called “estrogenicity”), and binding by
other chemicals is measured relative to E2 and expressed in terms of E2 equivalents
(EEq; Table 1). The estrogen used in most oral contraceptive pills, EE2, is one chemical
that binds more strongly than E2 (EEq ~ 1.3; (Liu, Kanjo et al. 2009)).

Yet, the vast majority of natural and synthetic chemicals have some structural
feature that precludes strong binding with the estrogen receptor. For example, estrone
(E1; EEq ~ 0.3), is a potent “free” form but lacks an H-bond donor on the D-ring (Liu,
Kanjo et al. 2009). Similarly, the sulfate conjugate, estrone-3-sulfate (E1-3S; EEq <
0.01), lacks an H-bond donor on the D-ring but is also considerably larger and more polar
than the free form, E1 (Kuiper, Carlsson et al. 1997). A common chemical additive,
bisphenol A (BPA; EEq ~ 0.0001), has two H-bond donor groups but non-optimal shape
(Fang, Tong et al. 2001). Finally, phytoestrogens (EEq ~ 0.0007), which are plant-
derived chemicals present at high concentrations in many food products (NCEH 2005;
Stanford, Snyder et al. 2010), have a molecular core that is typically more polar than that
of steroidal estrogens (Fang, Tong et al. 2001).

Estrogenic effects are related to both environmental concentration (activity) and
binding affinity. Indeed, chemicals like BPA, which are often present at high
concentrations (ug L) in the environment may be a lesser risk than low level (ng L™)
constituents, like steroidal estrogens, that have 10° — 10* times stronger affinity for
estrogen receptors. Still, chemicals do not exist in isolation. In the end we should work
towards understanding the effect of realistic mixtures of chemicals on organisms as well

as the relevant mechanisms of interaction with endocrine systems as a whole.

1.4 Broad objectives

The main objective of this thesis is to evaluate whether we should consider a
wider range of steroidal estrogens in environments that receive estrogenic mixtures
capable of harming organisms. Most research energy has been devoted to characterizing
potent free estrogens. We seek to understand the importance of other likely forms,

particularly conjugated and halogenated estrogens. In systems where estrogens pose a
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threat, effective solutions will require a better understanding of the sources and fate of
estrogens. Thus, we also investigate whether carbon isotopes may provide a way to track

synthetic and natural estrogens in complex environments.

1.5 Estrogen reservoirs

When we measure only free estrogens (e.g., E1, E2, estriol (E3), and EE2) in
wastewater effluents, rivers, lakes, oceans, or groundwater, do we have the full picture?
Or, have we neglected important reservoirs of estrogens by not looking for conjugated
and halogenated forms?

Thousands of studies have described free estrogens in wastewaters and natural
waters. The reasons that few of these studies have also considered conjugated or
halogenated estrogens are threefold. First, conjugates and halogenated forms are thought
to be less important because they bind less strongly to estrogen receptors. Second,
authentic standards of most halogenated estrogens are not commercially available.
Finally, methods that target a wide range of chemical structures are challenging to
optimize and validate.

There is strong evidence that conjugates and halogenated forms are important.
Conjugates have polar groups that are attached to the free estrogen skeleton at carbon
number 3, 16, or 17 (Figure 1; Figure 2; (Axelson, Sahlberg et al. 1981)) to aid with
excretion from the body. Most human and animal estrogens are excreted as sulfate or
glucuronide conjugates (Figure 2). Typically, the conjugates are much less potent than
free estrogens (Figure 3; (Burgess 2003)), and hence are generally “missed” by screening
tests. There is also evidence that WWTPs may even be a net source of the sulfate
conjugates E1-3S and E2-3S to the effluent stream implying these conjugates are being
formed from free and glucuronide forms (Schlusener and Bester 2008). To date, there
have been only a few studies of the fate of conjugates in sewers and WWTPs (Gomes,
Scrimshaw et al. 2009 and references therein), and none that investigate the fate of

estrogen conjugates in marine environments.
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Chlorinated derivatives of estrogens (Figure 2) are also formed during wastewater
disinfection processes (Nakamura, Kuruto-Niwa et al. 2007). They are more hydrophobic
(e.g., log Kow of 2,4-dichloro-estradiol is estimated to be 5.23, more than an order of
magnitude higher than estradiol and thus encouraging bioaccumulation) and more acidic
than the corresponding native estrogens (e.g., the pKa of estradiol is 10.71, while its 2,4-
dichloro derivative is estimated to have a pKa of 7.43 (Table 1)). Despite the widespread
use of chlorine to disinfect wastewater, only a small number of studies have considered
the importance of chlorinated estrogens in wastewater effluents and the environment (Hu,
Cheng et al. 2003; Moriyama, Matsufuji et al. 2004; Nakamura, Shiozawa et al. 2006;
Nakamura, Kuruto-Niwa et al. 2007; Wu, Hu et al. 2009). In a Japanese WWTP,
Nakamura et al. (2007) showed that chlorinated E1 derivatives were present in effluent at
concentrations up to 50 % that of the free form (E1).

Typically, estrogens exhibit unchanged or slightly decreased estrogenic activity
upon chlorination (Mukawa, Suzuki et al. 1988; Moriyama, Matsufuji et al. 2004;
Nakamura, Shiozawa et al. 2006). Yet the actual chemical activity of chlorinated
derivatives may be even greater than reported since none of the studies corrected for the
sorption of chlorinated estrogens onto vessel walls due to greater hydrophobic character
(log Kow ~ 4 - 6; Table 1).

The hydrophobicity of halogenated estrogens also means they are more likely to
accumulate on particulate organic matter and in sediments. High particulate/sedimentary
estrogen activity may disproportionately affect benthic organisms, filter feeders, and
demersal fish. In addition, studies of halogenated phenols (e.g., Abrahamsson and Klick
1991) suggest that dehalogenation by microorganisms in anoxic sediments could convert
halogenated estrogens into potent free forms.

Together, existing studies of conjugates and chlorinated derivatives suggest that
we are missing a significant piece of the puzzle when it comes to the mass balances,
cycling, and environmental impacts of estrogens in coastal ecosystems.

Conjugates may be quickly converted into potent free forms by bacteria in sewers,

treatment plants, and receiving waters, and chlorinated forms have been observed in some
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wastewaters at concentrations on par with free forms. Moreover, it is likely that
brominated forms would also form in wastewaters containing bromide and treated with
chlorine. Yet, to date no method exists for simultaneously measuring free, conjugated,
and halogenated estrogens.

Chapter 2 will describes a method for simultaneously measuring 23 steroidal
estrogens, including free forms (4), conjugated forms (7), and halogenated forms (12) in
wastewater treatment plant effluent.

The estrogen literature is dominated by descriptive studies, which characterize the
concentrations of free estrogens in certain particular wastewater plants, rivers, or lakes.
Fewer studies have sought to characterize the processes that control the fate of estrogens
in environmental systems. And, to our knowledge, none have addressed estrogen fate in

a coastal ocean impacted by sewage.

1.6 Estrogens in marine systems

There is a paucity of measurements of estrogens in marine systems (Figure SI-1;
Appendix A). But despite literally thousands of published studies on estrogens and
endocrine disruptors in the environment, we remain largely uninformed about the
sources, concentrations, fates, and effects of estrogens in marine ecosystems (Scott,
Katsiadaki et al. 2006; Scott, Sanders et al. 2007). This is an incredible situation since we
know these compounds are routinely discharged to coastal seas, and even parts per
trillion estrogen levels may substantially impact aquatic organisms and pose threats to
human health through seafood consumption (Caldwell, Mastrocco et al. 2008; Johnson,
Lomax et al. 2008).

There are large gaps in our understanding of the effects of sewage-derived
estrogens on marine organisms, including fishes and mammals.

Some scientists suggest that potent endocrine disruptors such as estrogens are
deleterious to vertebrates at any non-zero level, even when those levels fall below our

detection limits. This assertion seems extreme, especially in light of the fact that marine
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vertebrates must excrete estrogens into their surroundings and often aggregate into
schools and shoals.

Nonetheless, we increase the risk of damaging our aquatic and marine ecosystems
and the ecosystem services they provide when we proceed without first characterizing
total estrogen concentration and understanding how estrogen conjugates behave
differently with respect to transport and toxicology. The speciation of estrogens between
“free”” and conjugated forms also has important implications for their bioaccumulation
potential and, thus, the risk to human health via consumption of fish and bivalves. In
addition, we must improve our knowledge of coastal estrogen cycling so that we might
protect the quality of our drinking water more effectively and efficiently.

