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ABSTRACT

Trenbolone acetate (TBA), melengestrol acetate (MGA) and zeranol are synthetic
growth promoters extensively used in animal husbandry, yet despite occurrence in water
and soil little is known about their environmental fate. The work provides some of the
first details related to the persistence and mobility of these synthetic growth promoters
and their metabolites (SGPM) in natural aquatic systems.

In sunlit surface waters, results suggest that the families of TBA (including 17f3-
trenbolone, 17a-trenbolone and trendione) and MGA (also melengestrol) will readily
undergo direct photolysis with half-lives between ~0.25-1 h in both natural and simulated
sunlight. In contrast, zeranol, B-zearalanol and zearalanone only degrade via indirect
photolysis pathways mediated by dissolved organic matter. Their transformation is
attributable primarily to hydroxyl radical and triplet DOM at neutral pH values, whereas
the contribution of singlet oxygen becomes greater in more alkaline waters. An observed
pH-dependence for rates of indirect photolysis suggests these photooxidants react
primarily with the monodeprotonated form of zeranol, as well as its metabolites.

Given their high rates of direct phototransformation, close attention was paid to
elucidating the photoproducts for the TBA family. Generally, all metabolites of TBA
photodegrade primarily to a species hydroxylated at the C12 position of the steroid ring.
While this 12-hydroxy trenbolone species is photostable, it can hydrolyzes to di- and tri-
hydroxy products. Most notably, however, it is also prone to dehydration, which results
in the regeneration of the TBA metabolite from which it was derived. This dehydration
pathway can be acid- and base-catalyzed, but it also occurs to an appreciable extent at
neutral pH. It is also temperature dependent, with greatest rates of parent metabolite
regeneration at higher temperature. Consequently, the rapid rate of photolysis for TBA
metabolites observed in daylight is followed by photoproduct-to-parent reversion

mechanism in the dark indicating they will be far more persistent than currently realized.
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In soil systems, all SGPMs exhibit a high affinity for organic rich soil (e.g., peat),
consistent with an important role for hydrophobic interactions in governing their uptake.
However, the extent and reversibility of sorption in such systems is not predictable from
common metrics for compound hydrophobicity (e.g., octanol-water partitioning
coefficients), suggesting that specific chemical interactions also influence uptake. In
model soils systems with lower organic carbon content (1-6% w/w), sorption occurs in
parallel with transformation reactions that are mediated by the inorganic phases present.
In suspensions of model metal oxides (e.g., SiO,, MnO; and the iron oxide ferrihydrite),
SGPM decay is observed, presumably from either hydrolysis or oxidation, although
reaction products were not identifiable. Thus, in soil systems, especially those with
moderate to low organic carbon content, most SGPMs will primarily undergo
transformation rather than sorption.

Results from this work can be used to more accurately predict the fate of synthetic
steroid growth promoters in agriculturally impacted water and soil. This information will
be critical for assessing the totality of the risks posed to ecosystem health by this

emerging pollutant class.
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ABSTRACT

Trenbolone acetate (TBA), melengestrol acetate (MGA) and zeranol are synthetic
growth promoters extensively used in animal husbandry, yet despite occurrence in water
and soil little is known about their environmental fate. The work provides some of the
first details related to the persistence and mobility of these synthetic growth promoters
and their metabolites (SGPM) in natural aquatic systems. Here, laboratory experimental
studies explore their tendency to undergo phototransformation in surface waters and their
interaction with soil via sorption or mineral-promoted reactions.

In sunlit surface waters, results suggest that the families of TBA (including 17f3-
trenbolone, 17a-trenbolone and trendione) and MGA (including melengestrol) will
readily undergo direct photolysis. They exhibit half-lives between ~0.25-1 h in both
natural and simulated sunlight that were largely insensitive to environmental variables
(e.g., temperature, pH and cosolutes). In contrast, zeranol, 3-zearalanol and zearalanone
only degrade via indirect photolysis pathways mediated by dissolved organic matter.
Their transformation is attributable primarily to hydroxyl radical and triplet DOM at
neutral pH values, whereas the contribution of singlet oxygen becomes greater in more
alkaline waters. An observed pH-dependence for rates of indirect photolysis suggests
these photooxidants react primarily with the monodeprotonated form of zeranol, as well
as its metabolites.

Given their high rates of direct phototransformation, close attention was paid to
elucidating the photoproducts for the TBA family. Generally, all metabolites of TBA
photodegrade primarily to a species hydroxylated at the C12 position of the steroid ring.
While this 12-hydroxy trenbolone species is photostable, it can hydrolyzes to di- and tri-
hydroxy products. Most notably, however, it is also prone to dehydration, which results
in the regeneration of the TBA metabolite from which it was derived. This dehydration

pathway can be acid- and base-catalyzed, but it also occurs to an appreciable extent at
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neutral pH. It is also temperature dependent, with greatest rates of parent metabolite
regeneration at higher temperature. Consequently, the rapid rate of photolysis for TBA
metabolites observed in daylight is followed by photoproduct-to-parent reversion
mechanism in the dark. This phenomenon has broad and important implications for the
fate of TBA metabolites in surface waters. Generally, they will be far more persistent
than currently realized, and their concentration will exhibit, pH, diurnal and seasonal
dependencies.

In soil systems, all SGPMs exhibit a high affinity for organic rich soil (e.g., peat),
consistent with an important role for hydrophobic interactions in governing their uptake.
However, the extent and reversibility of sorption in such systems is not predictable from
common metrics for compound hydrophobicity (e.g., octanol-water partitioning
coefficients), suggesting that specific chemical interactions also influence uptake. In
model soils systems with lower organic carbon content (1-6% w/w), sorption occurs in
parallel with transformation reactions that are mediated by the inorganic phases present.
In suspensions of model metal oxides (e.g., SiO,, MnO; and the iron oxide ferrihydrite),
SGPM decay is observed, presumably from either hydrolysis or oxidation, although
reaction products were not identifiable. Thus, in soil systems, especially those with
moderate to low organic carbon content, most SGPMs will primarily undergo
transformation rather than sorption.

Results from this work can be used to more accurately predict the fate of synthetic
steroid growth promoters in agriculturally impacted water and soil. This information will
be critical for assessing the totality of the risks posed to ecosystem health by this

emerging pollutant class.
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CHAPTER I. INTRODUCTION

1.1 Sources, occurrence and impact of hormones
in natural waters

In recent years, improved methods of analysis have led to the discovery of a new
generation of pollutants in surface waters. These include pharmaceuticals, personal care
products and hormones [1-4]. In particular, the presence of hormones has attracted much
attention due to potential risks associated with their biological activity. Most sex
hormones are steroids, which share a characteristic base structure of a four-ring network
consisting of three cyclohexane rings and one cyclopentane ring [5]. Steroids are further
subdivided based upon their function. Estrogens, such as 17p-estradiol (Figure 1-1), are
the main sex hormones in women, and an essential part of a woman’s reproductive
process [6, 7]. Androgens including testosterone (Figure 1-1) stimulate or control the
development and maintenance of masculine characteristics in vertebrates [6, 7].
Progestins such as progesterone (Figure 1-1) affect progestational activity and are
involved in the female menstrual cycle [6, 7]. Besides the naturally produced hormones

such as those mentioned above, synthetic hormones also exist, such

17B-estradiol Testosterone Progesterone 17a-Ethinyl
estradiol

Figure 1-1. Structures of several steroidal hormones
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as 17a-ethinylestradiol (EE2), a synthetic estrogen that is the active agent in the birth
control pill.

In terms of environmental occurrence, estrogenic hormones are a great concern
because they are among the most frequently detected in natural waters, with typical
concentrations ranging from 10 to several hundreds of ng/L [4, 8]. In a noteworthy
nation-wide survey, water samples were taken from 139 streams across 30 states between
1999 and 2000. Several natural hormones including 17a-and 17p-estradiol were detected
with maximum concentrations of 0.16 and 0.019 ug/L, respectively [4]. It is commonly
believed that a major source of many of these emerging micropollutants (also referred to
as chemicals of emerging concern (CECs)) is effluent from municipal wastewater
operations [9-15]. Hormones are naturally produced and excreted in waste by humans
and animals, while synthetic hormones including ethinyl estradiol (EE2) are often
prescribed for medicinal purposes and subsequently excreted after metabolism.
Accordingly, these species are expected to be present in sewage and wastewater
treatment plant influent, and if not removed during these processes will enter into the
environment as effluent discharge.

Another important source of hormones is animal agriculture operations [12, 16,
17]. Rivers receiving effluents from cattle feedlots have been found to contain sufficient
levels of hormonally active agents, which include both hormones naturally produced by
cattle as well as agents dosed to animals to promote growth and meat production. Over 4
tons of total androgens were estimated to be excreted into the environment by cattle, pigs,
sheep and chickens in 2000 alone [18]. These hormones of agricultural origin can enter
the surface and groundwater via runoff from feedlots waste and through the application
of animal wastes (manure and urine) to soils as fertilizers [12, 16, 17].

Growing concern over hormones in the environment is linked to their potential to
induce a variety of adverse health effects in aquatic organisms and human bodies exposed

to these compounds. Interest in the ability of steroid hormones to impact water quality
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and ecosystem health began in the 1990s when scientists in the United Kingdom reported
the presence of feminized male fish in wastewater-impacted rivers [19-21]. Most
hormones are recognized endocrine disrupting compounds (EDCs), which are defined as
species that can interact with and alter the physiological function of the endocrine system
in living organisms [7]. Numerous reports of endocrine disruption in aquatic organisms
exposed to municipal wastewater effluent and agriculture runoff indicate that steroidal
hormones can have substantial and detrimental impacts on ecosystem health [12, 19, 20,
22-27]. Most notably, exposure to natural and synthetic estrogens has been shown to alter
the reproductive potential of some wild fish populations [19]. Harries et al. placed male
trout at various distances downstream of an effluent entry point to serve as biomarkers of
estrogen exposure in rivers in the United Kingdom. They found that the male trout placed
near the effluent entry showed female characteristics, suggesting that effluents of sewage
treatment works are estrogenic to fish [20]. Although this result may be caused by
estrogen-mimicking chemicals, it is also possible the observations were induced by
natural and synthetic estrogens in the discharge.

It is also important to note that exposure to even low concentrations of steroids
can be very significant. Kidd et al. dosed an entire lake with 5 ng/L of the synthetic
estrogen ethinyl estradiol (EE2) and subsequently observed widespread disruption in
reproductive output and fecundity in fathead minnows [23]. In fact, the fathead minnow
population was driven to extinction over a 3 year exposure period due to the reproductive
failures which indicated a severe adverse impact of steroid exposure on fecundity.
Therefore, endocrine disruption due to steroid exposure has the potential to substantially
reduce or even eliminate populations of sensitive species because the steroids decrease

the ability of these populations to replace themselves.
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1.2 Use of growth promoters in animal agriculture

Several steroidal hormones are used currently as growth promoters in animal
husbandry in the U.S. for the sake of meat production. These growth promoters improve
feed efficiency, rates of weight gain and relative proportions of muscle and fat [7, 12]. In
animal agriculture, hormones produced naturally by the animal are referred to as
“endogenous” hormones, whereas additional “exogenous” hormones, which can be either
natural or synthetic in nature, are administered via ear implants. Indeed, nearly all cattle
used for meat production receive exogenous hormones as growth promoters at low dose
levels through pellets implanted in their ears [26, 28]. Balter, for example, estimated that
~90-97% of beef cattle in the U.S. are implanted with exogenous, steroids, most of which
are synthetic steroids [29].

The U.S. Food and Drug Administration (USFDA) has approved three synthetic
hormones for growth promotion in cattle and sheep raised for meat production [30, 31].
These are zeranol (commercially available in Zeraplix), a resorcyl lactone that is a non-
steroidal estrogen, trenbolone acetate (TBA) (commercially available in Revalor), an
androgenic steroid, and the progestin melengestrol acetate (MGA) (commercially
available in Heifermax500)(see Figure 1-2) [30]. Their relatively high intravenously
administered doses are 36-72 mg/implant, 140-200 mg/implant and 0.5 mg/day for
zeranol, trenbolone acetate and melengestrol acetate, respectively [12, 28]. Once applied
to animals, some of these growth promoters can be excreted unmetabolized, although
most mass is excreted as various metabolites. In studies with heifers using radiolabeled
TBA, 80% of the intravenously administered dose (based on radioactivity) was excreted
in bile within 24 h, but all was metabolized; 17a-trenbolone (17a-TBOH; 33% of
excreted radioactivity) was the dominant metabolite, while 173-trenbolone (17 3 -
TBOH; 0.9%) and trendione (1.2%) appeared in smaller quantities [32]. For MGA,

about 10-17% of the administered dose was excreted in feces unmetabolized [33], where
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once in the environment it may hydrolyze at slightly basic pH (~8 or 9) to melengestrol
[34]. Zeranol (25 mg/d) dosed to heifers yielded 2-5 pg/L of unmetabolized zeranol in
urine, with B-zearalanol (2-5 pg/L) and zearalanone (0.1-0.5 pg/L) metabolites also
observed [35]. The three synthetic growth promoters and their major biological

metabolites described above will be heretofore referred to as SGPMs.
1.3 Environmental occurrence and
associated risks of SGPMs

The three growth promoters mentioned above, as well as their major metabolites,
have been frequently detected in surface waters and soil near animal agriculture
operations on the order of 10-100 ng/L and 1-100 ng/g level, respectively [16, 17, 24, 36-
38]. Durhan et al. detected 17a- and 173-TBOH at concentrations ranging between 10-
120 ng/L near a cattle feedlot discharge point in Ohio [37]. The 17a- and 173-TBOH
were detected in 6 samples and 2 samples, respectively, in a total of 9 samples from
discharge sites. TBA metabolites were detected at 1.7 ng/g in liquid manure and 5-75
ng/g in solid manure while MGA was detected at 0.3-8 ng/g in solid manure [17]. Bartlet-
Hunt et al. also detected up to 55 + 22 ng/g 17a-TBOH and 65 + 0.4 ng/g MGA in fresh
manure and feedlot surface soils[36]. Kolok et al. investigated the presence of several
natural and synthetic steroids in the Elkhorn River of Nebraska, with MGA being
detected at all six sampling sites at detectable concentration. Zeranol has been observed
at ng/L levels in water bodies impacted by sewage discharges [24, 38].

The detection of these compounds in natural waters and soil raises concern over
potential health risks. 178-TBOH and 17a-TBOH are potent androgens in fish and
mammals even at ng/L level [37, 39]. In particular, 178-TBOH is a known reproductive
toxicant in fish; tests have shown significant reductions on fecundity of fathead minnow

due to exposure to 173-TBOH at concentration larger than 27 ng/L [22]. Moreover,
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Figure 1-2. Structures of synthetic growth promoters and their metabolites (SGPMs)
considered herein.
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affinity of 17p-TBOH and 17a-TBOH for the human androgen receptor has also been
reported [40]. Similarly, MGA is toxic to fish even at ng/L level [24], and potentially
hazardous to humans at a dose of 0.7 mg due to its adverse effect on female physiological
functions [41]. Estrogenic zeranol has raised concerns over the potential risks to human
health because exposure to excess estrogen may be linked to human breast and uterine
cancer [30].

Because environmental exposure to very low levels of SGPMs has been linked to
significant adverse health effects in aquatic organisms [22], the mass of SGPMs
implanted in a single animal potentially can affect a large volume of receiving water. For
example, about 200 mg of TBA is contained in cattle ear implants, which will form about
170 mg of active 17B-TBOH in vivo [28]. Although the fraction of TBA excreted in
animals varies, an estimate of 10% excretion yields a concentration of 28 ng/L of 178-
TBOH in 600,000 L of receiving water, neglecting degradation and sorption. Thus,
implantation of one cow has the potential to produce harmful levels of 178 -TBOH in

over a half of a million liters of water.
1.4 Current understanding of growth
promoter environmental fate

The presence and adverse effects on ecosystem of selected SGPMs are certain but
their fate and transport in the natural environment is poorly understood. There are several
possible natural attenuation processes for SGPMs. In addition to dilution in SGPM-free
natural water, environmental processes such as photolysis, biodegradation, sorption and
abiotic chemical transformations are likely to significantly reduce SGPM concentrations.
Possible pathways of SGPMs attenuation in the natural environment are illustrated in
Figure 1-3. This research focuses on the photolysis, sorption and abiotic chemical
transformation of SGPMs. Current research and important data gaps associated with each

of these processes are summarized below:
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Figure 1-3. Potential environmental pathways of SGPMs

Photodegradation

Photodegradation, or photolysis, can occur by two pathways referred to as direct
and indirect photolysis [42]. In direct photolysis, molecules directly absorb light energy
causing bond cleavage or rearrangement. In indirect photolysis, light is absorbed by a
chromophore such as dissolved organic matter (DOM), which then transfers the light
energy to another species. When O is the species receiving the energy, as is often the
case in most aerobic environments such as surface waters, reactive oxygen species (ROS)
are produced. Common ROS in natural waters include hydroxyl radical ("OH), singlet
oxygen (*O,), superoxide (O,") and hydrogen peroxide (H-0,). After their production,
these highly reactive photooxidants can react with a range of organic micropollutants in

water and lead to chemical transformation [42]. It is also recognized that triplet excited
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states of dissolved organic matter *DOM®*) can function as photooxidants by reacting
directly with micropollutants rather than with O, [43].

For SGPMs photolysis, little information is available regarding reaction rates and
products, as well as key environmental variables that influence this process. Van der
Merwe and Pieterse indicated that the concentration of 178-TBOH in bovine urine
decreased over 2 days exposure to sunlight whereas the concentrations of zeranol did not
change [44]. However, they only studied these two SGPMs in urine, and no data were
obtained in water. Most information regarding SGPM photolysis in aquatic systems
comes from the manufacture’s environmental assessment reports [34, 45, 46]. The
photodegradation of 17a-TBOH, TBA and MGA were investigated in quartz tubes with
exposure to sunlight by their manufacturers. They were all susceptible to direct
photolysis with half-lives of several hours. TBA exhibited a half-life of 1.1-2.5 h which
was fairly stable between pH 5-9, whereas 17a-TBOH exhibited half-lives of 12.6 h, 3.1
hand 3.3 hand pH 5, 7 and 9, respectively. As 17a-TBOH has no ionizable functional
groups, such that the longer half-life at pH 5 was attributed to cloudy weather and limited
sunlight in the pH 5 experiments [34, 46]. In another study, 173-TBOH was found to be
degraded with exposure to single 254 nm UV light but no data were reported with respect
to sunlight [47]. These reports are limited, however, in that they are generally restricted
to parent compound only, and information related to metabolites and the identity of
transformation products remains unknown. Furthermore, these studies only consider
direct photolysis, whereas indirect photolysis, which can also be important in natural
waters, was ignored.

Based on the structures of SGPMs and the limited amount of previous photolysis
data, metabolites of TBA and MGA are expected to readily undergo both direct
photolysis due to the presence of their conjugated n-bond systems. Notably, we expect
the 4,9,11-triene structure to make the trenbolone family of compounds to be especially

prone to direct phototransformation. On the other hand, indirect photolysis pathways can
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reasonably be expected to dominate for zeranol and its metabolites. The zeranol family
possesses aromatic moieties that will exhibit absorption maxima outside the solar
spectrum, resulting in photostability consistent with the earlier report of Van der Merwe
and Pieterse [44]. However, the phenolic moieties present in zeranol should be reactivity

toward most ROS as well as triplet excited state DOM.

Sorption and Abiotic Soil Processes

Early studies on SGPM sorption were primarily limited to select species (e.g.,
MGA and 17B-TBOH), generally neglected sorption tendencies of major metabolites, and
often failed to clearly differentiate between sorption and biodegradation. For example,
Schiffer et al. [48] used a column study with aggregated soil materials to examine the
transport of 178-TBOH and MGA. They found that although column breakthrough was
fast, only small amounts of 178-TBOH and MGA were detected in the column effluent.
They interpreted this observation as evidence for both compounds exhibiting very high
affinity for soil organic matter present in their column, with high levels of retardation in
the upper portion of the soil column. They concluded that in natural systems, the
retardation for these compounds would be high and result in low mobility in subsurface
environments [48]. A major shortcoming of this work, however, was that the potential for
biodegradation was not considered. Thus, loss of 173-TBOH and MGA could have been
attributed to either irreversible uptake onto soil organic matter (presumably via
hydrophobic interactions) or via biologically mediated transformation. Similarly, a study
by Lee et al. reported values of logK,. for 17B-TBOH [12], where K. is the standard soil-
water partitioning coefficient, Ky, normalized to the soil organic matter content [42].
Again, no attempt was made to control biodegradation in their sorption studies, thereby
limiting the value of their reported partitioning coefficient.

More recently, efforts have been made to better address the possible contribution

of biotransformation such that metrics of SGPM sorption could be more accurately
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measured. For example, Khan et al. explored the sorption isotherms of 17a-TBOH, 17f3-
TBOH and TBO on 5 autoclaved-sterilized soils with organic carbon content ranging
from 0.48%-7.5%. They observed linear isotherms for all three compounds on the 5 soils
with the distribution coefficient (Kq) proportional to soil organic carbon content [49]. So
the author suggested that the hydrophobic interaction was the dominant force driving the
uptake of the three trenbolone compounds, although other interactions such as H-bonding
involving the phenol or ketone groups may also contribute to the sorption of some
hormones given the poor correlation between logkow and Ky values [49]. A similar trend
for sorption was also observed in another recent study. Card et al. developed sorption
isotherms of several endocrine disrupting compounds including 17a-TBOH, 1738-TBOH,
TBO, MGA and zeranol with three agriculture soils with organic matter contents ranging
from 1.1%-7.7% (by mass) [50]. They reported logK,. and K, values measured
experimentally, as well as sorption isotherms collected on each model soil. To account
for possible biotransformation, these studies employed autoclaving for soil sterilization,
and also constructed sorption isotherms based on the mass of SGPM recovered via
extraction of equilibrated soils with organic solvents (e.g., methanol). Using this
approach, they found that sorption isotherms were generally linear for most solute-soil
combinations and that K4 values were well correlated with the soil organic carbon content
(i.e., %0OC), similar to the correlation that was also previously reported for 17a-TBOH,
17B-TBOH and TBO by Khan et al. [49].

Nevertheless, questions still remain about some fundamental aspects of SGPM
partitioning in soil systems. While the work of Card et al. and Khan et al. proposed that
hydrophobic interactions were primarily responsible for uptake, other results from the
same laboratory [51], which considered the uptake of 17a-TBOH,178-TBOH and TBO
onto humic acids, proposed a different driving force for adsorption. Specifically, Qiao et
al. suggested that specific interactions rather than hydrophobic partitioning (as would be

expected for correlations with soil organic carbon content) dictated sorption [51]. Thus,
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questions persist as to what characteristics of the SGPM and soil are truly most critical
for sorption. Another factor yet to be addressed is that nearly all prior studies with
SGPMs [48-50, 52, 53] have failed to consider whether sorption is reversible. This detail
IS necessary for predicting the extent to which sorption will affect SGPM mobility as they
are transported through soil systems.

A final factor that has yet to merit any research focus is the possibility that
inorganic phases present in soil may also influence the fate of SGPMs. While inorganic
mineral phases could potentially function as sorbents, particularly when electrostatic
interactions or surface complexation are important routes for uptake, they may also be
able to promote various transformation reactions. For example, melengestrol acetate and
the zeranol family of compounds have hydrolyzable ester functionalities. Also, resonance
resulting from 4,9,11-triene structure in the trenbolone family of compounds yields
several carbon centers that are electron deficient and may also be prone to attack by
nucleophiles under certain conditions. Although hydrolysis is reported to be slow at near-
neutral pH values for these compounds [34, 45, 46], metal oxides commonly found in soil
are known to catalyze hydrolysis reactions via the formation of surface complexes that
are more prone to attack by H,O or OH" than the freely dissolved molecule. In addition to
hydrolysis, manganese and iron oxides minerals can also oxidize a wide range of organic
compounds including species such as estrone, 17p-estradiol and estradiol, which have
similar structure moieties to SGPMs [54, 55]. Currently, however, studies have yet to
consider a role for metal catalyzed hydrolysis and oxidation for SGPMs, and thus such

pathways merit consideration.
1.5 Overview and Thesis Organization

The overall objective of this research is to determine the environmental
persistence of SGPMs used in animal agriculture. We propose that a thorough

understanding of the dominant natural sinks for SGPMs, as well as an appreciation for
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the associated reaction mechanisms and end products, will allow us to better predict their
lifetime in aquatic environments and assess the risks they pose to ecosystem and human
health. From current research, we lack reliable data regarding such processes thereby
limiting our understanding of their environmental persistence and impact.

This work contains three chapters of original research investigating the fate of
SGPMs in natural environment. We hypothesize that based on their structures and
chemical properties, SGPMs will undergo a variety of natural attenuation processes
including transformation via direct and indirect photolysis, sorption to soil organic
matter, and mineral-promoted hydrolysis and oxidation. These processes are explored in
the subsequent chapters.

The work in Chapter 2 aims to evaluate the rates and mechanistic pathways for
the photolysis of SGPMs in sunlit surface water, and the impact of common aquatic
chemical variables (e.g., temperature, pH and co-solutes) on these processes. Specifically,
we consider the direct photolysis of trenbolone and MGA family compounds, which we
identify as the major phototransformation pathway for these species, and indirect
photolysis of zeranol and its metabolites. Zeranol indirect photolysis is investigated in
systems with several model humic and fulvic acids as representative organic matter
present in surface water, and the specific photogenerated oxidants responsible for
transformation are explored through the use of selective photochemical probe and
guencher compounds. Also in Chapter 2, we provide a preliminary assessment of the
photoproducts generated from the direct photolysis of compounds from the TBA and
MGA families, and these products are further elaborated on in Appendix A.

Chapter 3 explores the long-term stability of photoproducts generated via the
direct photolysis of TBA metabolites and presents a unique and potentially
transformative result with implications for the long-term persistence of these species in
surface waters. We show that the dominant phototransformation product for 173-TBOH,

170-TBOH and TBO is a hydroxylated species at the C12 position (position number
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labeled in Figure 1-1). This 12-hydroxy variant of trenbolone was found to be unstable,
and prone to dehydration, resulting in the regeneration of the parent species from which
was derived. In essence, we show that the direct photolysis of TBA metabolites is largely
reversible, resulting in clear light-dark (e.g, day-night) cycling in the persistence of the
metabolite. Environmental factors controlling the rate of this dehydration reaction
responsible for the regeneration of parent metabolite, most notably pH and temperature,
are also explored and the environmental implications of this result are discussed.

Chapter 4 aims to determine the timescale as well as the extent for SGPMs
sorption on soils and identify the soil components (e.g., inorganic mineral phases or
organic matter) responsible for SGPM soil-water partitioning. Several model soils with a
range of soil organic carbon content were used to investigate the correlation between
SGPMs sorption and organic matter, and thus address the relative importance of
hydrophobic interactions in governing the soil-water partitioning within and across
families of SGPMs. As interactions between SGPMs and inorganic phases in soils has
merited essentially no prior attention in the literature despite the high probably of surface
promoted hydrolysis and redox reactions, Chapter 4 also focuses on the fate of SGPMs in
suspensions of selected metal oxides (the iron oxide ferrihydrite, SiO, and MnQO,) that are
naturally abundant in soil. Collectively, results from Chapter 4 help to establish the
relative importance of hydrophobic partitioning into soil organic matter and inorganic
mineral promoted transformation reactions when considering the fate of SGPMs in

aqueous subsurface systems.
1.6 Expected Outcomes

Results from this work will provide quantitative rate information that can be used
to predict the half-lives of SGPMs in aquatic and soil environments. Companion work
conducted in collaboration at the University of Nevada, Reno will determine the rates and

extent of aerobic and anaerobic biodegradation of SGPMs, thus providing a complete
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understanding of their environmental fate due to both biotic and abiotic processes.
Emphasis in all experiments has been placed on determining the relative stability of
parent compounds relative to their dominant metabolites, as well as identifying major
products of all transformation reactions. This focus will help us better predict which
forms of these compounds are most likely to persist in aquatic environments, and thereby
guide future toxicological investigations as to their impact on ecosystem and human
health. We expect to obtain a comprehensive, quantitative understanding for the fate and
transport of SGPMs in natural aquatic and soil environments. The direct and indirect
photolysis rates, mechanistic pathways, and photolysis end products can help us develop
an improved model for predicting SGPM persistence in surface waters impacted by
agricultural run-off. From the sorption studies, partitioning coefficients for each SGPM
can be used to predict the mobility of SGPMs in soil and subsurface systems. To date,
mineral-catalyzed hydrolysis and surface-mediated oxidation of SGPMs has yet to be
documented. The results from abiotic transformation will be the first to show the
importance of such pathways in controlling SGPM persistence in soils. Collectively, the
outcomes of this project will help to better predict the fate and transport of SGPMs in the
natural environment and better assess the risks these emerging contaminants pose on

ecosystem health.

www.manaraa.com



16

CHAPTER Il. PHOTOTRANSFORMATION RATES AND
MECHANISMS FOR SYNTHETIC HORMONE GROWTH
PROMOTERS USED IN ANIMAL AGRICULTURE!

2.1 Abstract!

Trenbolone acetate, melengestrol acetate, and zeranol are synthetic hormones
extensively used as growth promoters in animal agriculture, yet despite occurrence in
water and soil little is known about their environmental fate. Here, we establish the time
scales and mechanisms by which these synthetic growth promoters and their metabolites
(SGPMs) undergo phototransformation in sunlit surface waters. The families of
trenbolone acetate (including 17p-trenbolone, 17a-trenbolone and trendione) and
melengestrol acetate (including melengestrol) readily undergo direct photolysis,
exhibiting half-lives between ~0.25-1 h in both natural and simulated sunlight that were
largely insensitive to solution variables (e.g., pH, temperature and cosolutes). Direct
photolysis yielded products that not only are more photostable but also maintain their
steroidal ring structure and therefore may retain some biological activity. In contrast,
zeranol, B-zearalanol and zearalanone only exhibited reactivity in irradiated solutions of
model humic and fulvic acids as well as nitrate, and rates of indirect photolysis increased
steadily from pH 7 to 9. Use of selective probe and quencher compounds suggest
hydroxyl radical and triplet state dissolved organic matter are responsible for zeranol
family decay at neutral pH, although singlet oxygen contributes modestly in more
alkaline waters. This observed pH-dependence appears to result from photooxidants
reacting primarily with the monodeprotonated form of zeranol (pKa values of 8.44 and

11.42). This investigation provides the first characterization of the fate of this emerging

1 An abbreviated version of this chapter has been published: Shen, Q., Kolodziej, E.P. and
Cwiertny, D.M. Phototransformation Rates and Mechanisms for Synthetic Hormone Growth
Promoters Used in Animal Agriculture. Environ. Sci. Technol. 2012, 46 (24), pp 13202-13211
doi: 10.1021/es303091c.
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pollutant class in sunlit surface waters, and prioritizes future efforts on the identity, fate

and biological impact of their more persistent phototransformation products.
2.2 Introduction

Growth promoters are used extensively in animal agriculture to improve feed
efficiency, weight gain, and muscle-to-fat ratio [12, 31, 56, 57]. They include natural and
synthetic hormones, and it is estimated that over 97% of U.S. beef cattle receive such
supplements [29]. A particularly potent subset of growth promoters are the anabolic
synthetic hormones, of which the U.S. Food and Drug Administration has approved three
for use in cattle and sheep raised for meat production [30]. These are trenbolone acetate
(TBA), an androgenic steroid with anabolic potency 8-to-10-fold greater than
testosterone propionate [58], the progestin melengestrol acetate (MGA) with activity in
cattle 125-fold greater than progesterone [59], and zeranol, a non-steroidal, resorcyl
lactone derived from the mycotoxin zearalenone, which functions as an estrogen (Table
2-1).

After application, some of these growth promoters can be excreted
unmetabolized, although most mass is excreted as various metabolites. In studies with
heifers using radiolabeled TBA, 80% of the intravenously administered dose (based on
radioactivity) was excreted in bile within 24 h, but all was metabolized; 17a-trenbolone
(170-TB; 33% of excreted radioactivity) was the dominant metabolite, while 17f3-
trenbolone (17B-TB; 0.9%), which represents the biologically active form of TBA, and
trendione (1.2%) appeared in smaller quantities [32]. For MGA, about 10-17% of the
administered dose was excreted in feces unmetabolized [33], where once in the
environment it may hydrolyze at slightly basic pH (~8 or 9) to melengestrol [34]. Zeranol
(25 mg/d ) dosed to heifers yielded 2-5 pg/L of unmetabolized zeranol in urine, with [-

zearalanol (2-5 pg/L) and zearalanone (0.1-0.5 pg/L) metabolites also observed [35].
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Because of their widespread application, their high administered dose (e.g., 36-72
mg/implant, 140-200 mg/implant and 0.5 mg/day for zeranol, trenbolone acetate and
melengestrol acetate, respectively) [12, 28] and the large number of cattle receiving
implants annually, the discharge of synthetic growth promoters and their metabolites
(hereafter SGPMs) into the environment is a certainty. Indeed, there are a growing
number of reports of their occurrence in surface waters and soil near animal agriculture
operations on the order of 10-100 ng/L and 1-100 ng/kg level, respectively [16, 17, 24,
36-38], raising concerns over potential ecosystem health risks because of their anabolic
potency [22, 24, 30, 37, 39-41]. For example, Ankley et al. reported that 17a- and 17p-
trenbolone are reproductive toxicants in fish that result in decreased fecundity in the
female fathead minnow at 10-30 ng/L concentrations [22, 39].

Given the limited information available on their persistence in surface waters,
assessing the ecosystem impacts of this emerging pollutant class remains challenging.
Photolysis likely represents a major attenuation pathway for SGPMs, yet little
information exists about the rates, mechanisms, and products of photolysis, as well as
how solution variables (e.g., pH and cosolutes) influence these processes. Outside of
limited data for the photolysis of 173-trenbolone and zeranol in cattle urine [44] and the
decay of 17p-trenbolone with 254 nm light during simulated UV treatment [47], most
information on SGPM photolysis comes from the manufacturer’s environmental
assessment report produced at the time of the chemical’s market introduction [34, 45, 46].
These reports indicate the possibility of direct photoreaction for TBA and MGA, but
fundamental details about these photoreactions were not rigorously explored. For
example, these reports only considered direct photolysis (i.e., absorption of light to break
or rearrange bonds within the chemical structure) and ignored the potential importance of
indirect photolysis pathways (i.e., light is first absorbed by another chromophore that

then initiates reaction via energy transfer to another species). Furthermore, these reports
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rarely considered metabolite photoactivity, and these may be the species most likely
encountered in surface waters.

The overall objective of this study is to establish the time scales and dominant
mechanism of photolysis for the suite of nine SGPMs in Table 1. In batch photoreactors
using both natural and simulated sunlight, we identify those species prone to direct
photolysis and quantify their half-lives (1, values) and quantum yields (® values) for this
process. Indirect photolysis was probed using a suite of model humic and fulvic acids as
sources of possible reactive entities including reactive oxygen species (ROS) and triplet
state DOM (3DOM*). The specific species responsible for indirect photolysis were then
assessed using standard probe compounds to quantify steady-state concentrations of
transient ROS in our photoreactors, as well as through the use of selective quenchers to
suppress the activity of specific ROS toward SGPMs. We explore the effects of common
environmental variables (e.g. temperature, pH, co-solutes) on these processes, and
compare the rates and pathways observed in model laboratory systems to results obtained
using two natural water samples with varying levels of dissolved organic carbon (DOC).
Finally, we provide an initial description of transformation products generated via direct
photolysis, but a more detailed treatment of these transformation products will be

provided in a future study.
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Table 2-1. Structures of synthetic growth promoters and their metabolites (SGPMs)
considered herein.
0—40

O
Trenbolone Acetate

OH

17B-trenbolone Trendione 17a-trenbolone

Melengestrol Acetate Melengestrol

Zeranol

How"

B —Zearalanol Zearalanone
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2.3 Experimental Methods

Reagents

Unless noted, all chemicals were reagent grade or better and were used as
received. Synthetic growth promoters and their metabolites (SGPMs) were acquired from
commercial sources including trenbolone acetate (Steraloids, >99%), 17B-trenbolone
(Sigma-Aldrich,> 95%), 17a-trenbolone (Cerilliant, 99%), trendione (Steraloids, >99%),
melengestrol acetate (Sigma-Aldrich, 96%), melengestrol (Steraloids Inc., 99%), zeranol
(Sigma-Aldrich, 97%), B-zeralanol (Sigma-Aldrich, 97%) and zearalanone (Sigma-
Aldrich, 97%). All SGPMs were acquired from commercial sources, of high purity, and
used as received. We note that because TBA is not typically excreted unmetabolized [32],
it was included in only a select number of experiments to compare its behavior to that of
its major metabolites.

A 5 mM phosphate buffer prepared from potassium phosphate (Fisher, 99%) was
used in most photochemical experiments (pH 7.0 and 7.5). A limited number of
experiments conducted between pH 8-9 utilized 5 mM buffer prepared from boric acid
(Sigma-Aldrich). Stock solutions of SGPM also were prepared in 5 mM phosphate buffer
or deionized water. Deuterium oxide (Sigma-Aldrich, 99% D), sodium azide (Fisher,
99%), sodium formate (Sigma-Aldrich, 99%), isoprene (Sigma-Aldrich, >99%), catalase
(Sigma-Aldrich, 99%) and superoxide dismutase (Sigma-Aldrich, 99%) were used to
explore the reactive species participating in indirect photolysis experiments. Several
models of dissolved organic matter were also used including Fluka humic acid (FHA)
and several materials acquired from the International Humic Substance Society (IHSS;
St. Paul, MN) including Elliott soil humic acid (ESHA), Leonardite humic acid (LHA),
Suwanee River humic acid (SRHA) and Suwanee River fulvic acid (SRFA). Potassium
oxalate (Fisher, 99%) and ammonium ferric sulfate dodecahydrate (Fisher, 99%) were

used for chemical actinometry to measure photon rate, and quantum yield measurements
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used p-nitroanisol (PNA; Acros Organics, 99+ %) and pyridine (PYR; Acros Organics,
99+ %).

Phenol (Sigma-Aldrich, >99%), 4-chlorobenzoic acid (Sigma-Aldrich, 99%) and
benzoic acid (Sigma-Aldrich, >99.5%) were explored as probes to measure the steady-
state concentration of hydroxyl radical («OH) in irradiated suspensions of dissolved
organic matter. A DPD reagent solution prepared from N,N-diethyl-p-phenylene-
ammonium sulfate (Acros Organics; 97%) and a POD reagent solution from horseradish
peroxidase (Sigma-Aldrich) were used for colorimetric measurement of hydrogen
peroxide (H,O,) concentrations. Rose Bengal (Sigma Aldrich; >99%), methylene blue
(Sigma-Aldrich; dye content > 82%) and Erythrosin B (Acros Organics) were used as
singlet oxygen sensitizers while H,O; (30 wt. % in H,O; Sigma-Aldrich) and ferrous
chloride (Fisher) were used in Fenton’s reaction to generate «OH. Furfuryl alcohol
(Acros Organics; 98%) and acetophenone (Acros Organics; 99%) were used in
competition kinetic experiments to quantify the rate coefficients for SGPM reaction with
singlet oxygen (*O,) and *OH, respectively. All solutions were prepared in deionized

water (Millipore, Q-Grad2).

Preparation of Aqueous SGPM Stock Solutions

To avoid any influence of methanol in photochemical batch experiments, only
aqueous stock solutions of SGPMs were used. Aqueous stocks of each SGPM were
prepared by dissolving a known mass of parent compound in 5 mM phosphate buffer or
DI water while mixing overnight. To remove any residual undissolved solid, the solution
was then filtered via a 0.2 pum PTFE syringe-driven filter. A sample of the filtrate was
then analyzed via HPLC as described below to determine its concentration, which was
quantified via comparison to an external calibration curve generated with aqueous SGPM

samples prepared from stock solutions in methanol. The remainder of the filtrate was

www.manaraa.com



23

then diluted with phosphate buffer as needed to achieve the desired starting concentration

in photochemical batch experiments.