Steroidal estrogens are ubiquitous signaling chemicals, so we would expect
natural background levels to exist in seawater. Yet there are almost no measurements of
these levels. A single water sample from the North Pacific contained E1 concentrations of
0.052 ng L™ based on a highly specific immunoassay method (Atkinson, Atkinson et al.
2003). While limited in scope, this value provides a benchmark from which to evaluate
estrogen concentrations in coastal ocean environments impacted by sewage. If observed
estrogen levels exceed background values, then this would point to additional sources and
the potential for ecosystem harm.

After reviewing substantial literature, Caldwell et al. (2008) consider fish
reproduction as the most relevant and measurable endpoint and they come to a predicted
no-effect concentration (PNEC) for 17a-ethynylestradiol (EE2) of 0.35 ng L. Likewise,
Gross-Sorokin et al. (2006) concluded PNEC levels of 0.1 ng L' for EE2, 1 ng L™ for
E2, and 3 ng L™ for E1. Moreover, Kidd et al. (2007) found that chronic exposures to
only 5 - 6 ng L™ EE2 caused the collapse of a minnow population in their experimental
lake system, implying lower concentrations are needed to avoid chronic effects. Hence,
many studies identify ng L' concentrations as critical levels in various aquatic
organisms, including fish, amphibians, gastropods, and amphipods (Caldwell, Mastrocco
et al. 2008); and these studies still do not consider the implications of juvenile exposure

or the possibility that the estrogens act synergistically.
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Additionally, these water-based exposures do not consider diet-based doses.
Dussault et al. (2009) recently reported EE2 bioaccumulation in animals such as midges
(Chironomus tentans) and amphipods (Hyallela azteca), the types of animals that may
serve as prey for fish. Redhorse suckers (Moxostoma macrolepidotum) living near a
wastewater outfall were also found to bioaccumulate EE2 (Al-Ansari, Saleem et al.
2010). Further, Al-Ansari et al. inferred that these higher-trophic-level fish exhibited bio-
enrichment of this estrogen, implying a food chain exposure route. Perhaps most
disturbing is the fact that lipid-normalized EE2 concentrations among this redhorse
sucker population were several times higher than what we expect for women taking oral
contraceptives. Hence, it is not obvious that evaluation of seawater concentrations of
estrogens (i.e., ~ ng L levels) will be sufficient to know whether discharges may be
damaging coastal ecosystems and will be leading to significant human exposures.

Moreover, as the Boston wastewater is chlorinated, the production of chlorinated
(and perhaps brominated, since bromine-containing haloforms have been found in Deer
Island effluents; Figure 4) estrogens during treatment with hypochlorite at Deer Island is
almost certain (Hu, Cheng et al. 2003; Moriyama, Matsufuji et al. 2004; Nakamura,
Shiozawa et al. 2006; Nakamura, Kuruto-Niwa et al. 2007; Wu, Hu et al. 2009). This is
important because the bioaccumulation potentials (based on larger Kow values; Table 1)
of chlorinated (and brominated) estrogens are even higher than those of the parent
estrogens (Figure 3). And the literature indicates that the chlorinated compounds exhibit
similar or only slightly lower estrogenic activity than free estrogens (Figure 3;
(Moriyama, Matsufuji et al. 2004; Nakamura, Shiozawa et al. 2006)).

Due to all these considerations (e.g., possible synergistic effects, levels of chronic
exposures, food web enrichments, contributions of chlorinated derivatives), estrogen
loading to coastal areas such as Massachusetts Bay (Figure 4) may be significant with
respect to biological effects even at sub-ng L concentrations. If the risks associated with
certain estrogens are deemed to be unacceptable for human or ecosystem health, then the
fate model we develop will also be useful for designing and assessing mitigation

strategies including source controls, treatment options, and re-design of synthetic
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estrogen structures. And if (chlorinated) estrogens are accumulating in marine food webs,
entering our seafood supply, and compromising human health, then we would be wise to
begin to understand the sources and fate of these compounds in the marine environment.
Hence, the chief goal of this work is to develop a mass balance understanding of the free,
conjugated, and halogenated estrogens, considering the specific environmental processes

that control their concentrations in a coastal ocean ecosystem.

1.7 Preliminary assessment of estrone (E1) in Massachusetts Bay

In order to begin to assess estrogen levels and the likelihood of adverse effects in
a representative coastal ecosystem, a preliminary mass balance was formulated for E1 in
a steady state, well-mixed Massachusetts Bay (Figure 5; Appendix SI-1; Table SI-1). To
estimate the steady state concentrations, we considered sewage inputs and removals via
flushing, sorption and settling, loss to the atmosphere, photodegradation, and
biotransformation. This model focuses on the “water column compartment” of
Massachusetts Bay (see Shea 1995), and is tuned by the estimated effluent composition
and chemical properties of E1. Our initial calculations assume that Deer Island effluent is
the only source of E1, thereby ignoring inputs from other municipalities, combined sewer
overflows (CSOs), and natural estrogens in the feces and urine of marine vertebrate
populations. Calculations suggest that removals by sedimentation and air-sea gas
exchange are negligible compared to flushing with water from the Gulf of Maine and
biodegradation. We note that biodegradation rate constants have only been determined
for microcosms allowed to acclimatize to ug L™ estrogen spiking levels, which are orders
of magnitude higher than typical environmental concentrations (Jurgens, Holthaus et al.
2002; Ying and Kookana 2003; Ying and Kookana 2005; Ying, Toze et al. 2008). Thus
the biodegradation rate constant we use (10 y™'; (Ying and Kookana 2003)) may be a
gross overestimate since initial estrogen concentrations were orders of magnitude higher
than those expected in Massachusetts Bay, conjugated and chlorinated forms were not
considered, and rates were determined after long lag periods (~ 2 - 4 weeks). Due to

relatively small Kow values (Table 1), it is unlikely that sorption to particles and
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subsequent loss to bed sediments is a major sink of estrogens. This will be particularly
true for the more polar conjugates, but less so for chlorinated derivatives which are more
hydrophobic. We can also safely neglect air - water exchange for these estrogen species

due to very small Henry’s constant values (Table 1). The resulting mass balance takes the

form,
dC Q. C
tot  __ in “~in
d - - kﬂush Clot - ksettle ﬁolid Crot - kdegraa’e fv‘vater le
? bay
cg-‘ngﬁefgtee sewage flushing settling degradation
of tota = input — removal - removal - removal
concentration flux flux flux flux

where kpush, kserte, a0d Kgegraqe are rate constants that correspond to flushing,
sedimentation, and degradation, respectively, and f;,s and f,.q.r represent the fraction of
the compound on sinking particles and dissolved in the water. In this case kjegraae likely
reflects a combination of processes including biodegradation (k;,) and photodegradation
(kphotodeg)- We can solve the mass balance equation for each form of E1 at steady-state
conditions, and then combine the results to calculate “[E]i” in Massachusetts Bay (0.16
ng L. This estimate includes free (E1; 19 %), conjugated (E1-3S; 72 %), and
chlorinated (monochloro-E1; 9 %) derivatives. Yet this simple model assumes that E1-3S
and monochloro-E1 are the only E1 derivatives, and that both biodegrade with the same
rate as the free form (ks = 10 y'). These estimates also ignore the likelihood that some
portion of E1-3S in Massachusetts Bay will be converted to the potent free form by
sewage-derived bacterial communities (Gomes, Scrimshaw et al. 2009). As a result, we
expect that concentrations near the outfall (before far-field mixing) will be ~ 10x higher,
likely of the order 1 - 10 ng L™

Chapter 3 will test model accuracy by quantifying the full suite of natural and
synthetic estrogens and their conjugated and halogenated derivatives in the receiving
waters and sediments of Massachusetts Bay, USA. To the best of our knowledge, this
will be the first time that free, conjugated, and chlorinated estrogens have been measured

simultaneously in coastal seawater. These measurements will serve as a test of predicted
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estrogen distributions in Massachusetts Bay and provide context for evaluating risks to
human and ecosystem health by highlighting the relative importance of sewage-derived

and natural estrogen sources.

1.8 Distinguishing between natural and synthetic estrogens in the environment

Finally, in those systems where estrogen levels are deemed problematic, it will be
desirable to know the relative contributions from synthetic versus endogenous estrogens
in order to design cost-effective solutions.

Mitigation strategies could include source control and/or enhanced removal
during treatment. For example, if synthetic pharmaceuticals were the problem source,
then one could encourage pharmaceutical design for improved environmental
degradability or promote efforts to improve unused pharmaceutical disposal programs. If
endogenous estrogens were the problem source, then it may be preferable to invest in
wastewater treatment technologies or improve sewer infrastructure to reduce leaks and
CSOs.

A key factor for successful application of this approach will be the ability to
accurately distinguish between synthetic and endogenous estrogens in very complex
environmental matrices (e.g., wastewater, seawater, soils, sediments). In some cases this
is possible by conventional analytical chemical means since pharmaceuticals often have
unique structures. For example, the estrogen used in most oral contraceptive pills, EE2, is
unique in that it contains an ethynyl group at carbon position 17. In other cases, synthetic
estrogens are indistinguishable from endogenous forms based solely on chemical
structure (e.g., E2 used in hormone replacement therapies).

However, slight variations in isotopic composition have been shown to help
discriminate between otherwise structurally identical compounds. In fact, the relative
abundance of stable carbon isotopes ('°C, °C) is used routinely to identify synthetic

steroid doping in athletics and livestock applications.
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Chapter 4 will present evidence that synthetic hormones have distinct carbon
isotope (*2C, 1°C, *C) signatures, which could be used to apportion sources of synthetic

and endogenous estrogens and progestogens to wastewater and natural waters.
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Table SI-1. Mass balance parameters for E1 in Massachusetts Bay

Symbol | Definition Value Source
Cy Steady State concentration dissolved 2pg L’ Eqn (2)
in MA Bay
Qi Input from Deer Island WWTP 49x 10 ngy" | Assuming an average flow of 360
effluent MGD and 93% receives secondary
treatment (Delaney and Rex 2007);
[El]inﬂuem ~ 58 ng LEI; [El]efﬂuem ~
6.3 ng L' (Chimchirian, Suri et al.
2007)
Voay Volume of MA Bay 128 x 10" m’ | Ay, and D,
Avpay Surface area of MA Bay 32x10°m’ (Gustafsson, Long et al. 2001)
Dy, Average depth of MA Bay 35m (Jiang and Zhou 2008)
Keush Rate constant for advection (flushing) | 12y (Gustafsson, Long et al. 2001)
Keg Biodegradation rate constant 10y Estimate based on a reported aerobic
biodegradation rate for E, in marine
sediment (Ying and Kookana 2003)
S Sedimentation rate 03l cmy’ (Gustafsson and Gschwend 1998)
) Porosity of surface sediments 0.73 (Gustafsson and Gschwend 1998)
[ Solid sediment density 25gcm” (Shea 1995)
[TSS] Total suspended solid concentration ImgL’ (Hyde, O'Reilly et al. 2007)
Ciot Total concentration including both N/A Cii=Cy +Cq
dissolved and particulate phases
C, Steady state concentration on solids N/A C,=1f,Ciot
fy Fraction of E1 in the particulate 5x10° fy= CMy/(C;M; + Cy,Vy)
(solid) phase = (K4[TSS])/(1+ K4 TSS])
fw Fraction of E1 in the dissolved phase 0.999995 fo=CywVw/(CsM + CyVy)
= (1/(1+ K4 TSS])
Ky Solid-water distribution coefficient ~5Lkg" Estimate based on upper Mississippi

River sediment (Lee, Strock et al.
2003)
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Figure 1. Steroid carbon numbering and ring labels (Morgan and Moynihan 2000).
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Figure 2. Estrogen structures
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Figure 3. Estrogen families exhibit different binding affinities (y-axis) and potential to
sorb onto sediments and bioaccumulate (x-axis) (Griffith 2011).
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Figure 4. Study sites: Deer Island Treatment Plant and Massachusetts Bay.
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Figure 5. Preliminary mass balance model of a single estrogen family (E1) in
Massachusetts Bay. The model assumes a single well-mixed box at steady state. The
only input of E1 is Deer Island WWTP effluent (mixed uniformly throughout the bay)
where the lower bound is the measured effluent concentration of free E1 (MWRA,
unpublished) and the upper bound includes estimates of conjugated and chlorinated E1
inputs (Baronti, Curini et al. 2000; Nakamura, Kuruto-Niwa et al. 2007). Removal
occurs by advection (into the Gulf of Maine), biodegradation, and sedimentation.
Calculations suggest that removal by sedimentation and to the atmosphere will be
negligible. Due to the nature of mixing we expect that actual concentrations near the
outfall will be ~ 10x higher.

Massachusetts Bay

_ 9.2

SAD 3.2—X4%)0mm Air-sea Gas Exchange
avg = (neglect)

[TSS]~1mgL-! P

[E1liot~0.03-0.16 ng L-1 [~ N NS\
biodegradation

(kbio ~10y1)

Boston Harbor

Inputs ---1----- > —
(neglect) sedimentation rate adl\(lectlve {1; SIHHg
(031 cm y-1) (Kpysh ~ 12 y71)

Deer Island WWTP Diffuser
(360 MGD; [E]tot ~ 60 - 300 ng L")

43



Figure SI-1. Summary of coastal ocean estrone (E1) concentrations. Single
measurements are shown as circles. When multiple measurements were reported, the full
range is shown as a bar. Concentrations from the current study (Massachusetts Bay and
Boston Harbor) are shown in orange. See Appendix A for references and additional

details.
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Appendix SI-1. Estrone (E1) mass balance model for Massachusetts Bay

The following expression was used to estimate the steady state concentration of
dissolved estrone (E1) in Massachusetts Bay assuming a single well-mixed box at steady
state. The only input of E1 is Deer Island WWTP effluent, and removal occurs by
advection (flushing into the Gulf of Maine), biodegradation, and sedimentation.
Calculations suggest that removal by sedimentation will be negligible.

dcC Qin S(l - q))psAbay

w

C

dt V__ flush tor [TSS]Vbay s deg

bay

tot

Ciot 1s the total E1 concentration in MA bay, and C, and C;s are those portions of E1 in the
dissolved and particulate phases respectively. After Ci; and Cs are expressed in terms of

Cy (see Table SI-1) and steady state is assumed, the solution for Cy, yields:

Q/
Vbay

C, =
%W (K gy + S(L= @), f,(YITSSID,,,) + ko)

45



REFERENCES

Abrahamsson, K. and S. Klick (1991). "Degradation of halogenated phenols in anoxic
natural marine sediments." Marine Pollution Bulletin 22(5): 227-233.

Al-Ansari, A. M., A. Saleem, et al. (2010). "Bioaccumulation of the pharmaceutical 17
alpha-ethinylestradiol in shorthead redhorse suckers (Moxostoma

macrolepidotum) from the St. Clair River, Canada." Environmental Pollution
158(8): 2566-2571.

Anstead, G. M., K. E. Carlson, et al. (1997). "The estradiol pharmacophore: Ligand
structure-estrogen receptor binding affinity relationships and a model for the
receptor binding site." Steroids 62(3): 268-303.

Atkinson, S., M. J. Atkinson, et al. (2003). "Estrogens from sewage in coastal marine
environments." Environmental Health Perspectives 111(4): 531-535.

Axelson, M., B. L. Sahlberg, et al. (1981). "Analysis of profiles of conjugated steroids in
urine by ion-exchange separation and gas chromatography-mass spectrometry."
Journal of Chromatography 224(3): 355-370.

Baronti, C., R. Curini, et al. (2000). "Monitoring natural and synthetic estrogens at
activated sludge sewage treatment plants and in a receiving river water."
Environmental Science & Technology 34(24): 5059-5066.

Bergman, A., J. J. Heindel, et al. (2013). State of the sceince of endocrine disrupting
chemicals 2012. Geneva, Switzerland, United Nations Environment Programme
and the World Health Organization.

Brzozowski, A. M., A. C. W. Pike, et al. (1997). "Molecular basis of agonism and
antagonism in the oestrogen receptor." Nature 389(6652): 753-758.

Burgess, C. (2003). "Estrogens in coastal waters - The sewage source." Environmental
Health Perspectives 111(4): A232-A232.

Caldwell, D. J., F. Mastrocco, et al. (2008). "Derivation of an aquatic predicted no-effect
concentration for the synthetic hormone, 17 alpha-ethinyl estradiol."
Environmental Science & Technology 42(19): 7046-7054.