Direct Photolysis Experiments

Rates and products of direct photolysis were explored using both simulated and
natural sunlight. The majority of experiments were conducted using a commercially
available 450 W Xenon arc lamp (Newport Corporation). The light was first passed
through a water filter to remove IR radiation, reflected off a 90° full reflectance beam
turning mirror, and then passed through an AM 1.5 filter and a 305 nm long-pass filter to
generate a spectrum of light more closely resembling that available at earth’s surface.
Photon rates were measured by chemical actinometry using ferrioxalate [60] , yielding a
photon flux of 3.9 x 10 photons/m?/sec (6.5 x10® einsteins/m?/sec) when normalized to
the incident area of the photoreactor.

Unless noted, all photochemical experiments were conducted in a water-jacketed,
borosilicate photoreactor (37 mm inner diameter x 67 mm depth for a nominal volume of
~50 mL; Chemglass), whose contents were mixed via magnetic stirrer and stir plate
during all experiments. Experiments used 20 mL of SGPM solutions in 5 mM phosphate
buffer (prepared as described in the previous section), with the majority conducted at pH
7.0 and 25 °C. The system temperature was held constant via recirculating water bath.
Upon irradiation, aliquots of solution (~1 mL) were withdrawn at periodic intervals and
transferred to a 2.5 mL amber autosampler vial for subsequent analysis via HPLC with
photodiode array detector (HPLC-DAD) or LC with detection via tandem mass
spectrometry (LC/MS/MS). Typical initial concentrations in photolysis experiments were
1-10 uM (on the order of ~0.3-30 mg/L). Although these concentrations are greater than
those previously reported in surface waters, they were necessary to facilitate HPLC-DAD
analysis, which is the method best suited for processing the large number of samples

generated in our Kinetic studies. We note that a possible risk of working at these
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relatively high concentrations is that self-quenching or self-screening could affect the
degradation rates and quantum yields reported herein. However, a limited number of
experiments conducted at environmentally relevant conditions (~nM levels) for a
subsequent study yielded comparable reactivity to that observed herein. Thus, we do not
believe these phenomena to be significant in our more concentrated systems. When
possible experiments were conducted in triplicate, but limitations in the amount of certain
chemicals arising from their cost sometimes resulted in fewer replicates. Control
experiments were conducted with each SGPM in dark (i.e., not irradiated) systems.

Experiments with simulated sunlight also explored the effect of common
environmental variables on SGPM photolysis. The variables included temperature
(10°C), pH (5, 7, 9), and the presence of cosolutes. Cosolutes were considered across
environmentally relevant concentrations and included bicarbonate (HCOg', up to 30 mg/L
HCO3), nitrate (NOgs’, up to 50 mg/L NO3"), phosphate [up to 125 pg/L as P using a DI
water background (i.e., without phosphate buffer)] and dissolved organic matter (up to 50
mg/L of Elliott soil humic acid, Leonardite humic acid, and Fluka humic acid).

A subset of experiments examined direct photolysis via natural sunlight.
Experiments were conducted in duplicate using solutions irradiated by incident sunlight
over the months of June to September in Riverside, California (latitude: 34° N, longitude:
117° W, temperature = 28 = 3 °C). Reactors were constructed and sampled as described
previously for simulated sunlight, although experiments with sunlight were only
conducted at pH 7.0 and a water bath rather than recirculating system was used to
maintain a near constant temperature. For these experiments, the quantum yield (®
values) was measured via the method of Leifer [61] using the binary actinometer

PNA/pyridine of Dulin and Mill [62] as detailed in the following description.

Chemical Actinometry with Ferrioxalate in Simulated

and Natural Sunlight Experiments
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Equal volumes of 0.02 M ammonium ferric sulfate dodecahydrate and 0.06 M
potassium oxalate monohydrate (both in 0.1N H,SO,) were mixed in the dark [63] . After
illumination, samples were taken every minute to measure Fe** production. The product
Fe?* was analyzed by first adding 200 pL of 1 g/L 1,10-phenanthroline followed by 200
uL of 100 g/L of an ammonium acetate buffer. The entire sample was then allowed to sit
in the dark for 1 h prior to absorbance measurements on a UV-visible spectrophotometer
(at A=510 nm) [64]. The rate of Fe?* production based on the increase in concentration
over time was then converted to a photon rate according the procedures outlined by

Goldstein and Rabani [63].

Quantum Yield Measurements for

Direct Photolysis in Natural Sunlight

The quantum yield (®) of a photochemical reaction describes the moles of
reactant transformed per moles of photons absorbed [61]. Following the approach of
Leifer, an environmental quantum yield, representing the average value of @ over the

wavelengths at which a specific SGPM absorbs sunlight, was calculated using equation 1:

_ (kac\ (Xa€1a La
¢dc - <kda) {ZA EACLA}(pda (2 - 1)

where ¢4, and ¢, are the quantum yield of the actinometer and test chemical,
respectively; k4, and k,. are the rate constant for the actinometer and the test chemical,
respectively; €,, and ¢, are the molar absorptivity of the actinometer and the test
chemical, respectively; and L, is the solar irradiance with units of millieinsteins-cm2day™.
Solar irradiance (i.e., values of sunlight intensity at wavelength A) was obtained from
Appendix A in the text of Leifer [61]. Specifically, the values of L, used in quantum
yield calculations were obtained from Table A-7 for L, values at 30° N latitude during the

summer because all experiments were conducted in Riverside, CA (33°N) during summer

time.
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Chemical actinometry was performed using the binary actinometer PNA/pyridine

described by Dulin and Mill.[62] For PNA, the ¢4, value is reported to be
$aaq = 0.437[PYR] + 0.000282 (2 — 2)

and was thus determined from the known experimental molar concentration of pyridine
([PYR]). The actinometer half-life was adjusted by varying the ratio of PNA to pyridine
such that it was comparable to the half-life of each SGPM. Rates of photolysis were
determined by measuring the disappearance of the SGPM and PNA. The molar extinction
coefficients were determined from measured UV/Vis spectra of each SGPM and the

actinometer at known aqueous concentrations.

Indirect Photolysis Experiments

For indirect photolysis, experiments were conducted with irradiated solutions of
model dissolved organic matter (DOM). Experiments used simulated sunlight in an
identical reactor to that described for direct photolysis studies. Humic acids (HA) and
fulvic acids (FA) obtained from commercial sources included Fluka humic acid (FHA),
Elliott soil humic acid (ESHA), Leonardite humic acid (LHA), Suwanee River humic
acid (SRHA) and Suwanee River fulvic acid (SRFA). Stock solutions (~200 mg/L) were
prepared by dissolving known masses of each HA and FA into deionized water adjusted
to pH 12 using 5 M NaOH. The mixture was then adjusted to pH 7 using 5 M HCI, and
subsequently diluted to produce the concentration utilized in photolysis experiments (1-
10 mg/L).

Complementary experiments with each HA and FA were conducted in the
absence of SGPMs to quantify the steady-state concentration of select ROS generated
upon irradiation using probe compounds [e.g., phenol for hydroxyl radical ("OH) and
furfuryl alcohol for singlet oxygen (*O2)]. Details on these methods are provided in the
following section. The role of each ROS in SGPM transformation was assessed using

selective quenchers including either formate or isopropanol (50-100 mM) for *OH,
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sodium azide (10 mM) for *O,, superoxide dismutase (2 U/ml) for superoxide, and
catalase (200 U/ml) for H,O,. Isoprene (0.1% v/v) was also used to assess involvement
of triplet state DOM ((DOM*). A subset of experiments was conducted in D,O to probe
further the role of 'O, whereas some were also conducted in deoxygenated systems to
examine reaction pathways not involving ROS. Experiments with zeranol were also
conducted as a function of pH, using 5 mM phosphate buffer at pH 7.0 and 7.5, while
higher pH values (8.0-9.0) used a 5 mM borate buffer. Finally, for select SGPMs, we
explored the second-order rate coefficients for reaction with 'O, and *OH as quantified

via the procedures described in the following section.

Measurement of ROS in Irradiated Solutions

of Humic and Fulvic Acids

Phenol and furfuryl alcohol (FFA) were used as probes for *OH and 'O,
respectively. Modeling the loss of each probe using exponential decay, the steady-state
concentrations of *OH and *O, were calculated from the measured pseudo-first order rate
coefficient (i.e., kops Value) and the known second order rate coefficient for the reaction
between the ROS and probe (i.e., KphenoreoH = 1.4x10™° M™s™ and Keranioz = 1.2x10° M’
1)[65],[66] . We note that for measurement of *OH, other probe compounds were explored
including para-chlorobenzoic acid (k.on = 5 x 10° M™s™)[67] and benzoic acid (k.on =
2.1+ 0.3 x 10° M™'s™) [68] . However, their order of magnitude smaller second-order rate
constants for reaction with *OH relative to phenol, made accurate measurement of *OH
difficult over reasonable experimental timescales in irradiated HA and FA solutions.

Concentrations of H,O, were measured colorimetrically [69] . DPD reagent was
prepared weekly by dissolving 0.1 g of N,N-diethyl-1,4-phenylenediammonium sulfate
(DPD) in 10 mL 0.1 N H,SO4and stored in the dark at 5°C. POD reagent was prepared
weekly by dissolving 10 mg peroxidase product from horseradish in 10 mL of Millipore

water and stored in the dark at 5°C. For analysis, a 900 uL aliquot of sample was mixed
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with 100 pL of 25 mM phosphate buffer (pH 6), 15 uL of DPD reagent and 15 uL of
POD reagent. Absorbance was measured at 551 nm and resulting H,O, concentration was

determined via a calibration curve generated with known standards of H,O..

Assessing the Involvement of Different ROS

in Zeranol Indirect Photolysis

The potential role of each ROS in zeranol transformation was assessed using
selective quenchers. Quenchers included sodium formate and isopropanol (50-100 mM)
for *OH, sodium azide (10 mM) for O,, superoxide dismutase (2 U/ml) for superoxide,
catalase (200 U/ml) for H,0, and isoprene (0.1% vi/v) for triplet state DOM (*DOM*). If
the addition of excess quencher inhibited SGPM transformation, the corresponding entity
was assumed to participate in degradation. The contribution of singlet oxygen was also
evaluated in solutions with D,O, which stabilizes and thus promotes the reactivity of
singlet oxygen. Thus, enhanced rate of SGPM decay in D,O would be evidence of the
involvement of 'O,. Experiments were typically conducted in pure D,0, although
experiments with natural water samples utilized a 50:50 v/v mixture of D,O and the water
sample. A small number of experiments also were conducted in deoxygenated systems
using a custom photoreactor with a removable top fitted with a quartz window. When
sealed, the contents of the reactor could be kept free of O, by applying an overpressure of
nitrogen. Further, all solutions in the sealed reactor were first purged with N, to eliminate
dissolved O,. Experiments conducted in the absence of O, helped to differentiate
between *DOM* and ROS in SGPM transformation; decay in the absence of molecular

oxygen supports direct reaction with excited state DOM.

Competition Kinetics Experiments with Zeranol

The second-order rate coefficient for zeranol reaction with 1O, was estimated in a

photochemical system at pH 7 (5 mM phosphate buffer) containing 2 uM Rose Bengal as
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a singlet oxygen sensitizer. Briefly, the rate of zeranol transformation (~7 uM initial
concentration) was measured relative to that of FFA (initial concentration of 100 uM), a
compound whose reactivity toward *O, is well characterized (keeaioz = 1.2x10° Ms™)
[66]. The second-order rate constant could then be calculated according to equation 3
Z
1n([Z—g])
kzeranol/lOZ = Wk FFA/102 (2-3)
In( )
[FFA,]

where Kzeranoi102 1S the rate constant for the reaction between zeranol and singlet oxygen,
and Krrano2 1S the established rate constant for the reaction between furfuryl alcohol and
singlet oxygen. We note that near equivalent values for the second-order rate coefficient
between zeranol and O, were obtained if alternative sensitizers (e.g., methylene blue and
Erythrosin B )[70] were used, indicating that 'O, and not sensitized Rose Bengal, was
involved in zeranol transformation.

The second order rate coefficient for reaction with hydroxyl radical was measured
by using the Fenton reaction to generate “OH at pH 3. In the absence of light, 60uM of
FeCl, was combined with an equivalent concentration of H,O; and a dilute solution of
zeranol (~ 7 uM) so as to achieve pseudo-first-order decay, at least initially. Rates of
zeranol loss were compared to acetophenone (Kjacetophenone/eon = 5.9x10° M*s™) [71] via
equation 4

(&)

kzeranol/OOH = [_At]kacetophenone/OOH (2 - 4)

1n(m

wWhere k,eranol/son 1S the rate constant for the reaction between zeranol and hydroxyl
radical, and KacetophenonereoH 1S the rate constant for the reaction between acetophenone and

hydroxyl radical.
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Experiments in Natural Water Samples

Water samples from a runoff-impacted creek and agricultural return water
collected in an irrigation canal in the Yuba River watershed (Browns Valley, CA) were
also used in photolysis experiments. Immediately after collection, samples were passed
through a 0.2 um PTFE filter under vacuum. The pH of these water samples were
between pH 6.8 and 7.0, and by TOC analysis the dissolved organic carbon (DOC)
contents for the creek and agricultural return water were 50 mg/L and 6 mg/L,
respectively. Other characteristics of this surface water were not measured (e.g.,
alkalinity and nitrate), but we expect such constituents to be present at relatively low
levels because the samples were collected in winter and thus likely diluted by the
seasonal rain. Photolysis experiments with these waters were conducted according to the
aforementioned procedures, and dark control experiments were conducted to evaluate the

possibility of alternative loss processes.

Analvytical Methods

Samples were analyzed on a 1200 Series Agilent HPLC-DAD equipped with an
Eclipse XBD-C18 column (4.6 x 150 mm, 5 um particle size) using methods for SGPMs
adapted from previous studies [7, 48, 72, 73]. Photoproducts were examined via high
resolution LC-MS/MS analysis conducted with a Paradigm Multi-Dimensional Liquid
Chromatography (MDLC) instrument (Michrom Bioresources, Auburn, CA) equipped
with a Genesis Lightning C-18 4pum particle 200A pore size (2.1 x 100 mm) column
(Grace Davison). Eluted compounds were analyzed using an LTQ-Orbitrap XL
(ThermokElectron, Bremen Germany) detector equipped with an lon Max source
(ThermoElectron) using Xcalibur v 2.0.7 software for data processing.

Analysis of trenbolone family members used a mobile phase of 50:50 acetonitrile
(ACN):H,0, a flow rate of 1 mL/min, an injection volume of 25 pl and a 350 nm

detection wavelength [7]. Analysis of melengestrol family members used a mobile phase
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of 60:40 ACN:H,0, a flow rate 1 mL/min, an injection volume of 25 pl and a 300 nm
detection wavelength [48]. Analysis of a-zearalanol and B-zearalanol used a mobile phase
of 60:40 methanol (MeOH):H,0, a flow rate 1.5 mL/min, an injection volume of 20 pl
and a 210 nm detection wavelength [72], whereas zearalanone analysis used a mobile
phase of 8:46:46 MeOH:H,O:ACN [73], a flow rate 1 mL/min, an injection volume of 25
pl and a 210 nm detection wavelength.

For measurement of steady-state ROS concentrations and reaction rate
coefficients with zeranol, analysis of phenol used a mobile phase of 65:35 1 mM sodium
acetate at pH 3:ACN, a flow rate 0.75 ml/min, an injection volume of 20 pl and a 254 nm
detection wavelength. Analysis of FFA used a mobile phase of 45:55 MeOH:H,0, a flow
rate 0.75 mL/min, an injection volume of 20 ul and a detection wavelength of 210 nm.
Acetophenone was analyzed with a mobile phase of 50:50 5 mM phosphate buffer at
pH3:MeOH, a flow rate 1 mL/min, an injection volume of 25 ul and a 254 nm detection
wavelength.

High resolution LC-MS/MS analysis was used to identify products generated in
photoreactors. Photoproducts were first separated on a Paradigm Multi-Dimensional
Liquid Chromatography (MDLC) instrument (Michrom Bioresources, Auburn, CA) using
a Genesis Lightning C-18 4pum particle 200A pore size (2.1 x 100 mm) column (Grace
Davison). Eluent flow rate was 600 uL/min and the solvent gradient ranged from 25% B
to 72% B over 18 min, followed by 100% B for 1 min, for a 25 minute total run time.
Solvent A was 0.1% acetic acid in water and solvent B contained 0.1% acetic acid in
ACN. Eluted compounds were analyzed using an LTQ-Orbitrap XL (ThermoElectron,
Bremen Germany) detector equipped with an lon Max source (ThermoElectron) using
Xcalibur v 2.0.7 software for data processing. The MS was operated in data-dependent
mode switching between Orbitrap-MS for high resolution full scan data and LTQ-
MS/MS for low resolution tandem mass spectrometry fragmentation data. Full scan

spectra (m/z 100-350) were acquired in the positive ion mode with resolution of 100,000
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in profile mode. The three most intense data-dependent peaks at each analysis interval
were subjected to MS/MS using collision-induced dissociation with a minimum signal of
5,000, isolation width of 3.0 amu, and normalized collision energy of 35.0%. lons already
selected were dynamically excluded for 30 seconds after a repeat count of 2 with a repeat
duration of 10 seconds. Also, during each sampling scan, all ions of m/z 271.17 and
269.15, representing 17a- or 17B-TBOH parents and TBO respectively, were subjected to
MS/MS analysis using collision-induced dissociation with a normalized collision energy

of 35.0% and an isolation width of 3.0 amu.
2.4 Results and Discussion

Direct Photolysis of SGPMs with

Simulated and Natural Sunlight

Concentration profiles for SGPMs as a function of irradiation time with natural
and simulated sunlight are shown in Figure 2-1. All SGPMs except the zeranol family
were prone to direct photolysis at pH 7. For the TBA and MGA families, the loss
followed exponential decay, allowing first-order rate coefficients and corresponding ty/,
values (Table 2-2) for direct photolysis to be quantified from semi-log plots of
concentration versus time. Direct photolysis was rapid for the TBA and MGA families,
producing ty; values between ~0.25-1 h in simulated light (Figure 2-1a and Table 2-2).
The TBA family was slightly, but consistently, more reactive than melengestrol acetate
and melengestrol, which exhibited nearly identical photolysis rates. Within the TBA
family, 17B-trenbolone and TBA photolyzed at nearly equivalent rates, which were
slightly albeit significantly faster than those observed for trendione and 17a-trenbolone.
SGPM decay in natural sunlight (Figure 2-1b) closely mirrored behavior observed with
simulated light. Although TBA metabolites still exhibited greater reactivity than
melengestrol acetate and melengestrol in sunlight, the reactivity difference was not as

pronounced as with simulated light, presumably from minor differences in the irradiance
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spectra of the two light sources (see Figure 2-2). Notably in all dark controls, SGPM
concentrations were stable, confirming that no other transformation pathways occurred
over these time scales.

These observed trends in direct photolysis can be rationalized by the relative light
absorbance and photochemical quantum yields for each family of SGPMs. In Figure 2-
1c, UV/vis absorbance spectra for each SGPM are compared to the solar irradiance
available at the earth’s surface, in which overlap between SGPM absorbance and
available light energy is necessary for direct photoreaction. Within a family of
compounds, absorbance spectra are nearly identical. All TBA family members exhibit
absorbance maxima in the UV-A region at approximately 350 nm, characteristic of their
conjugated 4,9,11 triene w-bond system, with secondary maxima near 240 nm. The MGA
family exhibited a single absorbance maximum at 298 nm, a shift toward lower
wavelengths relative to TBA and its metabolites because of their lower degree of z-bond
conjugation. This in turn produces a lesser degree of overlap with the solar spectrum than
compared to the TBA family. This result is most easily seen via plots of the spectral
overlap integral for each species (Figure 2-3), which represents the product of the
compound’s molar absorptivity (&,) and the light intensity (L,), both as a function of
wavelength. In contrast, zeranol and its metabolites possess primary absorbance maxima
near 254 nm, characteristic of their aromatic moiety, although a small amount of
absorbance is measureable above 300 nm. Such limited absorption of the zeranol family

within the solar spectrum likely contributes to their stability upon irradiation.
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Figure 2-1. Concentration profiles of SGPMs as a function of irradiation by (a) simulated
sunlight and (b) natural sunlight in 5 mM phosphate buffer at pH 7. Only a subset of
SGPMs was considered in natural sunlight to verify trends and time scales observed with
the simulated light source. (c) UV-visible light absorption spectra collected for all
SGPMs in Milli-Q water. Noted in panel ¢ are the primary absorbance maxima for each
compound class, and the solar irradiance available at the earth’s surface is provided for
comparison (ASTM reference spectra G173-03). Uncertainties represent one standard
deviation of at least duplicate experiments. If uncertainties are not visible, they are
smaller than the symbol.
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Table 2-2. Half-lives (ty, values) and quantum yields (®) for SGPMs found to undergo
direct photolysis at pH 7.0. Also provided are ty/; values measured for zeranol and its
metabolites in irradiated solutions of Elliot Soil Humic Acid (ESHA) at pH 7.0.

Direct Photolysis

SGPM t1/» values (min)? Direct photolysis rate constant Quantum
(min™}) yield (®)°
x10°
Simulated Natural Simulated Natural
Sunlight Sunlight Sunlight Sunlight
Trenbolone  18.7+1.2 NM® 0.037 + 0.002 NM NM
acetate
17B- 169+1.0 24.7+3.2 0.041 + 0.003 0.0280 + 0.004 1.58 +0.16
trenbolone
17a- 325+0.8 31.1+0.8 0.213+0.0005 0.0223+0.0006 1.49zx0.11
trenbolone

Trendione 27.3+16 221+0.8 0.0254+0.0015 0.0314+0.0012 31+04

Melengestrol 46.3+15 42.7+3.3 0.0150%0.0005 0.0162 + 0.0013 49+05
Acetate

Melengestrol 50.4+1.0 36.4+28 0.0137+0.0003 0.0198+0.0015 7.8+0.5

Indirect Photolysis

t1» values in 5 mg/L ESHA (hours)*

Zeranol 3.24+0.14
B —Zearalanol 4108
Zearalanone 48+0.2

®Photon rates measured via chemical actinometry with ferrioxalate were 4x10"
photons/sec for simulated sunlight generated with a Xe arc lamp and ranged between 2-
5x10° photons/sec over the course of experiments with natural sunlight (conducted
between June-September in Riverside, CA). Uncertainties represent one standard
deviation from at least duplicate experiments. "Reported only for natural sunlight.
Uncertainties represent 95% confidence intervals from regression analysis shown in
Figure 2-2. “Not measured because trenbolone acetate is not excreted in an unmetabolized
form. %Uncertainties represent 95% confidence intervals from regression analysis of
semi-log plots of concentration versus time for data shown in Figure 2-4.
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Figure 2-2. Spectral output for the commercially available 450 W Xenon arc lamp
(Newport Corporation) used in experiments with simulated sunlight. The inset shows a
close-up of the light within the region from 300-800 nm. The spectral outputs
demonstrate the impact of the optical filters used in our experiments. Light in all
experiments was passed through a 305 nm long pass filter and an AM 1.5 filter, the
influence of which is shown. Data were collected using an ILT950 Spectroradiometer
System from International Light Technologies (Peabody, MA). For comparison, the solar
irradiance available at the earth’s surface is provided in red (ASTM reference spectra
G173-03).
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Quantum yields measured in natural sunlight (Table 2-2 and Figure 2-4) were
slightly greater for melengestrol acetate (~5x10%) and melengestrol (~8x107%) than for
the trenbolone metabolites (ranging from 1.5-3x10°%). We have assumed that these
guantum yields are independent of wavelength, and we are unable to report a quantum
yield for zeranol family compounds due to their lack of direct photoreactivity, even over
longer irradiation timescales (> 6 h). For 17p-trenbolone, the quantum yield measured
herein is similar to that reported by Gryglik et al. [47], who reported a quantum yield for
17B-trenbolone of 2.9 (+0.2) x 10" at 254 nm. The greater quantum yields for
melengestrol acetate and melengestrol help to explain minimal difference in photoactivity
relative to TBA metabolites, which absorb light over a greater portion of the available
solar spectrum.

These @ values are comparable to those reported for other natural and synthetic
steroids. For example, in work with the natural androgen testosterone, Vulliet et al. [74]
reported a quantum yield of 2.4 x 107 at 313 nm. Another reasonable comparison is to
estrone, a metabolite of 17(3-estradiol also prone to direct photolysis. Working with a
solar simulator, Lin and Reinhard [75] measured a quantum yield for estrone of 2.96 x
10, roughly twice the largest ® value measured herein for melengestrol. Therefore, it
appears the TBA and MGA families exhibit photoefficiencies that are at best equivalent
to other classes of steroid hormones. However, due to their greater extent of overlap with
the solar spectrum, they tend to exhibit half-lives (< 1 h) that are considerably shorter
than previously observed for the direct photolysis of most natural and synthetic estrogens
(between 5-40 hour in DI water) [75] and testosterone (~5 hour with irradiation 313 nm
light) [74].

Additional experiments were conducted with 173-trenbolone and MGA to
examine the influence of solution composition on direct photolysis rates. Essentially,
rates of 17[3-trenbolone transformation were invariant across a broad range of

temperature (10-25°C), pH (5, 7, 9), and co-solute concentrations including
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Figure 2-3. The spectral overlap integral, calculated from the product of the molar
absorptivity (g;) and the light intensity (L;) as a function of wavelength, for most of the
SGPMs considered in the current investigation. The integral was calculated as part of the
procedures described above for measuring the quantum yield for the direct photolysis of
each compound in natural sunlight.
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Figure 2-4. Plots of the natural log of the normalized concentration of the binary

actinometer PNA/PYR versus the natural log of the normalized concentration of SGPMs
prone to direct photolysis upon exposure to natural sunlight. The slopes from these plots
were used to calculate quantum yields of SGPMs with natural sunlight (i.e., the slope of

each line represents % in equation 1). The initial concentration of the actinometer and
da

SGPMs was ~10uM. Experiments with SGPMs were conducted at pH 7 using 5 mM

phosphate buffer whereas photolysis of PNA-PYR was studied in DI water.
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HCO3 (up to 30 mg/L as HCOg3'), NO3™ (up to 20 mg/L as NOgz’), and phosphate (up to
125 pg/L as P) (Figure 2-5). As shown in Figure 2-5, the rate of 173-trenbolone
photolysis was essentially invariant over the range of aquatic variables considered. The
only instance of inhibition was observed at a very high concentration (50 mg/L) of Fluka
humic acid, which inhibited the transformation rate by ~30%. The extent of inhibition
observed agrees well with that expected from the screening factors calculated for 173-
trenbolone in DOM-containing systems (please see below). Notably, the presence of
model organic matter (ESHA, LHA, and FHA ranging from 0-50 mg/L) exhibited neither
a positive (e.g., production of photochemically reactive species) nor a substantially
negative (e.g., light screening to inhibit direct photolysis) impact over the range of
concentrations considered. For 173-TB, rates of photolysis were essentially invariant up
to 10 mg/L of ESHA or LHA, and even 50 mg/L of FHA only inhibited the rate of
photolysis by ~30% (Figure 2-5f). MGA was slightly more prone to inhibition, exhibiting
a comparable ~35% decrease in direct photolysis rate at 10 mg/L of ESHA (Figure 2-6).
These rate decreases appear primarily attributable to light screening, as estimated
screening factors agree well with the decrease in kqps Values observed in organic matter
containing systems. Accordingly, the greater inhibition of MGA photolysis is thereby
attributable to the larger degree of humic and fulvic acid absorbance (Figure 2-7) at its
maximum absorbance wavelength (~300 nm) relative to that for 17p-trenbolone (~350
nm). As expected, absorbance exhibited by these model HA and FA solutions increases
with decreasing wavelength. Nevertheless, based on measured half-lives in both natural
and simulated light (Table 2-2) and the negligible to minor influence exerted by most
common aquatic variables (Figure 2-5 and 2-6), direct photolysis appears to be the
dominant loss process in most sunlit surface waters for the TBA and MGA families, both
of which are unlikely to persist for more than a few hours due to their propensity for

direct photolysis.
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Figure 2-5. Effect of several common aquatic variables on the direct photolysis of 17f3-
trenbolone exposed to simulated sunlight. The variables explored include (a) temperature
(10 and 25 °C) (b) pH (5, 7, and 9) (c) bicarbonate (15 and 30 mg/L at HCO3') (d) Nitrate
(5, 15, and 20 mg/L as NO3’) (e) Phosphorus (62 and 124 pg/L as P) (f) DOM (1, 5, and
10 mg/L of Elliot Soil humic acid and Leonardite humic acid, as well as 50 mg/L for
FHA). In all experiments, the initial concentration of 17p-trenbolone is ~10uM.
Experiments were conducted in 5 mM phosphate buffer, except for experiments
examining the effect of dissolved phosphate concentrations, which were conducted in DI
water adjusted to and maintained at pH 7 with dilute acid and base.
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Figure 2-6. Inhibition of MGA direct photolysis arising from the presence of 10 mg/L
ESHA. The rate of MGA photolysis decreased by roughly 30% in the presence of ESHA,
a value that agrees well with the screening factors estimated for direct photolysis of 2.5
uM of MGA in a 10 mg/L solution of ESHA (please see discussion above). The extent
of inhibition was not influenced by the presence of potential scavengers for
photogenerated oxidants such as triplet DOM or hydroxyl radical. Experiments were
conducted in 5 mM phosphate buffer at pH 7.0.
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Figure 2-7. Absorbance scans for 5 mg/L solutions of Elliot Soil Humic Acid (ESHA),
Leonardite Humic Acid (LHA), Suwanee River Humic Acid (SRHA) and Suwanee River
Fulvic Acid (SRFA) at pH 7. Solutions were prepared in 5 mM phosphate buffer, and
absorbance scans were normalized relative to a blank comprised of this buffer solution.
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Estimation of Light Screen Factors in

DOM-containing Solutions

Following the method from Leifer [61], we calculated light screening factors (S,)
for the direct photolysis of 10 uM 17B-trenbolone in 10 mg/L ESHA, 10 uM 17§3-
trenbolone in 50 mg/L FHA, and 2.5 uM MGA in 10 mg/L ESHA (all of which are
representative conditions for our experiments).

S, = %ﬁ = (1 - 10~%1)/(2.303a,0) 6)

In equation 5, kg is the first-order direct photoreaction rate constant in the water
with dissolved organic matter and k, is the first-order direct photoreaction rate constant
in pure water. Further, [ is the path length of the cell (i.e., quartz cuvette), which is 1 cm
in this case for, and «a; is the absorption coefficient of an aqueous solution at wavelength
A in the natural logarithm system which can be calculated by equation 6.

4 = (y +&lch! (6)

In equation 6, €, is the molar absorptivity at wavelength A (Mcm™).

We found these wavelength dependent screening factors vary between are 0.65-
0.97, 0.43-0.96 and 0.79-0.99 over 300 nm to 800 nm, respectively, for the systems
described above. These values agree well with the decrease in direct photolysis rate we

observed experimentally in these DOM-containing systems.

Indirect Photolysis of Zeranol and

its Metabolites at Neutral pH

Although they did not undergo direct photolysis, zeranol and its metabolites were
reactive in irradiated solutions of humic and fulvic acids. At pH 7.0, zeranol loss was
observed in all solutions (5 mg/L) of model DOM (Figure 2-8a), with the greatest rate of
decay being observed for ESHA (t12 ~ 3 h) while SRFA was least active (ty, ~ 19 h).
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Comparable reactivity was also observed for f-zeralanol and zearalanone in ESHA
systems (Figure 2-9 and Table 2-3), suggesting similar mechanisms of transformation
across the compound class. Dark controls with all species both in irradiated systems
without ESHA (i.e., direct photolysis) and in dark (i.e., non-irradiated) solutions of
ESHA were stable over relevant time scales, suggesting no other loss processes occurred.
As is evident, zeranol, B-zearalanol and zearalanone exhibit comparable transformation
rates in the presence of ESHA, suggesting similarities in the entities, mechanisms and
functionality moieties on each structure responsible for reaction. Rather, our results are
most consistent with a reaction between zeranol and reactive species generated upon
irradiation of DOM [e.g., reactive oxygen species (ROS) or triplet DOM (*DOM*)].
Comparison of measured t;/, values for zeranol to the steady-state ROS
concentrations in irradiated HA and FA solutions at pH 7.0 provided an initial assessment
of possible photooxidant(s) responsible for attenuation. This comparison is shown in
Table 2-3 for steady-state concentrations of hydroxyl radical ([*OH]ss) and singlet oxygen
([*0]ss) in DOM solutions, concentrations that were measured in the absence of zeranol.
Both *OH and 'O, were quantifiable in all solutions; whereas [*OH]s values were roughly
constant in all systems, Table 2-3 reveals that zeranol half-lives loosely scale with [*O;]ss.
Furthermore, established routes for “OH and 'O, formation (i.e., the Fenton
reaction and O, sensitizers such as Rose Bengal or Erythrosin B, respectively) revealed
that both oxidants are indeed reactive toward zeranol. From competition Kinetic
experiments (Figure 2-10) attempting to quantify second-order rate coefficients for the
reaction of each ROS with zeranol, we can estimate second-order rate coefficients for
zeranol reaction with *OH (Kzeranotieon = 7.40 x 10° + 0.06 M™'s™) and O, (Kseranoiz02 =
1.48 x 10" + 0.01 M's™). Notably, for the reaction with *O,, the use of alternative singlet
oxygen sensitizers (e.g., methylene blue and Erythrosin B) yielded comparable results.
These alternative sensitizers were considered because excited states of Rose Bengal can

react with some compounds directly [76]. Such a reaction does not appear to be at play in
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our systems with Rose Bengal and zeranol given the consistency of our results with
alternative sensitizers.

However, we caution that because of the pH-dependent nature of zeranol
photolysis in DOM-containing systems (see Figure 2-17 in the later section), these
estimated second-order rate coefficients may be of limited value for predicting zeranol
persistence in surface waters. For example, based upon measured values of [*OH]s in
ESHA systems (see Table 2-3) and the value of Keranoieon reported above, we would
anticipate the ty,; value for zeranol reaction with *OH to be far longer (~50 h) than was
actually observed experimentally (~ 3 h). We believe this discrepancy is an indication
that the monodeprotonated form of zeranol is an important, if not dominant, reactive
species toward photogenerated oxidants at pH 7. The value of Kzeranoeon reported above
was measured via the Fenton reaction at pH 3, at which it is reasonable to assume the
primary reaction occurs between the fully protonated (i.e., neutral) form of zeranol with
*OH. At higher pH values where the monodeprotonated (and eventually dianionic)
zeranol form is prevalent, it too would likely react with *“OH, and generally be expected
to exhibit a higher second-order rate coefficients for this process. Similarly, the value of
Kzeranol102 reported above assumes all of the zeranol is in its fully protonated (i.e., neutral)
form. However, our experiments with Rose Bengal were conducted at pH 7, where a
very small, but potentially highly reactive, fraction of zeranol will be present in an
anionic state. To more accurately predict zeranol persistence in DOM-containing
systems, more work is needed to determine how values of K eranoieon @Nd Kzeranolno2 (aS
well as for the reaction with *DOM") vary as a function of the pH and ionization state of
zeranol.

Closer examination suggests that ‘O, is most likely not responsible for zeranol
loss in our HA and FA solutions at pH 7.0. Experiments conducted in the presence of
excess azide (10 mM), commonly used as a quencher for 'O, [77, 78], revealed no

inhibition of zeranol decay relative to azide-free systems (Figure 2-8b). Similarly,
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experiments conducted in pure D,O (Figure 2-8b), in which the lifetime of 'O is greater
than in H,O thus promoting its reactivity[79], did not exhibit enhanced rates of zeranol
transformation. Additional experiments with selective quenchers provided greater insight
into the species responsible for zeranol attenuation at neutral pH. Excess formate (50-100
mM) or similar radical scavenger (e.g., isopropanol) slowed zeranol decay by roughly

50% (Figure 2-8c).

Table 2-3. Hydroxyl radical and singlet oxygen steady state concentration (in M) and
zeranol decay half-lives in systems of irradiated model humic and fulvic acids (at pH 7).
Uncertainties represent 95% confidence intervals from linear regression analyses used in

the quantification of these values.

Dissolved Hydroxyl Singlet Oxygen | Zeranol
Organic Radical ("OH) (t0,) Half-Life (h)
Matter

Elliott Soil (5.5+0.3) x10™ | (6.70+0.13) x 107 3.20+0.14
Humic Acid

Leonardite (6.0+0.8) x10™ | (2.09+0.14)x 10" 5.6+ 0.6
Humic Acid

Suwannee River | (3.8+0.6)x 10 | (7.55+0.71) x10™ 11+2
Humic Acid*

Suwannee River | (4.6+0.7)x 10 | (8.32+0.38) x 10™ 19+6
Fulvic Acid

*As a useful point of reference, Kohn and Nelson[80] reported steady-state concentrations of singlet
oxygen and hydroxyl radical of 5x10™* M and 10, respectively, in irradiated solutions with 5 mg/L
SRHA at pH 7.5. These were generated with an Oriel solar simulator equipped with a 1000 W Xe
lamp as their light source. These values compare favorably with those that we measured in SRHA

systems.
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Figure 2-8. (a) Zeranol transformation in the presence of model humic acids (HA) and
fulvic acids (FA) during irradiation with simulated light. Also shown are results of
selective quencher experiments illustrating the effect of (b) 10 mM sodium azide (a
singlet oxygen quencher) and D,0O (a singlet oxygen promoter), (c) 100 mM sodium
formate (a hydroxyl radical quencher) and (d) 0.1% v/v of isoprene (a triplet state
guencher) on zeranol transformation in the presence of ESHA irradiated with simulated
light. Also in panel d, isoprene and formate, when added simultaneously, were able to
entirely inhibit zeranol loss. In all instances, the initial concentration of zeranol was
~5uM, the concentration of each HA or FA was 5 mg/L, and the pH was maintained at
pH 7 using 5 mM phosphate buffer. In panels b-d, lines represent best-fit linear
regressions from which pseudo-first order rate constants for zeranol decay (Kops Values)
were obtained. Uncertainties on kops Values represent one standard deviation of the slopes
obtained from linear regression analysis. Black symbols represent controls, in which
zeranol was stable in both irradiated systems without model HA and FA (i.e., direct
photolysis) and in dark (i.e., non-irradiated) solutions of model HA and FA.
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Figure 2-9. Transformation of zeranol, 3-zearalanol and zearalanone in irradiated
(simulated sunlight) solutions of 5 mg/L Elliot Soil humic acid (ESHA). In all instances,
the initial concentration of zeranol and its metabolites was ~5 uM and the pH was
maintained at 7 using a 5 mM phosphate buffer. Solid black data points represent
controls, colored lines represent exponential decay model fits from which rate constants
for decay and corresponding half-lives (as reported in Table 2-2) were quantified.
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Figure 2-10. (a) Change in zeranol and furfuryl alcohol (FFA) concentration as a
function of time in irradiated (simulated sunlight) solutions of 2 uM Rose Bengal at pH 7
in 5 mM phosphate buffer and (b) plots of the natural log of normalized zeranol
concentration as a function of the natural log of normalized FFA concentration, the
slopes of which were used in equation 3 to determine the second-order rate coefficient for
zeranol reaction with singlet oxygen (*O5). (c) Change in zeranol and acetophenone (A)
concentration as a function of time in pH 3 solutions containing 60 uM each of Fe** and
H,O; to generate hydroxyl radical (*OH) via the Fenton reaction. (d) Plots of the natural
log of normalized zeranol concentration as a function of the natural log of normalized
acetophenone concentration, the slopes of which were used in equation 4 to determine the
second-order rate coefficient for zeranol reaction with *OH.
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No further inhibition was observed if higher concentrations of radical scavenger
were used, suggesting that *OH contributes to some but not all of the zeranol
transformation observed. Additionally, catalase, which breaks down H,O,, inhibited
zeranol decay by a similar magnitude to that of radical scavengers (Figure 2-11). Results
show that the addition of 200 U/mL catalase inhibited zeranol transformation by ~50%,
consistent with H,O, playing some role in zeranol transformation. Notably, H,O, was
unreactive toward zeranol in dark controls. We propose that the photolysis of H,O- is an
important route for *“OH formation in these systems, with *“OH representing one of the
primary species directly responsible for zeranol transformation (see Figure 2-8
demonstrating influence of radical quenchers on rates of zeranol transformation in
irradiated ESHA systems). Therefore, catalase appears to inhibit zeranol transformation
by limiting H,O; build up in solution, which in turn lowers the amount of *OH available
for reaction with zeranol. Further evidence in support of such a scenario was obtained
with the addition of 2 U/mL superoxide dismutase (SOD) to the system, which enhanced
the rate of zeranol transformation by roughly 2-fold. We believe the increase in H,0O,
production resulting from SOD in turn enhances *OH formation via subsequent
photolysis of H,O,. Formation of H,O, was quantifiable in irradiated DOM systems
(Figure 2-12), but it was unreactive toward zeranol in dark control systems (Figure 2-13).
The concentration of H,O,, which was determined colorimetrically via the methods
described above, increased steadily over time in all systems (Figure 2-12). We note that
as a result of the steadily increasing concentration of H,O, observed, the values of
[*OH]ss reported in Table 2-3 are best viewed as an average of the relative amount of
hydroxyl radical produced in each DOM system over the timescales relevant to zeranol
transformation (~6h). In actuality, the increasing concentration of H,O, should in turn
produce concentrations of hydroxyl radical in DOM systems that increase slightly with
irradiation time. Furthermore, as shown in Figure 2-13, while stable in the dark,

suggesting H,0, cannot oxidize zeranol over these timescales, appreciable zeranol decay
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was observed upon the irradiation of H,O,. Photolysis of H,O, is known to generate
hydroxyl radicals, and it would appear that the loss of zeranol in the irradiated H,0-
system results from this *OH formation. Using a pseudo-first-order kinetic model for
zeranol decay (i.e., exponential decay) yields a kops value of 0.18 h™. This kqps value is on
par with that measured in 5 mg/L ESHA systems quenched with excess isoprene (0.112
h'!: see Figure 2-8). Recall, that in the presence of excess isoprene, the primary reactive
photooxidant in ESHA systems is *“OH generated via the photolysis of H,O,. We believe
the reasonable agreement between these kqps Values supports our hypothesis that
photolysis of H,O; is the primary route to *“OH formation in our ESHA systems.