Chimchirian, R. F., R. P. S. Suri, et al. (2007). "Free synthetic and natural estrogen
hormones in influent and effluent of three municipal wastewater treatment
plants." Water Environment Research 79(9): 969-974.

46



Delaney, M. F. and A. C. Rex (2007). Contaminant Monitoring of Deer Island Treatment
Plant Effluent: 2000-2005. Boston, Massachusetts Water Resources Authority:
40.

Dussault, E. B., V. K. Balakrishnan, et al. (2009). "Bioaccumulation of the synthetic
hormone 17 alpha-ethinylestradiol in the benthic invertebrates Chironomus

tentans and Hyalella azteca." Ecotoxicology and Environmental Safety 72(6):
1635-1641.

Eger, C. H., D. A. Norton, et al. (1972). "Molecular interactions of hormonal steroids -
participation of 17-beta side-chain of corticosteroids in formation of complexes
with Co(II) .2." Steroids 20(4): 361-381.

Fang, H., W. D. Tong, et al. (2001). "Structure-activity relationships for a large diverse
set of natural, synthetic, and environmental estrogens." Chemical Research in
Toxicology 14(3): 280-294.

Fisher, A. L., H. H. Keasling, et al. (1952). "Estrogenic action of some DDT analogues."
Proceedings of the Society for Experimental Biology and Medicine 81(2): 439-
441.

Gomes, R. L., M. D. Scrimshaw, et al. (2009). "Fate of Conjugated Natural and Synthetic
Steroid Estrogens in Crude Sewage and Activated Sludge Batch Studies."
Environmental Science & Technology 43(10): 3612-3618.

Griffith, D. R. (2011). From sewers to the seafloor. Oceanus. Woods Hole, MA, USA,
Woods Hole Oceanographic Institution. 49: 30-33.

Gustafsson, O. and P. M. Gschwend (1998). "The flux of black carbon to surface
sediments on the New England continental shelf." Geochimica Et Cosmochimica
Acta 62(3): 465-472.

Gustafsson, O., C. M. Long, et al. (2001). "Fate of Linear alkylbenzenes released to the
coastal environment near Boston Harbor." Environmental Science & Technology
35(10): 2040-2048.

Hansch, C., D. Hoekman, et al. (1995). "The expanding role of quantitative structure-
activity relationships (QSAR) in toxicology." Toxicology Letters 79(1-3): 45-53.

Hignite, C. and D. L. Azarnoff (1977). "Drugs and drug metabolites as environmental
contaminants - chlorophenoxyisobutyrate and salicylic acid in sewage water
effluent." Life Sciences 20(2): 337-341.

47



Hilal, S. H., S. W. Karickhoff, et al. (2003). Prediction of Chemical Reactivity
Parameters and Physical Properties of Organic Compounds from Molecular
Structure Using SPARC. . U. S. E. P. Agency. Athens, GA: 158.

Hu, J. Y., S. J. Cheng, et al. (2003). "Products of aqueous chlorination of 17 beta-
estradiol and their estrogenic activities." Environmental Science & Technology
37(24): 5665-5670.

Hurwitz, A. R. and S. T. Liu (1977). "Determination of aqueous solubility and pKa
values of estrogens." Journal of Pharmaceutical Sciences 66(5): 624-627.

Hyde, K. J. W., J. E. O'Reilly, et al. (2007). "Validation of SeaWiFS chlorophyll a in
Massachusetts Bay." Continental Shelf Research 27(12): 1677-1691.

IPCS (2002). Global assessment of the state-of-the-science of endocrine disruptors.
Geneva, Switzerland, International Programme on Chemical Safety, World Health
Organization and United Nations Environment Programme.

Jiang, M. S. and M. Zhou (2008). The Massachusetts Bay Hydrodynamic Model: 2005
Simulation. Boston, Massachusetts Water Resources Authority: 58.

Johnson, L. L., D. P. Lomax, et al. (2008). "Xenoestrogen exposure and effects in English
sole (Parophrys vetulus) from Puget Sound, WA." Aquatic Toxicology 88(1): 29-
38.

Jurgens, M. D., K. I. E. Holthaus, et al. (2002). "The potential for estradiol and
ethinylestradiol degradation in English rivers." Environmental Toxicology and
Chemistry 21(3): 480-488.

Kidd, K. A., P. J. Blanchfield, et al. (2007). "Collapse of a fish population after exposure
to a synthetic estrogen." Proceedings of the National Academy of Sciences of the
United States of America 104(21): 8897-8901.

Kuiper, G., B. Carlsson, et al. (1997). "Comparison of the ligand binding specificity and
transcript tissue distribution of estrogen receptors alpha and beta." Endocrinology
138(3): 863-870.

Kuiper, G., J. G. Lemmen, et al. (1998). "Interaction of estrogenic chemicals and
phytoestrogens with estrogen receptor beta." Endocrinology 139(10): 4252-4263.

Lee, L. S., T. J. Strock, et al. (2003). "Sorption and dissipation of testosterone, estrogens,
and their primary transformation products in soils and sediment." Environmental
Science & Technology 37(18): 4098-4105.

48



Lee, Y., B. 1. Escher, et al. (2008). "Efficient removal of estrogenic activity during
oxidative treatment of waters containing steroid estrogens." Environmental
Science & Technology 42(17): 6333-6339.

Levin, E., J. F. Burns, et al. (1951). "Estrogenic, androgenic and gonadotrophic activity
in wheat germ oil." Endocrinology 49(3): 289-301.

Lewis, K. M. and R. D. Archer (1979). "pKa values of estrone, 17-beta-estradiol and 2-
methoxyestrone." Steroids 34(5): 485-499.

Liu, Z. H., Y. Kanjo, et al. (2009). "Removal mechanisms for endocrine disrupting
compounds (EDCs) in wastewater treatment - physical means, biodegradation,
and chemical advanced oxidation: A review." Science of the Total Environment
407(2): 731-748.

Morgan, B. P. and M. S. Moynihan (2000). Steroids. Kirk-Othmer Encyclopedia of
Chemical Technology, John Wiley & Sons, Inc.

Moriyama, K., H. Matsufuji, et al. (2004). "Identification and behavior of reaction

products formed by chlorination of ethynylestradiol." Chemosphere 55(6): 839-
847.

Mukawa, F., T. Suzuki, et al. (1988). "Estrogen and androgen receptor binding affinity of
10-beta-chloro-estrene derivatives." Journal of Steroid Biochemistry and
Molecular Biology 31(5): 867-870.

Nakamura, H., R. Kuruto-Niwa, et al. (2007). "Formation of chlorinated estrones via
hypochlorous disinfection of wastewater effluent containing estrone."
Chemosphere 66(8): 1441-1448.

Nakamura, H., T. Shiozawa, et al. (2006). "By-products produced by the reaction of
estrogens with hypochlorous acid and their estrogen activities." Journal of Health
Science 52(2): 124-131.

NCEH (2005). Third national report on human exposure to environmental chemicals.
Atlanta, GA: 467.

Schlusener, M. P. and K. Bester (2008). "Behavior of steroid hormones and conjugates
three sewage treatment plants." Clean-Soil Air Water 36(1): 25-33.

Schueler, F. W. (1946). "Sex hormonal action and chemical constitution." Science
103(2669): 221-223.

49



Scott, A. P., I. Katsiadaki, et al. (2006). "Vitellogenin in the blood plasma of male cod
(Gadus morhua): A sign of oestrogenic endocrine disruption in the open sea?"
Marine Environmental Research 61(2): 149-170.

Scott, A. P., M. Sanders, et al. (2007). "Evidence for estrogenic endocrine disruption in
an offshore flatfish, the dab (Limanda limanda L.)." Marine Environmental
Research 64(2): 128-148.

Shea, D. (1995). Multimedia fate model of organic contaminants in Massachusetts Bay.
Boston, Massachusetts Water Resources Authority: 20.

Shore, L. S. and M. Shemesh (2003). "Naturally produced steroid hormones and their
release into the environment." Pure and Applied Chemistry 75(11-12): 1859-
1871.

Snyder, S. A. and M. J. Benotti (2010). "Endocrine disruptors and pharmaceuticals:
implications for water sustainability." Water Science and Technology 61(1): 145-
154.

Stanford, B. D., S. A. Snyder, et al. (2010). "Estrogenic activity of US drinking waters: A
relative exposure comparison." Journal American Water Works Association
102(11): 55-65.

Stumm-Zollinger, E. and G. M. Fair (1965). "Biodegradation of steroid hormones." J.
Water Pollut Control Fed 37(11): 1506-1510.

Sumpter, J. P. and A. C. Johnson (2005). "Lessons from endocrine disruption and their
application to other issues concerning trace organics in the aquatic environment."
Environmental Science & Technology 39(12): 4321-4332.

Tyler, C. R., S. Jobling, et al. (1998). "Endocrine disruption in wildlife: A critical review
of the evidence." Critical Reviews in Toxicology 28(4): 319-361.

USEPA (2013). Estimation Programs Interface Suite for Microsoft Windows, v 4.11. U.
S. E. P. Agency.

Williams, R. J., V. D. J. Keller, et al. (2009). "A national risk assessment for intersex in
fish arising from steroid estrogens." Environmental Toxicology and Chemistry
28(1): 220-230.

Wu, Q. Y., H. Y. Hu, et al. (2009). "Effect of Chlorination on the
Estrogenic/Antiestrogenic Activities of Biologically Treated Wastewater."
Environmental Science & Technology 43(13): 4940-4945.

50



Yalkowsky, S. H. and R. M. Dannenfelser (1992). The AQUASOL DATABASE of
aqueous solubility, Version 5. Tucson, AZ, USA, University of Arizona, College
of Pharmacy.

Ying, G. G. and R. S. Kookana (2003). "Degradation of five selected endocrine-
disrupting chemicals in seawater and marine sediment." Environmental Science &
Technology 37(7): 1256-1260.

Ying, G. G. and R. S. Kookana (2005). "Sorption and degradation of estrogen-like-
endocrine disrupting chemicals in soil." Environmental Toxicology and
Chemistry 24(10): 2640-2645.

Ying, G. G., S. Toze, et al. (2008). "Decay of endocrine-disrupting chemicals in aerobic
and anoxic groundwater." Water Research 42(4-5): 1133-1141.

51



52



Chapter 2

Free, conjugated, and halogenated estrogens in secondary
treated wastewater effluent

David R. Griffith®, Melissa C. Kido Soule”, Hiroshi Matsufuji, Timothy I. Eglinton®,
Elizabeth B. Kujawinski®, and Philip M. Gschwend®

“ MIT/WHOI Joint Program in Oceanography, MIT/WHOI, USA

b Marine Chemistry and Geochemistry, Woods Hole Oceanographic Institution, USA
“ College of Bioresource Sciences, Nihon University, Japan

d Geological Institute, ETH-Ziirich, Switzerland

¢ Civil and Environmental Engineering, Massachusetts Institute of Technology, USA

In review at Environmental Science & Technology

53



54



Abstract

Steroidal estrogens are potent endocrine-disrupting chemicals that enter natural
waters through the discharge of treated and raw sewage. Because estrogens are
detrimental to aquatic organisms at sub-ng L' concentrations, many studies have
measured so-called “free” estrogen concentrations in wastewater effluents, rivers, and
lakes. Other forms of estrogens are also of potential concern since conjugated estrogens
can be easily converted to potent free estrogens by bacteria in wastewater treatment
plants and receiving waters, and halogenated estrogens are likely produced during
wastewater disinfection. Yet, to our knowledge, no studies have characterized free,
conjugated, and halogenated estrogens concurrently. We have developed a method that is
capable of simultaneously quantifying free, conjugated, and halogenated estrogens in
treated wastewater effluent. Detection limits (from 200 mL samples) were 0.13 — 1.3 ng
L' (free), 0.11 — 1.0 ng L' (conjugated), and 0.18 — 18 ng L™ (halogenated). An aqueous
phase additive, ammonium fluoride, was used to increase electrospray (negative mode)
ionization efficiency of free and halogenated estrogens by a factor of 20 and 2.6,
respectively. The method was validated using treated effluent from the greater Boston
metropolitan area, where we consistently found concentrations of 2-bromo-17f-estradiol

and 2,4-dichloro-17p-estradiol on par with or greater than free estrogen concentrations.
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2.1 Introduction

Steroidal estrogens are potent endocrine-disrupting chemicals (EDCs), designed
to be biologically active and known to disrupt the normal growth and development of
aquatic organisms at sub-ng L' concentrations (Caldwell, Mastrocco et al. 2008;
Johnson, Lomax et al. 2008; Velicu and Suri 2009). Estrogens have been measured in
rivers, lakes, estuaries, oceans, sewage effluents, septic system discharges, groundwater,
and drinking water, with concentrations ranging up to ug L' levels (Desbrow, Routledge
et al. 1998; Snyder, Villeneuve et al. 2001; Soto, Calabro et al. 2004).

There are a variety of ways that estrogens can enter aquatic environments.
Terrestrial and aquatic vertebrates produce and excrete estrogens naturally (Kolodziej,
Harter et al. 2004; Rolland, Hunt et al. 2005). Moreover, certain vertebrates such as
cattle may also receive synthetic estrogen supplements to boost milk production or
growth, and their associated waste products often run into rivers and lakes (Hanselman,
Graetz et al. 2003; Chimchirian, Suri et al. 2007; Kang and Price 2009). If sludge and
manure are applied to agricultural fields, then estrogens may enter surface and
groundwater by runoff and infiltration (Khanal, Xie et al. 2006). Numerous studies have
measured estrogen concentrations in natural waters, but very few have characterized
relative contributions from natural (cattle, fish, etc.) and sewage sources.

Estrogens are susceptible to removal by biodegradation or sorption to sewage
sludge in wastewater treatment plants (WWTPs), where secondary treatment can reduce
estrogen concentrations by ~85 % (Johnson and Sumpter 2001) and final effluents
typically contain ng L' concentrations of individual estrogens. Despite the many
published studies on estrogens in WWTPs and the environment, we lack a comprehensive
understanding of the diversity and distribution of steroidal estrogens in WWTP effluents.

Estrogens belong to a class of steroid hormone that includes a variety of chemical
forms and exhibits a range of properties related to phase partitioning, reactivity, and
potency. Free estrogens are the most potent form due to characteristic structures that
permit strong binding with estrogen receptors in the body. Free estrogens include

naturally occurring compounds such as estrone (E1), 173-estradiol (E2), and estriol (E3),
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and synthetically derived 17a-ethynylestradiol (EE2). Estrogens are excreted by
vertebrates largely in forms that have added glucuronide and sulfate groups. These so-
called conjugated estrogens are larger and more polar than free estrogens, and
consequently they have very low binding affinity for estrogen receptors rendering them
biologically inactive (Anstead, Carlson et al. 1997; Fang, Tong et al. 2001). However,
conjugates can be converted to the potent free form by sewage-derived bacterial
communities (Gomes, Scrimshaw et al. 2009).

Another estrogen form, chlorinated estrogens, are produced during wastewater
disinfection processes (Nakamura, Kuruto-Niwa et al. 2007) as hypochlorite reacts with
free estrogens. Despite the widespread use of chlorine to disinfect wastewater, we know
very little about the concentration and behavior of chlorinated estrogens in wastewater
effluent. Chlorinated estrogens are more hydrophobic than their corresponding free
estrogens, indicative of a greater tendency for chlorinated estrogens to bioaccumulate.
For example, the log Kow of diCIE2 (5.23; (USEPA 2013)) is more than an order of
magnitude higher than E2 (4.01; (Hansch, Hoekman et al. 1995)), . The fact that
chlorinated estrogens are more acidic than free estrogens (e.g., pK, of diCIE2 and E2 are
7.43 and 10.71, respectively (Lewis and Archer 1979; Hilal, Karickhoff et al. 2003)) also
has implications for sorption and photochemical degradation processes.

Despite the large potential flux of chlorinated estrogens from wastewater
treatment plants into receiving waters, only a few studies have considered the importance
of chlorinated estrogens in wastewater effluents and the environment (Hu, Cheng et al.
2003; Moriyama, Matsufuji et al. 2004; Nakamura, Shiozawa et al. 2006; Nakamura,
Kuruto-Niwa et al. 2007; Wu, Hu et al. 2009). In a Japanese WWTP employing
secondary treatment and disinfection by hypochlorite, Nakamura et al. (2007) found
chlorinated estrogens in effluent at concentrations (4 — 15 ng L™) up to 50% of the free
form. The study focused exclusively on E1 and its chlorinated derivatives (monoCIE1
and diCIE1), relying on detection by selected ion monitoring (SIM) and quantification by

an external calibration approach. Therefore, it is possible that other chlorinated estrogens
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were present and that wastewater matrix effects could have biased chlorinated E1
concentrations to lower values.