Thus, the role of H,O; in zeranol decay is likely linked to its photolysis, which
generates *OH [81]. Such a scenario is supported by experiments revealing comparable
zeranol decay in irradiated systems free of DOM but containing 5 uM H,O; (Figure 2-13)
a concentration representative of that measured in our irradiated DOM suspensions. Also
consistent with H,O, photolysis as a major route to *OH formation, addition of
superoxide dismutase, which converts superoxide radical anion (O,") into H,0,,
enhanced the rate of zeranol decay (Figure 2-11). We attribute this enhancement to the
subsequent photolysis of H,O, produced via superoxide dismutase.

Evidence suggests that the remainder of zeranol transformation occurs via
reaction with triplet, or excited state, DOM (*DOM?%*). Zeranol decay persisted in
deoxygenated systems, in which ROS should not be generated at appreciable levels,
which is consistent with direct reaction with >DOM* (Figure 2-14). The observation of
zeranol transformation in the absence of O, suggests a reaction pathway not involving
reactive oxygen species (ROS), which will not be generated to appreciable extents in the
absence of oxygen. However, the rate of zeranol transformation was still smaller in the
O, free system, consistent with some contribution from ROS during zeranol
transformation in O, containing systems. Collectively, we believe these observations

agree well with the results of quencher studies that implicate hydroxyl radical and triplet
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state DOM as the dominant reactive species toward zeranol. Furthermore, the presence of
0.1% v/v isoprene, commonly utilized as a triplet quencher[82, 83], inhibited zeranol
decay by ~50% (Figure 2-8d), thereby accounting for the remainder of the loss we
assume is not attributable to *OH (i.e., the amount of zeranol transformation observed in
the presence of excess formate or isopropanol). Zeranol is moderately hydrophobic
(reported logK,, of 3.88) [50], and thus a small fraction would likely be associated with
HA and FA in solution, which in turn would promote its direct reaction with *DOM*. A
role for *DOM” in the photooxidation of zeranol is perhaps not surprising, as Canonica
and co-workers[84, 85] have previously established that excited triplet states generated
during DOM irradiation are important photooxidants for substituted phenols, which
represents reasonable structural analogues for zeranol family compounds. Finally, we
note that irradiated suspensions of ESHA containing both a radical (formate) and triplet
(isoprene) quencher completely shut down zeranol decay over the timescales typically
observed (Figure 2-8d), further supporting *OH and *DOM* as dominant reactive species
in our systems at pH 7.

Although zeranol decay in the ESHA system was investigated most extensively,
we believe *OH and *DOM* are also dominant species at play in other HA and FA
systems at neutral pH. Similar experiments with quenchers and probes with Leonardite
HA (Figure 2-15) were also consistent with a role for these reactive species. As shown in
the figure, the use of D,O as a ‘O, promoter did not significantly enhance zeranol decay,
suggesting (as was observed with ESHA and in natural water samples) that *O, is not
primarily responsible for zeranol transformation. Addition of 25 mM isopropanol as a
*OH quencher inhibited the zeranol decay by ~40% while 0.1% v/v of isoprene as a
$DOM* quencher inhibited the zeranol decay by about ~60%. Once again, this suggests
that *OH and *DOM* are the dominant species responsible for zeranol transformation.
Further, *OH and *DOM* appear to be the key players responsible for the decay of

zeranol metabolites at pH 7.0. Results from experiments with zearalanone in irradiated
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Figure 2-11. Zeranol transformation in irradiated (simulated sunlight) solutions of 5
mg/L ESHA. Also shown are the influence of catalase, a quencher for hydrogen peroxide
(H20,), and superoxide dismutase, which converts superoxide radical anion into H,O,, on
the rate of zeranol transformation in this system. The initial concentration of zeranol was
~5uM and the pH was maintained at 7 using 5 mM phosphate buffer. Lines represent
best-fit linear regressions from which pseudo-first order rate constants for zeranol
transformation (kops Values) were obtained. Uncertainties associated with kqps values
represent one standard deviation obtained from regression analysis.

www.manaraa.com



55

—{1— 5mg/L LHA
—O— 5 mg/L ESHA
—A— 5 mg/L SRHA

[H,0,] (UM)

| ! | | | |
0

50 100 150 200 250 300
Time (min)

Figure 2-12. Hydrogen peroxide (H,0,) production over time in irradiated (simulated
sunlight) solutions of Leonardite humic acid (LHA), Elliot Soil humic acid (ESHA) and
Suwanee River humic acid (SRHA). Model humic acids were present at 5 mg/L and pH
was maintained at 7 using a 5 mM phosphate buffer. These experimental systems did not
contain any zeranol.
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Figure 2-13. Normalized concentration of zeranol (~5 uM) as a function of time in
solutions containing 5 uM H,0, at pH 7 (these conditions are representative of those in
our irradiated DOM suspensions; see Figure 2-12). Results are shown for H,0,
containing systems in the dark, as well as a solution of H,O, exposed to light with A >
305 nm from the commercially available Xe Arc lamp.
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Figure 2-14. Semi-log plot of normalized zeranol concentration over time for irradiated
(simulated sunlight) solutions of 5 mg/L ESHA conducted in the presence and absence of
0,. These experiments were conducted in a custom photoreactor with a screw top fitted
with a quartz window, thereby allowing the O, level in the system to be controlled as
described in the experimental section above. Experiments were conducted at pH 7 (5 mM
phosphate buffer) using an initial zeranol concentration of ~5 uM. Solid black data points
represent controls, in which zeranol exhibited stability both in irradiated systems without
ESHA (i.e., direct photolysis) and in dark (i.e., non-irradiated) solutions of ESHA
regardless of dissolved O, concentration.
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ESHA systems at pH 7.0 containing formate and isoprene (Figure 2-16) mirror the
behavior observed for zeranol. Roughly 50% of the zearalanone decay was inhibited via
the addition of 100 mM formate as a hydroxyl radical quencher while about 80% of the
reactivity was inhibited with the addition of 0.1% v/v isoprene as a *DOM* quencher.
Isoprene and formate, when added simultaneously, were able to entirely inhibit
zearalanone transformation, supportive of hydroxyl radical and *DOM* as the primary

species responsible for zearalanone indirect photolysis (as was also observed for zeranol).

Indirect Photolysis of Zeranol in

Slightly Alkaline Solutions

The —OH groups on zeranol have reported pKa values of 8.44 and 11.42 [45], and
thus its reactivity toward photogeneraetd ROS is likely to increase as these groups
deprotonate. Indeed, while zeranol remained stable in the absence of ESHA with
increasing pH, its rate of transformation increased by more than one order of magnitude
in the presence of ESHA (5 mg/L) as pH increased from 7.0 to 9.0 (Figure 2-17a). Based
on additional studies with phenol and furfuryl alcohol, the concentration of
photogenerated *OH and O, respectively, did not change significantly over this pH
range. Thus, this increase in reactivity is most consistent with deprotonated forms of
zeranol, which become more concentrated at higher pH values, being the primary
reactivity entities toward photogenerated oxidants. The inset in Figure 2-17a shows a log-
log plot of the kqps Values for zeranol decay in irradiated ESHA suspensions measured
between pH 7.0 to 9.0 as a function of the corresponding concentration of the
monodeprotonated form of zeranol ([zeranol']; assuming a pKj; of 8.44). The slope of
this log-log plot is equivalent to unity, suggesting a first-order dependence of the rate of

photoreaction on the concentration of the monodeprotonated species.
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Figure 2-15. Semi-log plot of normalized zeranol concentration over time for irradiated
(simulated sunlight) solutions of 5 mg/L Leonardite humic acid (LHA). Also shown is the
influence of different selective quenchers and promoters on zeranol transformation rates
in irradiated LHA solutions. Lines represent best-fit linear regressions from which
pseudo-first order rate constants for zearalanone decay (kobs values) were obtained.
Uncertainties associated with kobs values represent one standard deviation obtained from

regression analysis.
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Figure 2-16. Semi-log plot of normalized zearalanone concentration over time for
irradiated (simulated sunlight) solutions of 5 mg/L ESHA. Also shown is the influence of
different selective quenchers on the rate of zearalanone indirect photolysis in the presence
of 5 mg/L ESHA. Lines represent best-fit linear regressions from which pseudo-first
order rate constants for zearalanone decay (kops Values) were obtained. Uncertainties on
Kops Values represent one standard deviation obtained from regression analysis. Solid
black data points represent controls, in which zeranol exhibited stability both in irradiated
systems without ESHA (i.e., direct photolysis) and in dark (i.e., non-irradiated) solutions
of ESHA.
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Figure 2-17. (a) Plots of the natural log of normalized zeranol concentration as a function
of time in irradiated solutions of 5 mg/L of ESHA at pH 7, 8 and 9. Values of kqps (with
95% confidence intervals) obtained from linear regression analyses are provided. The
inset shows a log-log plot of ko, Values as a function of the concentration of the
monodeprotonated form of zeranol ([zeranol]; pKa: 8.44), with a slope equivalent to
unity. (b). Results of quencher experiments conducted at pH 8.5 in solutions of 5 mg/L of
ESHA. Values of kqps (with 95% confidence intervals) obtained from linear regression
analyses are provided. Given the modest decrease observed with formate and sodium
azide, results from duplicate experiments are presented to illustrate reproducibility. In all
instances, the initial concentration of zeranol was ~5uM, the concentration of each HA or
FA was 5 mg/L, and the pH was maintained at pH 7 and 7.5 using 5 mM phosphate
buffer, while solutions at pH 8-9 were maintained with a 5 mM borate buffer.
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Although 'O, does not appear to contribute to zeranol decay in our model DOM
systems at pH 7.0, evidence suggest it may play a role in slightly alkaline pH waters.
Additional experiments with selective quenchers at pH 8.5 suggest that *DOM* is still a
major contributor to zeranol transformation in irradiated ESHA suspensions (Figure 2-
17b) based on the inhibition observed in the presence of excess isoprene (0.3% v/v).
Excess formate (a radical quencher) yielded a small, but reproducible, decrease in zeranol
transformation consistent with a continued role for *“OH at pH 8.5. Unlike at pH 7.0, the
use of 10 mM sodium azide, a *O, quencher, also resulted in a modest yet reproducible
amount of inhibition. Most importantly, complete suppression of zeranol decay at pH 8.5
was only observed in systems with all three quenchers present, consistent with *DOM*,
*OH, and 'O, all contributing to zeranol decay to some extent. Thus, while the
contribution of 'O, to zeranol decay appears negligible at neutral pH, it appears to
become more significant with increasing pH value. We assume this increase is because of

its greater reactivity toward anionic zeranol species.

Photolysis of SGPMs in Neutral pH Natural Waters

Finally, additional experiments with natural water samples indicate that the
phototransformation mechanism observed in model aquatic systems also occur in more
complicated waters representative of agriculturally impacted ecosystems. Rates of direct
photolysis for 17p-trenbolone were essentially equivalent in circumneutral pH water (pH
6.8-7.0) collected from a runoff-impacted, high DOC creek (50 mg/L) and a low DOC
agricultural return water (6 mg/L). Moreover, these rates compared favorably to that
measured in model systems of phosphate buffer (Figure 2-18a and 2-18b). Addition of
ROS quenchers including formate and isoprene had no effect on 17p-trenbolone
transformation rate, nor was the decay rate influenced when experiments were conducted
in a 50:50 mixture of natural water sample and D,0. Thus, despite the presence of

relatively high DOC concentrations, indirect routes for 17p-trenbolone photolysis are
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sufficiently slow relative to direct photolysis so as not to impact its persistence. We
believe this to be generally true for all compounds in the TBA and MGA families.

Zeranol loss was observed upon irradiation of both natural water samples, with
the greatest rate of transformation occurring in the high DOC creek water rather than the
agricultural return water (Figure 2-18c and 2-18d). Rates of zeranol decay were within
the range reported for 5 mg/L solutions of model humic and fulvic acids, and use of
formate and isoprene as *OH and triplet DOM quenchers, respectively, inhibited zeranol
transformation. Collectively, as was observed in model systems, results are consistent
with indirect photolysis influencing the fate of zeranol in sunlit surface waters, with a
prominent role for *OH and *DOM* in this process.

As in model systems, rates of 17p-trenbolone photolysis were essentially
independent of water quality and the addition of quenchers (formate and isoprene) and
promoters (50:50 water sample:D,0) had no impact on its transformation rate. In
contrast, zeranol transformation was greatest in the high DOC creek water, and the
addition of isoprene and formate was able to entirely inhibit the reaction of zeranol.
Again, this behavior is consistent with that observed in model systems for zeranol,
supporting hydroxyl radical and triplet DOM as the primary species responsible for

zeranol transformation in irradiated solutions of dissolved organic matter.

Preliminary Assessment of Direct Photolysis Products

Because of the relatively rapid rate of TBA and MGA family direct photolysis,
information on the photoproducts generated via this process will be essential to assessing
fully their impact on ecosystem health. We present an introduction to these photoproducts
here, while an extensive treatment of the identity, fate and ecotoxicological impacts of

these direct photoproducts is the subject of a future study.
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Figure 2-18. Effects of different quenchers and promoters on the rate of 173-trenbolone
direct photolysis in (a) high DOC creek water and (b) a low DOC agricultural return
water (ARW) during irradiation with simulated light. For irradiation of these natural
water samples with simulated sunlight, the relative rates of zeranol transformation are
shown in (c) on a semi-log scale, whereas the effect of different quenchers on zeranol
transformation in the high DOC creek water is presented in (d).
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Within a compound class, no interspecies conversions were observed (e.g., based
on comparison of known LC retention times, photolysis of 173-trenbolone did not yield
17a-trenbolone or trendione, nor did photolysis of MGA yield melengestrol). Instead,
both families of compounds photolyzed to yield mixtures of new species that are usually
more polar (i.e., products elute earlier on a reverse phase LC column). Further, they
exhibit primary absorption maxima at lower wavelengths outside the solar spectrum
(Figure 2-19). 17p-trenbolone exhibits characteristic absorbance at 350 nm (see Figure 2-
1c), and over 45 minutes, is nearly completely transformed via direct photolysis. During
reaction, two new product peaks with absorbance maxima near 254 nm grow in over
time. Based on the relative elution time on the reverse-phase LC column used for this
analysis, these product peaks are more polar than 173-trenbolone. Further, with
maximum absorbance near 254 nm, these photoproducts will be more resistant to direct
photolysis, and thus, will likely persist over longer time scales in sunlit surface waters
relative to 17B-trenbolone. This is consistent with some degree of disruption to the
conjugated w-bond systems characteristic to these species during photolysis. Analysis
with LC/MS/MS suggests that direct photolysis yields rather modest structural
transformations for these compounds, with most reaction products maintaining the
steroidal ring and forming via simple hydroxyl addition (e.g., masses detected for 17f3-
trenbolone were m/z 289, 305, and 321, representing mono-, di-, and trihydroxy
derivatives). We also cannot completely rule out the potential for photoisomerization at
other stereochemical centers within TBA and MGA metabolites (e.g., methyl inversion at
the C13 in TBA metabolites), as has been observed during the direct photolysis of estrone
[86].

Based on these observations, photoproducts appear to be more, if not entirely,
resistant to direct photolysis via sunlight, and are likely to persist in sunlit surface waters
longer than the species from which they are derived. Given the slight structure

modifications induced by direct photolysis, these more photoresistant products are also

www.manaraa.com



66

A =254 nm A =350 nm

17p-trenbolone

05 \ H “ 17p-trenbolone
3-

t=0min

0-——’\!‘—-———-——
0 T T T T T - L} T T T T T
1 2 3 4 5 (] o 1 2 3 4 5 6
20 1.0
15 Direct photolysis
products 0.5

1.0 N

t =45 min

>
<
©
e
<
X
S
(] L]
o
(@]
<
e
@)
I
a
T

T T T T T A
0 1 2 3 4 ] 6 [ 1 2 3 4 5 6

Time (min)

Figure 2-19. Representative LC-DAD chromatograms for samples taken during the
photolysis of 17p-trenbolone. Chromatograms are shown as a function of irradiation time
(0 and 45 min) and for two detection wavelengths on the DAD.
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likely to retain some biochemical activity similar to their parents, the magnitude of which

will be addressed in a future investigation.
2.5 Environmental Implications

This work provides some of the first evidence characterizing the persistence of
synthetic hormone growth promoters in sunlit surface waters impacted by agricultural
runoff. The trenbolone acetate and melengestrol acetate families, which share conjugated
n-bond systems within their steroidal ring structure, are prone to direct photolysis and are
likely to exhibit the least amount of persistence. They exhibit relatively short half-lives (1
hour or less), and their decay rates are largely invariant across a broad spectrum of
aquatic conditions, implying that direct photolysis will be their dominant transformation
mechanism in most sunlit surface waters. Indeed, relative to reports of their
biotransformation in aerobic soil microcosms [87], time scales for the photolysis of TBA
metabolites are considerably faster, although these transformation pathways are unlikely
to compete with one another given their tendency to be localized in different
environmental media. The near-constant rates of photolysis measured over the range of
aquatic conditions considered may be advantageous; fate models should be able to better
account for the contribution of photolysis to these species’ environmental persistence.

Non-steroidal zeranol and its metabolites, which have little to no chromophoric
activity within the solar spectrum, only transform via indirect photolysis. Therefore, their
fate may be more difficult to predict because it will be highly dependent on the
composition of the receiving water, with variables such as DOM concentration, type, and
pH exerting an influence. The presence of sensitizers or other species that generate *“OH
or 'O, at higher pH will shorten the lifetime of the zeranol family, whereas known
scavengers (e.g., carbonate for *OH) would inhibit their indirect phototransformation. For

example, we have conducted preliminary work with nitrate, another common agricultural
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byproduct that photolyzes to yield *OH[88] (Figure 2-20), confirming its ability to
facilitate zeranol transformation. A role for triplet state DOM in zeranol transformation is
also noteworthy because zeranol and its metabolites are moderately hydrophobic and
therefore a small fraction will be associated organic colloids in surface waters. While
bound to such organic colloids they may be more recalcitrant to biotransformation, but
will be highly prone to DOM-sensitized photolysis. We note that in addition to improving
our understanding of zeranol and its metabolites in the environment, these insights should
also prove useful in predicting the behavior of mycotoxins related to zearalenone, many
of which are structurally analogous to zeranol.

Transformation has often been equated with removal and mitigation of ecological
risk. However, initial evidence about the products from the direct photolysis of the TBA
and MGA families suggests minor structural modifications and is most consistent with
conservation of the steroid ring structure after reaction. Given the short timescales
associated with phototransformation and the lower photoactivity of these product
mixtures, this work emphasizes the need for detailed isolation, identification, and fate
assessment for the phototransformation products of SGPMs. Such transformation
products may have profound impact on ecosystem health, particularly given the anabolic
potency of the parent compounds from which they are derived. In a future work, we
intend to systematically explore the identity and structure of products from the photolysis
of the TBA and MGA families and consider the potential ecotoxicological risks

associated with their formation.
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Figure 2-20. Semi-log plot of concentration as a function of time illustrating zeranol
transformation in irradiated (simulated sunlight) solutions of 50 mg/L nitrate (as NO3").
Independent experiments with phenol as an OH radical probe indicate a [*OH]ss of 3.1 x
10*® M in this irradiated nitrate system. Experiment was conducted at pH 7 (5 mM
phosphate buffer) and using an initial zeranol concentration of ~5 uM. Data from a dark
control solution of nitrate and zeranol is shown. The line represents the result of best-fit
linear regression analysis, the slope of which was used to determine the pseudo-first-
order rate coefficient (kops Value) for zeranol transformation. The reported uncertainty
represents one standard deviation for kops Values resulting from linear regression analysis.

www.manaraa.com



70

CHAPTER I1l. PHOTOPRODUCT-TO-PARENT REVERSION FOR
TRENBOLONE ACETATE METABOLITES: AN UNRECOGNIZED
ROUTE TO ENDOCRINE DISRUPTION IN AGRICULTURALLY
IMPACTED SURFACE WATERS?

3.1 Abstract

Previously we have shown that metabolites of trenbolone acetate (TBA), a high
volume growth promoter used in animal agriculture, rapidly undergo direct photolysis to
yield photproducts that are photostable but appear prone to other, non-photochemical
transformation pathways. This work focuses on the long-term stability of these
photoproduct mixtures, most of which are dominated by a monohydroxylated species at
the C12 position on the steroid ring. Results suggest that this 12-hydroxy trenbolone
species is unstable and prone to either hydrolysis, which yields higher order hydroxylated
species (e.g., di- and tri-hydroxy trenbolone species), or dehydration, in which the -OH
moiety is lost from the C12 position. Notably, this dehydration reaction represents a
viable route by which the parent TBA metabolite can be regenerated in most surface
waters, effectively making their loss via direct photolysis reversible. We attribute the
unique reactivity of the primary photoproduct to the allylic nature of the —OH group at
the C12 position, a functionality traditionally recognized as prone to dehydration.
However, dehydration of allylic —OH groups in steroids typically only occurs under
strongly acidic conditions, and it is rare, if not unprecedented, to see such a process occur
so readily at neutral pH values, which we report herein. While observed for all TBA
metabolites, photoproduct-to-parent reversion occurs most readily for 17a-trenbolone
(17a-TBOH), allowing as much as 80-90% of the initial metabolite mass to be
regenerated over several days in the dark. Consistent with known steroid chemistry, the
rate of dehydration is acid-catalyzed for all metabolites, but, interestingly, base-catalyzed

only for 17a-TBOH. Dehydration is also strongly temperature dependent, occurring
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most rapidly at high temperature (e.g., 35 °C). The observation of coupled photolysis
and dehydration has significant implications for the fate of TBA metabolites in surface
waters, causing them to be far more persistent than is currently expected based solely on
consideration of their reported half-lives for direct photolysis. Consequently, we also
anticipate that the occurrence and concentrations of TBA metabolites in surface waters
will exhibit diurnal and seasonal cycles, as well as a dependence on surface water pH.
Finally, outcomes of this work call into question the quality of all occurrence data
currently available in the literature, as many aspects of sample collection, handling and
processing are likely to influence the rate and extent of this dehydration reaction, thus

obscuring the amount of TBA metabolites available in a sample.
3.2 Introduction

The available evidence clearly indicates that humans are discharging a wide
variety of bioactive contaminants into the aquatic environment that adversely impact
aquatic organisms [4, 21, 23]. Effective ecological risk assessment for these
contaminants must then rely upon comprehensive knowledge of their occurrence and
environmental fate, although analytical and mechanistic fate studies are often costly and
time consuming. Due to these constraints, the existing paradigm for environmental risk
assessment studies, including those used for regulatory purposes, often is relatively
simplistic: if transformation of parent molecular structures to products is observed in the
experimental system (i.e., “degradation”), risk is mostly assumed to decrease greatly and
subsequent, more detailed studies are seldom necessary. In essence, pollutant
degradation has historically been equated with complete removal.

Yet when considering the scope of natural and synthetic organic chemicals that
may pose a threat to water resources, the universe of potential contaminant structures is
exceedingly large. When transformation products (or “degradates”) of these parent

contaminants are also considered, this universe grows even larger still. Given their sheer
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number and structural diversity, therefore, it is a near certainty that organic pollutants
exist with behavior that grossly violates this traditional paradigm for environmental risk
assessment. Their fate will not abide by pathways typically identified in experimental
studies, and their transformation products will hold equal if not greater adverse
implications for human and ecological health. As regulatory agencies grapple with
establishing new mandates for next generation organic micropollutants, our emphasis
must be focused on identifying these worst of the bad actors.

In the United States, 10-30 million beef cattle are implanted with the growth
promoter trenbolone acetate [50, 87] which contains a 4,9,11 triene bond system highly
unique among steroid structures. Upon implant dissolution, de-acetylation occurs and
forms 17B-trenbolone (17B-TBOH), an androgen 5-50 times more potent than
testosterone that is responsible for anabolic effects including significant weight gain in
implanted cattle [89]. In the liver, 173-TBOH is further metabolized to trendione (TBO)
and 17a-trenbolone (17a-TBOH) [17, 90].

On a mass basis, trenbolone is likely the most widely produced and used synthetic
steroid in the United States, although only a small fraction (8-10%) of the implant dose is
excreted in manure as the bioactive metabolites 17a-TBOH, 178-TBOH, or TBO [17].
For comparison, despite all of the research attention the synthetic contraceptive ethinyl
estradiol has received, we estimate that the trenbolone metabolite mass excreted by cattle
exceeds the mass excretion of ethinyl estradiol from humans by at least an order of
magnitude. 17a-TBOH, the primary metabolite excreted [7], and 173-TBOH have been
detected in receiving waters impacted by animal agriculture throughout the United States
[16, 37]. Though not assessed at all in the regulatory process for trenbolone, these
metabolites are potent endocrine disruptors that pose a demonstrated risk to reproductive
viability in exposed aquatic organisms, with 10-30 ng/L concentrations capable of

significant fecundity reductions in fish [22, 25, 91]. One implant dose (e.g. 100 mg) can
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thus contaminate over 700,000 L of water to concentrations capable of reproductive
disruption.

This work is motivated by the need to evaluate the ultimate fate of TBA
metabolites in surface waters. In Chapter 2 we showed that TBA metabolites readily
undergo direct photolysis, with half-lives (on the order of a half hour) likely to make
photolysis their dominant transformation route in surface waters. In Appendix A, we also
identified the major photolysis products generated from TBA metabolites. All
metabolites exhibited analogous transformation pathways in which a 12-hydroxy variant
of the base trenbolone structure is the major photoproduct (Scheme 3-1).

The identification of this hydroxlyated photoproduct has substantial implications
for the long-term fate of TBA metabolites in surface waters. First, —OH addition at the
C12 position in the steroidal ring disrupts the 4,9,11-triene bonding structure initially
present in TBA and its metabolites. This in turn shifts the absorption maximum of the
photoproduct outside the solar spectrum, making it resistant to direct photolysis. Second,
allylic —OH groups on steroids, such as that on the 12-hydroxy trenbolone photoproduct,
are prone to acid-catalyzed dehydration reactions. For example, there are several reports
of steroids with an allylic —OH group at the C3 position dehydrating to yield 3,5-dienes in
the presence of moderate to strong acids [92-94]. There are also multiple reports [95, 96]
in which dehydration of steroids with an allylic —OH group at the C10 position produces
a steroid with an aromatic A-ring. Such acid-catalyzed pathways open the door to several
unique transformations for the major photoproduct of TBA metabolites. Specifically, it is
possible that dehydration of 12-hydroxy trenbolone could result in the production of the
respective TBA metabolite from which it was photolytically generated.

The objective of this study is to investigate the stability of the photoproducts of
TBA metabolites in water. Below, we will show that the hydroxylated photoproduct of
TBA metabolites is unstable in water, readily dehydrating to yield the TBA metabolite

from which it was produced. We present a series of kinetic studies establishing this
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photoproduct-to-parent reversion mechanism, including a long-term study that considered
the day-night cycling of trenbolone photoproducts. Furthermore, we determine the
influence of system conditions (e.g., pH and temperature) on this process, and assess
related implications on environmental occurrence data, fate studies, and risk assessment

for aquatic organisms.

3.3 Experimental Methods

Reagents

All TBA metabolites were acquired from commercial suppliers. High purity 17f-
trenbolone (Steraloids,> 99%), 17a-trenbolone (Cerilliant, 99%), and trendione
(Steraloids, >99%) were used as received. Stock solutions of each TBA metabolite were
prepared in reagent grade methanol (Fisher, HPLC grade) and/or deionized water
(Millipore, Q-Grad2) as described in Chapter 2. A buffer prepared from potassium
phosphate (Fisher, 99%) was used in most photochemical experiments, whereas a small
number of experiments at higher pH used a buffer from boric acid (Sigma Aldrich,
99.5%). Hydrochloric acid (Fisher, 37%) and sodium hydroxide (Fisher, 97%) were used
to adjust the pH of all solutions. Acetonitrile (Fisher, HPLC grade) was the mobile phase

for HPLC analysis.

Light Source and Photoreactor Details

The majority of experiments used a commercially available 450 W Xenon arc
lamp (Newport Corporation). Additional details of the source (e.qg., its configuration and
output) are provided in Chapter 2. Experiments were conducted in a water-jacketed
borosilicate photoreactor (37 mm inner diameter x 67 mm depth for a nominal volume of
~50 mL), whose contents were mixed via magnetic stirrer and stir plate during all
experiments. The system temperature was held constant via recirculating water bath. As

noted, a small number of experiments utilized a Suntest CPS+ solar simulator.
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Experiments conducted with the solar simulator utilized borosilicate glass beakers as a

photoreactor.

Stability of TBA Metabolites and Photoproduct Mixtures

A variety of experimental systems were designed to assess the stability of
photoproducts generated from the direct photolysis of TBA metabolites. Generally, these
experiments coupled a period in which a solution of TBA metabolite was irradiated via
simulated sunlight followed by a period in which the resulting photoproduct mixture was
stored in the absence of simulated sunlight. During both the light and dark period, the
concentration of the parent TBA metabolite and the products of photolysis were
monitored over time. The key variables explored using this general experimental
approach included the number of cycles in this light-dark sequence, so as to simulate day-
night (i.e., diurnal) cycling expected in surface waters, as well as the duration, pH, and
temperature of the dark period after exposure of TBA metabolites to simulated sunlight.
The typical initial concentration of TBA metabolites was ~10 uM (~2.7 mg/L), although
a select number of experiments were conducted at more environmentally relevant values
(~420 ng/L or ~ 1.5 nM). Specific details of these different experimental approaches

follow.
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Scheme 3-1. Simplified schematic of coupled photolysis and dehydration of 17a-TBOH,
which allows (via the route shown in red) the photoproduct-to-parent reversion first
observed and reported herein. The scheme is shown for 17a-TBOH, whose primary
photoproduct 12-hydroxy-17a-TBOH can undergo base- and acid-catalyzed
dehehydration to regenerate 17a-TBOH. This reversion process also occurs appreciably
at neutral pH.
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Day-Night Cycling of TBA Metabolites and their Photoproducts: To monitor the
long-term stability of TBA metabolites and photoproduct, experiments were designed to
simulate day-night cycling. These experiments were conducted in 45 mL of 5 mM
phosphate buffer to maintain pH 7. The appropriate volume of a 10 mM methanolic
stock solution of the appropriate TBA metabolite was then delivered to the buffer via
syringe to achieve the desired initial concentration of ~ 10 uM. The solution was then
irradiated with simulated sunlight for 12 h, during which samples (~0.5 mL) were
withdrawn at periodic intervals, transferred to a 2 mL amber autosampler vial, and
analyzed immediately via HPLC with diode array detector (LC-DAD). After 12 h of
irradiation, the photoreactor was removed from light and covered with Al foil for 12 h.
During this dark period, samples (~0.5 mL) were once again withdrawn periodically and
analyzed immediately via LC-DAD. This sequence of light-dark sampling was
conducted over a total of 72 h, simulating a three day period of TBA metabolites in
surface water.

Long-term Dark Stability of TBA Metabolite Photoproducts: Solutions (45 mL) of
each TBA metabolite (~10 uM) were photolyzed for 6 h at 25 °C and pH 7, during which
samples were taken for metabolite and photoproduct analysis. This duration of
irradiation typically resulted in >99% of metabolite transformation. The photoreactor was
then removed from light and covered with Al foil and stored for up to one week (~150 h)
at 25 °C. During this extended dark period, samples (~0.5 mL) were periodically
withdrawn to monitor photoproduct stability over time via LC-DAD.

Effect of Temperature on Photoproduct Stability: The influence of temperature on
photoproduct stability was evaluated only for 17a-TBOH as it has the most product-to-
parent reversion. A 50 mL solution of 10 uM 17a-TBOH was prepared in 5 mM
phosphate buffer at pH 7 and subsequently photolyzed at 25°C. After sufficient
irradiation to achieve ~99% removal, the solution was divided into four equal parts and

placed in 40 mL (nominal volume) amber bottle to avoid light. The four vials were then
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transferred either to a refrigerator (5°C) or a series of water baths (15°C, 25°C and 35°C)
to maintain their temperature over 6 days. During this extended dark period, samples
(~0.5 mL) were periodically withdrawn from each reactor to monitor photoproduct
stability via LC-DAD.

Effect of pH on Photoproduct Stability: Two protocols were followed to evaluate
the influence of pH on photoproduct stability. First, a subset of photolysis experiments
with each TBA metabolite were conducted in DI water at 25 °C. After a period of
irradiation (typically 4-6 h, over which loss of the TBA metabolite was typically ~99%)
the solution for each metabolite was divided into equal parts. One volume was adjusted to
pH 2 by adding 5 M HCI while the other was adjusted to pH 12 via addition of 5 M
NaOH. Samples of the pH-adjusted solution (~1 mL) were then withdrawn and
immediately analyzed on the LC-DAD.

The other approach involved conducting photolysis and subsequent dark stability
experiments at different pH values (2, 5, 7, 9, 12) with 17a-trenbolone at 25 °C.
Solutions at pH 2 were prepared using 0.01 M HCI, whereas pH 12 solutions were made
from 0.01 M NaOH. For the other pH values, a 5 mM phosphate buffer was adjusted
using 1 M HCIl or 1 M NaOH to achieve a pH value of 5, 7, or 9. The pH in these
experimental systems was monitored over time and adjusted as needed to maintain the
initial pH value (x 0.2 pH units). Photolysis experiments with 10 uM 17a-TBOH were
conducted over 6 h following our standard operation and sampling procedure. After 6 h
of irradiation (corresponding to ~99% 17a-TBOH removal), the solution was transferred
to a 40 mL (nominal volume) amber vial to avoid further phototransformation and stored
for up to 6 days at 25 °C. Over time, samples (~1 mL) were withdrawn periodically and
analyzed immediately on HPLC.

TBA Metabolite and Photoproduct Stability at Environmentally Relevant
Concentrations: Photolysis and dark stability experiments were also conducted with

17B-trenbolone at a more environmentally relevant initial concentration (420 ng/L or 1.5
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nM). Seven identical borosilicate beakers were prepared with 100 mL of 420 ng/L 17§3-
TBOH in DI water. Each beaker was then photolyzed in parallel using a Suntest CPS+
solar simulator. Periodically, reactors were sacrificially sampled, in which the entire 100
mL volume was concentrated using a C18 cartridge. The cartridge was subsequently
eluted with 0.5 mL of methanol, resulting in a 173-TBOH concentration suitable for

detection and analysis via LC-DAD.

Analvytical Methods

Samples were analyzed on a 1200 Series Agilent HPLC-DAD equipped with an
Eclipse XBD-C18 column (4.6 x 150 mm, 5 um particle size). The analytical method
adapted from Khan et al. [87] involved gradient elution with an acetonitrile (ACN):H,0O
mobile phase that ramped from 25% to 72% ACN over a 13 minute period followed by
re-equilibration to 25% ACN. The method employed a flow rate of 0.6 mL/min and an
injection volume of 20 uL. TBA metabolites were analyzed at a detection wavelength of
350 nm, whereas photoproducts were primarily analyzed at 254 nm (with some minor
products also detected at 300 nm). Additional sample analysis via LC/MS/MS and NMR

were conducted as described in Appendix A.
3.4 Results and Discussion

Review of Photoproduct Identification

As is detailed in Appendix A, all TBA metabolites exhibit analogous products of
direct photolysis. Generally, each metabolite yields two primary photoproducts that are
easily identifiable using LC-DAD with a detection wavelength of 254 nm. Using the LC-
DAD method described above, 173-TBOH, 17a-TBOH and TBO exhibit retention times
of 4.8 min, 5.2 min and 6.2 min, respectively. All TBA metabolites are detectable via

absorbance at 350 nm, characteristic of their 4,9,11-triene structure. The two primary
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photoproducts exhibited retention times of 1.8 min and 2.6 min for 173-TBOH, 3.3 min
and 4.4 min for 17a-TBOH, and 3.1 min and 3.5 min for TBO.

Based upon UV/visible absorbance spectra, LC/MS/MS and NMR analysis
presented in Appendix A, the major photoproduct (based on DAD response at 254 nm)
has been identified as a monohydroxylated species with an —OH group on the C12
position of the steroid ring. The identity of the minor phototransformation project has not
been experimentally verified, although LC/MS/MS suggests it is structurally very similar
to the 12-hydroxy species. In Appendix A, we propose two possible structures for this
minor product. One possibility is that it represents a well-resolved diastereomer of the 12-
hydroxy species confirmed by NMR. The other option is that it is an alternative
monohydroxy species. For example, we propose in Appendix A that this additional
photoproduct may be hydroxylated at the C10 rather than C12 position in the steroid ring.

In subsequent experiments assessing the stability of photoproduct mixtures,
attention was primarily paid to the 12-hydroxy species confirmed via complementary
NMR and LC/MS/MS analysis. Stability was monitored by tracking DAD response

attributable to this photoproduct over time.

Initial Observations of Photoproduct-to-Parent

Metabolite Reversion

During preliminary experiments monitoring the stability of 17a-TBOH
photoproducts in the absence of light, the DAD response attributable to the two primary
photoproducts (at Agetection Of 254 Nnm) decreased over time. Unexpectedly, we also
consistently observed a corresponding increase in DAD response at the detection
wavelength (Agetection Of 350 nm) and retention time (5.2 min) characteristic of 17a.-
TBOH.

Initially, we inferred this product, apparently generated from the decay of

photoproducts in the absence of light, to be 17a-TBOH, the TBA metabolite from which
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the photoproducts were generated. This assignment was primarily based on the agreement
in LC-DAD retention time, as well as the change in absorbance maxima from near 254
nm to 350 nm, the latter of which is characteristic of the 4,9,11-triene in TBA
metabolites. Thus, it appeared that the process resulting in photoproduct decay also
restored the m-bond network.

As is described in greater detail below, we ultimately confirmed via
complementary NMR and LC/MS/MS analysis that the species generated from
photoproduct decay was indeed the respective parent TBA metabolite. Accordingly, the
following experiments were intended to confirm this photoproduct-to-parent reversion
mechanism and consider the implications of this process for TBA metabolite fate in
surface waters. Experiments heretofore not only focus simply on photoproduct stability,
but also the rate and extent to which the parent TBA metabolite was regenerated via the

dark transformation reactions involving the photoproducts.