Estrogens are reported to exhibit unchanged or decreased estrogenic activity upon
chlorination (Mukawa, Suzuki et al. 1988; Hu, Cheng et al. 2003; Moriyama, Matsufuji et
al. 2004; Nakamura, Shiozawa et al. 2006; Lee, Escher et al. 2008; Liu, Kanjo et al.
2009). Yet the actual estrogenic activity of chlorinated derivatives may be even greater
than reported since none of these studies corrected for the sorption of chlorinated
estrogens onto vessel walls due to its greater hydrophobic character (log Kow ~ 4 - 6;
(USEPA 2013)).

Estrogens can also react with hypobromite to form brominated derivatives.
Hypobromite is rapidly formed in WWTPs and seawater when hypochlorite reacts with
bromide ion (Wong and Davidson 1977; Lee and Von Gunten 2009). This reaction has a
reported second-order rate constant of 1.55 x 10° M s (Kumar and Margerum 1987).
Thus, when seawater (carrying ~ 1 mM bromide) leaks into coastal cities’ sewers,
hypobromite may react quickly with estrogens to form brominated estrogens. Small
amounts of hypobromite may also be formed during drinking water treatment since
bromide is a minor constituent of source waters (~ 10 uM; (Vengosh and Pankratov
1998, and references therein)). Moreover, both chlorinated and brominated phenols are
known to form in bromide-containing waters treated with hypochlorite (Rook 1974; Rook
1976; Petrovic, Diaz et al. 2001; Acero, Piriou et al. 2005).

If halogenated estrogens represent an important component of the estrogen flux
into the environment, then we may need to evaluate the fate and mass balance of
estrogens in WWTPs and receiving waters. Moreover, if synergistic effects, chronic
exposures, and food web enrichments are significant, then even sub-ng L™ halogenated
estrogen concentrations could have significant biological effects. Therefore our efforts to
characterize estrogen sources and fates should include halogenated forms in addition to
conjugates and free forms.

This study describes a method for measuring a wide range of steroidal estrogens

(free, conjugated, brominated, and chlorinated) in wastewater effluent. The goal was to
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design a relatively simple extraction protocol and an instrumental method that targets a
wide range of estrogens in a single analytical run. The method was validated for effluent
from a typical large WWTP that employs activated sludge secondary treatment and
chlorine-based disinfection by analyzing this effluent after known standard additions
were made. Time-series samples were collected in order to accurately characterize the

estrogen flux delivered from this WWTP into Massachusetts Bay, U.S.A.

2.2 Experimental
2.2.1 Study site

The Deer Island Treatment Plant (DITP) is a large secondary treatment facility
that handles the greater Boston metropolitan area’s sewage and roadway runoff. Briefly,
treatment at DITP involves primary settling tanks, secondary treatment by biologically
activated sludge, disinfection by chlorination, followed by dechlorination using sodium
bisulfite. The Deer Island sewage outfall delivers, on average, 360 million gallons per
day (MGD; 15.8 m® s™') of treated effluent to Massachusetts Bay (15 km offshore; 30 m
water depth) via a 2 km long diffuser, which dilutes effluent by ~ 100-fold (Delaney and
Rex 2007; Hunt, Mansfield et al. 2010).

Wastewater (pH ~ 6.6) grab samples (“GRAB”) were collected from DITP at the
final effluent sampling spigot on the mornings of 14 March (10 AM, dry weather, “DI-
1203”), 30 March (9:30 AM, dry weather, “DI-1203b”), and 16 May 2012 (10 AM, wet
weather, “DI-1205"), and during the afternoon of 31 May 2012 (3 PM, dry weather, “DI-
1205b”). Since direct access to the ocean outfall is not possible, final effluent samples
collected at DITP are chlorinated and dechlorinated on site in a 450’ long sampling loop
system designed to simulate contact times in the disinfection basin and outfall tunnel.

Flow-weighted composite final effluent samples (“COMP”’) were also collected
for 24-hour periods ending at 7 AM on 30 March (DI-1203b), 16 May (DI-1205), and 31
May (DI-1205b), 2012. Each composite sample was stored in the dark at 4 °C during
collection. The composite sample from 16 May (DI-1205) captured a large rain event

(max flow 731 MGD or 32.0 m® s™') overnight. Thus the DI-1205 samples (GRAB and
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COMP) had significantly lower chloride, chemical oxygen demand (COD), and total
suspended solids (TSS) than other samples. A summary of the characteristics of DITP
effluent for each sample, including flow, chloride ion concentration, pH, and a variety of
other chemical parameters was provided by the Massachusetts Water Resources

Authority and can be found in Table SI-1.

2.2.2 Materials and chemicals

Estrogen standards were acquired from the following sources: Sigma-Aldrich
(Saint Louis, MO, USA): estrone (E1), 99 %; 17p-estradiol (E2), > 98 %; estriol (E3), 98
%; 17a-ethynylestradiol (EE2), 99 %; estrone-3-sulfate (E1-3S), 99.5 %; 17p-estradiol-
3-sulfate (E2-3S), 99.5 %; estriol-3-f-D-glucuronide (E3-3G), 99 %; 17p-estradiol-3-f3-
D-glucuronide (E2-3G), 99 %. Steraloids (Newport, RI, USA): estrone-3-glucuronide
(E1-3G); 17a-ethynylestradiol-3-glucuronide (EE2-3G); 17a-ethynylestradiol-3-sulfate
(EE2-3S); 2-bromo-17p-estradiol (monoBrE2); 2,4-dibromo-17f-estradiol (diBrE2); 2-
bromo-17a-ethynylestradiol (monoBrEE2); 2,4-dibromo-17a-ethynylestradiol
(diBrEE2). The purity of these estrogens was confirmed by melting point and thin layer
chromatography at Steraloids. Cambridge Isotope Laboratories (Andover, MA, USA):
2,4,16,16-d4-estrone (E1-d4), > 98 %; 2,4,16,16-d4-estrone-3-sulfate (E1-3S-d4), > 98
%. Dr. Hiroshi Matsufuji (Nihon University, Kanagawa, Japan): 4-chloro-estrone
(monoCIlE1); 2,4-dichloro-estrone (diCIE1); 4-chloro-17-estradiol (monoCIE2); 2,4-
dichloro-17p-estradiol (diCIE2); 4-chloro-estriol (monoCIlE3); 2,4-dichloro-estriol
(diCIE3); 4-chloro-17a-ethynylestradiol (monoCIEE2); 2,4-dichloro-17c.-
ethynylestradiol (diCIEE2). These chlorinated estrogen standards were synthesized and
purified according to the procedures in Moriyama et al. (2004), and the identity and
purity of chlorinated estrogens was confirmed by >*C NMR in 2004 and by liquid
chromatography mass spectrometry (LC-MS; full scan m/z 170 — 1000) in 2011. All
estrogen standards and stock solutions were stored at -20 °C.

The solvents used to condition solid phase extraction (SPE) disks and elute

estrogens were isopropyl alcohol (Mallinckrodt AR), acetone (JTBaker Ultra Resi-
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Analyzed), and methanol (MeOH; JTBaker Ultra Resi-Analyzed). High purity, deionized,
low-carbon laboratory water (Aquafine Corp.; pH 6.1) was used throughout this study.
Artificial seawater (pH 7.9) was made according to a standard recipe (Eaton, Franson et

al. 2005).

2.2.3 Extraction method

Wastewater effluent samples of 200 mL were collected in pre-baked (450 °C; 5 h)
amber round glass bottles with Teflon-lined caps (Figure 1). Surrogate internal standards
(SIS; 0.75 ng uL™"; E1-d4 and E1-3S-d4) were added in 2.4 uL of MeOH immediately to
samples using a calibrated Eppendorf pipet, and bottles were capped and swirled to mix.
Samples remained on ice until solid phase extraction in the laboratory (~ 2 — 3 hours
later). Samples used for the matrix-matched calibration curves were spiked with 2.7 uLL
of a MeOH solution containing a mixture of 23 estrogens, prepared at 9 concentration
levels, from 0.0037 ng uL™' (STD1) to 37 ng uL™' (STD9).