Day-Night Cycling Experiments with TBA Metabolites

Simulated day-night cycling experiments conducted over 72 h reveal the cyclic
nature of 17a-TBOH fate in surface waters (Figure 3-1). For each day-night period, loss
of 17a-TBOH during irradiation with simulated sunlight was consistently followed by a
rebound in concentration during the subsequent dark period. For 17a-TBOH, dark
regrowth corresponded to roughly 10% of the initial 17a-TBOH mass at 25 °C and pH 7.
Furthermore, the rates of 17a-TBOH direct photolysis and regrowth were near identical
in each light-dark cycle, more evidence, albeit indirect, that the species generated during
the dark intervals is indeed 17a-TBOH. While data in Figure 3-1 were collected at a 17a.-
TBOH concentration higher than would be encountered in nature to facilitate our analysis
via LC-DAD, a subset of experiments conducted at a more environmentally relevant

initial concentration (~420 ng/L) revealed the same cyclic behavior (Figure 3-2).
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The dark regrowth of 17a-TBOH is linked to the instability of 12-hydroxy-17a.-
TBOH, which is its dominant photoproduct. During day-night cycling experiments, loss
of 17a-TBOH produced a corresponding growth in 12-hydroxy-17a-TBOH. More
importantly, in the absence of light, decay of 12-hydroxy-17a-TBOH occurs
concomitantly with 17a-TBOH regrowth, and the its decay rate in the absence of light
was equivalent during each complete day-night cycle. As noted previously, the as yet
unidentified additional product of 17a-TBOH photolysis (i.e., either the other 12-
hydroxy-17o-TBOH diastereomer or 10-hydroxy-17a-TBOH) was formed to a more
limited extent in these systems (data not shown). Although generated in much smaller
quantities, based on relative DAD response, it also was not stable in the dark and could,
therefore, also contribute to the regrowth of 17a-TBOH in these experiments.

The photoproduct-to-parent metabolite phenomenon is not unique to 17a-TBOH,
also being observed for each of the major trenbolone metabolites (Figure 3-1b).
Concentration profiles for 173-TBOH and TBO as a function of time during day-night
cycles are shown on a log-scale in Figure 3-1b. Data are shown on a log-scale because
the extent of parent metabolite regrowth during the 12 h in the absence of light was
considerably less (~1% of the initial system mass) for 173-TBOH and TBO than that
observed for 17a-TBOH (data for which is provided for comparison). The underlying
cause for the difference is not understood, but we can speculate based upon the key
species involved in the product-to-parent reversion mechanism. Although product data
are not provided for 173-TBOH and TBO in Figure 3-1, they show that the rate and
extent of their dark regrowth is linked to the instability of their respective 12-hydroxy
photoproduct. Specifically, it appears this primary product of direct photolysis is
thermally unstable, resulting in the net formation of the corresponding parent species in
the dark. Therefore, the greater extent of regrowth observed for 17a-TBOH may indicate
that its 12-hydroxy photoproduct is least stable among those generated from the TBA

metabolites. Alternatively, it may simply reflect that more 12-hydroxy species is
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generated during direct photolysis of 17a-TBOH than is generated by photolysis of 17f3-
TBOH and TBO. Consistent with this latter scenario, product formation data presented in
Appendix A show that 17a-TBOH does indeed result in the largest yield, based upon

DAD response, of the 12-hydroxy species relative to the other TBA metabolites.

Extent of Photoproduct-to-Parent Metabolite Reversion

during Extended Dark Periods

In certain instances, we have found that this decay of the 12-hydroxy
photoproduct can result in significant, and at times even near complete, reformation of
the parent TBA metabolite. Figure 3-3 shows concentration profiles as a function of time
for solutions of each TBA metabolite that were first photolyzed at pH 7 for 6 h with
simulated sunlight, after which the photoproduct mixture was stored in the dark at room
temperature (25 °C) for nearly 90 h. Such a scenario simulates their initial occurrence in
the photic zone of a surface body followed by subsequent transport into a region of the
system where available sunlight is limited (e.g., greater depth of a lake where light is
attenuated or into the hyporeic zone or bed sediment of a stream).

Consistent with results in Figure 3-1, we observed 17a-TBOH to be most prone to
regrowth, with almost 60% of the initial 17 o -TBOH mass being recovered over the 90 h
dark period. Although we also observed photoproduct-to-parent reversion for 173-TBOH
and TBO, it occurred to a much lesser extent, yielding on the order of 10% of the initial
mass over the same timescale. Nevertheless, in the absence of light, the rebound of TBA
metabolite concentration is substantial enough to help sustain their environmental
persistence.

The greater extent of regenerated metabolite formation in this series of
experiments facilitated their analysis via NMR after a modest amount of sample
concentration via solid phase extraction. Indeed, this NRM analysis verified that the

species generated during the extended dark period were indeed the parent TBA
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metabolites. For example, NMR analysis of the 6-day regeneration product mixture of
17B-TBOH (compare Figures 3-4 through 3-6) indicated the presence of 173-TBOH and
a 11,12-dialdehyde decomposition product, which forms via hydrolysis (see Appendix
A), in a 5:1 ratio, as well as multiple trace components that could not be identified. Thus,
it appears that during an extended period, the photoproduct mixture, presumably
dominated 12-hydroxy-17p-TBOH, can either further hydrolyze to higher order
hydroxylated products (e.g., 11,12-dihydroxy-173-TBOH) that subsequently decomposes
to the 11,12-dialdehyde decomposition product. In parallel, dehydration of the 12-
hydroxy-17B-TBOH also occurs, which ultimately results the regeneration of 173-TBOH
(see Scheme 3-1b).

Consistent with its greater rate of dehydration relative to 173-TBOH (see Figure
3-3), NMR analysis of the 17a-TBOH product mixture after 6 days of storage in the dark
revealed nearly exclusively 17a-TBOH (compare Figures 3-7 and 3-8) although a trace
amount of the analogous 11,-12-dialdehyde decomposition product was also observed.
Thus, the relative rate of dehydration relative to hydrolysis of the 12-hydroxy
photoproduct determines the amount of parent metabolite regrowth over extended dark
periods. We note that NMR analysis of TBO photoproduct mixtures was inconclusive,
revealing 12-hydroxy trendione as the major product at the end of the extended dark
period. This is not entirely unexpected, however, given that TBO exhibited the smallest
rate and extent of photoproduct-to-parent reversion relative to 17a-TBOH and 17f3-
TBOH.

A final line of evidence in support of photoproduct-to-parent metabolite reversion
was provided by LC/MS/MS analysis of 173-TBOH product mixtures as a function of
time in the absence of lite. Most notably, MS/MS scans of the product mixture after an
extended period of dark storage were equivalent to the MS/MS scans of 173-TBOH
(Figure 3-9). Also apparent in the LC/MS/MS analysis of this dark sample was the lack
of signals consistent with the primary photoproducts (e.g., 12-hydroxy-173-TBOH)
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observed after several hours of sunlight irradiation. Thus, as initially suspected with LC-
DAD analysis and subsequently confirmed with NMR, the primary photoproducts of
17B-TBOH are not stable. Unique to TBA metabolites, it appears the 12-hydroxyl
photoproduct not only undergoes hydrolysis to higher order hydroxylated products, as
might be expected, but also is unexpectedly prone to dehydration, in which the loss of —
OH group from the C12 position in the steroid ring allows the w-bond network to
rearrange within the ring structure to the configuration originally present in the parent

metabolite.

Influence of pH on Photoproduct-to-Parent

Metabolite Reversion

Experimental evidence clearly illustrates that the photoproduct-to-parent
reversion mechanism is acid-catalyzed, and for certain species, also based-catalyzed.
The inset of Figure 3-3 shows the maximum recovery of the parent metabolite when the
product mixture generated after extended photolysis (4-6 h) were immediately either
dropped to pH 2 via the addition of 5 M HCI or raised to pH 11 with the addition of 5 M
NaOH. These pH adjustments often resulted in the near immediate regrowth of parent
TBA metabolite from which the photoproduct mixtures were generated. For example, at
pH 2 the recovery of 17a-TBOH was 88 (£3)%, whereas the recovery at pH 12 was
significant but slightly lower (66 + 5%). The product-to-parent reversion was also acid-
catalyzed for 178-TBOH (which was confirmed via NMR; Figure 3-10) and TBO, but the
extent of reversion was not as great as observed for 17a-TBOH (65 + 7 and 32 + 4,
respectively). Interestingly, we did not observe any significant regrowth of 173-TBOH

and TBO under base-catalyzed conditions at pH 12.
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Figure 3-1. Day-night cycling of 17a-TBOH (red) and 12-hydroxy-17a-TBOH (blue).
Data for 17a-TBOH are presented as aqueous concentration (left axis), whereas peak
area measurements corresponding to spectrophotometric absorbance (at A = 350 nm for
170-TBOH and A = 254 nm for 12-hydroxy-17a-TBOH) are also presented (right axis).
Data collected during simulated solar irradiance are shown as open symbols, whereas
data collected in the absence of light (shaded grey areas) are shown as solid symbols.
Experiments were conducted at pH 7 using a 5 mM phosphate buffer.
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Figure 3-2. (a) Concentration profile for 173-TBOH and its two major photoproducts,
12-hydroxy-173-TBOH and the presumed 10-hydroxy-17p-TBOH as a function of time
during irradiation. Experiments were conducted at an initial 173-TBOH concentration of
420 ng/L (~1.5 nM) at pH 7. (b) Regrowth of 173-TBOH (presented as concentration on
the right y-axis) and decay of 12-hydroxy-17p3-TBOH (presented as LC-DAD Peak Area)
during the dark storage of the photoproduct mixture generated at after the 4 h of
irradiation shown in panel (a).
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Figure 3-3. Regeneration of 17a-TBOH, 173-TBOH, and TBO after 6 h of irradiation
using simulated sunlight (dashed vertical line) followed by an extended period in which
in the resulting photoproduct mixtures were maintained the absence of light at pH 7. All
experiments were conducted with an initial steroid concentration of approximately 10 uM
at pH 7 using a 5 mM phosphate buffer. The inset reports the percent recovery (mean and
standard deviation of at least triplicate analysis) of each steroid when the photoproduct
mixture generated after 6 h of irradiation was immediately acidified to pH 2 or increased
to pH 12. Steroid regeneration via this pH adjustment was nearly instantaneous, and the
steroids were subsequently stable at these extreme pH values. We note that to facilitate a
rapid pH change in these systems, photolysis was performed in deionized water.
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Figure 3-4. '"H NMR spectrum (500MHz) of 17B-trenbolone in CD;0D
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Figure 3-5. 'H NMR spectrum (500MHz) of dialdehyde decomposition product in
CD3;0D
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Figure 3-6. '"H NMR spectrum of 17p-trenbolone day 6 regeneration photo products
mixture. Diagnostic features of the dialdehyde decomposition product included the

proton signals at 84 9.13 and 6y 9.99.
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Figure 3-7. 'H NMR spectrum (500MHz) of 17a-trenbolone in CD;0D
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Figure 3-8. 'H NMR spectrum of 17a-trenbolone day 6 regeneration photo products
mixture. Diagnostic features of the trace dialdehyde product are observed at 6 9.47 and
o1 10.01.
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This observation of acid-catalyzed metabolite regrowth is consistent with our
proposal that photoproduct-to-parent reversion results from the dehydration of 12-
hydroxy photoproducts. Allylic alcohol groups on hydroxy steroids are often prone to
dehydration under strongly acidic conditions, a reaction pathway often exploited in
steroid synthesis. As shown in Scheme 3-1, one possible, and perhaps the most probable,
end product of the acid-catalyzed dehydration of 12-hydroxy-17a-TBOH is 17a-TBOH.
Several other end products that are isomers or similar structural analogues of 17a-TBOH
can also be envisioned. We anticipate that analogous pathways are available to
photoproducts of 173-TBOH and TBO. Accordingly, we interpret the parent recoveries at
pH 2 shown in Figure 3-3 represent that maximum amount of photoproduct mass
available for reversion to the parent. As the rate of dehydration is nearly instantaneous at
pH 2, differences in these recoveries among TBA metabolites most likely reflect
differences in the amount of 12-hydroxy species generated via direct photolysis of each
metabolite. Indeed, the recoveries at pH 2 are very close to the yield of 12-hydroxy
product predicted from relative DAD response, as reported in Appendix A (83, 66, and
60% for 17a-TBOH, 173-TBOH and TBO, respectively).

The base catalyzed reversion observed for 17a-TBOH is somewhat unexpected.
Such high pH conditions would be expected to favor base-catalyzed hydrolysis reactions
to yield higher order hydroxylated products. Indeed, we believe this likely explains why
little to no base-catalyzed reversion was observed for 173-TBOH and TBO. The
observation of photoproduct-to-parent metabolite reversion at pH 12 for 17a-TBOH
might suggest that such higher order hydroxylated products derived from 17a-TBOH are
also prone to dehydration.

Thus far, experiments examining photoproduct-to-parent reversion have only
observed this phenomenon in the absence of light. However, the dehydration of thel12-
hydroxy photoproduct should also be occurring in parallel to direct photolysis of TBA

metabolites during irradiation. Accordingly, using 17a-TBOH as an example, the rate
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law for its change in concentration over time during irradiation is as follows in equation
1:
d[17a-TBOH]/dt = -kgps(photolysis)[17a-TBOH] +

Kops(dehydration)[12-hydroxy-17a-TBOH]
(1)

In equation 1, kops(photolysis) is the pseudo-first-order rate constant for direct photolysis,

and Kkqps(dehydration) is the pseudo-first-order rate coefficient for the dehydration of 12-

hydroxy-17a-TBOH. We note that values of kqps(photolysis) are reported in Chapter 2 for

TBA metabolites, and can reasonably be approximated by the rate coefficient measured

over short irradiation timescales (for which the concentration of 12-hydroxy

photoproduct is relatively small and thus TBA metabolite production via dehydration can

be ignored).

From equation 1, there may exist a point along the reaction coordinate at which
the forward rate of metabolite loss via photolysis is equal to the rate of metabolite
production via dehydration. This steady state with respect to TBA metabolite
concentration could be achieved at sufficiently high concentrations of 12-hydroxy-17a.-
TBOH (which implies correspondingly low concentrations of 17a-TBOH). Also, such a
condition could be attained under system conditions that favor dehydration such that the
value of kqps(dehydration) is large.

Based on Figure 3-3, solution pH will influence the value of kqps(dehydration).
Results of 17a-TBOH photolysis experiments conducted as a function of solution pH are
shown in Figure 3-11a. Concentration data for 17a-TBOH are shown on a semi-log scale
as a function of time, revealing generally that the highest rate and greatest extent of 17a.-
TBOH transformation were achieved at basic pH values (e.g., the half-life at pH 12 was
about 14 minutes). In contrast, the slowest rate of decay was observed at pH 2,

corresponding to a half-life (t;, value) of 2.9 h for 17a-TBOH.
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Figure 3-9. LC-MS/MS results for a 178-TBOH solution analyzed prior to irradiation at
pH 7 and after irradiation for 2 h followed by 5.5 hour of storage of the photoproduct
mixture in the dark.
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Figure 3-10. *H NMR spectrum of 17a-trenbolone day regeneration at pH 2
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We attribute the dampened photoactivity at pH 2 to the high dehydration rate of
12-hydroxy-17a-TBOH under such conditions. From equation 1, a large value of
kons(dehydration), which is expected at pH 2, would considerably enhance the rate of
170-TBOH formation via dehydration, even at low concentrations of 12-hydroxy
photoproduct. The net effect, therefore, would be for the rapid, acid-catalyzed rate of 12-
hydroxy-17a-TBOH dehydration to counterbalance 17a-TBOH loss via photolysis.
Indeed, formation of 12-hydroxy-17a-TBOH was not detectable via LC-DAD during
photolysis experiments at pH 2, consistent with its rapid consumption via dehydration. It
is also noteworthy that some loss of 17a-TBOH did indeed occur during irradiation, such
that the rate of its product via dehydration is never equal to the rate of its decay
photolysis. This likely reflects the fraction of 17a-TBOH being converted to species not
susceptible to dehydration.

AtpH 5, 7 and 9, two kinetic regimes for 17a-TBOH transformation were
observed (see Figure 3-11a). An initially rapid loss of 17a-TBOH concentration was
followed by a period of much slower degradation. At pH 5, the duration of this first
regime was quite small (~15-30 minutes), but apparent in repeated experiments.
Nevertheless, the rate of 17a-TBOH photolysis at pH 5 was essentially dominated by the
slower, second kinetic regime, which yielded a photolysis rate constant (0.34 h™*) on the
order of that observed and described previously for pH 2.

At pH 7 and 9, the two kinetic regimes are clearly evident, and a first-order rate
coefficient could be estimated for each regime assuming exponential decay.

Interestingly, the initially fast decay rate yield coefficients at pH 7 and 9 (~ 2 h™)
comparable to that observed at pH 12. In this fast kinetic regime, roughly 95% of the
initial 17a-TBOH mass is consumed. In contrast, the slower kinetic regime produced rate
coefficients (~0.2 h™) more in line with that measured at pH 2. Thus, at pH 7 and 9, the
last 5% of 17a-TBOH mass will persist over considerably greater timescales the majority

of system mass.
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These two kinetic regimes observed at these circumneutral pH values are
reminiscent of behavior observed for so-called photostationary reactions [97-99]. Such
photolysis reactions are essentially reversible; they achieve steady-state when the forward
rate of reactant photolysis is matched by the rate at which the primary photoproduct is
photolyzed back into the reactant. Photostationary reactions typically show similar
biphasic kinetics. However, it is worth emphasizing again that at pH 5, 7 and 9, we never
truly achieve a steady-state in 17a-TBOH concentration, which is continuously
decreasing over time, just at different rates. Another distinction is that our primary
photoproduct, 12-hydroxy-17a-TBOH, is not photoactive.

In our systems, the two kinetic regimes clearly visible at pH 7 and 9 reflect the
competing reaction processes taking place during irradiation of 17a-TBOH. As described
in equation 1, 17a-TBOH loss results from its phototransformation to 12-hydroxy-17a-
TBOH, while its production is occurring concurrently as a result of the dehydration of
12-hydroxy-17a-TBOH represents a path by which 17a-TBOH can be generated during
irradiation. Initially, the high concentration of 17a-TBOH relative to the photoproduct
causes the rate of the forward decay process to dominate, producing a net loss of 17a.-
TBOH over time. However, as the concentration of 17a-TBOH decreases, so too does its
rate of the photolysis. Meanwhile, the rate of 12-hydroxy-17a-TBOH dehydration
increases along the reaction coordinate due to its accumulation in the closed experimental
system. Accordingly, the slower kinetic regime must reflect the point along the reaction
coordinate where the rate of dehydration almost equals photolysis, which seems to occur
after ~95% transformation of 17a-TBOH.

Also presented in Figure 3-11b the increase in 17a-TBOH concentration observed
in the absence of light for the 6 h photoproduct mixtures generated at each pH value in
Figure 3-11a. We note that at pH 2 and pH 12, 12-hydroxy-17a-TBOH was never
detected at appreciable quantities and we can only presume it reacted too quickly at each

pH (back to 17a-TBOH at pH 2 and onto higher order hydroxy products at pH 12) to
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accumulate. As such, there was no rebound in the concentration of 17a-TBOH when the
photoproduct mixtures at pH 2 and 12 were stored in the dark.

As is to be expected from the acid -catalyzed nature of the dehydration reaction
involving 12-hydroxy-17a-TBOH, the rate of 17a-TBOH regrowth was greater initially
at pH 5 than at pH 7. This is consistent with the much shorter period of rapid 17a-TBOH
photolysis observed in Figure 3-11a, as the greater rate of dehydration is able to nearly
equal the forward rate of 17a-TBOH photolysis earlier along the reaction coordinate.
Surprisingly, however, the increase in 17a-TBOH concentration as a function of time
was greatest at pH 9, far exceeding the regrowth rate at pH 7. This was unexpected,
primarily because there minimal difference was observed in the decay kinetics of 17a-
TBOH during photolysis between pH 7 and 9 (see Figure 3-11a). If the rate of 12-
hydroxy-17a-TBOH dehydration was greatest at pH 9 relative to pH 5 and 7, then we
would expect to see the onset of the slower kinetic regime much earlier along the reaction
coordinate than is actually observed at pH 9. The rapid rate of 17a-TBOH regeneration
observed at pH 9 only leads us to conclude that some of the higher order hydroxy
products derived from 12-hydroxy-17a-TBOH via hydrolysis must also be prone to this

reversion process.

Influence of Temperature on Photoproduct-to-Parent

Metabolite Reversion

In addition to pH, we also found temperature to have a large impact on the
persistence of 17a-TBOH in surface waters. For product mixtures generated at pH 7
after 6 h of photolysis, the dark regrowth rate of 17a-TBOH increased markedly from 5
to 35 °C (Figure 3-12), a temperature range chosen to mimic seasonable variations likely
to be encountered in surface waters. Indeed, assuming an initially linear increase in 17a-
TBOH concentration over time, the rate of reversion increases by a factor of 30 over this

temperature range. The greater rate of reversion at 35 °C ultimately allows a more
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complete recovery of 17a-TBOH at pH 7 (nearly 80% of the initial mass present over 60
h in the dark). Also, this greater rate results in almost 30% of the 17a-TBOH being
regenerated over a typical diurnal (12 h) dark cycle. Estimates for the initial rate of 17a-
TBOH regrowth were used to construct an Arrhenius plot (Figure 3-12b), from which
activation energy (E, value) of 1.1 kJ/mole was obtained for the reversion reaction, value
much smaller than that typically observed for the dehydration of alcohols [100, 101],

suggesting the —OH group on 12-hydroxy-17a-TBOH is highly labile.
3.5 Environmental Implications

TBA and its metabolites already fit the profile of a constituent of emerging
concern with respect to their environmental impact. TBA is broadly utilized in animal
agriculture, so there is a clear and high volume route of entry for TBA metabolites into
the natural environment. Negative impacts on ecosystem health, specifically their impact
on the reproductive capabilities of aquatic organism, have also been documented. In light
of these observations, an attribute touted by the chemical manufacturer [46] is its limited
persistence in surface waters due to its rapid chemical transformation via direct
photolysis, relying on the faulty paradigm that transformation implies removal.

Here, we show unequivocally that TBA metabolites, most notably the dominant
metabolite 17a-TBOH, are far more persistent in surface waters due to the previously
unrecognized reversible nature of its direct phototransformation. The regrowth of TBA
metabolites in surface waters is attributable to two chemical factors: (1) the highly
reactive nature of the allylic hyrdroxyl group present at the C12 position of the dominant
phototransformation product for each TBA metabolite and (2) the presumed superior
thermodynamic stability of the unique 4,9,11-triene structure shared by all metabolites
relative to the meta-stable 12-hydroxy photoproduct. Together, therefore, coupled
photolysis and dehydration reactions provide a viable route by which TBA metabolites

can be produced to significant quantities and persistent to greater extent in surface waters.
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Figure 3-11. (a) Plots of the natural log of normalized 17a-TBOH concentration as a
function of time at different pH values. Kinetics are biphasic at pH 5, 7 and 9, where
decay is initially rapid (solid symbols) only to slow over time (open symbols). Both
initially and over longer timescales, 17a-TBOH decay follows exponentially, allowing
pseudo-first order rate coefficients to be determined for each regime (best-fit linear
regressions and the resulting kops Values from this analysis are provided). At extreme pH
values, biphasic kinetics are not observed, with the rate constant for 17a-TBOH decay at
pH 12 being more than an order of magnitude greater than measured at pH 2. (b)
Regeneration of 17a-TBOH as a function of pH for the photoproduct mixtures generated
in panel (a) after 6 hours of irradiation. 17a-TBOH regeneration is presented as a fraction
of the total mass initially present in a system.
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Figure 3-12. (a) Influence of temperature on the regeneration of 17a-TBOH. 17a-
TBOH regeneration is presented as a fraction of the total mass initially present in a 10
mM solution that was irradiated for 4 h at 25 °C and then divided into four samples that
were stored in the dark at the temperatures listed. (b) An Arrhenius plot of the natural log
of the regrowth rate as a function of inverse temperature (in Kelvin). Regrowth rates
were determined from data presented in (a) from the initially linear (t < 15 h) increase in
17a-TBOH concentration over time.
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We should note that this photoproduct-to-parent reversion is highly unique. To the best of
our knowledge, no other coupled photolytic-hydrolytic cycles exist in the literature.
Further, when specifically focused on steroids, appreciable rates of dehydration for
hydroxyl steroids are rarely, if ever, observed in neutral pH aqueous solutions.

The practical implications for this photoproduct-to-parent reversion mechanism in
agriculturally impacted waters are steep. First, estimates of surface water half-life based
entirely on empirically measured rates of direct photolysis will likely vastly
underestimate the true persistence of TBA metabolites in surface waters. Second, the
amount of TBA metabolites present in surface waters will be dependen on the amount of
12-hydroxy photoproduct present in the system. As a proof of concept, we have
conducted respike experiments at pH 7 in which we see the concentration of 17o—-TBOH
achieved after extensive photolysis gradually increasing as more and more mass is added
to the system (Figure 3-13). The accumulation of 12-hydroxy-17a-TBOH over time in
the closed reactor gradually over time increases the rate of dehydration and the formation
of17a-TBOH as a result of this process. Similar trends in concentration over time would
be expected for a closed system, such as a retention pond, that receives agricultural runoff
impacted with 17a-TBOH.

Further, we anticipate that the concentration profiles of TBA metabolites in
surface waters will be highly sensitive to aquatic chemistry and system conditions.
System pH will be a critical determinant. Also, the concentration profiles should be
cyclic in nature, exhibiting both diurnal (light-dark) and seasonal (i.e., greater prevelance
of reversion in the warm summer months) patterns. The worst case scenario would be a
mildly acidic water supply during the summer months, for which the measurable
quantities of TBA metabolites at night will greatly surpass values measured in samples
collected during daylight hours.

Ultimately, this work provides a clear example for when transformation does not

equate with removal. For TBA metabolites, it is no longer sufficient simply to measure
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metabolite concentration. Rather, going forward, all occurrence studies must also assess

with equal importance the concentration and persistence of its major phototransformation

products.
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Figure 3-13. (a) Results of re-spike experiments at pH 7 and 25 °C monitoring the
concentration of 17a-TBOH and its major photoproduct 12-hydroxy-17a-TBOH over
time. The amount of each species is presented based on peak area response measured via
LC-DAD. Sequentially, 1 uM 17a-TBOH was added to the reactor, allowing the
photostable 12-hydroxy-17a-TBOH to accumulate over time. (b). Semi-log plot of 17a-
TBOH concentration as a function of time for the respike experiments shown in panel (a).

On a semi-log scale, the gradual increase in the concentration of 17a-TBOH near
completion of each photoreaction is clearly observed.
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CHAPTER IV. SORPTION AND MINERAL-PROMOTED
TRANSFORMATION PATHWAYS OF SYNTHETIC GROWTH
PROMOTERS IN SOIL SYSTEMS

4.1 Abstract

The widespread use of trenbolone acetate, melengestrol acetate and zeranol as
synthetic hormone growth promoters in animal agriculture has resulted in their frequent
detection in surface water and soil where they may threaten ecosystem health as possible
endocrine disrupting compounds. This work examines the fate of these synthetic growth
promoters and their major metabolites (SGPMS) in soil, focusing on their interactions
with soil organic matter and their susceptibility to mineral-promoted oxidation and
hydrolysis reactions. Sorption kinetics and isotherm experiments with organic rich
Pahokee Peat reveal generally high affinity for SGPMs for organic matter. However, the
extent of SGPM sorption, as well as sorption reversibility, did not always scale with
simple metrics for hydrophobicity (e.g., octanol-water partitioning), suggesting that
uptake of certain SGPMs (i.e., those with greater polarity) may be influenced by specific
chemical interactions (e.g., hydrogen bonding). In systems with model soils exhibiting a
range of soil organic carbon contents (1%-5.9%), SGPM behavior was consistent with
coupled sorption on soil organic carbon and reaction with the underlying inorganic
mineral phase. Unlike systems with Pahokee Peat, sorption equilibrium could not be
achieved and SGPM mass balances could not be closed in most soil systems. In soil
systems, the relative extent of sorption versus reaction is influenced by the amount of soil
organic carbon and SGPM hydrophobicity. Although transformation products were not
detectable, experiments with metal oxides representative of naturally occurring mineral
phases (e.g., MnO,, SiO,, and iron oxides) indeed show loss of SGPM mass over time,
consistent with their transformation, presumably via mineral-promoted hydrolysis and/or

oxidation reactions. We provide the first results that SGPMs will be highly less stable in
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soil than typically expected as a result of mineral-promoted transformation pathways that
occur in parallel to sorption. Further, the timescales of these abiotic transformation
processes are likely to make them relevant when compared to timescales associated with

their microbially mediated transformation.
4.2  Introduction

The environmental fate of synthetic hormones used as growth promoters in
animal agriculture has received increasing scrutiny due to their potential adverse impacts
on ecosystem health. Trenbolone acetate (TBA), melengestrol acetate (MGA) and zeranol
are three synthetic hormone growth promoters approved for use by the U.S. Food and
Drug Administration in animal husbandry to improve meat production [29, 30, 102].
Widespread use has resulted in these synthetic growth promoters and their primary
metabolites (SGPMs; Table 4-1) being frequently detected in water and soil near animal
agriculture operations. In soil, specifically, levels on the order of 1-100 ng/kg have been
frequently reported [16, 17, 36, 103]. Their presence is noteworthy because of their likely
role as endocrine disrupting compounds. For example, a series of studies by Ankley et al.
found that 17a-trenbolone and 17f3-trenbolone, stereoisomeric metabolites of androgenic
trenbolone acetate, decreased fecundity in the female fathead minnow at exposure levels
of 10-30 ng/L [22, 39].

We have previously shown in Chapters 1 and 2 that photolysis represents the
major transformation pathway for SGPMs, with half-lives of direct photolysis on the
order of one hour or less in certain cases. In soil, on the other hand, biotransformation is
believed to be the major sink for this emerging pollutant class. Khan et al. [87] reported
half-lives of 17a-trenbolone, 173-trenbolone and trendione in different soils represented
aerobic microcosms between 4 and 100 h, with some variation resulting from a

dependence of transformation rate on TBA metabolite concentration.
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Table 4-1. Structures of SGPMs used in sorption studies. The numbers adjacent to each
structure represent reported [7] logK,. values (octanol-water partitioning coefficients).
Values in red were measured by the method described below.
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Sorption is another process that will impact SGPM fate in soil systems, where
they occur after land application of manure or upon irrigation with water impacted by
feedlot runoff. Sorption is a critical determinant not only for the rate of SGPM
biotransformation (i.e., sorbed phases as generally less bioavailable), but also their
mobility in the surface and in turn their potential to migrate into underlying groundwater
aquifers or into an adjacent water body. Schiffer et al. [48] investigated the transport of
17B-trenbolone (17B8-TBOH) and MGA through columns packed with relatively low
organic carbon (0.3% and 1.6%) soil materials from a German luvisol. Although
breakthrough of both compounds was observed within the first pore volume, column
effluent concentrations did not achieve inflow concentration levels for either 173-TBOH
(Cetriuent ~ 24-34%Cinfiuent) OF MGA (Cetfiyent < 0.05% Cinfiuent). They proposed that both
compounds, with moderate to high logK,,, values (see Table 4-1), exhibited high affinity
for soil organic carbon, concluding that movement of these compounds into the
subsurface would be minimal [48]. However, a major drawback of the work by Schiffer
et al. [48] was that 173-TBOH and MGA loss was equated to sorption even though their
column systems were not sterilized to limit biodegradation nor were attempts made to
close the mass balance in their column systems by extracting sorbed species.

Subsequent laboratory studies with steroid hormones have supported a scenario in
which hydrophobic interactions primarily dictate hormone sorption on soils [49, 50, 52,
53]. For example, Khan et al. [49] developed sorption isotherms for the trenbolone
family of compounds [173-TBOH, 17a-trenbolone (17a-TBOH) and trendione (TBO)]
on five sterilized (via autoclaving) soils exhibiting a range in soil organic carbon content
(0.48%-7.5%). To address the potential for biodegradation, isotherms were developed
using mass extracted (with methanol) from equilibrated soil suspensions, which generally
closed the mass balance in their system. They reported a good correlation between their
sorption distribution coefficient (using the Freundlich adsorption coefficient, K in L/kg,

from their non-linear isotherms) and soil organic carbon content (R* values >0.97) [49].
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They concluded that the hydrophobic-type partitioning into soil organic matter was likely
the dominant force driving sorption. However, they also proposed that additional, non-
hydrophobic interactions such as hydrogen bonding involving the phenol or ketone
groups likely also contributed to the uptake of TBA metabolites by soils [49].

In a subsequent study by the same group, Qiao et al. [51] measured the
association of 17a-TBOH, 173-TBOH and TBO with two commercial humic acids
(Aldrich humic acid and Leonardite humic acid) to further evaluate isomer-specific
interactions between steroids and soils. Most of their sorption isotherms exhibited non-
linearity, indicating the contribution of some surface site-specific H-bonding and n-nt
interactions during TBA metabolite partitioning. Further, they observed that relative
trends in sorption for 173-TBOH and 17a-TBOH on their soils (more uptake for 173-
TBOH was observed relative to 17a-TBOH) was opposite of the trends in their retention
times on a reverse phase LC column with a polar mobile phase (173-TBOH eluted before
170-TBOH). This provided another line of evidence that specific bonding interactions
were likely important for the TBA family.

Most recently, Card et al. [50] developed sorption isotherms of several endocrine
disrupting compounds including 17a-TBOH, 173-TBOH, TBO, MGA and zeranol with
three agriculture soils with different organic carbon content (1.1%-7.7%). They reported
logK,c and Koy values measured experimentally, as well as sorption isotherms collected
on each model soil. To account for possible biotransformation, these studies employed
autoclaving for soil sterilization, and also constructed sorption isotherms based on the
mass of SGPM recovered via extraction of equilibrated soils with organic solvents (e.qg.,
methanol). Using this approach, they found that sorption isotherms were generally linear
for most solute-soil combinations and that Ky values were well correlated with the soil
organic carbon content (i.e., %0OC), similar to the correlation that was also previously

reported for 17a-TBOH, 173-TBOH and TBO by Khan et al. [49]. They concluded,
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therefore, that sorption of SGPMs in soil was primarily dominated by hydrophobic
interactions with soil organic matter.

Nevertheless, questions still remain about some fundamental aspects of SGPM
partitioning in soil systems. While the work of Card et al. [50] and Khan et al. [49]
proposed that hydrophobic interactions were primarily responsible for uptake, other
results from the same laboratory [51], which considered the uptake of 17a-TBOH,173-
TBOH and TBO onto humic acids, proposed a different driving force for adsorption.
Specifically, Qiao et al. [51] suggested that specific interactions rather than hydrophobic
partitioning (as would be expected for correlations with soil organic carbon content)
dictated sorption. Thus, questions persist as to what characteristics of the SGPM and soil
are truly most critical for sorption. Another factor yet to be addressed is that nearly all
prior studies with SGPMs [48-50, 52, 53] have failed to consider whether sorption is
reversible. This detail is necessary for predicting the extent to which sorption will affect
SGPM mobility as they are transported through soil systems.

A final factor that has yet to merit any research focus is the possibility that
inorganic phases present in soil may also influence the fate of SGPMs. While inorganic
mineral phases could potentially function as sorbents, particularly when electrostatic
interactions or surface complexation are important routes for uptake, they may also be
able to promote various transformation reactions. For example, melengestrol acetate and
the zeranol family of compounds have hydrolyzable ester functionalities. Also, resonance
resulting from 4,9,11-triene structure in the trenbolone family of compounds yields
several carbon centers that are electron deficient and may also be prone to attack by
nucleophiles under certain conditions. Although hydrolysis is reported to be slow at near-
neutral pH values for these compounds [34, 45, 46], metal oxides commonly found in soil
are known to catalyze hydrolysis reactions via the formation of surface complexes that
are more prone to attack by H,O or OH" than the freely dissolved molecule. In addition to

hydrolysis, manganese and iron oxides minerals can also oxidize a wide range of organic
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compounds including species such as estrone, 17p-estradiol and estradiol, which have
similar structure moieties to SGPMs [54, 55]. Thus, it is likely that SGPMs, particularly
metabolites of TBA and MGA which are more prone to photooxidation than estrogens,
will also be highly reactive toward such metal oxide oxidants commonly encountered in
soil. Currently, however, studies have yet to consider a role for metal catalyzed
hydrolysis and oxidation for SGPMs, and thus such pathways merit consideration.

In this Chapter, we explore abiotic pathways influencing the fate of SGPMs in
soil systems. The rate and extent of SGPM sorption was considered both in a model,
organic rich soil (Pahokee Peat) as well as several commercially available model soils
exhibiting a range of soil organic carbon (1.0-5.9%) more representative of soil systems.
To limit SGPM loss in all experiments to only abiotic processes, all soils were first
sterilized with sodium azide (NaN3). Sorption kinetics and isotherm experiments were
conducted at pH 7, and trends in sorption were evaluated both within (e.g., 17a-TBOH,
17B-TBOH, and TBO) and across families (e.g., comparing TBA metabolites, MGA and
melengestrol and zeranol metabolites) of SGPMs to evaluate the types of interactions
driving their sorption in soil. For isotherm experiments, the extent to which SGPM
sorption was reversible was also explicitly addressed. In all cases, solvent extraction of
equilibrated soils was used to recover the mass of sorbed SGPM, and loss of mass over
time in our experimental systems was interpreted as evidence for nonconservative abiotic
processes (e.g., reaction with inorganic mineral phases). To explore the potential for such
abiotic transformation pathways, experiments were also conducted to monitor the
stability of select SGPMS (17p3-TBOH, MGA and zeranol) in the presence of metal
oxides representative of those naturally occurring in soil. Results from this study will
help to provide insight into environmental fate and mobility of SGPMs in subsurface
environments, thus improving our ability to predict the potential immobilization
pathways as well as exposure risks associated with this emerging pollutant class in the

natural environment.
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4.3 Experimental Methods

Reagents

All SGPMs were available commercially including 178-TBOH (Sigma-Aldrich,>
95%), 17a-TBOH (Cerilliant, 99%), TBO (Steraloids), melengestrol acetate (Sigma-
Aldrich, 96%), melengestrol (Steraloids Inc., 99%), zeranol (Sigma-Aldrich, 97%), f -
zearalanol (Sigma-Aldrich, 97%) and zearalanone (Sigma-Aldrich, 97%). Methanol
(Fisher, HPLC grade) was used to prepare stock solutions of SGPMs and as a mobile
phase for HPLC analysis along with acetonitrile (Fisher, HPLC grade). A phosphate
buffer from monobasic potassium phosphate (Fisher, 99%) was used in all sorption
experiments. Sodium azide (Fisher, 99%) was used to sterilize soils. Sodium bicarbonate
(Fisher, ACS grade) and ferric nitrate nonahydrate (Fisher, ACS grade) were used to
synthesize the iron oxide ferrihydrite while sodium permanganate monohydrate (Sigma-
Aldrich, >97%) and manganese (II) chloride (Sigma-Aldrich, >99%) were used in
manganese oxide synthesis. Silica dioxide (99%) powder was used as received from

Sigma-Aldrich. All solutions were prepared in deionized water (Millipore, Q-Grad2).

Model soils and mineral oxides

Eight model soils exhibiting a range in soil organic carbon content were used in
sorption studies (Table 4-2). Pahokee Peat and Elliott soils were purchased from the
International Humic Substances Society (IHSS), while several other soils were acquired
through AGVISE Laboratories (Northwood, ND and Benson, MN). The soils from
AGVISE Laboratories have different textures and a range of organic carbon content, the
details of which are provided in Table 4-2. For the data provided in Table 4-2, the organic
carbon content of Pahokee Peat and Elliott soil were determined via the Lloyd Kahn
Method [104] with analysis conducted by the commercial laboratory Test America. The
organic carbon content of all the other soils were supplied by the vendor (AGVISE

Laboratories) and quantified from the loss-on-ignition methods [105].
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A mineral phases representative of naturally occurring metal oxides,
commercially available silica dioxide (SiO,; Sigma-Aldrich, 99%) was used to represent
the main component in natural soils. Ferrihydrite was synthesized using standard method
[106] and manganese dioxide (MnO,) was synthesized via the method of Murray [107].