Solid phase extraction disks (Empore SDB-XC (cross-linked styrene
divinylbenzene on Teflon support); 47mm; 3M, St. Paul, MN) were placed in one of five
glass filtration units on a 5-port vacuum manifold and conditioned with 10 mL acetone,
10 mL isopropyl alcohol, and 10 mL MeOH, followed by 50 mL water. SPE disks were
wet-loaded with sample, and sample bottles were rinsed with 2 x 5 mL clean water,
which was then transferred to the filtration reservoir. After loading (200 mL samples), the
SPE disks were dried for 20 min by continuing to pull a vacuum, and then disks were
eluted with MeOH (2 x 10 mL) into amber glass vials. The extract was blown down to ~
1 mL under N; in a 40 °C water bath, reduced to dryness by vacuum centrifugation, and
reconstituted in 30 uL. MeOH. This solution was mixed by vortexing before addition of
water (70 uL), transfer to a pre-baked (450 °C; 5 h) vial with insert, and storage at -20 °C
until analysis.

Extraction efficiency and SPE disk break-through experiments were conducted
with water containing representative estrogens (E2-3S, E2, monoBrE2) spiked at

concentrations of 1 — 40 ug L™ Measurements were made by liquid chromatography
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coupled to UV-visible diode array detection (LC/DAD). Estrogens were separated on a
Thermo® Hypersil GOLD aQ™ column (250 x 4.6 mm i.d., 5 um particle size) by
isocratic elution using 70 % MeOH in water. The LC/DAD instrument (Hewlett Packard
1050 series; Palo Alto, CA, USA) monitored three wavelengths corresponding to the
secondary absorbance maximum of each estrogen (E2-3S: 270 nm, E2: 280 nm, and
monoBrE2: 285 nm) and collected full UV-visible (190 — 350 nm) spectra at the base and

apex of each peak.

2.2.4 UHPLC-MS/MS analytical method

Standards, quality control (QC) samples, and unknown extracts were analyzed
using an ultra high performance liquid chromatograph (UHPLC; Thermo® PAL
autosampler and Accela pump) coupled via electrospray ionization (negative ion mode)
to a triple-quadrupole mass spectrometer (MS/MS; Thermo® TSQ Vantage™) at the
Woods Hole Oceanographic Institution FT-MS Facility. Selected reaction monitoring
(SRM) conditions (s-lens, collision energy) were optimized individually for each
estrogen (Table SI-2). Quantitation and confirmation SRM transitions (50 total; Table SI-
2) were chosen to maximize analyte signals and minimize matrix interferences. Mass
calibration was performed using polytyrosine-1,3,6 (CS Bio, Menlo Park, CA, USA)
infused directly into the mass spectrometer.

Separation of estrogens was achieved on a Thermo® Hypersil GOLD aQ™
column (100 x 2.1 mm i.d., 1.9 um particle size) with an Ultrashield UHPLC pre-column
filter. The flow path length was minimized and made of stainless steel tubing where
possible. The column and pre-column filter were insulated (30 °C) within a Hot Pocket
column heater (Thermo Scientific; Waltham, MA, USA). The mobile phase consisted of
(A) water (amended with 1 mM ammonium fluoride) and (B) methanol; the pH of the
starting mobile phase (30 % MeOH) was 6.5. We used a linear 7 % min™' gradient over
10 min (30 % — 100 % MeOH) with a short 0.7 min hold at 30 % MeOH, a 3.3 min hold
at 100 % MeOH, and a 6.5 min equilibration (30 % MeOH) period before the next

injection. LC flow rates were 375 uL min™ during the gradient and 450 uL min™' during

62



the MeOH wash and equilibration periods. The auto-injector utilized a low-carry-over
dynamic load and wash method with separate organic (50:50 acetonitrile/MeOH) and
aqueous (95:5 water/acetonitrile) wash steps. Injection volumes were 10 uL.. The
analytical method readily separated and detected all the target estrogens for the DITP
wastewater effluent extract spiked at ~100 ng mL™' (Figure SI-1).

Estrogen concentrations were determined by the method of standard addition
(Boyd, Basic et al. 2008) for those samples collected on 14 March (“DI-1203”"). Matrix-
matched calibration curves (0.1 — 1000 ng mL™, R* > 0.997) were normalized with
surrogate internal standards and used to determine estrogen concentrations in wastewater

effluent collected on all other sampling days.

2.2.5 Confirming analyte identity

The identity of each analyte peak was confirmed by assuring that the peak met the
following criteria compared to an appropriate authentic standard: 1) quantitation and
confirmation SRM peak ratio within 20 % (Li, Campbell et al. 1996) or 50 % for low-
abundance samples (Commission 2002); 2) retention time within 2 % (L1, Campbell et al.

1996).

2.2.6 Correcting for sample processing losses and matrix effects

In addition to matrix effects and extraction losses, it is possible that glucuronide
conjugates could be degraded by 3-glucuronidase between wastewater collection and
extraction (Ternes, Kreckel et al. 1999; D'Ascenzo, Di Corcia et al. 2003; Reddy, Iden et
al. 2005). Similarly, other estrogens would be vulnerable to transformations prior to
extraction. Thus, it was desirable to spike all samples with the deuterated surrogate
internal standards as soon as possible to correct for the combined effects of sample
transport, extraction, ionization suppression/enhancement, and instrumental variability.
Matrix effect and percent recovery data were not used to correct effluent concentrations.

Rather, matrix-matched calibration curves were used (Kang, Hick et al. 2007; Boyd,
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Basic et al. 2008), and instrumental response was normalized to the appropriate SIS (E1-

3S-d4 for all conjugates; E1-d4 for all free and halogenated forms).

2.3 Results and Discussion
2.3.1 Mobile phase composition and column temperature

In designing a method able to detect sub-ng L' concentrations of a wide range of
estrogens in wastewater, it is essential to maximize analytical signals by optimizing
mobile phase conditions and instrumental settings. In particular, we sought a way to
increase signal intensity of free and halogenated estrogens (pK, ~ 7 — 11; (Hilal,
Karickhoff et al. 2003)), which have lower ionization efficiencies than conjugated
estrogens. Recent work has shown that fluoride ions promote gas-phase deprotonation of
neutral steroids (Rannulu and Cole 2012), and ammonium fluoride (NH4F) can be used as
a mobile phase additive to enhance signal intensity for a variety of metabolites (Yanes,
Tautenhahn et al. 2011). In our own tests, we found that the addition of ammonium
fluoride (1 mM per Yanes et al. (2011)) to the aqueous mobile phase (water) increased
the response factor of free and brominated estrogens by factors of 20 and 2.6,
respectively (Figure 2). Response factors for conjugated estrogens were the same or
slightly lower under these conditions, yet the instrument was inherently more sensitive to
these forms of estrogens since they are mostly ionized at environmental and mobile phase
pH. Using acetonitrile (ACN) in place of MeOH as the organic mobile phase has been
shown to increase ionization efficiency for estrogens during negative ionization mode
electrospray (Benijts, Dams et al. 2002; Reddy, Iden et al. 2005). Therefore, we tested
ACN, both alone and with ammonium fluoride (1 mM), but found minimal differences in
chromatographic separation and signal intensity compared to MeOH (Figure 2).

Since analyte retention times initially varied by 5 — 10 % due to laboratory
temperature fluctuations over the course of long sequence runs, we installed a column
heating jacket and tested a range of column temperatures (25 — 40 °C). We found that 30
°C was the best compromise between retention time stability and ion signal strength for

our suite of estrogens.

64



2.3.2 SRM channel cross-over

We investigated the extent to which each authentic estrogen standard contributed
to signal response in all other monitored SRM channels. So-called SRM channel “cross-
over”(or signal bleed) can result from impurities in authentic standards, isotopic artifacts,
or instrumental settings (e.g., m/z resolution). We quantified SRM channel cross-over by
injecting individual estrogen standards at equal concentrations, monitoring all SRM
transitions, and comparing peak areas. These tests demonstrated that for any single SRM
channel, the target estrogen contribution was typically 2000x larger than the contribution
from any non-target estrogen and 75x larger than the combined contribution from all non-
target estrogens. Contributions from deuterated surrogate internal standards were

negligible, except for a 1.6 % contribution from E1-3S-d4 to the SRM channel for E2-3S.