Briefly, for ferrihydrite synthesis a peristaltic pump was set to a rate of 4.58
mL/min, and 1.0 L of 0.48 M NaHCOj3; was added dropwise to a continuously stirred 1.0
L solution of 0.4000 M Fe(NOs)3-9H,0. During the transfer, the solution changed from
bright orange to dark brownish red with no visible precipitate. The suspension was
separated into 250 mL Nalgene bottles and microwaved one at a time until boiling
occurred, shaking every 40 s (most boiled after 120 s). Immediately after heating, each
suspension was plunged into an ice bath until it reached ~20 °C. In order to remove the
counter ions present from the synthesis, the cooled suspensions were placed into dialysis
bags (MWCO=3500), which were placed in Milli-Q H,0. The water was changed three
times per day for three days. The resulting suspensions were placed in a number of weigh
boats and placed in a fume hood to dry. A mortar and pestle were used to grind the dry,
dark reddish brown particles into a fine powder with subsequent sieving with a 53uM
sieve.

For manganese oxide, both 100 mL of 0.1 M NaMnO,4 and 100 mL of 0.15 M
MnCI, were prepared. 4 mL of 5 M NaOH was added dropwise into the NaMnOQOy,
solution, and then the MnCl; solution was added dropwise (at 5 mL/min) into NaMnO,
solution. The final suspension was washed 3 times by centrifuging aliquots of 40 mL and
replacing aqueous phase with MilliQ DI water. The suspension was air dried to form

MnO,. Dry solids were ground and filtered through a 53uM copper sieve.
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Table 4-2. Texture and organic carbon content (w/w%) for the model soils used in
sorption experiments.

Soil Name Vendor Texture Organic Carbon (%)

PVLPF Agvise Loam 5.9

PVPF Agvise Sandy Loam 5

DUL Agvise Clay Loam 3.3

Elliot IHSS Silt Loam 3.1

LBLS Agvise Sandy Loam 3

EL-7 Agvise Loam 2.8

RMN Agvise Loamy Sand 1
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Soil sterilization

Soils were sterilized by adding sodium azide (NaN3) as described by Wolf et al.
[108], with the exception that the dose was increased to 30.8 mmol NaNs/kg soil [109].
Briefly, 36-180 mg of soil was added to 20 mL glass beakers to which Milli Q water was
added to a final volume of 18 mL. This suspension was then incubated with appropriate
volume of 1 M or 200 mM NaNj3 for 72 h at room temperature. Preliminary experiments
also considered sterilizing soil samples via autoclaving at 121°C and 15 psi for 30
minutes [108]. Ultimately, we chose to use azide as our primary sterilization method
because it gave the least amount of SGPM loss from solution when compared to non-

sterilized (used as received) soils, in which some biotransformation likely occurred.

Octanol-Water (Kow) Partition Coefficient

An adjusted method was used based on Karickhoff and Brown, 1979 [110]. In
general, reagent grade of octanol was extracted once by 0.1 N NaOH, twice with Milli Q
water. Sodium sulfate was dropped in the solution to collect water and then was filtered
out through a 0.2uM filter paper. The SGPM was prepared in the octanol at or near
saturation concentrations. A small volume of this octanol solution (1 ml) was equilibrated
with appropriate volume of Milli Q water (6 ml). Equilibrium was achieved by shaking
the samples on the shaker at 200 rpm for 24 hours. Subsequent to equilibration, the
samples were centrifuged in glass centrifuge tubes at 3000 rpm for 20 minutes. And the
phases were sampled out of the centrifuge tubes. A subsample of the octanol phase (10
pl) was withdrawn by glass syringe into an autosampler vial with appropriate amount of
methanol (1 ml). The water phase was directly withdrawn with glass pipets into an

autosampler vial. The samples in autosampler vials were then measured on the HPLC.

Sorption experiments
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Batch sorption studies first explored the rate of SGPM sorption and the timescales
necessary to achieve equilibrium. Experiments were conducted at pH 7.0 ina5 mM
phosphate buffer. Kinetic rate experiments used initial SGPM concentrations between 2-4
MM and a soil loading of 2-10 g/L. Sorption isotherms were collected over a range of
initial concentrations (1-10 uM) at a constant sorbent loading of 2 g/L at room
temperature. These initial concentrations are higher than environmentally relevant, but
were necessary to facilitate SGPM analysis via HPCL with diode array detector. In all
cases, the highest initial concentration used for each SGPM was below their reported
aqueous solubilities (e.g., 1330, 2.6 and 15 uM for 17a-trenbolone, MGA and zeranol)
[34, 45, 46]. Nevertheless, control experiments were conducted in the absence of soil but
with otherwise identical solution phase conditions to ensure the aqueous phase stability of
the SGPMs at these initial concentrations.

To initiate sorption kinetic and isotherm studies, a small volume (2-18 pl) of
SGPM methanolic stock solution was added to a suspension of sterilized soil via syringe
to achieve the desired initial concentration. In all cases, the use of the methanolic stock
resulted in no more than 0.1% of methanol by volume. Sorption experiments were
conducted in glass beakers whose contents were well-mixed via a glass-coated magnetic
stir bar and electronic stir plate. Reactors were sealed with Parafilm to slow evaporation
and covered in Al foil to prevent photoreactions.

Kinetic studies were typically conducted over the course of one week, during
which samples were taken at pre-determined time intervals to monitor the change in
SGPM solution concentration over time. For sorption isotherms, equilibrium was
typically established after 3 days, at which time samples were collected to monitor the
mass of SGPM remaining in solution. The extent to which sorption was reversible was
also considered in these isotherm experiments. After collection of the aqueous sample at
equilibrium, the entire remaining suspension was centrifuged and a fixed volume

(typically 8 mL) of supernatant was replaced by fresh buffer to perturb the sorption
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equilibrium that had been established. The altered suspension was then allowed to mix
for the same amount of time as was necessary to establish equilibrium (typically 3 days),
at which time aqueous samples were taken to measure the aqueous phase SGPM
concentration.

Samples of suspension were separated via centrifugation at 3000 rpm for 5
minutes and the supernatant was analyzed subsequently on HPLC-DAD to quantify the
dissolved phase concentration of SGPM. Centrifugation was chosen for solids removal
rather than filtration because most commercially available filters (PTFE or Nylon)
resulted in some loss of SGPMs during solid-liquid separation. Using this approach, the
amount of SGPM sorbed to the soil was quantified via mass balance from the difference
in the initial SGPM concentration in the reactor and the aqueous phase concentration of
SGPM present in solution at equilibrium.

At the conclusion of all sorption experiments, the mass of SGPMs sorbed onto the
soil sample was also quantified via after extraction using organic solvent. Specifically,
the entire suspension was centrifuged, the supernatant was removed, and 3 mL of either
methanol or dichloromethane (DCM) was added to the soil. The resulting suspension was
sonicated for 5 minutes, which was found to be sufficient for recovery of the sorbed mass
into either methanol or DCM. After sonication, the suspension was centrifuged once
again to separate the organic solvent from the solid, and a sample of the solvent phase

was collected for immediate HPLC analysis.

Exploring SGPM reactivity toward metal oxides

Reactions with metal oxides (SiO,, MnOg, and ferrihydrite) were conducted at pH
7.0 in 5 mM phosphate buffer at room temperature. Experiments were conducted over a
range of oxide loading (1-10 g/L) and SGPM initial concentration (1-5 pM). The oxide
suspensions were allowed to equilibrate with the buffer solution for 20 minutes, after

which the pH of the system was adjusted (if necessary) back to 7 using 1 M HCI or
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NaOH. Once the pH was stabilized, a small volume of methanolic stock solution was
used to deliver the SGPM to the suspension. Reactors were covered by Al foil to avoid
photodegradation and the suspension was well-mixed using a glass-coated magnetic stir
bar and stir plate. Over time, a 1 mL aliquots of suspension were collected, centrifuged to
separate the metal oxide from the aqueous phase, and the supernatant then was

transferred to an amber autosampler vial for immediate HPLC analysis.

Analvytical Method

Samples were analyzed on a 1200 Series Agilent HPLC-DAD equipped with an
Eclipse XBD-C18 column (4.6 x 150 mm, 5 um particle size). Analysis of trenbolone
family members used a mobile phase of 50:50 acetonitrile (ACN):H,0O, a flow rate of 1
mL/min, an injection volume of 25 ul and a 350 nm detection wavelength [87]. Analysis
of melengestrol family members used a mobile phase of 60:40 ACN:H,0O, a flow rate 1
mL/min, an injection volume of 25 ul and a 300 nm detection wavelength [48]. Analysis
of a-zearalanol and B-zearalanol used a mobile phase of 60:40 methanol (MeOH):H0, a
flow rate 1.5 mL/min, an injection volume of 20 pl and a 210 nm detection wavelength
[72], whereas zearalanone analysis used a mobile phase of 8:46:46 MeOH:H,O:ACN
[73], a flow rate 1 mL/min, an injection volume of 25 pl and a 210 nm detection

wavelength.
4.4 Results and Discussion

SGPM Sorption on Pahokee Peat

Initial kinetic experiments were used to gauge the timescales necessary to achieve
presumed sorption equilibrium in systems with Pahokee Peat. These kinetic experiments
revealed that most the solution concentration of SGPMs reached near steady-state (i.e.,
no further loss of solution phase concentration over time) Peat by 3 days in suspensions

with 2 g/L and ~5 uM SGPM originally in the suspension (Figure 4-1). A notable
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exception was [3-zearalanol (data not shown) for which the aqueous concentration
decreased steadily over time until it was no longer detectable in solution after one week.
Although not entirely understood, we were unable to identify any conditions (e.g., lower
solid loadings) under which the solution phase concentration of 3-zearalanol reached a
steady-state, and we also observed 3-zearalanol to be the only species for which soil free
controls also exhibited an appreciable concentration loss over time. Due to these
challenges encountered in the 3- zearalanol system, its sorption behavior was not
extensively explored in subsequent experiments.

We also note that although the aqueous concentration of certain TBA metabolites
was still declining slightly after 3 days of reaction, we found that equilibrium in these
systems could be achieved over this timescale in reactors with slightly modified
conditions (e.g., at higher concentrations Pahokee Peat at 10 g/L and 17p-TBOH at 70
MM in our systems).

In isotherm experiments, we assumed that sorption equilibrium was achieved
within 3 days for all compounds. Sorption isotherms are shown in Figure 4-2, in which
data are presented on a log-log scale. Also shown are fits in which SGPM sorption on
Pahokee Peat is assumed to obey the Freundlich isotherm model (equations 4-1 and 4-2).

Cs = KiCy™" (4-1)
logCs = logK¢ + 1/nlogC,,  (4-2)

In equations 4-1 and 4-2, C, represents the concentration of SGPM sorbed to the
Pahokee Peat, while C,, is the aqueous phase concentration after 3 days, at which sorption
equilibrium was assumed to be achieved. The model parameters obtained from the
linearized form of the Freundlich isotherm equation (equation 4-2) and regression
analysis of experimental data are summarized in Table 4-3. These are the Freundlich
adsorption capacity parameter, Ky, and the Freundlich adsorption intensity parameter, 1/n,

which indicates the degree of non-linearity in the sorption isotherm.
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Figure 4-1. Results of kinetic experiments monitoring the extent of SGPM uptake on
Pahokee Peat over time at pH 7.0. Data are also shown for control systems without any
Pahokee Peat. Systems contained 2 g/L of Pahokee Peat and typically an initial
concentration ~5 uM of SGPM. Additional experimental details are provided in the text.
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The Freundlich isotherm parameters can be used to evaluate for trends in SGPM
sorption that may lend insight into the fundamental processes driving their uptake on
Pahokee Peat. For example, K¢ values indicate the magnitude of sorption [111], and
correlations between K¢ values and metrics of sorbate hydrophobicity (e.g., Kow Values) as
evidence for hydrophobic interactions driving sorption (e.g., [112]). For SGPMs, Khan et
al. [49] previously interpreted a linear correlation between K¢ values for 173-TBOH,
170-TBOH and TBO and soil organic carbon content as evidence of hydrophobic
interactions contributing to, if not dominating, their sorption.

In our experiments, the largest K¢ values for Pahokee Peat were measured for
zeranol (1.33 £ 0.06) and it metabolite zearalanone (0.94 + 0.04), as well as 173-TBOH
(0.98 £ 0.02) and MGA (0.83 £0.01). No clear trends in K values were observed within
or across families of different growth promoters. For example, within the TBA family
17B-TBOH was far more prone to sorption than 17a-TBOH, which only differs because
of the stereochemistry of the —OH group at the C17 position in the steroid ring structure.
Similarly, when using octanol-water partitioning coefficients (K, values) as a potential
predictor of SGPM sorption, no correlation with Ks values were discernible for Pahokee
Peat (Figure 4-3). That values of K, are generally poor predictors of SGPM sorption on
organic-rich Pahokee Peat suggests that specific interactions (e.g., hydrogen bonding)

between sorbate and sorbent contribute to uptake, at least in some cases.
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Table 4-3. Freundlich adsorption isotherm parameters obtained via linear regression (see
equation 4-2) of experimental data. VValues represent 95% confidence intervals associated

1 1
with the regression analysis. The units for values of K; are umol(l‘i)Lﬁg‘l.

SGPM Ke n
173-TBOH 0.98 £ 0.02 1.58 £0.09
170-TBOH 0.39 £ 0.02 1.47 £ 0.07

TBO 0.61 +0.02 1.18 £0.05
MGA 0.83+0.01 1.11 £ 0.04
Melengestrol 0.44 £ 0.02 1.38 £ 0.07

Zeranol 1.33+£0.06 0.90 £ 0.02

Zearalanone 0.94 + 0.04 1.07 £0.08

www.manaraa.com



124

"1X8] 8y} Ul pap1Aoid aJe S|relap [eluswiadxe

[euonippy “18yng areydsoyd |NW G e ul 2 Hd 1 Pa1ds||02 a4aM BIep ||V "UMOYS aJe (U/T pue + JO SanjeA)
sla1awesed 114-1599 Bunnsal pue uoissalbal Jesul 1xal syl ul paqrIasap j02010.4d sy 01 Buipiodoe uondios
J0 Auj1g1S18A8. 8y} 1581 0] Palds||09 elep 0} puodsaliod s|oquiAs uado seataym ‘sAep € Jalje suoleiusdu0d
PaINSeaw s1edipul Blep p1j0S ‘1ead 99)0yed U0 SINdOS 10} SWIsY10s! YdI|punai4 pazitesul g- aanbi4

S
S}
(&)
o
o
®
c
)
€

A ul (uonenuaouo) panjossiq)bo|

90 v'o zo
1

00 zo- vo-

1 1 | 1 Qﬂl
o9l v

-2°0-
vV - 00 m
~—~
o W go0FsTT=u [0 D
v Z00FT90="M =
o O
zZ0 00 z0 o0 9'0- 90 0 0 00 0 o (1% 80 90 o z0 0o o m

1 1 1 1 1 | 1 90~ 1 1 1 1 1 .v.@-
auouejelesaz . |[onisabualan A HOgLl-0/.T o m
L o -2 35
)
~-£0 . . bo)
-zo- ~00 S
~—+
R L A = oot — 000 I
800F/0T=uU L00F8ET=U LO0F.FT=u )
v0'0 ¥ ¥6'0 =" 200 Fv¥'0 ="M 200 ¥ 6£0 =" o
L0 zo 0 S
00 50 0L 5L 0 00 vo- 20 80 ¥0 00 vo 20 ~—
1 1 w.ﬂ- 1 " 1 1 L 1 QG n 1 n 1 1 L ‘<ﬂ| —
jouelaz 200 F06°0 =u VOWN o HOgl-9/T >
o0 Lzo- T
g 3

Ly Ly o

> 44 i - 00 o
ING —
-z'0 o
> - z0- Loo «

4 YOOFOTT=U | o 600F8ST=U Lyg

900FEET ="M b TO'0¥28°0 ="M 200 ¥86°0 ="
vo 90

00




125

A notable difference across SGPMs in the Pahokee Peat system was that some
resulted in non-linear isotherms, while others produced a linear equilibrium relationship.
Values of n obtained from regression analysis of the linearized Freundlich isotherm
equation are shown in Figure 4-4. The greatest degree of non-linearity was observed for
17B-TBOH, 17a-TBOH and melengestrol, whereas the isotherms for zeranol and
zearalanone were essentially linear. Linear isotherms are most often observed for the
uptake of hydrophobic sorbates onto organic matter, for which hydrophobic interactions
are responsible for sorption and there is an excess of such sorption sites available on
organic matter [42]. In contrast, non-linear isotherms are typically observed for sorption
of more polar compounds on organic matter, for which specific interactions will also
contribute to sorption [42].

Consistent with these scenarios, trends in Figure 4-4 generally show that
isotherms become more linear as SGPMs become more hydrophobic (based on Koy
values). We therefore interpret the non-linear sorption isotherms of 173-TBOH, 17a-
TBOH and melengestrol as evidence of a limited number of specific sites on Pahokee
Peat that are responsible for their sorption. This outcome is consistent with the prior
works of Khan et al. [49] and Quiao et al. [51], both of which implicated specific
interactions as playing a prominent role in the sorption of TBA metabolites in soil and
humic acid systems. For zeranol and zearalanone, on the other hand, the linearity of their
isotherms is consistent with an excess of hydrophobic sites on Pahokee Peat suitable for
partitioning. This control of their sorption behavior may be linked to the aromatic nature

of zeranol and it metabolites.

www.manaraa.com



126

0.2
Zeranol
0.1 -
0.0 § %
17B-trenbolone Zearalanone
-0.1
Melengestrol
acetate

logK;

-0.2 §

Trendione

-0.3 —

o

-0.4 — § Melengestrol

17a-trenbolone

-0.5 I I I I I
2.0 2.5 3.0 3.5 4.0 4.5 5.0

logKow

Figure 4-3. Log-log plot of the Freundlich coefficient (Kf) measured via sorption
isotherms with each SGPM on Pahokee Peat versus the reported octanol-water
coefficients (Ko values) for SGPMs. The logKo,, values shown as solid symbols were
obtained from the literature [7], whereas open symbols represent values measured using
the method described above. Uncertainties represent 95% confidence intervals associated
with the linear regression analysis used to determine the experimental K; values.
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Figure 4-4. Plot of n values of each SGPM obtained from fitting sorption isotherms with
Pahokee Peat using a Freundlich model. The n value indicates the degree of isotherm
non-linearity, with an n value of 1 (indicated by the dashed line) equivalent to a linear
sorption isotherm. Uncertainties represent 95% confidence intervals associated with the
linear regression analysis used to determine the experimental n values.
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Comparing trends in n values within a family of compounds also can provide
some insights as to the functional groups that may promote sorption via specific
interactions. Specifically, isotherms for 173-TBOH and 17a-TBOH exhibited greater
nonlinearity (i.e., a statistically greater value of n) relative to TBO, while the isotherm for
melengestrol exhibited greater nonlinearity relative to MGA. In each of these cases, the
presence of an —OH group at the C17 position results in sorption behavior via specific
interactions versus non-specific, hydrophobic interactions for structural analogues
without this hydroxyl group (i.e., TBO has a carbonyl group (-C=0) at the C17 position,
while MGA has an acetate moiety). We propose, therefore, that the —OH group at the
C17 position of steroidal SGPMs has a critical role in sorption, likely via its ability to
participate in hydrogen bonding with this functionality.

A final consideration with regard to SGPM sorption is the extent to which the
process is reversible. Data pertaining to the reversibility of each SGPM is also presented
in Figure 4-3, where open symbols indicate data collected after sorption equilibrium
(achieved after 3 days) was disrupted as described previously and the Pahokee Peat
system was allowed to once again achieve steady-state over 3 days. In Figure 4-3,
overlap between open and solid symbols indicates a sorption process that is truly
reversible.

Interestingly, MGA was the only SGPM to sorb onto Pahokee Peat reversibly.
Data suggest that sorption of 17a-TBOH, TBO, melengestrol and zearalanone was
partially reversible, whereas zeranol and 173-TBOH were essentially irreversible. In
Figure 4-2, irreversibility for zeranol and 173-TBOH is evidenced by the identical
concentration of sorbed species being achieved at lower aqueous phase concentrations 3
day after system equilibrium was perturbed. It is important to note that for compounds
that were not reversibly adsorbed, we were able to recover all of the sorbed mass via
extraction of equilibrated soils with methanol. Specifically, fractional recoveries via

methanol extraction were 1.10 + 0.08, 0.99 + 0.07, 1.17, 1.65+0.10, 1.25+0.12, 1.05 +

www.manaraa.com



129

0.09 and 1.24 £ 0.11 for 173-TBOH, 17a-TBOH, trendione, MGA, melengestrol, zeranol
and zearalanone, respectively. Thus, we are confident that all loss in these Pahokee Peat
systems is attributable to sorption and not a non-conservative processes such as chemical
transformation reactions or biodegradation.

The trends in reversibility are noteworthy. MGA, which produces a linear
adsorption isotherm and attaches to the Pahokee Peat primarily through hydrophobic
interactions, appears the most weakly bound. In contrast, zeranol, which also appears to
sorb primarily via hydrophobic interactions, is essentially irreversibly bound. Thus, it is
clear that hydrophobic interactions with Pahokee Peat exhibit a range of strength, which
are not easily predictable based upon the characteristics of the SGPM; the experimentally
measured value of K, for MGA is greater, albeit slightly, than that measured for zeranol
[50]. Likewise, it is equally notable that 173-TBOH, for which specific interactions
likely contribute to bonding, was the other species which adsorbed to Pahokee Peat
irreversibly. 173-TBOH is among the more polar of SGPMs considered herein, and
specific interactions such as hydrogen bonding are usually considered relatively weak.
Nevertheless, it appears to be the most strongly bound to the Pahokee Peat. Thus, when
predicting mobility in soils and the potential for retardation via partitioning into soil
organic matter, it will be difficult to make generalizations about SGPM behavior based
simply upon K, values. Not only does this traditional metric of hydrophobicity fail to
predict the extent of uptake onto soil organic matter within and across SGPM families,

but it also appears to have little correlation with the extent to which sorption is reversible.

SGPM Sorption on Model Soils

Another approach to assessing the importance of hydrophobic interactions on
SGPM sorption is to examine trends in uptake across a range of soils exhibiting
systematically varied organic carbon contents. Using the commercially available soils in

Table 4-2, sorption rates and the timescale needed to achieve sorption equilibrium were
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evaluated for 173-TBOH, MGA and zeranol (Figure 4-5). For MGA, there was an
initially sharp aqueous phase concentration drop over the first several hours, after which
concentration was essentially stable over the remainder of the 6 day period for all soils.
While this concentration profile is reminiscent of that observed for MGA in Pahokee Peat
systems, it is notable that the amount of MGA lost from solution did not scale with soil
organic carbon content. Rather, we observed an approximate inverse relationship, in
which soils with the highest organic carbon content (PVPF with 5.0% and PVLPF with
5.9%) actually resulted in the smallest amount of MGA loss from solution.

Unlike with Pahokee Peat, the solution phase concentrations of 173-TBOH and
zeranol failed to reach a steady-state, even after 6 days of mixing with soils (while soil
free controls were stable over the same timescale). For 173-TBOH, there was no apparent
relationship between the rate of disappearance and the soil organic carbon content. On the
other hand, zeranol exhibited behavior expected if hydrophobic interactions were the
driving force for sorption on organic-containing soils. However, the inability to achieve
sorption equilibrium in these model soil systems, while it was readily achieved with
much higher organic carbon content Pahokee Peat systems, suggests that other processes
may be occurring that influence the loss of SGPMs from solution.

Based on additional experiments with select model soils, we believe sorption
occurs simultaneously with abiotic chemical transformation reactions in these soil
systems. Figure 4-6 shows plots of plots of concentration versus time for 173-TBOH,
MGA and zeranol for a low (RMN; 1% OC) and high (PVLPF; 5.9% OC) organic carbon
content soil, which are identical to the data previously shown in Figure 4-5 for these
soils. However, also shown are data corresponding to the total mass recovery in the
system over time, measured using the same extraction technique with methanol that
successfully recovered all sorbed mass from Pahokee Peat during our isotherm

experiments.
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In all systems shown, we observed at least some loss in the recoverable SGPM
mass, and the extent of this loss generally increased over time. For 173-TBOH and
zeranol, there was little, if any, difference in the measured aqueous concentration and the
total recoverable mass, including any sorbed species recovered by extraction of the soil
with methanol. Equivalent behavior was also observed for both soil systems considered.
The agreement in the profiles of aqueous concentration and total mass over time is
consistent with all loss in these systems being attributable to non-conservative processes,
presumably a reaction promoted by the soil, rather than sorption. We believe that the loss
is due to mineral-promoted reactions such as hydrolysis or oxidation occurring at the
surface of the underlying inorganic phases in these soils. We note, however, that no
products were detected using our LC-DAD methods, suggesting any such products are
either too polar to be separated on our C-18 column or are no longer chromophoric.

Results with MGA shed some light on the factors controlling the rate at which
SGPMs are consumed in soil systems via such non-conservative processes (i.e.,
transformation reactions). For both soils in Figure 4-6, the agueous phase concentration
of MGA showed near identical profiles. Initially the amount of MGA in solution
decreased rapidly, with about 60-70% of the solution concentration disappearing within
the first day. After this initial phase, the amount of MGA in solution remained relatively
constant over the remaining 5 days of the experiment.

Despite the agreement in the agueous phase concentration profiles, the profiles for
the total mass of MGA were distinct for each soil systems. For the high organic carbon
containing PVLPF, the mass of MGA in suspension was relatively constant over time,
with 90% remaining after 5 days. Thus, in the high organic carbon soil, most if not all of
the MGA loss from solution was due to sorption. In contrast, MGA mass decreased
steadily over time in the low organic carbon soil RMN, with only 50% remaining after 6
days. In the low organic carbon soil, the rapid, initial MGA loss from solution appears to

result entirely from sorption, as the total mass recovery for the system is near 100%
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Figure 4-5. Change in aqueous phase concentration over time for (a) 173-TBOH, (b)
MGA, and (c) zeranol 4 g/L suspensions of each model soil. All experiments were
conducted in 5 mM phosphate buffer at pH 7. The initial concentration of each SGPM
was 4 uM, 2uM and 2 uM for 17p-trenbolone, MGA and zeranol, respectively.
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over the timescales associated with this initial loss. However, while there is relatively
little change in the solution phase concentration of MGA between days 2 and 6, the total
mass of MGA in the systems decreases by roughly 50% over this same time period.
These results suggest, therefore, that the initially sorbed MGA must be labile and
susceptible to reaction over time.

The results with MGA suggest a two-step process for our proposed mineral-
promoted transformation pathway. The SGPM must first sorb to the organic matter layer
that coats the particle, through which the SGPM must then diffuse to react at the surface
of the underlying inorganic phase. Because MGA has the highest reported Ko, value and
its sorption onto organic matter appears controlled primarily via hydrophobic
interactions, it is not surprising that the extent of its reaction is dependent upon the
carbon content of the soil. Specifically, for soil with high organic carbon content, MGA
appears to stay tightly associated with the organic phase and resistant to transformation at
the underlying mineral interface. In contrast, its association with the low organic carbon
content soil must be weaker, allowing MGA to diffuse through the organic layer to react
extensively at the surface of the inorganic phase. This is a notable difference because the
driving force for MGA adsorption is nearly identical in both soil systems based on the
aqueous phase concentration profiles in Figure 4-5 and 4-6.

The different behavior observed for 173-TBOH and zeranol, which reacted
extensively in both soil systems, is somewhat unexpected. From experiments with
Pahokee Peat, these species, along with MGA, were most prone to sorption, exhibiting
the greatest extent of uptake during our isotherm experiments. Further, 178-TBOH and
zeranol were irreversibly bound to Pahokee Peat while MGA sorption was essentially
reversible. We can only conclude that MGA must be less prone to transformation via the
inorganic mineral phases present in the soil relative to 173-TBOH and zeranol, such that
the rate and extent of MGA partitioning into and out of the soil organic matter can in turn

influence its rate of transformation.
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Reactivity of SGPMs toward inorganic mineral phases

To assess the potential for inorganic mineral phases in soil to catalyze rates of
SGPM transformation via pathways including hydrolysis and oxidation, additional
experiments examined their stability in suspensions of several metal oxides representative
of those naturally occurring in soil. Figure 4-7 shows the reactivity manganese oxide, a
capable oxidant for a range of contaminants of emerging concern including hormones
[54], toward 173-TBOH, MGA and zeranol at pH 6. Zeranol was most reactive,
undergoing near complete transformation over the course of 0.5 h at a relative low
loading (1 g/L) of MnO,. 173-TBOH also was not stable in the presence of MnO..
Although not as reactive as zeranol, the rate of 173-TBOH increased with MnO, solid
loading (from 1-10 g/L), behavior that is consistent with a reaction involving the MnO,
surface. Also for 173-TBOH, LC-DAD provided evidence of product formation. The
product was considerably more polar than 173-TBOH, eluting very early (~1.1 min) on
our reverse-phase C18 column. Finally, MGA was essentially stable in suspensions at the
highest loading of MnO, considered at pH 6 (10 g/L). Assuming 173-TBOH and zeranol
are oxidized by MnO,, a scenario that requires confirmation, it appears that MGA is
considerably less reactive than these other SGPMs. We note that MGA transformation
did occur to a limited extent at more extreme suspension conditions (20 g/L at pH 4).

Iron oxides such as ferrihydrite are weaker oxidants than MnO, and may also
potentially catalyze hydrolysis reactions through surface interactions (so-called “mineral-
promoted hydrolysis) [113]. In suspensions of ferrinydrite (5 g/L at pH 7), a modest
amount of loss of both 173-TBOH and MGA was observed, consistent with its ability to
promote such transformation processes (Figure 4-8). Assuming a pseudo-first-order loss
process, data correspond to half-lives of 12 and 17 days for MGA and 173-TBOH,

respectively. The relative trend in reactivity is notable; despite relatively slow rates of
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Figure 4-7. Aqueous phase concentration change over time of (a) MGA, 173-TBOH and
zeranol in suspensions of MnO.. (b) 17B8-TBOH in suspension of MnO, with different
solid loadings. Also shown in panel (c) is the growth (based upon LC-DAD peak area) of
a transformation product generated over time during 1738-TBOH reaction with MnO,. All
experiments were conducted in 5 mM NaClO, at pH 6. The initial concentration of 17f3-
TBOH, MGA and zeranol in panel (a) and (b) are 10 uM, 2 uM and 2 uM, respectively.
The data in panel (c) correspond to 10 g/L MnO, with a 10 uM initial 173-TBOH
concentration.
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Figure 4-8. Aqueous phase concentration change of 173-TBOH and MGA in ferrihydrite
suspensions (5 g/L). Reactions were conducted in 5 mM phosphate buffer at pH 7. Lines
are exponential decay model fits from which half-lives were calculated. Data are also
presented from control systems conducted in the absence of solid (solid black symbols).
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Figure 4-9. Reaction of 173-TBOH, MGA and zeranol with 10 g/L SiO; at pH 7. Lines
represent exponential decay model fits from which half-lives were calculated.
Experiments were conducted in 5 mM phosphate buffer at pH 7 and used initial
concentrations of 4 uM, 2 UM and 2 uM for 173-TBOH, MGA and zeranol, respectively.
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transformation, MGA was consistently more reactive than 173-TBOH. This is the
opposite trend observed for MnO,, which is reasonably assumed to be an oxidant for
SGPMs. We propose, therefore, that the ferrihydrite surface promotes the hydrolysis of
MGA and 17B-TBOH rather than functioning as an oxidant (for which we would expect
little to know reactivity toward MGA). Unfortunately, however, products for this
transformation reaction were not detectable. This is particularly noteworthy for MGA, as
melengestrol, one likely hydrolysis product which is easily detectable via our analytical
methods, was not observed. We maintain that the loss of MGA and 173-TBOH in these
systems does indeed result from transformation reactions. Attempts to recover the any
mass of MGA and 17p3-TBOH sorbed to the surface via solvent (methanol) extraction
were unsuccessful, consistent with non-conservative processes being responsible for loss
in ferrihydrite suspensions.

As a final evaluation of mineral-promoted transformation pathways, we examined
the stability of 173-TBOH, MGA and zeranol in suspensions of SiO, (10 g/L) at pH 7
(Figure 4-9). SiO; is not a viable oxidant, so the only transformation pathway it would be
expected to promote is hydrolysis. Solution phase concentration of 173-TBOH, MGA
and zeranol decreased over time in these SiO; suspensions, and we were unable to
recover any of this lost mass via solvent extraction of the SiO; at the conclusion of the
experiment. We conclude, therefore, that SiO, surfaces can indeed promote the
hydrolysis of SGPMs in soil, although reaction products were once again not detected.
This result is noteworthy because of the predominance of aluminosilicate minerals in
most soil systems. Given its abundance in soil, it is reasonable to expect that abiotic
SGPM transformation promoted by SiO, could influence their persistence and fate in soil
systems.

Similar to observations with ferrihydrite, 173-TBOH and MGA exhibited
comparable rates of decay in SiO, (t1, values of 4.9 and 5.3 days, respectively). Because

17B8-TBOH and MGA share an identical A ring in the steroid structure, these similar
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timescales may be an indication that hydrolytic attack (i.e., -OH addition) occurs
somewhere within the A ring. Zeranol, which has a clearly identifiable hydrolysable
center at its carbonyl group, decays at a slightly slower rate compared to the other
SGPMs (ty/, of ~ 8 days).

From experiments with mineral suspensions, it reasonable to conclude that the
SGPM loss previously observed in experiments with model soils is indeed attributable to
surface promoted reactions at the underlying mineral surface. Oxidation by MnO,
appears to be a viable pathway for the trenbolone acetate family as well as zeranol and its
metabolites. All families of SGPM also appear prone to hydrolysis. We note that the
timescales of transformation in metal oxides systems is actually slow relative to the rates
of mass loss detected in model soil systems, in which such metal oxides are typically
minor components making up only a few percent of soil by mass. Based on the loss rates
measured in model soil systems, one would expect much greater rates of transformation
in pure metal oxide systems. We propose that the higher than expected rates of
transformation in the model soil systems indicates a necessary role of soil organic matter
to concentrate SGPM at the particle surface. Given the polar nature of metal oxide
surfaces it is reasonable to expect that rates of mineral-promoted pathways would be
influenced by the minimal degree of interaction anticipated with most SGPMs, which are

moderately hydrophobic in most cases.
4.5 Environmental Implications

Results presented herein indicate that the fate of SGPMs in soil is likely far more
complex than currently realized. While sorption and biodegradation were previously
thought to be the dominant soil processes controlling SGPM fate, we provide evidence
herein that abiotic transformation reactions catalyzed by mineral surfaces can occur over
timescales comparable to those previously reported for biotransformation [87]. Itis

likely, therefore, that these previously unrecognized transformation pathways may
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influence the persistence of SGPMs in soil, as well as represent a route for the
introduction of novel hormone transformation products that may also pose a risk to
ecosystem health.

Generally, we conclude that SGPM sorption will only dominate in soil systems
with very high organic carbon content. The Pahokee Peat systems used herein may
indeed be a reasonable approximate of organic-rich agricultural topsoil or land applied
manure, both of which would then be expected to retain SGPMs via sorption. However,
the degree of such sportive interactions will not be simple to predict. Specifically, the
extent of SGPM uptake and the reversibility of the sorption process cannot be predicted
with simple metrics of compound hydrophobicity such as Ko, values, which are typically
used as a starting point in predicting pollutant fate in soil. In particular, more polar
species (i.e., those with functionalities capable of hydrogen bonding) will be most
difficult to model fate in soils, as their extent of interaction with organic-rich soil will be
influenced heavily whether the soil possesses sites suitable for more specific binding
interactions.

A clear need arising from this work is the identification of mineral-catalyzed
transformation products. Given the unique behavior of transformation products
previously presented in Chapter 3, the fate of hydrolysis and oxidation products must not
be overlooked. For hydrolysis and oxidation, it is highly probable that transformation
products will exhibit some level of hydroxylation. As in Chapter 3, such hydroxylated
products may be of limited stability in the environment, particularly those generated from
TBA metabolites, and allow for the formation of novel steroid byproducts with

potentially adverse implications for ecosystem health.
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CHPATER V. CONCLUSIONS

5.1 Rates and Mechanisms of
Growth Promoter Photolysis

In Chapter 2, the direct photolysis rates of the trenbolone acetate (TBA) and
melengestrol acetate (MGA) families of compounds are reported, as are the rates and
mechanistic details for the indirect photolysis of zeranol and its metabolites. The
photolysis of these compound classes had not previously been investigated under
conditions representative of sunlit surface waters. Thus, these fundamental details
provided in Chapter 2, as well as more practical considerations such as the influence of
common aquatic variables (e.g., temperature, pH, and co-solutes) on these processes, fill
a sizeable void in our understanding of growth promoter environmental fate. The key

results from Chapter 2 are summarized in the following.

Direct Photolysis of TBA and MGA Family Compounds

All experimental evidence collected herein points to the TBA and MGA families
being highly reactive and readily photolyzed in sunlit surface waters. For example, direct
photolysis half-lives for these compounds typically ranged between ~0.25-1 h upon both
natural and simulated sunlight irradiation. The photoactivity of the TBA and MGA
families can largely be tied to their chemical structures. Both possess conjugated n-bond
systems that result in absorbance patterns that overlap to some degree with the solar
spectrum, which is requisite for direct photolysis. Also, as is reported in Chapter 2, both
families of compounds exhibit photoefficiencies on par with those previously reported for
structurally similar compound classes.

Rates of direct photolysis were largely invariant across a broad spectrum of water
chemistries. For example, there was no pH dependence observed for direct photolysis,

which would be expected because the TBA and MGA families are neutrally charged over

www.manaraa.com



143

environmentally relevant pH values. Another notable finding was that dissolved organic
matter had only a minimal influence on the direct photolysis of these compounds,
resulting in a small to modest amount of light screening. These observations have value
when attempting to extend the observations from Chapter 2 more generally to
agriculturally impacted surface waters. Specifically, the near-constant rates of direct
photolysis measured over the range of aquatic conditions should allow fate models to
better account for the contribution of photolysis to these species’ environmental
persistence.

From the results gathered and presented in Chapter 2, therefore, it is clear that
direct photolysis represents an important, if not the dominant, loss process for the TBA
and MGA families in sunlit natural waters. Based solely on the decay of the parent
compounds measured in Chapter 2, it is tempting to conclude that compounds from the
TBA and MGA families are unlikely to persist for more than a few hours due to their
propensity for direct photolysis. This may very well be the case for the MGA family.
However, as is discussed in greater detail in Chapter 3, the fate of TBA and its
metabolites are far more complex in sunlit surface waters as a result of the instability

observed for the major product generated by direct photolysis.

Indirect Photolysis of Zeranol Family Compounds

Unlike compounds in the TBA and MGA families, the aromatic chromophoric
moiety on zeranol and its metabolites does not allow for significant absorbance within the
solar spectrum. While they are stable with respect to direct photolysis, these compounds
are readily degraded in irradiated solutions of model humic and fulvic acids.

Experiments detailed in Chapter 2 provide fundamental insights as to the photooxidants
generated from dissolved organic matter (DOM) irradiation that are responsible for

zeranol decay. Notable among these reactive photooxidants was triplet excited state
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DOM, a species known to play an important role in the indirect photolysis of structurally
analogous substituted phenols[43, 114].

From a more practical perspective, results presented in Chapter 2 clearly outline
the aquatic chemical variables critical to controlling the timescales of zeranol indirect
photolysis, and thus persistence in surface waters. The variables of primary importance
are the nature and quantity of dissolved organic matter, which will determine the
concentration and types of photooxidants generated upon irradiation. The presence of
other species capable of generating photooxidants must also be considered. For example,
preliminary results in Chapter 2 show that nitrate, which generates hydroxyl radical upon
photolysis, can also mediate the transformation of zeranol in sunlit waters. Finally, the
last critical variable is pH. Zeranol and its metabolites exhibit pKa values that are
reasonably close to the pH values encountered in surface waters. As such, a small but
highly reactive fraction of the mono- and di-anionic forms of zeranol and its metabolites
will be present, and evidence suggests these deprotonated forms exhibit the greatest
activity toward photogenerated oxidants.

Collectively, these considerations make the fate of zeranol relatively difficult to
predict in surface waters. Given the range of solution variables that influence the rate of
zeranol indirect photolysis, an accurate model or prediction of zeranol persistence will
require a well-characterized surface water. This can be particularly challenging,
especially when one must also consider the range of potential competitive species that
may reactive preferentially with photogenerated oxidants, and thereby promote zeranol

persistence.
5.2 Photoproduct-to-Parent Reversion for
Trenbolone Acetate Metabolites

The results in Chapter 3 illustrate the reversion mechanism by which the primary

photoproduct of the trenbolone family, a monohydroxylated species, transforms back into
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the hormonally active TBA metabolite from which it was generated. This unique set of
sequential photolysis and dehydration reactions essentially allows for the photolysis of
TBA metabolites to be reversible in surface waters. Fundamentally, we attribute this
unique reactivity the highly reactive nature of the allylic hydroxyl group generated during
photolysis and the presumed stability of the 4,9,11-triene structure present in TBA
metabolites. The presence of such allylic hydroxyl groups should be recognized as a
potentially highly reactive moiety in other steroids and steroid transformation products.
In the case of hydroxylated transformation products (as may be encountered through
biotransformation or mineral catalyzed pathways), such an allylic hydroxyl group is
likely to be prone to acid and/or base catalyzed dehydration reactions that provide a route
back to the non-hydroxylated starting material.

Practically speaking, these results complicate our understanding of the fate of
trenbolone acetate metabolites in sunlit surface waters. Indeed, as illustrated in Chapter 2
and 3, direct photolysis rates of trenbolone family members were typically fast, with half-
lives on the order of 0.5-1 hour. However, a closer inspection shows that this photolysis
reaction does not proceed to completion; at long irradiation timescales, the concentration
of trenbolone compounds in the presence of light reaches a near-steady state at a low
concentration (typically at ~2% of the initial concentration). At this stage, the forward
rate of photolysis is equally countered by the dehydration reaction, in essence causing the
decay of trenbolone acetate metabolites to appear photostationary. From this result, we
suspect that in all surface waters in which TBA metabolites degrade exclusively by direct
photolysis, a non-zero, near-constant concentration should exist after this equilibrium has
been achieved during daylight hours. Further, the magnitude of this concentration will
increase as more of the primary photoproduct (i.e., 12-hydroxy trenbolone) is present in
solution, as this would increase the rate of the photoproduct-to-parent reversion reaction.

Finally, other non-conservative processes (e.g., sorption, biotransformation or abiotic
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reaction) would be required to disrupt this equilibrium and completely remove the TBA
metabolites from the water column.

In the dark, when the forward photolysis reaction is no longer occurring,
dehydration of the primary photoproduct should result in a rebound in the concentration
of TBA metabolite over time. In some instances, this rebound will be significant. Results
in Chapter 3 found the dehydration process to be pH and temperature dependent. For
instance, slightly acidic (pH 5) or basic (pH 9) conditions, as well as warm temperatures
(35 °C), resulted in roughly 30-40% of the initial 17a-TBOH mass being regenerated in a
single 12 h dark period. Much greater recoveries are observed over longer dark periods,
as might be encountered when the primary photoproduct is transported out of the photic
zone of a surface body.

Collectively, this day-night behavior should produce a cyclic pattern for TBA
metabolites in surface waters. This photoproduct-to-parent reversion phenomenon is
greatest for 170-TBOH, and occurs to a lesser extent for 173-TBOH and trendione. The
differences between these compounds is still not well understood, but likely relates to the
relative amount of the 12-hydroxy photoproduct generated for each species, as well as the
relative rate of dehydration versus hydrolysis to higher order hydroxylated products (e.g.,
di- and trihydroxy trenbolone varieties). Nevertheless, the consequences of this cyclic
process are great. Although TBA metabolites appear to undergo rapid direct photolysis, a
characteristic touted by the chemical manufacturer as evidence of their limited
environmental persistence, their lifetime in surface waters is likely to be much longer
than estimated solely from initial rates of photodecay. Rather the fate and impact of these
compounds in the environment can only be assessed accurately if the behavior of their
photoproducts is explicitly considered.

As a result of this discovery, we believe there are currently no reliable occurrence
data pertaining to the TBA metabolites in surface waters. Concentrations measured in

occurrence studies will be highly dependent on the time of day in which samples were
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collected, the quality of the surface water, and the season in which the data were
collected. For example, samples collected in daylight could potentially ignore or grossly
underestimate a large body of TBA metabolites that exist as a metastable hydroxyl
trenbolone species, which would be quick to revert back into parent metabolite in the
absence of sunlight. Further, it is quite possible, if not nearly certain, that traditional
approaches to sample storage such as acidification, refrigeration, and liquid-liquid
extraction will substantially bias results of any occurrence study. We contend, therefore,
that studies failing to quantify the amount of trenbolone photoproducts in their samples
are likely to underestimate the amount of TBA metabolites truly present in surface
waters. Such behavior could explain numerous reports of low detection frequency of
TBA metabolites, despite their extensive use and release into the environment. It may
also help to explain instances where evidence of endocrine disruption in aquatic
organisms is reported even though complementary solution phase analysis fails to

identify any known endocrine disrupting compounds.
5.3  Sorption and Mineral —-promoted Reactions

Chapter 4 describes the abiotic interactions of SGPMs with various soil
components that are likely to influence their mobility upon release into the environment.
Generally, we observed that SGPMs exhibit a relatively high affinity for organic rich soil
such as peat. For example, all SGPMs rapidly sorbed onto Pahokee Peat, with solid-
water equilibrium being achieved in 3 days or less, generally resulting in 40%-80% of the
initial SGPM mass (typically 1-2 mg/L) being associated with the organic material
(typically present at 844 mg/L). Melengestrol acetate was the only compound to sorb via
a completely reversible pathway, whereas sorption of most other SGPMs was partially
reversible. Exceptions were 173-trenbolone and zeranol, whose sorption was entirely
irreversible on Pahokee Peat. Notably, however, within and across families of SGPMs,

trends in the extent and reversibility of sorption on an organic-rich matrix were not
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predictable simply based upon measures of compound hydrophobicity (e.g., reported or
estimated logK, values). It appears, therefore, that factors other than hydrophobicity
influence SGPM uptake. This behavior will complicate attempts to accurately model the
extent to which SGPM transport is retarded in soil and the subsurface due to partitioning
into soil organic matter.

Perhaps the most important result obtained in Chapter 4 is the observation of
inorganic mineral-promoted transformation reactions for each class of SGPM.
Experiments using model soils (with organic carbon contents between 1-5.9%) were
characterized generally by rapid SGPM loss and equilibrium, expected for a sorption, was
not typically observed. Most notably, the amount of SGPM mass lost over time typically
could not be recovered using solvent extraction techniques that proved successful in
closing the mass balance in sorption studies previously described with Pahokee Peat.

Collectively, we interpret these findings from sterilized soil systems as evidence
for non-conservative chemical transformation reactions occurring in parallel to SGPM
sorption on soil organic matter. We propose a scenario in which sorbed SGPMs diffuse
through the soil organic matter layer to react, presumably via hydrolysis or oxidation, at
the interface with the underlying inorganic mineral phase. Consistent with such a
scenario, results are also presented in Chapter 4 showing the instability of 173-TBOH,
MGA and zeranol in suspensions with metal oxides representative of those naturally
occurring in soil (ferrihydrite, SiO, and MnO,). Notably, however, while appreciable
solution phase concentration loss was observed, products for these transformation
pathways were only detected in a few limited cases (e.g., oxidation of 173-TBOH by
MnOy,).

Differences in the concentration versus time profiles for zeranol, 173-TBOH, and
MGA suggest that the relative importance of sorption versus reaction in inorganic-
containing soil system depends in part on the amount of organic carbon present in the

soil, the hydrophobicity of the SGPM, and the presence of available reactive (e.g.,
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hydrolysable or oxidizable) centers on the SGPM. Specifically, hydrophobic SGPMs
(i.e., species with large logK,y values) in combination with relatively high soil organic
carbon content are conditions that tend to favor sorption without reaction. We assume
such conditions result in the SGPM being bound tightly in the soil organic matter, and
less likely to diffuse to the inorganic substrate surface for reaction.

Results in Chapter 4 greatly advance our understanding of SGPMs in soil
systems. They paint a picture in which the fate of SGPMs in soil will be far more
dynamic, and as such complicated, than currently envisioned. Sorption, which will not
necessarily scale with soil organic matter content and SGPM hydrophobicity, will occur
in parallel to transformation pathways such as hydrolysis and oxidation. The rates of
these processes are fast enough that they should occur over timescales comparable to that
reported for biotransformation [12, 17]. Thus, the contribution of these abiotic processes
must not be ignored when attempting to assess the fate of SGPMs in soil. This will also
require a better understanding of the factors promoting their mineral-promoted

transformation, and the nature of the products generated from these reactions.
5.4  Future Research

This work significantly improves our understanding of the persistence and fate of
SGPMs in the natural environment. For instances, the timescales and/or extent of most
key abiotic processes involving SGPMs are presented herein. These include quantitative
details on the rates and half-lives of photolysis (direct and indirect), the timescales and
yields for photoproduct-to-parent reversion cycling occurs for TBA family compounds,
the extent of SGPM sorption and corresponding partitioning coefficients in organic-rich
matter, and the relative contribution of sorption and abiotic chemical transformation in
soil systems best characterized by inorganic phases coated in a small layer of organic
matter. However, some details regarding the environmental fate of SGPMs require

further experimentation, while outcomes of this work also opened up several new lines
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for future investigation. A few topics related to the current work that merit follow-up are

discussed subsequently.

Biotransformation of SGPMs

All results presented herein pertain to abiotic systems. Thus, the rate (e.g., half-
lives) and controls (e.g., influence of system variables) of SGPM biotransformation merit
further investigation. Such biotransformation data are necessary to have a complete
dataset pertaining to the fate of SGPMs in the natural environment. This dataset would
then be ideal for developing a numerical model to predict the fate and persistence of this
emerging pollutant class in a range of settings.

In previous study, it is suggested that half-lives of TBA and MGA metabolites
were typically ranging from several hours to a few days, but half-lives exceeding 250
days were observed in anaerobic environments such as liquid manure [12, 17]. Similar
studies for estrogens suggest that redox state plays an important role in biodegradation.
Most observations of highly persistent steroids (half-lives > 30d) occur in anoxic or
anaerobic environments and studies demonstrate that alternations in redox condition can
significantly affect the environmental fate of steroids across a range of environments [12,
115-117]. So it is worthy to determine the rate constants and half-lives for SGPMs by
evaluating aerobic and anaerobic degradation pathways in a range of environmental

systems.

Validation of photoproduct-to-parent reversion

for trenbolone acetate metabolites

Perhaps the most significant finding from this study comes from Chapter 3, where
we discovered that dehydration of their primary photoproducts is a viable route by which
the metabolites of trenbolone acetate (i.e., 17a-TBOH, 17b-TBOH and TBO) can be

regenerated in surface waters. This outcome must be validated in a field setting. From
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the results presented in Chapter 3, we anticipate that the concentrations of these
trenbolone metabolites in surface waters should exhibit several characteristic trends in
response to this reversion process. First, their concentration should reveal a diurnal cycle,
being largest at night when the rate of dehydration is no longer counterbalanced by the
rate of metabolite photolysis. Second, the temperature dependence of the dehydration
process, and thus parent metabolite regeneration, should result in a seasonal dependence
in their surface water concentrations. Finally, the pH-dependent nature of the dehydration
process (i.e., typically being greatest at lower pH values) should result in higher
concentrations in more acidic waters.

Such field studies will require new methodologies for the sampling and handling
of surface waters intended for analysis. Most sample preservation methods (e.g.,
acidification, storage a cold temperature) will influence the extent to which the 12-
hydroxy photoproduct reverts back into the parent metabolite from which it was
generated. Thus, these field-scale validation studies should not draw upon previous
methods used to analyze for trenbolone acetate metabolites in surface water. Rather, new
methods that explicitly assess the extent of photoproduct-to-parent reversion, and account

for this mechanism when quantifying metabolite concentrations, will be necessary.

Confirmation of zeranol species involved

in indirect photolysis reactions

In Chapter 2, we reported that the rates and mechanisms of indirect photolysis of
the zeranol family of compounds was pH dependent. Unlike the TBA and MGA families,
zeranol and its metabolites possess ionizable —OH groups on their phenolic ring that can
be deprotonated at pH values that are environmentally relevant. In Chapter 2, the pH-
dependent reactivity observed in irradiated DOM suspensions was attributed to
photooxidants reacting primarily with the monodeprotonated form of zeranol. This is a

scenario that requires further validation that would be relatively straightforward to
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conduct experimentally. We envision a study examining the DOM-mediated indirect
photolysis of zeranol and its metabolites over a broader range of pH than that considered
in Chapter 2 (e.g., from pH 4 to pH 10). These studies with model DOM systems would
be completed by speciation modeling using reported pKa values for the zeranol family of
compounds. Finally, experiments in model reactive oxygen species (ROS) systems (e.qg.,
Rose Bengal for singlet oxygen production) would also be conducted as a function of pH.
The goal of such a work would not only be to validate the hypothesis put forth in
Chapter 2 about the monodeprotonated species governing reactivity toward
photooxidants but also to use speciation modeling in complement with model ROS
systems to report second order rate constants for reaction of each zeranol species (i.e.,
fully protonated, monodeprotonated and dideprotonated) with singlet oxygen and
hydroxyl radical. These rate constants would be valuable in predicting the importance of

such processes in DOM-containing surface waters impacted by zeranol.

Identification and fate studies with

SGPM transformation products

In Chapter 2 and 3, phototransformation products were only identified for the
trenbolone acetate family. Future work must also identify the direct photolysis
transformation products for melegestrol acetate and melengestrol, as well as those
generated via the indirect photolysis of zeranol. Notably, zeranol’s phototransformation
products will likely prove the most challenging to identify because of the more complex
aquatic matrices necessary for their production. Given the unique chemistry exhibited by
the primary product generated via photolysis of trenbolone acetate metabolites, future
work must not simply identify the structures of these transformation products. Rather,
stability and fate studies should be examined to determine if such unique chemical

pathways may be available to other SGPM photoproducts.

www.manaraa.com



153

Finally, we have confirmed in Chapter 4 that SGPMs are reactive toward various
metal oxides, although several key details of these transformation pathways remain
unknown. It is necessary to further investigate the mechanism and transformation
products generated from these heterogeneous reactions. Further, a more detailed
consideration of the system variables (e.g., pH, SGPM concentration) that influence the

rate and products of such reactions is also warranted.
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APPENDIX A. IDENTIFICATION AND ENVIRONMENTAL
IMPLICATIONS OF PHOTO-TRANSFORMATION PRODUCTS OF
TRENBOLONE ACETATE METABOLITES

A.l Abstract

Androgenic, anabolic steroids such as trenbolone acetate (TBA) are widely used
in animal agriculture. However, evidence for the widespread occurrence of TBA
metabolites such as 17B-trenbolone (173-TBOH), 17a-trenbolone (17a-TBOH), and
trendione (TBO) is relatively scarce, potentially due to rapid transformation via
mechanisms like photolysis. To assess TBA metabolite fate and ecological implications
of TBA metabolite photoproducts, we investigated direct photolysis transformation
pathways and assessed photoproduct ecotoxicology. High resolution, accurate mass
liquid chromatography-tandem mass spectrometry identified a range of mono-, di- and
tri- hydroxylated products that were no longer photoactive, with primary photoproducts
consisting of monohydroxy species and presumptive diastereomers. Also observed were
successive higher order hydroxy end products probably formed via subsequent reaction
of primary photoproducts. Concurrent NMR analysis confirmed the formation of 12-
hydroxy-17pB-trenbolone (2.2 mg), 10,12-dihydroxy-17pB-trenbolone (0.7 mg), and 11,12-
dialdehyde (1.0 mg) products after irradiation of 10-12 mg 17p-trenbolone. Though
unconfirmed by NMR, our data suggests that the formation of stereoisomeric products
also may occur, likely due to the reactivity of the unique 4,9,11 conjugated triene bond
structure of trenbolone. In vivo exposure studies employing Japanese medaka (Oryzias
latipes) indicate that low concentrations of 17a-TBOH photoproduct mixtures can alter
ovarian follicular development, and TBA metabolite photoproducts alter whole body
17p-estradiol levels. Therefore, direct photolysis yields transformation products with

strong structural similarity to their parent compounds, and these products still retain
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enough biological activity to elicit observable changes to endocrine function in aquatic
organisms.
A.2 Introduction

In the United States and several other countries, the anabolic, androgenic steroid hormone
trenbolone acetate (TBA) is widely used as a growth promoter in beef cattle production [17, 22,
87] . For example, TBA is 15 -50 times more androgenically and anabolically potent than
testosterone, which are primary reasons it is such an effective steroid [58]. We estimate that
annual TBA production and use likely exceed 4800 kg/year in the U.S., and some studies report
that 60-90% of U.S. beef cattle receive TBA implants [50, 87, 118, 119]. This data suggest that
TBA is one of the highest production synthetic steroids in use, while the widespread use of TBA
and the large scale typical of animal agriculture operations also imply that this steroid or its
metabolites likely are widespread in environments affected by animal agriculture. As many
studies demonstrate endocrine disruption and impaired reproduction in aquatic organisms
resulting from exposure to potent endogenous and synthetic steroids [21-23, 25, 120], assessing
the fate of TBA and related metabolites in aquatic environments is a priority.

After implant release, TBA is converted to the active androgen 173-trenbolone (17f-
TBOH), which is further metabolized to 17a-trenbolone (17a-TBOH) and trendione (TBO) [17].
Together, these metabolites, especially 17a-TBOH which composes 95% of the known TBA
metabolite mass excreted, account for approximately 8% of the total TBA implant mass, with the
remainder comprised of uncharacterized metabolites [17]. Mass balance calculations suggest that
80 pg/day of 17a-TBOH is excreted from implanted cattle, resulting in 17a-TBOH
concentrations potentially as high as several thousand ng/L in runoff from animal agriculture sites
such as confined animal feeding operations (CAFOs) [17, 121]. 178-TBOH and TBO also have
been detected in runoff and soils near animal agriculture operations, although at lower
concentrations that 17a-TBOH [16, 91, 121-123].

Low concentrations of TBA metabolites can affect morphology and reproductive output

in exposed aquatic organisms. For example, Ankley et al. and Jensen et al. report fecundity
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reduction in fathead minnows at 11-27 ng/L for 17a-TBOH and 178-TBOH, respectively [22,
39]. No-effects concentrations for these compounds are likely even lower, and are probably
similar to the ~1 ng/L no-effects concentrations frequently reported for estrogenic steroids [124,
125]. In addition, skewed sex ratios, physiological masculinization, and inhibited embryonic
development are observed in fish exposed to 17a-TBOH and 178-TBOH [91, 120, 121]. 17p-
TBOH may also act as a genotoxicant in fish [126]. To date, no ecotoxicology studies have been
reported for TBO, likely due to the only recent commercial availability of TBO standards.

The large mass of TBA used in animal agriculture suggests that TBA metabolites should
be relatively widespread in the aquatic environment. Yet these compounds are detected rather
infrequently compared to endogenous steroids like estrogens with similar chemical properties,
and often at lower concentrations than would be expected from TBA mass usage alone [16, 121,
127]. For example, in our own experience, analysis of runoff and soils from beef cattle CAFOs
with extensive trenbolone usage has sometimes resulted in no-detects for known TBA metabolites
even when we expected detection [123]. However, a number of ecotoxicology studies have
reported instances of endocrine disruption in aquatic organisms in close proximity to animal
agriculture operations, although related chemical analyses, including known TBA metabolites,
was unable to identify causative agents [25, 91, 120, 128, 129]. These observations suggest the
potential importance of transformation mechanisms (e.g., biotransformation, photolysis, mineral
promoted hydrolysis) and related product formation on TBA metabolite fate in aquatic
environments. Also, the 4,9,11 triene structure characteristic of trenbolone is quite unique and is
very rare among synthetic steroids, suggesting that novel transformations and products may be
especially characteristic of this steroid class.

A companion manuscript previously reported that direct photolysis represents the
dominant phototransformation mechanism for 17a-TBOH, 173-TBOH, and TBO, and that the
timescales of this process are quite short (half-lives <1 h) [130]. Thus, due to the rapid rate of
direct phototransformation and the likely dominance of this degradation pathway in surface

waters [130], the objective of this study was to investigate photo-transformation pathways of
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known TBA metabolites (17a-TBOH, 173-TBOH and TBO) and related photoproduct formation
by utilizing high resolution (HR), accurate mass liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis. Nuclear magnetic resonance (NMR) analysis was used on a
subset of 178-TBOH samples that had been photolyzed, then fractionated, to verify major product
structures. Finally, the endocrine disrupting capability of photoproduct mixtures was assessed
using in vivo and in vitro bioassays for estrogenic and androgenic endpoints.

A.3 Experimental Methods

Chemicals and HR-LC/MS/MS Studies

170-TBOH (17a-hydroxyestra-4,9,11-trien-3-one) was obtained through BDG
Synthesis (Lower Hut, NZ). 178-TBOH (17p-hydroxyestra-4,9,11-trien-3-one) and
trendione (4,9,11-estratriene-3,17-dione) were obtained from Sigma Aldrich (St. Louis,
MO) and Steraloids (Newport, RI), respectively. HPLC-grade solvents were obtained
from Fisher (Pittsburg, PA). If necessary, samples were extracted on 6 mL C-18 solid
phase extraction cartridges (Restek, Bellefonte, PA). Stock solutions (2-10 mg/L) for
each of the steroid analytes were prepared in silanized volumetric glassware, then serially
diluted to create working standards. Deionized water was obtained from a Milli-Q

system (Millipore, Billerica, MA, USA).

Photolysis Studies

Most photolysis experiments were conducted in natural sunlight in mid-day
conditions without cloud cover, in Reno NV (LAT 39.54, LON -119.81). Ambient
temperatures averaged 15-23°C during these experiments. Cylindrical (12 mm diameter)
borosilicate glass flasks were filled (no headspace) with 50 mL deionized water spiked
with ~100 pL of concentrated steroid stock solution to a final 2-3 UM concentration.
Dark controls consisted of identical flasks wrapped in foil, although analysis of these

samples demonstrated no decay under these experimental conditions. At predetermined
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time points (0, 45, 120 minutes), 2 mL samples were collected and HPLC-grade methanol
added (90% water, 10% methanol v/v) for immediate HR-LC-MS/MS analysis.

A subset of photolysis experiments were conducted using simulated sunlight
using a light source and conditions described elsewhere [130]. As larger solution volumes
were necessary for this study, a different solar simulator (Suntest) was used, with
otherwise identical conditions, to irradiate 100 mL borosilicate glass beakers containing
2-3 UM TBA metabolites. As for the natural sunlight studies and using the same sampling
intervals, 30 mL aqueous samples were SPE extracted on preconditioned C-18 SPE
cartridges, chilled, and overnight shipped from the University of lowa to UNR for
analysis. Upon arrival, SPE samples were extracted with 5 mL aliquots of methanol,
blown down to reduce methanol volume to 200 pL, and diluted with deionized water
(90% water, 10% methanol v/v) for HR-LC-MS/MS analysis. In most cases, initial
photo-product identification, estimation of parent metabolite transformation and
photoproduct stability were performed using standard high pressure liquid
chromatography-diode array detector (HPLC-DAD) or low resolution LC-MS/MS

analysis [130].

HR-LC-MS/MS Analysis

High resolution LC-MS/MS analysis was used to identify photoproducts. Though
several chromatography gradients were used for separation (e.g., Figures 1, 2) [130], the
following separation was used for most analysis of the TBA metabolites and the
comparative data presented in the results and discussion section. Separations utilized a
Paradigm Multi-Dimensional Liquid Chromatography (MDLC) instrument (Michrom
Bioresources) using a Genesis Lightning C-18 4 um particle, 200A pore size (2.1 x 100
mm) column (Grace Davison). Solvent A was 0.1% acetic acid in water and solvent B
contained 0.1% acetic acid in ACN. Eluent flow rate was 200 pL/min and the solvent

gradient ranged from 25% B to 72% B over 18 min, followed by 100% B for 1 min, for a
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25 minute total run time. Eluted compounds were analyzed using an LTQ-Orbitrap XL
(ThermokElectron) detector equipped with an lon Max source using Xcalibur v 2.0.7
software for data processing. The MS was operated in data-dependent mode switching
between Orbitrap-MS for high resolution full scan data and LTQ-MS/MS for low
resolution tandem mass spectrometry fragmentation data. Full scan spectra (m/z 100-350)
were acquired in the positive ion mode with resolution of 100,000 in profile mode. The
three most intense data-dependent peaks at each analysis interval were subjected to
MS/MS using collision-induced dissociation with a minimum signal of 5000, isolation
width of 3.0 amu, and normalized collision energy of 35.0%. lons already selected were
dynamically excluded for 30 seconds after a repeat count of 2 with a repeat duration of 10
seconds. Also, during each sampling scan, all ions of m/z 271.17 and 269.15,
representing 17a- or 173-TBOH parents and TBO respectively, were subjected to
MS/MS analysis using collision-induced dissociation with a normalized collision energy

of 35.0% and an isolation width of 3.0 amu.

NMR Analysis

Structural elucidation of the most stable 173-TBOH photoproducts was
accomplished by NMR. Due to the high cost of 17a-TBOH and TBO standards, structural
elucidation of photoproducts for these compounds by NMR was not performed, although
results from 17B-TBOH NMR analysis can likely provide valuable insight into the
corresponding photoproducts generated from direct photolysis of 17a-TBOH and TBO.

For NMR analysis, mixtures of 173-TBOH photoproducts were generated using
the solar simulator (120 minutes of irradiation was sufficient for 98+% transformation of
17B-TBOH parent). These photoproduct mixtures were then fractionated using a
Beckman System Gold HPLC with a model 166 UV detector (detection at 254 nm). The
sample was separated into 8 fractions each corresponding to 1 minute of retention time.

This fractionation procedure utilized a reversed—phase HPLC equipped with Grace
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Apollo 5—um C;g column (10 x 250 mm) and a method calling for 25-72% MeCN-H,0
over 13 minutes, 72-100% over 2 minutes, and isocratic 100% MeCN for 5 minutes at a
flow rate of 2 mL/min). Degradation product structures present in each fraction were
then assigned independently by analysis of 1D and 2D nuclear magnetic resonance
(NMR) data, including *H NMR, COSY (Correlation Spectroscopy), HSQC
(Heteronuclear Single Quantum Coherence), and HMBC (Heteronuclear Multiple Bond
Correlation) experiments. Two—dimensional experiments were performed on a 600-
MHz Bruker AVANCE-II1 equipped with a 1.7-mm triple-resonance (*H, *C, ©°N)

inverse probe. Proton NMR experiments were carried out on a Bruker AVANCE 500.

Theoretical Methods

To assist in their identification, the UV/vis spectra for proposed product structures
were calculated using computational chemical calculations. All calculations were
performed using Gaussian 09 version B02 [131].

All calculations were performed using Gaussian 09 version B02 [131]. Proposed
product structures were optimized using M06-2X [132] functional in combination with 6-
31+G(d,p) basis set. Geometries were optimized without any constraints followed by the
vibrational frequency analysis. The absence of negative frequencies confirmed that
structures were on the potential energy surface minima. UV/vis spectra were calculated
using time dependent density functional theory (TDDFT) calculated electronic transitions
obtained using a large 6-311+G(2df,2p) basis set and the same functional. Calculated
excitation energy values were broadened by 20 nm Lorentzian broadening to better

represent experimental data. Solvation effects were simulated using the SMD model [46].

Photoproduct Ecotoxicology

To evaluate the potential biological effects of TBA metabolite photoproducts,
both in vivo and in vitro bioassays were used to assess product mixtures generated from

17B-TBOH, 17a-TBOH, and TBO phototransformation. In vivo studies employed female
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Japanese medaka (Oryzias latipes) as test organisms, and both histological and whole
body steroid level analyses were performed after exposure to photoproduct mixtures. In
vitro studies employed assays based upon rainbow trout (Oncorhynchus mykiss) liver
hepatocytes to quantify vitellogenin induction upon exposure to photoproducts [133].

Medaka and in vivo exposure: Adult female Japanese medaka (Oryzias latipes) >
90 days old posthatch (20.35 + 1.09 mm, 0.107 £ 0.059 g) were used from an ongoing
culture at the University of California, Riverside. Fish were held in 1 L containers with
carbon filtered freshwater (25 °C) with a 16:8 hour light:dark cycle. During
experimentation, water quality parameters were monitored. Medaka were fed live brine
shrimp (Artemia spp.) nauplii ad libitum twice daily.

Fish were exposed to the solvent carrier methanol (0.01% v/v) and nominal
concentrations of 17a-TBOH, 17B-TBOH, and TBO photoproduct mixtures (predicted 1,
10, and 100 ng/L mixture concentrations in the tank) with n = 3 independent replicates
with 10 fish per replicate for each compound. Water changes (100%) and re-dosing of
TBA metabolite photoproducts occurred every 48 hours. After 14 days, the fish were
euthanized using buffered MS-222 (250 mg/L; Sigma-Aldrich, St. Louis, MO). Fork
length (cm) and weight (g) were recorded. Fish were reared and handled under an
approved protocol that followed the policies and guidelines of the University of
California, Riverside Institutional Animal Care and Use Committee.

Preparation of Photolysis Product Mixtures: Solutions of each trenbolone
metabolite were prepared in DI water to an initial concentration typically between 15-100
M. These solutions were irradiated under a 1000 W Xeon arc lamp for 4 hours, which
was sufficient for more than 95% transformation of the TBA metabolite. About 50 mL of
the resulting photoproduct mixture was then passed through a C18 cartridge and
subsequently eluted with 5-10 ml methanol. The phototransformation products mixture in
methanol was stored in an amber vial at 4°C to avoid light and biodegradation until use in

the ectoxicological studies.
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Histological analysis: After the exposure period, five whole fish were placed in
Bouin’s fixative (Ricca Chemical Company, Arlington, TX) for 48-hours and then
transferred to 70% ethanol. Fish were processed via a series of graded ethanol followed
by xylene and infiltrated and embedded with paraffin wax. Fish were sectioned using a
manual rotary microtome to a thickness of 5 um and stained with hematoxylin and eosin
(Richard Allen Scientific, Kalamazoo, MI). The ovaries were examined using a light
microscope and images were captured using a digital camera attached to the microscope.
Ovarian follicles were staged based on morphological characteristics previously
established for teleost fishes [134]. The percentage of primary, secondary, and
vitellogenic stage follicles was quantified as: # staged follicles / # total follicles * 100.

Sex steroid analysis: Due to the small size of medaka, an insufficient amount of
blood plasma could be obtained for direct measurement of sex steroids. Therefore, whole
body extractions were performed [86]. Briefly, whole fish were homogenized in a buffer
(100 mM phosphate buffer, 100 mM KCI, 1 mM EDTA, pH 7.4), then diethyl ether was
added to the homogenate and vortexed followed by centrifugation at 3000g for 5 minutes.
The ether supernatant was then collected, and this step was repeated twice to insure
quantitative extraction. The supernatant was dried down with nitrogen in a 37 °C water
bath and reconstituted with steroid assay buffer. 17p-Estradiol (E2), testosterone (T), and
11-ketotestosterone (11-KT) were measured using commercially available EIA Kits
following the manufacturer’s protocol (Cayman Chemical, Ann Arbor, MI).

In vitro vitellogenin assay: Given the small size of medaka liver, obtaining a
sufficient number of hepatocytes for primary cell culture also was not feasible.
Therefore, to determine the estrogenic effects of TBA metabolite parents [135] and TBA
metabolite photoproducts, rainbow trout (Oncorhynchus mykiss) hepatocytes were
utilized. Hepatocytes were isolated from the livers of 12 fish using the protocol of
Lavado et al. [131]. Briefly, hepatocytes were obtained using enzymatic digestion with

trypsin followed by mechanical disaggregation and centrifugation using Percoll
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(Amersham Biosciences, Uppsala, Sweden). Hepatocytes were seeded in a 48-well
culture plate with a density of 1x10° cells/well with 17p-estradiol (100 ng/L) as a positive
control and each of the TBA metabolite parents and photoproducts (1000 ng/L, with 5
replicate wells/treatment) were incubated with hepatocytes for 24 hours at 18 °C. After
incubation, the cells were resuspended in PBS, centrifuged at 5200g for 5 minutes and the
pellet was washed twice with PBS. The RNA was immediately isolated from the cells
using a commercially available kit (SV Total RNA Isolation System, Promega, Madison,
WI1) following the manufacturer protocol. Vitellogenin mMRNA was quantified via qPCR
using iScript One-Step RT-PCR kit with SYBR Green (Bio-Rad, Hercules, CA) using the
following rainbow trout primer set: tVit-364 5’-CCCACTGCTGTCTCTGAAACAG-3’
(sense primer) and tVit-565 5’-GACAGTTATTGAGATCCTTGCTCTTG-3’ (antisense
primer). B-actin was used as a housekeeping gene using the following primer set: 5’-
GTCCTTCATGATTCTCTGCTGA-3’ (sense primer) and 5’-
ACTCGGGTTCATTTGCATAAACA-3’ (antisense primer). A total of 250 nM of each
primer (vitellogenin or B-actin) was added to the 25 mL PCR reaction vial (containing
SYBR Green RT-PCR Reaction Mix, 100 ng mRNA hepatocyte sample, and iScript
Reverse Transcriptase for One-Step RT-PCR). Real-time reactions were performed using
an iCycler-MyIQ Single Color Real-Time PCR Detection System (Bio-Rad, Hercules,
CA) with the following reaction parameters: 10 min at 50 °C, 5 min at 95 °C, 40 cycles
of 10 s at 95 °C, and 30 s at 56 °C with data collected at the end of each cycle. Following
the amplification reaction, a melt curve analysis was determined between 60 - 95 °C with
data collection at 0.1 °C intervals. The Ct was selected within the linear phase of
amplification. Data analysis was performed using 1Q5 (Bio-Rad, Hercules, CA). To
determine the estrogenicity of the TBA metabolites and subsequent photolysis products,
the estradiol equivalency (EEQ; ng/L exposure treatment response) was determined using
an E2 dose-response curve calculated at various concentrations of E2 (e.g., 4x10™ M,

4x10™ M, 4x10° M, 4x10°° M, 4x10° M, 4x107 M, 4x10° M, and 4x10° M).
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Statistical analysis: Statistical analyses were performed using a two-way analysis
of variation (ANOVA) and a one-way ANOVA followed by a Tukey’s multiple means
comparison (GraphPad Prism version 5.0a for Windows, GraphPad Software, LaJolla,
CA). The level of significance was determined at p < 0.05 for all statistical analyses.

A.4 Results and Discussion

Photoproduct Analysis

As described in detail in our prior work [130], all TBA metabolites rapidly decay
to residual levels upon irradiation, with corresponding increases in the concentrations of
primary photoproducts (Figure A-1). Under conditions of direct photolysis in natural
sunlight, half-lives for 17a-TBOH, 17B-TBOH, and TBO were 31, 25, and 23 min,
respectively [130]. We observe all major TBA metabolite photoproducts (i.e., those in
Figure A-1) to be photostable, consistent with their absorption maxima decreasing from
350 nm for the parent TBA metabolites, a value characteristic of the 4,9,11 triene system,
to 240-260 nm for the major products detectable by HPLC-DAD (Figure A-1, A-2) [130].
This suggests that disruption of the conjugated 4,9,11 n-bond system of the parents has
occurred, shifting product absorption essentially out of the solar spectrum. This effect
reduces the potential for further direct phototransformation and increases product
persistence [130]. We note that the minor decay observed for products of 173-TBOH and
TBO appears attributable to a non-photochemical process (e.g., hydrolysis), as the same
rate of decay is observed in dark samples. Such non-photolytic transformation pathways
of these major products are the focus of a subsequent investigation. Another observation
from initial HPLC-DAD analysis is the striking similarity in the absorbance spectra of all
major photoproducts.

We interpret this as evidence that the major photoproducts of 17a-TBOH, 17§-
TBOH, and TBO are likely all similar in structure, implying conservation of

phototransformation mechanisms among the TBA metabolite family (Figure A-2).
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However, there are some apparent differences in the nature of the products. For instance,
each metabolite has a unique ratio of major to minor product (based on HPLC-DAD peak
areas 17a-TBOH, 173-TBOH and TBO are 5:1, 2:1, and approximately 1.5:1,
respectively). We also note that the primary photoproducts of 173-TBOH are
substantially more polar than primary photoproducts of 17a-TBOH and TBO based on
their relative elution times.

To build upon this initial HPLC-DAD data, high resolution LC-MS/MS analysis
was the primary tool used to investigate the transformation pathways and products
initiated by direct photolysis of 17p-TBOH, 17a-TBOH, and TBO. Because pure
standards for potential photoproducts are not available for direct comparison,
characterization of prospective photoproducts in irradiated samples was accomplished
using the following screening criteria: 1) time dependent growth of chromatographic
product peaks which were not present in the standard or control solutions; 2) comparison
of observed product accurate masses with predicted accurate mass; and 3) similarity of
product MS/MS fragments with observed parent fragments.

Observed accurate masses and MS/MS spectra for 17a-TBOH, 17p-TBOH, and
TBO parents are found in Table A-1. Using the Orbitrap detector, concurrent full scan
(all) and MS/MS spectra (most) were collected for the most intense peaks in the 20
minute run over a 120-350 amu range (e.g., Figure A-3). Peak identification consisted of
examining all peaks with a minimum integrated area unit of 10,000 or greater in single
mass chromatograms over the 250-350 amu range, which is where we expected most
potential product masses to occur. Peaks were eliminated as prospective photoproducts if
their observed mass was not within 0.03 amu of the predicted product structure exact
mass. Then, for observed peaks with accurate masses close enough to the predicted exact
mass to imply a structural relationship, MS/MS fragment comparisons were performed,
with photoproducts typically exhibiting at least 3-4, and occasionally as many as 8, of the

same MS/MS fragments as parents. In particular, fragments at m/z 159 and 133 were
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particularly diagnostic of trenbolone, as these fragments are conserved across all parents
and present in nearly all of the identified photoproducts (Table A-1). However, this
fragment comparison approach was most effective when photoproduct masses were
closest to parent masses. At the larger masses (e.g., trihydroxy species), fragment
conservation began to diminish as these structures fragmented by increasingly unique
mechanisms.

Two substantial analytical challenges were encountered with this approach. First,
photoproducts exhibited decreased ionization efficiency in positive ESI mode compared
to the parent TBA metabolites that contain an intact 3-keto, 4-ene structure that can
ionize efficiently in positive ion electrospray [136]. Alteration of the 3-keto, 4-ene
structure in the steroid A ring typically significantly reduces ionization efficiency in
positive ion electrospray, implying reduced ionization for products exhibiting loss of the
resonance stability of the 4,9,11 triene system [136]. For example, the structural analog
9,11-delta-estradiol has been proposed as a potential biotransformation product of 17p3-
TBOH [36]. Using positive ionization mode, the observed peak area for a 3 uM standard
of 9,11-delta-estradiol (i.e., the only potential structural analog with an available
standard) was far less than 1% of the observed peak areas for TBA metabolites at 3 M.
Additionally, summing the peak areas of parents and observed photoproducts was not
conservative through the transformations, implying substantial variation in ionization and
peak area responses between parents and products. This variable product ionization in
positive ionization mode precludes estimation of product yields using the HR-LC-
MS/MS analysis, and is characteristic of many steroids, such as estrogens, which often
are analyzed utilizing alternative ionizations. Given the potential difficulty in resolving
minor from major products due to ionization differences, we included all products related

to TBA metabolites in this analysis.
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Table A-1. Observed MS/MS fragments for 17a-TBOH, 178-TBOH and trendione
standards used for identification of photo-products. Although high resolution FT-MS
detection was used for full scan spectra, low resolution IT-MS detection was employed
for all MS/MS spectra, reducing the mass precision observed for these fragments.