2.3.3 Gradient optimization

Several mobile phase gradients were tested, including simple gradients of varied
steepness (2 — 9 % min™"), and complex gradients containing multiple isocratic holds.
The chosen gradient (7 % min™) had the advantages of (1) greatly reducing analysis time
without sacrificing separation or sensitivity of other estrogens, and (2) separating EE2
from a large co-eluting wastewater matrix interference. It is possible that this matrix
interference, which is present in both of the SRM channels used to monitor EE2 and
elutes very close to EE2, could lead to overestimates of EE2 in similar wastewater
matrices. This is remarkable given the expected high degree of selectivity of UHPLC-
MS/MS instruments.

2.3.4 Matrix effects

We expected to observe significant and variable matrix effects due to the
chemical complexity of wastewater effluent, the diverse suite of target analytes, and a
relatively non-selective solid phase extraction protocol without additional clean-up steps.

The International Union of Pure and Applied Chemistry (IUPAC) defines a matrix effect
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as “the combined effect of all components of the sample other than the analyte on the
measurement of the quantity” (IUPAC 2012). This broad definition would include matrix
effects on sample extraction efficiency as well as instrumental response. However, in this
study, we follow the convention described by Matuszewski et al. (2003), where matrix
effects refer only to the instrumental response (e.g., ion suppression or enhancement),
while percent recovery (or recovery efficiency) is used to characterize the extraction
procedure (see below).

Since it was not practical to obtain or produce a wastewater matrix that was free
of estrogens, we calculated matrix effects based on the ratio of the response factors
(calibration curve slope) for estrogens spiked into wastewater matrix extracts and neat
solvent (Kang, Hick et al. 2007). The matrix effects observed in this study (see Table 1)
are consistent with ion suppression reported in other studies of estrogens in wastewater
matrices (Kang, Hick et al. 2007; Backe and Field 2012). Notably, glucuronide
conjugates exhibit severe ion suppression, which is likely the result of high

concentrations of co-eluting polar interferences near the solvent front.

2.3.5 Wastewater recovery (UHPLC-MS/MS)

The range of estrogen percent recovery from spiked (~ 33 ng L) wastewater
samples was 68 — 136 % with the exception of the glucuronide conjugates, which varied
between 12 — 25 % (Table 1). In low-carbon deionized water and artificial seawater, E3-
3G (logKow = 0.56) was poorly recovered, yet the other three glucuronides (logKow =
1.58 —2.27) were recovered at 89 — 107 %. The halogenated estrogens generally had
lower recoveries in low-carbon deionized water and artificial seawater compared to
wastewater. In artificial seawater, the glucuronides and free estrogens also exhibited
significantly higher percent recoveries. This may be related to salt-induced ionization
enhancement in the LC source or enhanced sorption onto the SPE disks due to

complexation with cations in seawater.
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2.3.6 SPE disk break-through (LC/DAD)

We investigated the influence of disk type (Empore SDB-XC and carbon; 3M, St.
Paul, MN), extraction flow rate (25 — 200 mL min™"), sample volume (0.85 — 8 L), ionic
strength (0 — 0.7 M as NaCl, CaCl,, and MgCl,), pH (5.76 — 11.50), and elution solvents
(methanol, 80:20 dichloromethane (DCM)/MeOH, and SmM tetramethylammonium
chloride (TMACI) in 80:20 DCM/MeOH) on estrogen extraction efficiency (see
Appendix B). Representative estrogens of each class (conjugated: E2-3S, free: E2, and
halogenated: monoBrE2) were spiked into water, extracted with SPE disks, eluted, and
analyzed by LC/DAD. These tests demonstrated satisfactory recoveries of all three
classes of estrogens over a wide range of salinity, pH, flow, and water volume (Appendix
B). Disk material seemed to be the determining factor for efficient extraction. On SDB-
XC disks, E2 and monoBrE2 were extracted more efficiently (80 — 120 %) than the more
polar E2-3S (60 — 90 %). While carbon disks eliminated problems related to break-
through, the recovery of all estrogens (E2-3S, E2, and monoBrE2) from carbon was low
(30 — 60 %) due to inefficient removal of estrogens from the disk despite the use of
strong eluting solvents (e.g., SmM TMACI in 80:20 DCM/MeOH; (Gentili, Perret et al.
2002)), long soak times, and backflush elution. Given this limitation, SDB-XC disks were

chosen for this study.

2.3.7 Method limit thresholds

The critical level (Lc), detection limit (Lp), and quantification limit (Lq) (Currie
1995) were calculated for each analyte (Table 1) using prediction intervals at the 95%
confidence level and exponential functions to model the fact that the variance of
instrumental response increases with concentration (i.e., heteroscedasticity) (see Gibbons,
Coleman et al. 1997) following Zorn et al. (1999) (Figure SI-2). We chose not to use the
standard EPA method detection limit (MDL) definition because it is based on variance at
a single concentration, does not consider data heteroscedasticity, and requires that
analytes are not present in the blank matrix. L¢, Lp, and Lq are defined as follows (Currie

1995):

67



Lc is the level at which the probability of a false negative is 5% (for a = 0.05).

Lp is the level at which the probability of a false positive is 5% (for § = 0.05).

Lq is the level corresponding to 10 times the standard deviation at Lc.

The Lp values for the conjugated estrogens in this study (see Table 1) are ~2 — 10x
higher than MDLs (based on S/N = 3) reported by Reddy et al. (2005) and Koh et al.
(2007), which is not surprising given that our method does not employ the same
extensive clean up steps. Yet, the Lp values reported here are in line with other studies
reporting limits of detection (LOD) for estrogens in WWTP effluent (Gentili, Perret et al.
2002; D'Ascenzo, Di Corcia et al. 2003; Gomes, Birkett et al. 2005; Zuehlke, Duennbier
et al. 2005; Schlusener and Bester 2008; Sun, Yong et al. 2009).

Our ability to target a wide range of estrogens with minimal sample preparation
steps comes at the cost of relatively high method limit thresholds for some analytes. For
example, the Lq thresholds for diCIE3 (27 ng L") and diBrEE2 (18 ng L") are higher
than one would expect for a typical effluent. The relatively high L of some other
analytes (e.g., E1, E2, monoBrE2, and diCIE2) is a function of the greater uncertainty in
extrapolating experimental variance from a high ambient concentration to zero

concentration (Zorn, Gibbons et al. 1999) (see Figure SI-2).

2.3.8 Estrogen concentration and potency in treated wastewater effluent

We found a wide range of estrogens in DITP effluent at all sampling times
(Figure 3; Table SI-3). Free estrogen concentrations were consistent with other
wastewater effluents (Gentili, Perret et al. 2002; D'Ascenzo, Di Corcia et al. 2003;
Lagana, Bacaloni et al. 2004; Zuehlke, Duennbier et al. 2005; Nakamura, Kuruto-Niwa et
al. 2007; Lien, Chen et al. 2009), but we found generally lower concentrations of sulfate
conjugates than expected based on previous studies (Koh, Chiu et al. 2007; Schlusener
and Bester 2008; Gomes, Scrimshaw et al. 2009). In contrast, halogenated forms,
especially monoBrE2 and diCIE2, were present at unexpectedly high concentrations — on
par with, or greater than, free forms. Moreover, this trend was consistent across a range

of sampling times and DITP conditions.
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Estrogen concentrations for each grab sample (GRAB) and its corresponding 24-
hour composite sample (COMP) were remarkably similar for many analytes. Exceptions
include E1 and E2, which were consistently higher in grab samples, and monoBrE2,
which was always higher in composite samples. These observations could be explained
by free estrogen degradation and continued bromination reactions during composite
sample holding times.

Had we focused only on free estrogens, we would have missed 60 — 70 % of the
total estrogen load in DITP effluent on a molar basis. In fact, we find that over half of all
measured steroidal estrogens were present in the halogenated form. This finding likely
applies to most wastewater systems that contain bromide ion and rely on chlorine for
disinfection, and should help in reevaluating estrogen fate during transport through
sewers and wastewater treatment plants. The prevalence of halogenated forms observed
here also warrants closer examination of whether these more hydrophobic forms may
pose a risk to organisms via bioaccumulation and increased exposure in sewage-impacted
waters.

Studies have found that halogenated estrogens typically have lower estrogenic
potency than free forms as measured by estrogen receptor binding affinity, YES assay,
and E-screen tests (Lee, Escher et al. 2008; Liu, Kanjo et al. 2009). Yet, it is not clear that
these tests adequately control for potency underestimation biases due to sorption of
hydrophobic estrogens onto test materials (see Appendix C). And, while steric hindrance
between halogen atoms on estrogen’s aromatic ring and the estrogen receptor would be
exp