170-TBOH 178-TBOH Trendione m/z
m/z m/z
Predicted [M+H]" Exact 271.1698 271.1698 269.1541
Mass
Observed [M+H]" Mass 271.1681 271.1681 269.1523
(FT-MS)
MS/MS Fragments (IT-MS) 253.2 253.3 251.2
243.3 235.2 233.2
225.3 227.2 225.2
211.1 211.2 207.2
197.2 197.2 195.2
183.2 185.3
179.2 169.2
159.2 159.2 159.2
147.2 145.3 143.2
133.2 133.2 133.2
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Figure A-1. Representative time courses and corresponding UV/vis absorbance scans for
each species detected during direct photolysis experiments with (a,b) 17a-TBOH, (c,d)
17B-TBOH and (e,f) TBO. All experiments at pH 7 with ~10 uM initial concentration.
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Figure A-2. UV/vis absorbance scans for 10 uM solutions of (a) 17a-TBOH, (b) 17p-

TBOH and (c) TBO as a function of irradiation time.
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Figure A-3. Representative LC chromatogram, high resolution full scan spectra, and
MS/MS spectra for 17p-TBOH at 8.06 minutes after 120 minutes in natural sunlight. The
peak at 5.55 minutes is the dominant 12-hydroxy-trenbolone photoproduct, and we
propose that the small peak at 4.93 minutes represents the proposed 10-hydroxy product.
Chromatograms and spectra for additional products of 173-TBOH, as well as
photoproducts of 17a-TBOH and TBO are available in Figures A5-A21.
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Second, under the ionization conditions used in the Orbitrap detector, we finally
determined that no [M+H]" molecular ions (expected m/z 289.1805) were observed for
monohydroxy-trenbolone species which were subsequently confirmed by NMR
(discussed in detail later). Instead, [M+H-H,0]" fragment ions (observed m/z 271.1685)
were observed for the monohydroxy species, initially leading to much confusion
regarding the correct mass/structure assignments for these products. However, ancillary
LC-MS/MS analysis with a different instrument yielded the expected m/z 289 mass for
two monohydroxy product [M+H]" molecular ions forming from 17a-TBOH, although at
low abundance (< 5%) relative to the [M+H-H,0]" fragment ion (Figure A-2). For these
m/z 271 photoproducts, the characteristic decrease in LC retention time (e.g., Figures A-
6, A-11, or A-18) due to their increased polarity is considered to be the best diagnostic of
their presence in HR-LC-MS/MS data. This approach is complicated by the fact that
these [M+H-H,0]" ion species cannot be differentiated from potential structural analogs
and stereoisomers of the parent TBA metabolites with m/z 271.1685 [M+H]" ions,
although we expect that structural analogs and stereoisomeric products should exhibit
relatively longer chromatographic retention times that are much closer to observed parent
retention times.

Under these chromatographic conditions, 17a-TBOH, 173-TBOH, and TBO
standards eluted at 8.06, 8.31, and 9.55 min, respectively (Figures A-3, A-5, A-10, and
S15). This analysis indicated that TBA metabolite transformation products were
primarily monohydroxy, dihydroxy, and trihydroxy species, often detected as groups of
closely eluting peaks (presumably diastereomers) in product chromatograms (Table A-2).
Hydroxylated products are often characteristic of photochemical transformations, as
hydroxyl addition is a common photo-oxidation pathway and subsequent photolysis or
hydrolysis reactions form secondary and tertiary products [137, 138]. For example,
HPLC-DAD analysis observed 2-4 primary products observed upon direct photolysis of
17a-TBOH and 17B-TBOH (Figure A-1). In the case of 17B-TBOH, 2 product peaks
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were observed by HPLC-DAD (Figure A-1c, A-1d) and confirmed by HR-LC-MS/MS
(Figures A-3, A-6, retention times of 4.93 min for the minor product and 5.55 min for the
dominant product) as hydroxy-trenbolone products with [M+H-H,0]" ions at m/z
271.1685.

Subsequent NMR analysis of products from 17-TBOH confirmed one of its two
primary products as 12-hydroxy-trenbolone, and also observed 10,12-dihydroxy-
trenbolone and an 11,12-dialdehyde species, although NMR analysis was limited to those
products with high yields and sufficient stability. As further confirmation, calculated
UV/vis spectra for these product structures identified by NMR are consistent with those
observed via LC-DAD (compare Figures A-1, A-2 and A-22). Based on the HR-LC-
MS/MS and NMR data, and the observed 0.61 minute separation between the two peaks,
we propose that the minor product peak (4.93 min) likely represents 10-hydroxy-
trenbolone, which further hydrolyzes along with the 12-hydroxy species (5.55 min) to
form the 10,12-dihydroxy-trenbolone and 11,12-dialdehyde species observed by NMR.
However, it is also possible that these two peaks represent very well resolved
diastereomers of 12-hydroxy-trenbolone, although we were unable to confirm these
identities with our analyses. Thus, the data would seem to suggest an initial photolytic
transformation to the monohydroxy species, with subsequent higher order hydroxylated
products forming via hydrolysis, as the absorption maxima of the monohydroxy products
no longer fall within the solar spectrum (Figures A-1, A-2 and A-22). A third, minor m/z
271.1685 peak also was observed at 7.73 minutes (Figure A-3), although we cannot
determine whether this is a third monohydroxy species or a closely eluting stereoisomeric
or structural analog photoproduct. Because four m/z 271.1685 photoproducts were
observed for 170-TBOH, we consider this 7.73 minute product to likely correspond to the
analogous 17a-TBOH products, though at minor yield for 173-TBOH. Based on these

observations, a proposed coupled photolysis and hydrolysis transformation pathway for
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17B-TBOH is presented (Figure A-23). As will be discussed subsequently, we believe
analogous transformation pathways occur for 17a-TBOH and TBO.

In addition to the monohydroxy products, rapidly eluting 178-TBOH products
observed by HR-LC-MS/MS included m/z 303, 305, and 321 species, which likely arise
from subsequent hydrolysis of the primary photoproducts to secondary and tertiary
dihydroxy, trihydroxy or dialdehyde products. Though these polar fractions were
analyzed by NMR, the fractions did not always contain sufficient signal, consistent with
minor products. Several poorly resolved m/z 303.1583 products eluted between 3 and 4
minutes (Figure A-7), and may include the 11,12-dialdehyde species observed by NMR,
but also may represent a family of dihydroxy species or diketone products of unknown
structure. Additionally, one m/z 305.1739 product was observed at 2.90 minutes (Figure
A-8), and likely represents the 10,12-dihydroxy-trenbolone product observed by NMR.
Although the 11,12-dialdehyde tertiary product observed by NMR strongly suggests the
presence of a corresponding 11,12-dihydroxy-trenbolone secondary product, other m/z
305 dihydroxy species were not observed. Also, unlike the m/z 305 dihydroxy product,
the m/z 303 products presumably include a third n-bond elsewhere in the molecule,
although additional studies are needed to elucidate these structural differences. Finally,
two trihydroxy peaks at m/z 321.1688, one dominant peak at 3.57 minutes and a much
smaller peak at 4.01 minutes, were observed (Figure A-9). Based upon the structures of
the other products observed by NMR, hydroxy addition at the C10, C11, and C12
positions to form the trihydroxy species seems to be the most likely pathway, but tertiary
C5 and C9 positions also are possibilities with similar electronic structures.

As expected from similar UV/vis absorbances, HR-LC-MS/MS analysis of 17a-
TBOH and TBO photoproducts suggested many similarities to transformation
mechanisms observed for 173-TBOH, with a couple of notable exceptions. For example,
instead of the three, more polar, m/z 271.1685 products observed for 178-TBOH, which

represent the 10- and 12-hydroxy-trenbolone [M+H-H,0]" ions and a third hydroxy
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species or structural analog, four m/z 271.1685 products were observed for 170-TBOH,
including one product which eluted at 10.25 minutes, a full 1.94 minutes later than the
17a-TBOH parent (Figures A-11 to A-14). The three early (i.e., more polar) m/z 271
product peaks of 17a-TBOH elute at 4.91, 6.20, and 7.42 minutes. Due to the close
similarity in relative retention times, we propose that the first two of these peaks
(observed as [M+H-H,0]" ions) correspond to the analogous 10-hydroxy and 12-
hydroxy-trenbolone products observed for 173-TBOH. For the third 17a-TBOH product
(7.42 min), no m/z 289 parent peak was apparent in the ancillary LC-MS/MS data (Figure
A-4), although this product might correspond to the 7.73 minute peak only weakly
observed for 178-TBOH.

However, the close proximity to the 8.31 minute retention time of the parent 17a-
TBOH also might suggest that this peak is a [M+H]" ion of a photolytically generated
stereoisomer or structural analog of 17a-TBOH. Similarly, the 10.25 minute product
peak almost certainly suggests formation of a much less polar sterecisomer or structural
analog of 17a-TBOH, as oxidized products cannot account for the increased retention
time. Possible structural attributes that could account for this increased retention time
might include stereochemical inversion or rearrangement of the C13 methyl group, as
was observed for photochemically-induced rearrangement of C13 methyl for lumi-
estrone [139, 140]. Further product isolation and NMR characterization would be
required to resolve this data, although the high cost of 17a-TBOH standard currently
limits our ability to perform this analysis.

Similar to 173-TBOH photoproducts, several poorly resolved m/z 303.1581 peaks
at 3-4 minutes are observed for 17a-TBOH which again likely represent dialdehyde or
dihydroxy products of unknown structure (Figure A-15). Two m/z 321.1687 peaks also
are observed (Figure A-16), a dominant peak at 4.75 minutes and a much smaller peak at
3.71 minutes, that represent trihydroxy products. Unlike products observed for 17f-
TBOH, no m/z 305 dihydroxy products are observed for 17a-TBOH, which probably
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indicates that these products are less stable (i.e., rapidly react to form tertiary products)
compared to the 10,12-dihydroxy-17p-TBOH product. For TBO, an analogous set of
products are observed, although apparently more limited in range. Two [M+H-H,0]" ions
at m/z 269.1528 are observed upon TBO irradiation (presumably analogous 10-hydroxy
and 12-hydroxy products), along with a single m/z 303 dihydroxy product and a single
trihydroxy-trendione species at m/z 319.1532 (Figures A-18 to A-21). Unlike the primary
hydroxy products observed for 17a- and 17p3-TBOH, peak areas for the observed primary
TBO hydroxy species are substantially larger, which might indicate increased yields,
decreased reactivity to secondary products, or more effective positive ionization of the
trendione photoproducts due to the C17 ketone. No other TBO products were observed

with this analysis.

Photoproduct Ecotoxicology

This is the first study to investigate the biological effects of TBA metabolite
photoproducts on the reproductive development of a vertebrate species. In vivo
ecotoxicology studies with medaka suggest that photoproduct mixtures retain biological
activity and also indicate potential mechanisms of action. Additional details from these
studies can be found as follows. Observed effects were most pronounced for 17a-TBOH
photoproducts. For example, female medaka exposed to 17a-TBOH products (10 and 100
ng/L nominal concentrations) for 14 days resulted in alteration of the ovarian follicle
composition at different developmental stages (Figure A-24). Exposure to concentrations
as low as 10 ng/L 17a-TBOH photoproducts significantly increased the percentage of
vitellogenic follicles from 6.3 £ 5.2 % (controls) to 30.4 + 2.9% (Figure A-24Db).
Although the percentage of primary stage ovarian follicles did not significantly change at
this exposure, there is a trend for a decrease in primary stage follicles compared to
control fish. At higher exposures (100 ng/L 17a-TBOH photoproducts), the percentage of

primary stage ovarian follicles was significantly reduced from 77.4 = 10.6% (controls) to
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40.3 £ 4.6%, while vitellogenic follicles increased from 6.3% (controls) to 31.6 + 12.9%.
No similar effects were observed for analogous 17a-TBOH exposures at equivalent
concentrations (p = 0.1724). Interestingly, 17a-TBOH photoproduct mixtures had the
highest estrogenicity (4.25 £+ 0.06 ng E2/L), but whole body 17p-estradiol (pg/mg) levels
were reduced and androgen levels did not change after exposure to 17a-TBOH
photoproducts (Figures A-25, A-26). These results suggest that 17a-TBOH
photoproducts either directly act upon the ovary advancing the ovarian follicles into
vitellogenic growth or indirectly by acting upon the liver to induce vitellogenin
production to be incorporated into ovarian follicles.

In contrast, 173-TBOH photoproducts did not alter the composition of medaka
ovaries after exposure, but did elevate whole body E2 levels and also were estrogenic
(3.00 £ 0.01 ng/L, Figures A-24, A-25, A-26). For comparison, liver hepatocyte
bioassays suggest that 17a-TBOH photoproduct mixtures were significantly more
estrogenic (p<0.001) than 17a-TBOH, and 173-TBOH photoproduct mixtures were
significantly more estrogenic than 173-TBOH (p=0.0474). Similar to 173-TBOH
products, exposure to TBO photoproducts did not alter the composition of medaka
ovaries even though whole body E2 (pg/mg) levels significantly increased at the 100
ng/L exposure. TBO photoproducts increased vitellogenin mMRNA levels in hepatocytes
indicating that these products also are estrogenic (3.43 = 0.04 ng/L, Figure A-26),
although no significant difference in estrogenicity (p = 0.0634) was observed between
TBO and TBO photoproducts. Most surprisingly, the observed biological effects of 17f3-
TBOH and TBO photoproduct mixture exposures generally exhibited inverse trends
when compared to 17a-TBOH photoproduct exposures (Figure A-26). These results
indicate that although 178-TBOH and TBO photolysis products are estrogenic and
elevate whole body E2 levels, they apparently do not act upon the ovary by stimulating

ovarian follicle development.
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Histological analysis: For the in vivo medaka treatment with 17a-TBOH
photoproducts at the lowest concentration (1 ng/L) for a 14 day exposure, no significant
(p > 0.05) difference in the composition and percentage of ovarian follicles in medaka
was observed (Figure A-24). However, there was a significant difference (p = 0.008, p =
0.0018 respectively) in ovarian composition in medaka exposed to 10 ng/L and 100 ng/L
17a-TBOH photoproducts for 14 days. Similarly, medaka exposed to 10 ng/L 17a-
TBOH photoproducts had ovaries with significantly (p = 0.0031) more vitellogenic stage
follicles compared to other TBA metabolite photoproduct treatments (primary stage p =
0.3217, secondary stage p = 0.8411; Figure A-24B). The percentage of primary ovarian
follicles also were significantly (p = 0.038) reduced in the ovaries of medaka exposed to
100 ng/L 17a-TBOH photoproducts and had a significant (p = 0.0351) increase in
vitellogenic ovarian follicles (Figure A-24C).

Sex steroid levels: Medaka treated with 17a-TBOH photoproducts for 14 days had
significant (p < 0.0001) reductions in whole body E2 levels (pg/mg; Figure A-21) at all
mixture doses. 17p-estradiol significantly (p = 0.0053) decreased in fish with increasing
concentrations of 17a-TBOH. Most interestingly, though a trend upward is observed, no
difference (p = 0.1691) in E2 levels was observed after exposure to 173-TBOH; while a
trend upward also is observed, a significant (p = 0.0473) increase in E2 levels was
observed after exposure to TBO photoproducts (Figure A-21A). The TBA photolysis
product mixtures did not significantly alter androgen levels in medaka (T: p = 0.4920 and
11-KT: p = 0.1755; Figure A-21).

In vitro vitellogenin assay: An in vitro analysis to quantify the production of
vitellogenin mRNA incubated with 1000 ng/L TBA metabolite photoproducts in rainbow
trout hepatocytes was used to determine the overall E2 equivalency (ng/L) as a measure
of the estrogenicity of the photoproduct mixtures. All TBA metabolite photolysis
product mixtures showed some estrogenic properties (Figure A-22). 17a-TBOH

photolysis products exhibited the greatest relative in vitro estrogenic activity (4.25 £+ 0.06
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ng/L) followed by TBO photolysis products (3.43 + 0.04 ng/L) and 173-TBOH
photolysis products (3.00 £ 0.01 ng/L; Figure A-22).
A5 Implications

Understanding the fate of TBA metabolites and related products in environmental
systems is important because both 17a-TBOH and 173-TBOH are potent steroid
structures that can alter endocrine function and reduce reproductive output in aquatic
organisms [22, 25, 39]. However, despite the large mass production and widespread use
of TBA in animal agriculture, 170-TBOH, 173-TBOH, and TBO are infrequently
detected in receiving waters or runoff impacted by animal agriculture. Observations of 0
— 350 ng/L are typically reported, often at detection frequencies of only a few percent of
samples and with low median concentrations [16, 91, 121-123, 141]. This data may
suggest that a considerable mass of uncharacterized TBA-related transformation products
exists in environments affected by animal agriculture utilizing trenbolone. More
interestingly, observations of effects consistent with endocrine disruption in receiving
waters affected by animal agriculture are commonly reported [25, 120, 142, 143], along
with variations in the biological effects of 173-TBOH on aquatic organisms that cannot
be explained by concurrent chemical analysis [91, 142]. Therefore, characterization of
novel products arising from environmental steroid transformations may improve the
assessment of the potential ecological risks of TBA metabolites. This process is
particularly important when transformation products are closely related in structure to
parent molecules, as the potential for steroid receptor binding and related biological
effects is strongly dependent on structural similarity (e.g., conservation of steroidal A-
ring, importance of C3 and C17 positions) to parent molecules [139, 144, 145].

Although we certainly cannot address these possibilities in full with this study, we
observe several characteristics of TBA metabolites that may suggest potential
explanations for some of these data. Most of these characteristics arise from the 4,9,11

triene structure of TBA, unique among steroids, and it is reasonable to expect similarly
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unique reactivity and fate of TBA metabolites in the aquatic environment. First, TBA
metabolite photoproducts, at least initially, strongly resemble parent compounds and
retain many key structural attributes related to steroid function. Conservation of the basic
steroid ring structure likely is the most important element with respect to conserving or
altering receptor binding and related biological activity, and the initial photo-oxidations
are certainly not altering the steroid ring structure. Photoproducts also exhibit shifts in
absorption maxima to wavelengths out of the solar spectrum which imply increased
environmental persistence of conserved steroidal structures in these products relative to
parent molecules. Increasing polarity of photoproducts (as evidenced by decreased
chromatographic retention times) also implies reduced partitioning to environmental
surfaces and increased transport potential in affected waters.

Second, although we have not been able to confirm any structures with NMR,
there are indications that photo-transformation processes may potentially lead to the
formation of structural analogs or stereoisomers of the TBA metabolites. For example,
although they are very likely minor products, the 7.73 and 7.42 minute photo-products of
17B-TBOH and 17a-TBOH, respectively, are eluting after the observed hydroxy-
trenbolone species (e.g., ~5 minute retention time) and only ~0.6 min before the parent
compounds. The proximity in retention time to parent TBA metabolites may suggest that
closely related structural analogs or stereoisomeric products formed. Similarly, the
observed product at 10.25 minutes after 17a-TBOH photolysis may be direct evidence for
such a transformation to a structural analog with unknown chemical and biological
activity. We speculate that structural analogs or stereoisomers potentially have similar
chemical and biological characteristics to the parent molecules, with important
implications for both environmental fate and ecotoxicology if these uncharacterized
products form and are stable in environmental systems. For example, we might expect
that structural analogs with retention times substantially different from parent TBA

metabolites would yield a “no detect” for samples under typical analytical conditions
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although a very closely related compound is actually present (e.g., 10.25 minute 17a-
TBOH product). Conversely, structural analogs could elute at nearly identical times to
parents, yielding a case of mistaken identity and potential false positive at that retention
time for a structure with different chemical behavior and biological activity. For
example, our HR-LC-MS/MS analysis of 9,11-delta estradiol, the only commercially
available structural analog we could identify, demonstrated that despite its inefficient
ionization, 9,11-delta estradiol essentially co-eluted with 17a- and 178-TBOH while
yielding many MS/MS fragments conserved with TBA metabolites, including the
diagnostic m/z 133 and 159 fragments. For any analysis employing more efficient
ionization techniques, the co-occurrence of these compounds in a sample may have been
difficult to resolve under conditions typical for environmental analyses.

Third, the ecotoxicology data, although not extensive, certainly suggests that
photoproduct mixtures retain biological activity even after near complete photo-
transformation of parents. TBA metabolites are detected in surface waters and CAFO
runoff at low-moderate ng/L concentrations and are of concern to aquatic organisms in
receiving waters impacted by agricultural runoff [17, 121, 122, 143]. Photo-
transformation is likely a major degradation pathway for these compounds in some
receiving waters. TBA metabolites themselves (17a-TBOH, 173-TBOH, and TBO) can
alter circulating steroid levels and ovarian composition with reduced primary ovarian
follicles and increases in vitellogenic follicles in several species of fish [22, 135, 141].
Key differences in this study are the photoproducts exposures and the use of static
exposures (this study) as compared to flow-through systems, which may increase the
importance of transformation processes to toxicology assessment. In the current study,
only female medaka exposed to 17a-TBOH photoproducts experienced reproductive
dysfunction with altered ovarian follicle composition (decreased percentage of primary
ovarian follicles and an increase in vitellogenic follicles) and reduced 173-estradiol

levels. We believe these effects likely are due to estrogenic properties of the 17a-TBOH
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photoproduct mixture. Interestingly, using the same measure of estrogenicity, 17a-
TBOH had the lowest relative estrogenic activity, with 17B-TBOH having greater activity
and TBO the greatest activity of the three. These observations indicate that TBA
metabolites themselves have very different effects on the adult teleost ovary compared to
photoproducts mixtures generated from these parent compounds, though both are
bioactive at similar concentrations.

Our results suggest altered ovarian development in fish exposed to 17a-TBOH
photolysis products, and while 173-TBOH and TBO photolysis products do have
estrogenic properties and also alter E2 levels, they may not impact reproduction in the
same manner. A key characteristic of estrogenic activity in steroids is the presence of an
aromatic “A” ring [140, 143]. We speculate that the conjugated 4,9,11 triene system of
trenbolone may be effectively structurally poised to develop an aromatic A-ring upon
simple shifts in the conjugated n-bond system during transformations, potentially
providing a mechanism for conversion of the androgenic TBA parents to estrogenic
products. This process might be promoted by abiotic processes such as photo-enolization,
which would be expected to yield at least two n-bonds in the TBA metabolite product A-
ring. Also, hydroxylation is a common transformation pathway for steroids [142, 144-
146] and we speculate that subsequent dehydration reactions also may provide a potential
initiating mechanism for A-ring aromatization. Steroids are often prone to acid-catalyzed
transformations that give rise to unsaturated derivatives [94]. This behavior is well
documented for steroids with an allylic hydroxyl group at the C3 position, for which
acid-catalyzed elimination followed by rearrangement can yield 3,5-diene structures [94,
147]. Most relevant to our photoproducts, reports of allylic 10-hydroxy steroids have also
been shown to undergo acid-catalyzed dehydration, where rearrangement produces an
aromatic A-ring structure [95].

During our experiments, we have on occasion observed unexpectedly high

concentrations of parent 173-TBOH and 17a-TBOH in samples collected after periods of
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irradiation that, based on our prior reports of rates for direct photolysis, should have
eliminated nearly all (>99%) of the parent mass. We propose that some
phototransformation pathways are reversible for TBA metabolites, particularly if
photogenerated hydroxy steroids are prone to dehydration reactions. Indeed, we have
found that decreasing the pH of our photoproduct mixtures to pH 2 results in the near-
immediate formation of a secondary product that co-elutes with the parent TBA
metabolites and absorbs at the characteristic 350 nm wavelength for the 4,9,11triene
system. This result is consistent, therefore, with acid-catalyzed dehydration of hydroxyl
photoproducts regenerating the TBA metabolite from which they were produced or
possible stereoisomers of the TBA metabolite. While detailed follow up studies
supporting this observation will be presented elsewhere, it is clear to us that abiotic
regeneration of parent TBA metabolites or similar structures from primary photoproducts
does occur under certain conditions. Further studies to evaluate the mechanisms and
implications of potential product to parent reversion, particularly at circumneutral pH, are
ongoing.

In any case, the observations of closely related photoproducts, including potential
structural analogs or stereoisomers, and estrogenic attributes of products suggest the
presence of novel transformations and unique reactivities of the TBA metabolite family.
Although our existing data is limited, and often well beyond the original scope of our
environmental fate studies, effectively understanding the environmental fate and
ecological implications of this class of anabolic steroids, widely used in animal
agriculture, should consider some of these transformation mechanisms. A key element of
all of these studies is a focus upon the stability of the parent TBA metabolites and any
structurally similar products because their potential ecological significance will be

strongly dependent on their environmental persistence.
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Table A-2. Observed photoproducts of 17a-TBOH, 173-TBOH, and TBO.

Proposed Product | Retention | Product lon Mass Comment
Time[min]
17a-TBOH parent | 8.31 [M+H]" 271.1685
10-hydroxy-17a- 491 [M+H-H,0]" | 271.1684 | proposed structure by
trenbolone analogy to confirmed 17p-
TBOH products
12-hydroxy-17a- 6.20 [M+H-H,0]" | 271.1685 | proposed structure by
trenbolone analogy to confirmed 17p3-
TBOH products
unknown 7.42 likely 271.1684 | potential sterecisomer or
[M+H]" structural analog of 17a-
TBOH
unknown 10.25 likely 271.1685 | likely sterecisomer or
[M+H]" structural analog of 17a-
TBOH
unknown 3.34,3.74, | [M+H]" 303.1581 | poorly resolved group of
3.98 potential dialdehyde or
dihydroxy products of
unresolved structure
trihydroxy-17a- 3.71 [M+H]* 321.1687 | potential 10,11,12
trenbolone trihydroxy product, but other
hydroxylation sites also
possible
trihydroxy-17a- 4.75 [M+H]* 321.1687 | dominant trinydroxy product
trenbolone
17B8-TBOH parent | 8.07 [M+H]" 271.1685
10-hydroxy-17p- 4.93 [M+H-H,0]" | 271.1685 | proposed structure. Less
trenbolone stable, decays to secondary
products quickly
12-hydroxy-17p- 5.55 [M+H-H,0]" | 271.1685 | NMR confirmed. Dominant
trenbolone product.
hydroxy-178- 7.73 [M+H-H,0]" | 271.1685 | Potential hydroxy-
trenbolone? trenbolone product or 17-
TBOH structural analog.
Presumed 3.03,3.36, | [M+H]" 303.1583 | poorly resolved group of
dialdehyde or 3.70, and potential dialdehyde or
dihydroxy products | others dihydroxy products of
unresolved structure. NMR
confirmed 11,12 dialdehyde
present.
10,12-dihydroxy- 2.90 [M+H]* 305.1739 | NMR confirmed 10,12
17B-trenbolone dihydroxy structure.
trihydroxy-17p- 3.57 [M+H]" 321.1688 | dominant trihydroxy product
trenbolone
trihydroxy-17p- 4.01 [M+H]* 321.1688 | trihydroxy product of
trenbolone unresolved structure
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Table A-3. Continued

TBO parent 9.54 [M+H]" 269.1528

10-hydroxy- 6.10 [M+H-H,0]" | 269.1528 | proposed structure by

trendione analogy to confirmed 17p3-
TBOH products

12-hydroxy-17p- 6.47 [M+H-H,0]" | 269.1528 | dominant product. Proposed

trenbolone structure by analogy to
confirmed 173-TBOH
products

dialdehyde or 3.29 [M+H]* 303.1582 | observed product

dihydroxy

trihydroxy- 3.34 [M+H]" 319.1531 | potential 10,11,12

trendione trihydroxy product, but other
hydroxylation sites also
possible

trihydroxy- 4.04 [M+H]" 319.1532 | potential 10,11,12

trendione trihydroxy product, but other
hydroxylation sites also
possible. Dominant
trihydroxy product.
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Figure A-4. LC-DAD and LC/MS/MS (not the high resolution Orbitrap instrument)
analysis of 17a-trenbolone and photoproducts after irradiation. Note the slight m/z 289
peaks observed for the first two products. These m/z 289 peaks were not observed in the
Orbitrap HR-LC/MS/MS analysis, leading us to conclude that we observed [M+H-H,0]"
ions with the Orbitrap.
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Figure A-5. Initial 17p-TBOH parent chromatogram, full scan spectra, and MS/MS
spectra prior to initiating the photolysis experiment.
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Figure A-6. Observed 17B-TBOH product chromatogram, full scan spectra, and MS/MS
spectra after 120 minutes of irradiation. Monohydroxy product peaks ([M+H-H,0]" ions)
are observed at 4.93, 5.54, and 7.69 minutes, with the dominant 12-hydroxy product at
5.54 minutes. Note the similar full scan and MS/MS scans observed for these products as
compared to 17B-TBOH in Figure A-5 and Figure A-1.
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Figure A-7. Observed 17B-TBOH product chromatogram, full scan spectra, and MS/MS
spectra after 120 minutes of irradiation. The poorly resolved m/z 303 peaks observed at
3-4 minute retention times likely represent secondary and tertiary dialdehyde or
dihydroxy products.
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Figure A-8. Observed 17B-TBOH product chromatogram, full scan spectra, and MS/MS
spectra after 120 minutes of irradiation. Based on the results of the NMR analysis, we
propose that the m/z 305 peak at 2.90 minutes represents 10,12-dihydroxy-trenbolone.
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Figure A-9. Observed 17B-TBOH product chromatogram,

full scan spectra, and MS/MS

spectra after 120 minutes of irradiation. The m/z 321 peaks at 3.57 and 4.01 minutes are

trihydroxy-trenbolone species of unresolved structure.
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Figure A-10. Initial 17a-TBOH parent chromatogram, full scan spectra, and MS/MS
spectra prior to initiating the photolysis experiment.
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Figure A-11. Observed 170-TBOH product chromatogram, full scan spectra, and
MS/MS spectra after 120 minutes of irradiation for the m/z 271 peak at 4.91 minutes.
Monohydroxy product peaks ([M+H-H20]+ ions) are observed at 4.91, 6.20, and
possibly 7.42 minutes. By analogy with 173-TBOH products, we propose that the 6.20
minute peak is the dominant 12-hydroxy product, with the 10-hydroxy product at 4.91
minutes.
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Figure A-12. Observed 170-TBOH product chromatogram, full scan spectra, and
MS/MS spectra after 120 minutes of irradiation for the dominant m/z 271 peak at 6.20
minutes.
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Figure A-13. Observed 170-TBOH product chromatogram, full scan spectra, and
MS/MS spectra after 120 minutes of irradiation for the m/z 271 peak at 7.42 minutes.
Due to its proximity to the 17a-TBOH parent at 8.31 minutes, this may represent a
[M+H]" ion of a 17a-TBOH stereoisomer or structural analog, although it could also be a
[M+H-H,0]" ion of another uncharacterized hydroxy-trenbolone product.
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Figure A-14. Observed 170-TBOH product chromatogram, full scan spectra, and
MS/MS spectra after 120 minutes of irradiation for the m/z 271 peak at 10.25 minutes.
Due to its much later retention time, suggesting decreased polarity relative to the parent
17a-TBOH at 8.31 minutes retention time, we suggest that this product is likely a
structural analog or stereoisomer of 17a-TBOH. However, the structure of this product
has not been isolated and further characterized.
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Figure A-15. Observed 17a-TBOH product chromatogram and full scan spectra after 120
minutes of irradiation for the poorly resolved m/z 303 peaks observed at 3-4 minute
retention times. As for 17B-TBOH, these peaks likely represent secondary and tertiary
dialdehyde or dihydroxy products. No MS/MS spectra were collected for these particular
products.
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Figure A-16. Observed 170-TBOH product chromatogram, full scan spectra, and
MS/MS spectra after 120 minutes of irradiation. The m/z 321 peaks at 3.71 and 4.75
minutes are trihydroxy-trenbolone products of unresolved structure.
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Figure A-17. Initial TBO parent chromatogram, full scan spectra, and MS/MS spectra

prior to initiating the photolysis experiment.
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Figure A-18. Observed TBO product chromatogram, full scan spectra, and MS/MS
spectra after 120 minutes of irradiation for the m/z 269 peak at 6.10 minutes.
Monohydroxy product peaks ([M+H-H,0]" ions) are observed at 6.10 and 6.47 minutes.
By analogy with 17B-TBOH products, we propose that the 6.47 minute peak is the
dominant 12-hydroxy product for TBO, with the 10-hydroxy product at 6.10 minutes.

www.manaraa.com



200

120min_dione_W 10/20/2011 2:03:55 AM
RT: 0.00 -20.02 SM: 15G .
RT:9.55 NL:
AA: 5046106 Trend Ione 5.60E5
1003 i miz=
1 Natural sunlight 268.50-
80 . _ . 269.50
g 7 RT: 6.47 Time = 120 min MS ICIS
s - AA: 2662538 120min_di
£ eoq ‘ 269 Scan one_w
Fll
£ ao]
2 | RT: 6.10
20 AA: 1158209 || p1: 740
] AA: 54677 RT:9.10 4.35 RT:14.98
| 153144 P c
ol e,
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Time (min)

120min_dione_W #718-728 RT: 6.47-6.51 AV: 2 SB: 13 6.99-7.57 SM: 7B NL: 9.94E5
T: FTMS + p ESI Full ms [100.00-350.00]

Trendione Full Scan o
CigH21 02
10 RT 6.47 min peak o
3 8
g
]
k]
S 6
2
e ., 270.1561
£ 204.0852 257.0516 CisH22 02
] CisHi2 Ci1sH1304 283.1596
& 195.0799 _CaiHis .
2 CisHy  Cishaa 2155932 CioHi10 CisHz505
129.2810 141.0004 166.8269 173.0779 ] N | 227.8935 250.6672 Ci9H23 02 308.6398 317.6447
L o o e e
120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330
miz
120min_dione_W #730 RT: 6.55 AV: 1 NL: 9.21E3
T: ITMS + ¢ ESI Full ms2 269.10@cid35.00 [70.00-285.00]
—xe—
. 225.1580
Trendione MS2 Scan Crtizs
10 CigH17 O
m/z 269 parent
9
8 g . 251.2372
H -_—
] RT = 6.47 min peak CirHnO
3 6 195.1764 223.1718 CisHzr 02
@ 4 CisHis Ci7His 233.1750
£ CigHz50
CisH20
3 1021270 | 12122 PR cisHao, 254.1637 2692809
x 2 i CasHur Ci8H220  CyoHye
oz 1eaps ssogge senzmme v ||y L] Spro: Cutrmoy
L B B L o B B B S LA e e e ]
120 130 140 150 160 170 180 180 200 210 220 230 240 250 260 270 280 290 300 310 320 330

m/z

Figure A-19. Observed TBO product chromatogram, full scan spectra, and MS/MS
spectra after 120 minutes of irradiation for the dominant m/z 269 peak at 6.47 minutes.
This is the dominant TBO photoproduct.
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Figure A-20. Observed TBO product chromatogram and full scan spectra after 120
minutes of irradiation for the m/z 303 peak observed at 3.29 minutes. As for 173-TBOH
and 17a-TBOH, this peak likely represents secondary or tertiary dialdehyde or dihydroxy
products.
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Figure A-21. Observed TBO product chromatogram, full scan spectra, and MS/MS
spectra after 120 minutes of irradiation. The m/z 319 peaks at 3.24 and 4.04 minutes are
trihydroxy-trendione products of unresolved structure.
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Figure A-22. Calculated UV/vis absorbance scans for photoproducts of 173-trenbolone.
Spectra are shown for all possible stereoisomers, and the optimized structures from
computational chemistry calculations are provided. Aside from the 11,12-dialdehyde
product, all photoproducts possessed similar absorbance spectra. This prevented us from
definitively distinguishing whether the two major products detected with LC-DAD were
diastereomers of 12-hydroxy or a mixture of 12- and 10-hydroxy species.
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17B-Trenbolone*
Chemical Formula: C;gH,,0,

Exact Mass: 270.16198
Molecular Weight: 270.36608

10-hydroxy-TBOH
Chemical Formula: C;gH»,05 oH OH on

Exact Mass: 288.17254
Molecular Weight: 288.38136

12-hydroxy-TBOH*

Chemical Formula: C;gH,403

Exact Mass: 288.17254
Molecular Weight: 288.38136

10,12-dihydroxy-TBOH*  oH OH
Chemical Formula: C,gH,,0, 2
Exact Mass: 304.16746
Molecular Weight: 304.38076

11,12-dihydroxy-TBOH

o (2 Chemical Formula: C1gH404
Exact Mass: 304.16746

Molecular Weight: 304.38076

11,12-dialdehyde-TBOH*
Chemical Formula: C1gH»,0,
Exact Mass: 302.15181
Molecular Weight: 302.36488

10,11,12-trihydroxy-TBOH
Chemical Formula: CygH»,05
Exact Mass: 320.16237
Molecular Weight: 320.38016

Figure A-23. Proposed 17B-TBOH phototransformation pathway. Though product
stereoisomers are not shown, most products have several diastereomeric or epimeric
forms possible. Products marked with an asterisk were structurally confirmed by NMR,
although without stereochemical resolution. We propose analogous transformation
pathways for 170-TBOH and TBO phototransformation.
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Il Trendione

Figure A-24. Percentage of ovarian follicle stages (primary, secondary, and vitellogenic
stage follicles) of Japanese medaka after 14-day exposure to TBA metabolite
photoproducts at different concentrations: A. 1 ng/L (p > 0.05); B. 10 ng/L (p = 0.008);
and C. 100 ng/L (p = 0.0018). Data are shown as mean = S.E.M.; different letters indicate

significant differences.
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Figure A-25. Sex steroid levels of Japanese medaka exposed to TBA metabolite
photoproduct mixtures for 14 days. A. 17p-Estradiol (E2; p < 0.0001), B. Testosterone
(T; p=0.4920), and C. 11-ketotestosterone (11-KT; p = 0.1755). Data are shown as mean
+ S.E.M.; different letters indicate significant differences.
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Figure A-26. In vitro vitellogenin mRNA in rainbow trout hepatocytes after exposure to
TBA metabolite photoproducts as a measure of mixture estrogenicity (ng/L; p < 0.0001).
Data are shown as mean = S.E.M.; different letters indicate significant differences. Also,
the estrogenicity of 17a-TBOH and 178-TBOH photoproduct mixtures were also
significantly different from 170-TBOH and 17p-TBOH parents. In vitro vitellogenin
MRNA in rainbow trout hepatocytes after exposure to TBA metabolite photoproducts as a
measure of mixture estrogenicity (ng/L; p < 0.0001). Data are shown as mean £ S.E.M.;
different letters indicate significant differences. Also, the estrogenicity of 17a-TBOH and
17B-TBOH photoproduct mixtures were also significantly different from 17a-TBOH and
17B-TBOH parents.
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APPENDIX B. INFLUENCE OF ORGANIC SURFACE COATINGS
ON THE SORPTION OF THE ANTICONVULSANTS PHENYTOIN
AND CARBAMAZEPINE ON MINERAL SURFACES

B.1  Abstract

Here, we explore the role that sorption to mineral surfaces plays in the fate of two
commonly encountered effluent-derived pharmaceuticals, the anticonvulsants phenytoin
and carbamazepine. Adsorption isotherms and pH-edge experiments are consistent with
electrostatics governing anticonvulsant uptake on metal oxides typically found in soil and
aquifer material (e.g., Si, Al, Fe, Mn, and Ti). Appreciable, albeit limited, adsorption was
observed only for phenytoin, which is anionic above pH 8.4, on the iron oxides hematite
and ferriydrite. Adsorption increased substantially in the presence of cationic and anionic
surfactants, species also commonly encountered in wastewater effluent. For
carbamazepine, the enhanced uptake results entirely from organic interactions with the
hydrophobic tails of surfactant surface coatings. For phenytoin, adsorption also arises
from the ability of surfactants to alter the net charge of the mineral surface and thereby
further enhance favorable electrostatic interactions with its anionic form. Collectively,
our results demonstrate that although pristine mineral surfaces are likely not major sinks
for most pharmaceuticals and personal care products (PPCPs) in the environment, their
alteration with organic matter, particularly surfactants, can considerably increase their

ability to retain PPCPs in subsurface systems.
B.2  Introduction
Sorption (herein encompassing both adsorption and absorption) on soil, sediments
and suspended colloids in surface waters represents a potential natural sink for some

pharmaceuticals and personal care products (PPCPs) [148-150]. While the sorption of

moderate to strongly hydrophobic PPCPs on organic matter and biosolids has been
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extensively investigated [151-154], inorganic phases (e.g., aluminosilicate clays and iron
(oxyhydr)oxides) may be of equal or greater importance for certain PPCP classes in
natural systems. These inorganic phases tend to be more polar, exhibiting surface charge
from the acid-base character of their surface hydroxyl groups [155, 156]. Accordingly,
they will interact with moderately polar PPCPs exhibiting low octanol-water partitioning
coefficients (Ko values) [151], PPCPs possessing hydrogen-bonding functionalities, and
PPCPs with ionizable moieties that allow for pH-dependent electrostatic interactions. For
example, common veterinary antimicrobials (e.g., ciprofloxacin and tetracycline) sorb on
clays (e.g., Kaolin and Ca-montmorillonite) at environmentally relevant pH [148, 157-
159], driven largely by pathways independent of hydrophobicity including cation
exchange, surface complexation and hydrogen bonding [159].

Although the role of clay minerals as sorbents for ionizable PPCPs is relatively
well established, the sorption capacity exhibited by other naturally occurring inorganic
phases has received less focus. For example, iron and aluminum oxides are typically
present as high surface area coatings on grains in soil and sediment [160, 161], and
exhibit both positive and negative charges at environmentally relevant pH values due to
their high zero-point of charge relative to other metal oxides. Moreover, the influence of
accumulated organic matter on the sorption capacity of such mineral surfaces must also
not be overlooked [162], especially as PPCPs often enter the environment via wastewater
effluent with relatively high organic loads. In effluent-impacted systems, both natural
[111, 163] and anthropogenic (e.g., surfactants) forms of organic matter [164] will sorb to
mineral surfaces. Such surface coatings, particularly surfactants, can alter not only the
extent but also the mechanism of PPCP uptake by altering the chemical character of the
mineral-water interface.

In a noteworthy study by Hari et al. [165], sorption of the uncharged PPCPs
acetaminophen and carbamazepine on Canadian River alluvium only occurred in the

presence of cationic (CPC) and nonionic surfactants (NP9), behavior attributed to
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increased hydrophobic interactions between PPCPs and adsorbed surfactant layers.
Notably, however, more complex sorption behavior was observed in their study with
nalidixic acid, an anionic, quinolone antibiotic. A four-fold enhancement in nalidixic acid,
sorption was only observed in the presence of the cationic surfactant and at high pH. The
authors attributed this behavior to the formation of ion pairs between the cationic
surfactant and the deprotonated form of nalidixic acid that in turn reduced the solubility
of nalidixic acid and promoted adsorption. In a subsequent study, Kibbey et al [166] also
suggested that the enhanced sorption of cationic propranolol on the same Canadian River
alluvium and a model feldspar in the presence of an anionic surfactant (SBDS) resulted
from ion-pair formation.

In this work, we investigate the ability of various metal oxide mineral surfaces to
function as sorbents for PPCPs, and the influence that natural and anthropogenic forms of
organic matter exert on their activity as sorbents. Batch kinetic and equilibrium sorption
experiments were conducted over a range of pH values with six metal oxides including
the iron (oxyhydr)oxides hematite (a-Fe,O3), goethite (a-FeOOH) and the amorphous
phase ferrihydrite, an aluminum oxide (y-Al,O3), titanium dioxide (TiO,) and silica
dioxide (SiO,), all of which represent naturally occurring phases present in soil,
sediments and suspended colloids. The sorption capacity of these metal oxides was
investigated both in the absence and presence of model forms of organic matter including
a humic acid (Fluka humic acid), a cationic surfactant (CPC) and an anionic surfactant
(SBDS). Our use of pure oxide phases rather that more complex soil mixtures will allow
us to establish the relative contribution of each phase to PPCP sorption in natural systems.

The PPCPs investigated are the prescription anticonvulsants phenytoin and
carbamazepine, which are among the most recalcitrant to traditional wastewater treatment
and thus are likely to be discharged in effluent [167, 168]. In addition to their practical
significance as persistent PPCPs, phenytoin and carabamzepine provide a unique

juxtaposition of physicochemical properties ideal for probing the mechanisms of uptake
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in metal oxide systems. Whereas carbamazepine is neutrally charged over
environmentally relevant pH values, phenytoin possesses an ionizable functionality (pKa
8.3; [169]) to facilitate electrostatic interactions with surfaces in slightly basic waters.
When neutrally charged, however, the reported Ko, values for phenytoin is comparable to
carbamazepine (2.47 and 2.48, respectively; [170, 171]). Under such conditions,
therefeore, we expect that both should display comparable uptake in organic matter-
containing mineral systems if hydrophobic interactions drive their uptake. In each of the
aforementioned metal oxide systems, the extent and reversibility of phenytoin and
carbamazepine sorption were investigated as a function of pH, PPCP initial concentration,

and organic matter concentration.

B.3  Experimental Methods

Reagent List

Phenytoin (5,5-Diphenyhydantation; 99%; Sigma Aldrich) and carbamazepine
(99%; Sigma Aldrich) were used as received, and stock solutions of each compound were
prepared in methanol (HPLC grade; Fisher). Organic buffers used in sorption
experiments included MOPS (>99.5%; Sigma-Aldrich), Trizma hydrochloride (reagent
grade, Sigma-Aldrich), MES (>99%; Sigma-Aldrich) and HEPES (>99.5%; Sigma-
Aldrich). Iron oxides were synthesized from solutions of ferric nitrate nonahydrate
(Fisher; certified ACS) and sodium bicarbonate (Fisher, ACS grade). Organic matter used
in sorption experiments included the cationic surfactant cetylpyridinium chloride (CPC;
Sigma-Aldrich, 99+%), the anionic surfactant sodium dodecylbenzene sulfonate (SDBS;
99+%; ACS reagent grade), and Fluka humic acid (FHA). All aqueous solutions were
prepared in deionized water (Milipore, Q-Grad 2). Solvents used for HPLC analysis of
phenytoin and carbamzepine included methanol (HPLC grade; Fisher), acetone (HPLC
grade; Fisher), acetonitrile (HPLC grade; Fisher) and a phosphate buffer prepared from

potassium phosphate monobasic (ACS certified grade; Fisher).
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Sorbent Materials and Characterization

Six different metal oxides were used in sorption experiments. These included three
nanoscale iron oxides hematite (a-Fe,O3),goethite (a-FeOOH), and ferrihydrite, all of
which were synthesized using standard methods[160, 172]. The identity of all synthetic
iron oxides was verified via comparison of X-ray diffraction (XRD) patterns to accepted
standards [160]. The sorption capacity of commercially available forms of micron-sized
silica dioxide particles (SiO,; Sigma-Aldrich), an alumina nanopowder (a-Al,O3; Sigma-
Aldrich), and a titanium oxide nanopowder (TiO,; Sigma-Aldrich) were also investigated.

The specific surface area of all sorbents was quantified with N,-BET adsorption
isotherm measurements on a Micromeritics Accelerated Surface Area and Porosimetry
System 2010. The nanoscale iron oxides of hematite (100 m?/g), goethite (110 m%g) and
ferrihydrite (250 m?/g) exhibited the greatest specific surface areas relative to the
commercially available alumina (25 m?/g) and titanium dioxide (anatase; vendor reported
50 m?/g) nanopowders and the silica dioxide particles (7 m?/g). As electrostatic
interactions were expected to influence anticonvulsant sorption, the zeta potential, which
is the average potential in an imaginary surface (surface of shear) that is considered to lie
close to the solid surface, and within which the fluid is stationary during an electrokinetic
process [173], of each sorbent suspension was measured as a function of pH (from pH 6.8
to 8.2). Suspensions of each metal oxide (0.5-5 g/L) were prepared and allowed to
equilibrate overnight prior to analysis. Approximately 1.5 mL of well-mixed suspension
was transferred to 3 mL microcuvette for analysis using a ZetaPals zeta potential analyzer
(Brookhaven Instruments).

Sorption Experiments

Sorption experiments were conducted in suspensions of each metal oxide, as well
as in suspensions containing each metal oxide in the presence of different forms of

organic matter (i.e., CPC, SDBS and FHA). The entire suspension was centrifuged after 2
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h sorption experiment and certain amount of the supernatant (1-2.5 ml) was analyzed for
aqueous phase concentration and replaced by fresh buffer. The entire suspension was
allowed to react for additional 2 h at which the aqueous phase concentration was
analyzed. In both types of systems, anitconvulsant sorption was examined as a function
of the initial anticonvulsant concentration (i.e., sorption isotherms) and as a function of
the suspension pH (i.e., pH-edge experiments). Select kinetic experiments examined the
rate of sorption so as to establish the timescale necessary to achieve equilibrium in our
experimental systems.

For sorption experiments conducted in the absence of organic matter, sorption
isotherms and pH-edge experiments used a metal oxide loading of either 5 or 10 g/L.
Sorption isotherms were collected at a several pH values between 6 and 8.5 while varying
the initial anticonvulsant concentration between 1-18 mg/L (~10-60 puM). For pH-edge
experiments, a fixed anticonvulsant concentration (typically 15 mg/L) was employed
while varying the suspension pH from 5 to 8.5 with an appropriate 25 mM organic buffer
(MES for pH 5 and 6, HEPES for pH 7 and 7.5, and Tris for pH 8 and 8.5) in 25 mM
NaCl to poise system ionic strength. Prior to addition of phenytoin or carbamazepine,
each solid phase was equilibrated with the appropriate buffer solution for approximately
0.5 h, and if pH drift was observed a strong acid (1 M HCI) or base (1 M NaOH) was
used to return the pH to the desired value.

Sorption isotherms and pH-edge experiments were also conducted as a function of
CPC and SDBS concentration (5-200 uM or ~1.5-70 mg/L), as well as FHA
concentration (1-50 mg/L). Relatively high organic matter concentrations, which for
CPC and SDBS approached reported critical micelle concentrations (CMCs), were
intentionally explored so as to better mimic systems impacted by extensive exposure to
effluent organic matter. Otherwise, experimental conditions and protocols in systems
containing organic matter were identical to those described above for pure metal oxide

suspensions. Notably, preliminary experiments revealed that the rate an extent of
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anticonvulsant sorption were not influenced by the order of organic matter and
anticonvulsant addition to the to the metal oxide suspension. Thus, for the majority of the
experiments, the organic matter was added to the pre-equilibrated buffer suspension prior
to anticonvulsant addition.

To initiate all sorption experiments, a small volume (~ 6-60 pL) of methanolic
stock solution was delivered via syringe into 6 mL of pH-equilibrated suspension to
produce the desired initial concentration of anticonvulsant. Experiments were conducted
in 10 mL vials that were crimp-sealed with butyl rubber plug septa. Once assembled,
these vials were covered by aluminum foil to avoid light and placed on an apparatus that
mixed the reactors end-over-end at 60 RPM. After 2 hours, which kinetic experiments
revealed was sufficient to achieve equilibrium, the vials were removed from the rotator
and 1 mL of suspension was withdrawn for analysis. To remove the solid phase, aqueous
samples were transferred to plastic microcentrifuge tubes and centrifuged for 5 minutes at
10,000 RPM on a Eppendorf Microcentrifuge. Centrifugation was necessary as
significant loss of phenytoin and carbamazpine was observed when 0.2 uM syringe-
driven filters (either nylon or Teflon) were used to remove the sorbent, presumably due to
sorption on the filter media.

After centrifugation, a volume of aqueous supernatant was transferred to a 2.5 mL
amber autosampler vial for HPLC analysis (described below) to quantify the phenytoin
and carbamazepine remaining in solution after sorption. The amount of anticonvulsant
sorbed to the metal oxide was then determined from the difference between the aqueous
concentration of pharmaceutical at equilibrium and the initial concentration present in the
system, which was determined from a series of control reactors prepared simultaneously
without sorbent. The control reactors without sorbent also allowed us to monitor the
stability of phenytoin and carbamazepine in our experimental systems over time; in all

controls, these compounds were stable without any measurable loss.
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The reversibility of anticonvulsant sorption was explored via additional sorption
isotherm experiments with phenytoin. After sorption equilibrium was achieved (after 2 h),
the solid phase and associated phenytoin were separated from solution via centrifugation,
at which time a portion of the supernatant was replaced with fresh buffer to disrupt
disequilibrium. After the resuspended sorbent particles were mixed for an additional 2 h,
additional aqueous samples were collected and analyzed to construct the desorption
isotherm.

Finally, experiments also were conducted to measure sorption of organic matter
on each metal oxide in the absence of pharmaceuticals. Procedures for these experiments
were identical to that described above for anticonvulsant sorption. After sample
collection and centrifugation, the extent of surfactant uptake was quantified through
analysis of supernatants using a Shimadzu 5050 total organic carbon (TOC) analyzer.
Humic acid sorption was quantified via analysis of supernatants with both TOC and
UVys, analysis.

Analvytical Methods

Analysis of phenytoin and carabamezpine was performed on an Agilent 1200
series HPLC equipped with photodiode array detector and an Agilent Eclipse XDB-C18 5
pm column (4.6 cm x 150 mm). Samples were analyzed at a flow rate of 1 mL/min with
a mobile phase of 10 mM phosphate buffer/methanol/acetonitrile/acetone in a ratio of
55/22/12/11 by volume that was adjusted manually to pH 7 [174]. The HPLC method
utilized an injection volume was 10 pl and detection wavelength of 210 nm. Aqueous
surfactant concentrations were determined using a Shimadzu 5050 TOC analyzer. To
avoid contributions to TOC analysis from buffers, data presented were collected in
suspensions without buffers whose pH was maintained at a constant value manually via
acid or base addition. Aqueous FHA concentrations were analyzed via UV254 analysis
on a Genesys UV-Vis equipment from Thermo Fisher. FHA standard solutions were

prepared by diluting certain amount of stock solution in buffers to achieve various
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concentrations (5-50 mg/L) and the corresponding absorbance was subsequently

measured on UV-Vis at 254 nm to obtain a calibration curve.
B.4 Results and Discussion

Anticonvulsant Sorption on Pristine Metal Oxide Surfaces

Ferrihydrite and hematite were the only active sorbents toward phenytoin, both
exhibiting maximum uptake near pH 7.5-8 (Figure B-1). On these iron oxide surfaces,
uptake was rapid, with kinetic studies suggesting equilibrium was achieved by the first
sampling point (~10 min). Even at the maximum in pH-edge experiments, sorption was
modest at best; maximum adsorbed concentrations of phenytoin on ferrihydrite and
hematite represent only ~10-15% of the total phenytoin mass in the systems.

Observed trends in pH-dependent adsorption suggest that electrostatic interactions
play an important role in promoting phenytoin adsorption on hematite and ferrihydrite
surfaces. Based on its reported pKa value, phenytoin exhibits appreciable anionic
character at and above pH 8.3, which will in turn interact favorably with positive and
neutrally charged surfaces sites on ferrinydrite and hematite (pH,pc of 6.8 and 8.2,
respectively; [160]). Zeta potential measurements (Figure B-2) support such a scenario,
as the net surface change on ferrihydrite and hematite is positive to near-neutral up to
approximately pH 7.5-8, corresponding with the pH range where maximum phenytoin
uptake was measured. Notably, adsorption of carbamazepine, which lacks ionizable
functional groups, was not measurable on any sorbent across the pH range.

While favorable electrostatics likely contribute to phenytoin adsorption, they may
not be the only controlling factor. Notably, zeta potential measurements indicate similar
positive to near-neutral surface charges on goethite and aluminum oxide up to roughly
pH 8, even though no phenytoin adsorption was observed in these metal oxide systems.
The result with aluminum oxide may in part be rationalized by the difference in its

specific surface area (26 m?/g) relative to hematite (100 m?/g) and ferrihydrite (250 m%/qg).
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However, this explanation fails to account for the lack of uptake on goethite, which has a
specific surface area (110 m?/g) comparable to that of hematite. Therefore, specific
interactions such as hydrogen bonding, rather than simple charge considerations, may

also play a role in phenytoin uptake on pristine metal oxides.
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Figure B-1. Adsorption of phenytoin as a function of pH in metal oxide suspensions.
Experiments were conducted with a solid loading of either 5 or 10 g/L and an initial
phenytoin concentration of 15 mg/L. Solutions contained 25 mM of an appropriate pH
buffer and 25 mM NaCl. Data for ferrihydrite and hematite represent results of replicate
experiments, which were conducted at least in duplicate. No adsorption of carbamazepine
was observed in similar pH-edge experiments with pristine metal oxides.

www.manaraa.com



Zeta Potential (mV)

40 — e o
o o
20 — = OD
04 ©
o A Bop
0_ ------------------------
O
s &
-20 — )
-40 — < <] < <
Vv
o vavalvl
6 7 8 9
pH

218

[] Ferrihydrite

/\ Goethite

(O Hematite

<> Alumina

<] Titanium dioxide
V Silica dioxide

Figure B-2. Zeta potential values as a function of pH for metal oxide suspensions
considered herein. MES was used to maintain pH at 5-6.5, HEPES was used to maintain
pH at 7-7.5 and Trizma was used to maintain pH at 8-9. To achieve the absorbance of
0.3-0.35 at 546 nm for the requirement of zeta potential measurement, the solid loading
used for ferrihydrite, goethite, hematite, alumina, titanium dioxide and silica dioxide
were 0.5 ¢g/L, 0.3 g/L, 0.5 ¢g/L, 0.2 g/L, 0.2 g/L and 0.15 g/L, respectively.
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Additional experiments with ferrihydrite and hematite revealed approximately
linear isotherms for phenytoin sorption in both suspensions. Using the Freundlich model
to describe adsorption (Csorp = KfCaq””; Figure B-3a), model fits from non-linear
regression analysis were statistically indistinguishable from unity at the 95% confidence
interval. Notably, phenytoin adsorption on ferrihydrite and hematite was completely
reversible (Figure B-3b), suggesting relatively weak binding interactions. The reversible
behavior is also consistent with either long-range electrostatic interactions or relatively
weak specific interactions (e.g., hydrogen bonding) being primarily responsible for

phenytoin uptake in these systems.

Influence of Natural Organic Matter on

Anticonvulsant Sorption on Metal Oxides

Sorption isotherms with ferrihydrite and hematite were subsequently conducted in
the presence of Fluka Humic Acid (FHA). Over a wide range of FHA concentrations (up
to 50 mg/L), no influence on phenytoin sorption was observed (Figure B-4). Studies in
the absence of phenytoin indicated that essentially all of the FHA was adsorbed on
ferrihydrite and hematite under the experimental conditions employed (pH 7.5-8.0, 5 g/L
iron oxide), resulting in surface concentrations up to 10 mg FHA/g iron oxide. Thus,
coatings of FHA on ferrihydrite and hematite play neither an inhibitory (e.g., steric
blocking) nor a promoting (e.g. hydrophobic partitioning into the FHA coating) role in
phenytoin sorption. As with pristine metal oxide, sorption of carbamazepine was not

measurable in FHA-coated ferrihydrite and hematite systems.
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Figure B-3. (a) Adsorption isotherms for phenytoin in ferrihydrite and hematite
suspensions. Lines represent Freundlich model fits for sorption isotherms (equations from
non-linear regression analysis are shown). Uncertainty represents standard deviation of at
least triplicate measurements. (b) Equilibrium adsorption and desorption isotherms for
phenytoin in ferrihydrite suspensions. After 2 h of adsorption equilibrium, ferrihydrite
solids and associated phenytoin were recovered and resuspended while replacing 2 mL of
the supernatant with fresh buffer to introduce disequilibrium. After 2 h, additional
aqueous samples were collected and analyzed to construct the desorption isotherm.
Results of duplicate experiments are shown. All isotherm experiments were conducted
with a solid loading of 10 g/L and initial phenytoin concentrations ranging between 2.5-
18 mg/L. Solutions contained 25 mM of HEPES buffer and 25 mM NaCl at pH 7.5.
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Figure B-4. Adsorption isotherms for phenytoin in (a) ferrihydrite and (b) hematite
suspensions in the presence and absence of Fluka humic acid (FHA) as a model natural
organic matter. Data are shown for a range of FHA concentrations. Experiments were
conducted with a solid loading of 5 g/L and initial phenytoin concentrations ranging
between 2.5-18 mg/L. Solutions contained 25 mM of HEPES buffer and 25 mM NaCl at
pH 7.5 for ferrihydrite and pH 8 for hematite suspensions.
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Influence of Cationic and Anionic Surfactants on

Anticonvulsant Sorption: Ferrihydrite and Hematite

In contrast to FHA, cationic (CPC) and anionic (SDBS) surfactants considerably
enhanced phenytoin sorption on ferrihydrite and hematite. Sorption isotherms for
phenytoin in CPC- and SDBS-containing ferrihydrite suspensions are shown in Figure B-
5. Data were collected at pH 6 for experiments with anionic SDBS (Figure B-2a) and pH
8.5 for cationic CPC (Figure B-2b). These conditions provide favorable electrostatic
interactions between the surfactants and the ferrihydrite surface, which is positively
charged at pH 6 and negatively charged at pH 8.5.

In all instances, phenytoin sorption in surfactant-containing systems was non-
linear, and best described by the Freundlich isotherm (model fits are shown).
Additionally, increasing the mass of available surfactant generally increased the amount
of phenytoin associated with the mineral surface. However, some notable differences
were observed between the behavior of phenytoin in anionic and cationic surfactant-
containing systems. The extent of phenytoin sorption on ferrihydrite increased
monotonically with increasing concentration (Figure B-2a), with the greatest uptake in
systems with 70 mg/L of total SBDS (~200 uM). In contrast, while the amount of sorbed
phenytoin generally increased with CPC concentration, essentially no difference in
uptake was observed between the highest two CPC concentrations investigated (35 and
70 mg/L). Comparable trends in phenytoin uptake as a function of CPC and SDBS
concentration were also observed for hematite (Figure B-6).

These trends in phenytoin sorption isotherms are best explained by measured differences
in the extent of SDBS and CPC sorption on iron oxides. Isotherms of SDBS sorption on
ferrinydrite revealed that essentially all available surfactant was bound to the ferrihydrite
surface at pH 6.0 over the concentrations explored (up to 70 mg/L). Thus, sorbed SDBS

concentrations increased in a one-to-one manner with the total SDBS available in
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suspension. In contrast, CPC exhibited clear non-linear sorption on ferrihydrite at pH 8.5
with the highest concentrations of total CPC producing near identical amounts of sorbed
CPC (Figure B-7). These trends in surfactant sorption generally scale with phenytoin
uptake, suggesting that the extent of phenytoin sorption is controlled by the amount of
surfactant available on the ferrihydrite surface (Figure B-8).

Insights into the mechanism by which each surfactant promotes phenytoin uptake
are provided by the pH-dependent sorption observed in surfactant-containing ferrinydrite
suspensions. Results of pH-edge experiments examining sorption of CPC and SDBS on
ferrinydrite, as well as phenytoin uptake on surfactant-coated ferrihydrite, are shown in
Figure B-9. Data in Figure B-3 were collected over the range from pH 6.0-8.5, and with a
total surfactant concentration of 70 mg/L (~200 uM), although identical pH dependent
trends were also obtained at lower surfactant concentrations [35 mg/L (~100 uM)]. At all
pH, SDBS exhibited roughly 5-10-fold greater sorption on ferrihydrite than CPC (Figure
B-3a). CPC sorption on ferrihydrite was largely independent of pH, with approximately
1.5 mg of CPC sorbed per gram of ferrihydrite at all pH. In contrast, trends in SDBS
sorption follow the expected pH-edge behavior for anions on iron oxides, in which
sorption was greatest at lower pH and decreased with increasing pH. Notably, the pH
independence of sorbed CPC suggests that some mechanism other than simply
electrostatics may be responsible for its uptake, perhaps specific interactions between the

n-bonds in its pyridine moiety and the sites on the ferrihydrite surface.
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Figure B-5. Adsorption isotherms for phenytoin in suspensions of ferrihydrite with
varying concentrations of (a) anionic surfactant SDBS and (b) cationic surfactant CPC.
Experiments were conducted with a solid loading of either 5 or 10 g/L and an initial
phenytoin concentration between 2.5-18 mg/L. For SDBS, experiments were conducted
at pH 6.0 (with 25 mM MES), whereas experiments with CPC were conducted at pH 8.5
(with 25 mM Tris). Solutions also contained 25 mM NaCl. Data are also shown for
sorption on to ferrinydrite in surfactant-free suspensions at these same pH values. Lines
represent Freundlich model fits for sorption isotherms (equations from non-linear
regression analysis are shown).
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Figure B-6. Adsorption isotherm for phenytoin in suspensions of hematite with varying
concentrations of (a) the anionic surfactant SDBS and (b) the cationic surfactant CPC.
Experiments were conducted with a solid loading of either 5 or 10 g/L and an initial
phenytoin concentration between 2.5-18 mg/L. For SDBS, experiments were conducted
at pH 6.0 (with 25 mM MES), whereas experiments with CPC were conducted at pH 8.5
(with 25 mM Tris). Solutions also contained 25 mM NaCl. Data are also shown for
sorption on to pristine ferrihydrite surfaces at these same pH values. Note that isotherms
for adsorption on pristine hematite surfaces are not shown because of the level of uptake
was insufficient at lower initial phenytoin concentrations (< 15 mg/L) to accurately
measure via our analytical methods. Lines represent Freundlich model fits for sorption
isotherms obtained from non-linear regression analysis (equations from non-linear
regression analysis are shown).
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Figure B-7. Adsorption isotherm for cationic surfactant CPC on ferrihydrite at pH 8.5.
Experiments were conducted with a ferrihydrite loading of either 5 or 10 g/L and an
initial CPC concentration between 3-60 mg/L. Solutions contained 25 mM NaCl and
were conducted in the absence of pH buffer to avoid interference during TOC analysis for
CPC quantification. Uncertainties represent one standard deviation for at least duplicate
analyses.
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Figure B-8. Freundlich coefficients (Ksvalues) obtained from the sorption isotherms for
phenytoin in ferrihydrite suspensions containing SDBS and CPC. Data are shown as a
function of (a) initial surfactant concentration and (b) sorbed surfactant concentrations
determined from isotherm experiments with each surfactant in the absence of phenytoin.
Uncertainties represent 95% confidence intervals associated with non-linear regression
modeling of phenytoin isotherms, shown in Figure B-2, according to the Freundlich
equation. Experimental details of the isotherm experiments, conducted at pH 6.0 with
SDBS and pH 8.5 with CPC, are included in the text as well as the caption for Figure B-2
in the main text.
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Phenytoin sorption exhibited different pH-dependent trends in SDBS- and CPC-
containing ferrinydrite suspensions (Figure B-9b). Phenytoin sorption on SDBS-coated
ferrihydrite was enhanced at all pH values relative to pristine ferrihydrite surfaces, and,
as was observed for the isotherms in Figure B-2, the extent of phenytoin sorption scaled
with the sorbed SDBS concentration. Specifically, pH-dependent trends for phenytoin
sorption in SDBS-containing suspensions mirrored those for SDBS adsorption (compare
Figures B-9a and B-9b). As phentyoin is only neutrally charged or anionic over the pH
range investigated, its enhanced sorption in the presence of SDBS cannot be explained by
ion- paring, as has previously been suggested for surfactant promoted sorption of other
PPCPs [175]. Instead, this behavior is most consistent with partitioning into the
hydrophobic SDBS-layer on the ferrihydrite surface via interactions between neutral
phenytoin and the alkyl chain of SDBS. The decrease in phenytoin sorption at higher pH
likely arises from repulsive electrostatic forces between the negatively charged, SDBS-
coated surface and the deprotonated fraction of phenytoin, which increases near its pKa
value. Notably, these repulsive forces are not enough to prevent phenytoin uptake;
sorption at pH 8.5 is still enhanced relative to pristine ferrihydrite suspensions even
though roughly half of the available phenytoin exhibits anionic character at this pH value.

In contrast, pH-dependent sorption of phenytoin in CPC-coated ferrinydrite
suspensions, while enhanced, roughly mirrored the pH-edge behavior on pristine
ferrihydrite surfaces with maximum uptake between pH 7 and 7.5 (compare Figure B-9b
to Figure B-1). As the amount of CPC sorbed on ferrihydrite is essentially constant over
this pH range (see Figure B-9a), the pH-dependence of phentyoin sorption suggests
factors in addition to sorbed CPC concentration contribute to the extent of uptake.

These additional factors likely relate to the influence of CPC on the electrostatics
of the mineral-water interface. For example, the nearly constant amount of sorbed CPC
should also increase in the net charge on the ferrihydrite surface at each pH value, which

in turn would be expected to promote electrostatic interactions as phenytoin approaches
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Figure B-9. pH dependent (a) sorption behavior of CPC and SDBS on ferrihydrite and
(b) phenytoin sorption on CPC- and SDBS-coated ferrihydrite particles. A total surfactant
concentration of 200 uM (70 mg/L) was used to collect all data, but similar pH-
dependent trends were also observed with a surfactant concentration of 100 um (35
mg/L), which is below CMC for CPC. Uncertainty represents one standard deviation of at
least duplicate measurements. For phenytoin sorption, data collected in ferrinydrite
suspensions without surfactant are presented for comparison.
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its pKa value. Such a scenario agrees with measured pH-dependent trends in zeta
potential in the presence of CPC, which consistently resulted in a more positive surface
charge in suspension. It is also possible that ion-pair formation between cationic CPC and
anionic phenytoin contributes to the enhanced uptake, as has previously been invoked for
surfactant-promoted sorption of PPCPs in soil suspensions. However, the greatest degree
of ion pairing is anticipated at and above the pKa value of phenytoin, the amount of
sorbed phenytoin is relatively low at these aquatic conditions.

Notably, the increase in sorption afforded by CPC is not uniform (Figure B-10),
nor does it change in a monotonic fashion as a function of pH. Thus, in addition to
promoting favorable electrostatic interactions, there are likely additional mechanisms
acting in parallel that contribute to the enhanced phenytoin uptake.

A final line of evidence as to the mechanisms by which SDBS and CPC promote
phenytoin sorption is found in their impact on carbamazepine sorption in ferrihydrite
suspensions. Carbamazepine is neutrally charged over all pH values, thus any enhanced
sorption will primarily result from partitioning into hydrophobic surfactant layers. Indeed,
in SDBS-containing ferrihydrite suspensions (Figure B-11), carbamazepine uptake
increased with total SDBS concentration, consistent with the ability of SDBS surface
layers to increase sorption via hydrophobic interactions. In contrast, carbamazepine
sorption remained unmeasurable in CPC-containing ferrihydrite suspensions (up to 70
mg/L of total CPC). Thus, without the possibility of producing more favorable
electrostatic interactions or ion-pair formation, CPC exhibited no influence on the
sorption. Presumably, the lower degree of CPC uptake on ferrihydrite relative to SDBS
(see Figure B-3a) provides a much smaller reservoir of surface-bound CPC for

hydrophobic partitioning of carbamazepine relative to the surface layer of SDBS.
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Figure B-10. (a) Increase in phenytoin sorption due to presence of CPC in ferrihydrite
suspensions as a function of pH. Calculated by normalizing measured uptake in CPC-
containing suspensions to uptake in absence of CPC. Enhancement is not constant, nor
does it change monotonically with pH.(b) Influence of CPC sorption on zeta potential of
ferrihydrite suspensions.

www.manaraa.com



232

0.6
. /A 70 mg/L SDBS
2 [] 35mgl/L SDBS
:E” 0.5 O 3.5mg/L SDBS
o
c
‘5 0.4
)
N
£
S 03
2
| -
S
- 927 O
@
o
[ -
O 01—
o°
-4
0.0 {} I I I I

0 4 8 12 16 20
Aqueous Carbamazepine (mg/L)

Figure B-11. Sorption isotherms for carbamazepine as a function SDBS concentrationin
ferrihydrite suspensions. Experiments were conducted with a solid loading of 5 g/L, an
initial carbmazepine concentration between 2.5-18 mg/L and at pH 6.0 (with 25 mM
MES). Solutions also contained 25 mM NaCl. No sorption of carbamazepine was
observed on pristine ferrihydrite surfaces, thus data in the absence of surfactant is not
presented. Lines represent Freundlich model fits for sorption isotherms obtained from
non-linear regression analysis (equations from non-linear regression analysis are shown).
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Finally, the potential role for solution phase micelles in influencing
anticonvulsant sorption in surfactant-coated ferrinydrite systems merits consideration.
For SDBS-containing systems, all concentrations used herein are well below its reported
critical micelle concentration (CMC) in water of 2.8 mM. While this value will vary with
aqueous conditions (e.g., ionic strength), the near complete sorption of SDBS on
ferrinydrite leaves very little free SDBS in solution, further decreasing the likelihood that
any SDBS micelles are present in suspension. On the ferrihydrite surface, however,
formation of hemi-micelles and SDBS bilayers most likely occurrs, which would
contribute to the enhanced sorption of phenytoin and carbamazepine observed in SDBS-
containing ferrihydrite suspensions.

For CPC, the reported CMC of approximately 130 uM (~ 40 mg/L) in 20 mM
NaCl (ref) allows for the potential of micelle formation at some of the higher
concentrations employed in our experiments. From the sorption isotherm of CPC on
ferrihydrite, aqueous concentrations exceeding the reported CMC will be produced above
150 uM (~ 50 mg/L) of total CPC mass. However, we do not believe our data support a
significant influence of solution phase micelles because our trends in phenytoin sorption
were observed at all CPC concentrations investigated, particularly those below the CMC

(Figure B-12).

Influence of Cationic and Anionic Surfactants on

Anticonvulsant Sorption: Non-sorbent Metal Oxides

Coatings of SDBS and CPC were also able to make previously inactive metal
oxides effective sorbents for phenytoin. Figure B-13 compares the uptake of phenytoin in
various mineral suspensions (5 g/L) with a total concentration of 200 uM of either SDBS
(pH 6.0) or CPC (pH 8.5). In the presence of SDBS (Figure B-13a), all metal oxides
except TiO, and SiO; (data not shown) were effective sorbents for phenytoin. As

expected, ferrihydrite and hematite were the most active sorbents on a per mass basis in
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the presence of SDBS, resulting in sorbed phenytoin concentrations roughly three-fold
greater than observed on goethite and alumina oxide. The lack of reactivity for TiO, and
Si0; is not surprising, as these are the only two metal oxides with a net negative surface
charge at pH 6 (see Figure B-2), and thus the degree of SDBS uptake was anticipated to
be small. Indeed, relative trends in phenytoin uptake on SDBS-coated mineral surfaces
generally reflect the amount of SDBS present on the metal oxide surface (Figure B-13b),
consistent with enhanced phenytoin uptake via partitioning into the hydrophobic SDBS
layer on the oxides’ surfaces.

All metal oxides investigated also were active sorbents toward phenytoin in the
presence of CPC (Figure B-14a). While the majority of the metal oxides exhibited
roughly comparable sorption behavior toward phenytoin, silica dioxide (i.e., quartz)
revealed markedly greater uptake than the other metals, exhibiting nearly two-fold greater
sorption of phenytoin than the other oxides. As with SDBS, a loose correlation between
trends in phenytoin and CPC sorption on metal oxide surfaces is observed (Figure B-14b).
For example, SiO, and Al,O3 sorb the most and least amounts of CPC, respectively,
which correlates with their respective affinity for phenytoin,. However, while SiO2 and
Ti02 adsorbed nearly equivalent amounts of CPC, the extent of phenytoin sorption was
far greater for SiO2, suggesting that additional factors contribute to the enhanced
phenytoin sorption in the presence of CPC. For example, the SiO, used herein has a
much smaller specific surface area relative to TiO,. Such differences will likely cause the
structure of the adsorbed surfactant layer to vary considerably between these systems
even though the total mass of surfactant adsorbed is equivalent.

The ability of CPC to enhance the sorption activity of SiO, is notable because of
its ubiquity in soils and sediments. Whereas the majority of the metal oxides considered
herein possess negative surface charge only at relatively high pH values, the SiO, surface

will be negatively charged over the entire range of environmentally relevant pH values.
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Thus, its role as a sorbent in the presence of cationic surfactants is likely to be significant

in subsurface systems over a broad range of pH values.

~(O- Ferrihydrite + 100 uM CPC
- Ferrihydrite + 100 uM SDBS
5 -} sio,+ 100 um CPC

Cs (umol/g)

Figure B-12. pH edge adsorption data for phenytoin on SiO; and ferrihydrite in the
presence of SBDS and CPC. Notably, all data were collected at an initial surfactant
concentration of 100 uM, below the CMC for both surfactants.
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Figure B-13. (a) Influence of SDBS on phenytoin sorption in different metal oxide
systems. All experiments conducted at 200 uM initial surfactant concentration and a
solid loading of 5 g/L at pH 6.0. (b) Relative trends in surfactant uptake in each metal
oxide systems are shown under these experimental conditions. Numbers correspond to
percent of initial surfactant mass adsorbed at equilibrium.
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Figure B-14. (a) Influence CPC on phenytoin sorption in different metal oxide systems.
All experiments conducted at 200 uM initial surfactant concentration and a solid loading
of 5 g/L at pH 8. (b) Relative trends in surfactant uptake in each metal oxide systems are
shown under these experimental conditions. Numbers correspond to percent of initial

surfactant mass adsorbed at equilibrium.
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Results of experiments examining the pH-dependent behavior of CPC sorption on
Si0,, as well as the pH-dependent uptake of phenytoin in CPC-containing SiO, systems
are shown in Figure B-15. Once again, results in Figure B-4 were obtained in systems
with a total CPC concentration of 200 uM (~70 mg/L), although isotherm experiments
(Figure B-16) reveal that the greater uptake of CPC on SiO, results in aqueous phase
concentrations (~25 mg/L) well below the reported CMC value. Over the range of pH
values investigated (pH 6.0-8.5), the amount of sorbed CPC was essentially constant at
approximately 8-9 mg of CPC/g SiO, (Figure B-15a). Unlike results with ferrinydrite
(Figure B-9a), the constancy in sorbed CPC concentrations is consistent with electrostatic
interactions driving CPC uptake on SiO, because the negative charge on SiO; is also
roughly constant over this pH interval (Figure B-15b). In contrast, the amount of
phenytoin sorbed in CPC-containing SiO, suspensions increased steadily as solution pH
approached the pKa of phenytoin.

Trends in pH-dependent sorption on CPC-coated SiO, surfaces once again
support favorable electrostatics as contributing to, if not entirely governing, phenytoin
uptake. Zeta potential analyses (Figure B-15b) illustrate that as the amount of CPC
sorbed on the SiO, surface increases, the net surface charge of the particles in suspension
also becomes more positive. In fact, at very high initial CPC concentrations of 175 mg/L
(~500 uM; beyond what was explored in phenytoin sorption studies) intended to achieve
surface site saturation on SiO, the particles in suspensions are neutral to slightly
positively charged. In turn, electrostatic interactions with the anionic form of phenytoin
become more favorable, promoting uptake.

Finally, we note that select metal oxides functioned as sorbents for carbamazepine
in the presence of surfactants, as was observed with surfactant-coated ferrihydrite. This
behavior was most pronounced for goethite (a-FeOOH), which was unreactive toward

both phenytoin and carbamazepine in the absence of surfactants. Notably, trends in
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carbamazepine uptake as a function of surfactant loading (Figure B-17a) support the
mechanisms proposed for enhanced phenytoin uptake in SDBS- and CPC- systems.
Specifically, sorption of carbamazepine and phenytoin were enhanced by nearly
equivalent amounts, as evidenced by the comparable trends in Freundlich coefficients
from isotherm experiments in in SDBS-containing goethite suspensions at pH 6.0 (Figure
B-17b). From its lack of ionizable groups, the promoted uptake of carbamazepine must
be primarily from increased hydrophobic interactions with the SDBS layer on the
goethite surface, which also are responsible for phenytoin uptake because it is neutrally
charged at pH 6.0.

Unlike SDBS-containing suspensions, carbamazepine exhibited vastly different
sorption tendencies relative to phenytoin in CPC-coated goethite systems at pH 8.5
(Figure B-17c). Whereas Ky values for carbamazepine were essentially invariant with
CPC concentration, they increased steadily for phenytoin. This contrasting behavior
further supports a scenario through which CPC enhances phenytoin uptake primarily as a
result of its influence on the charge of the mineral water interface. In contrast, the small
amount of carbamazepine uptake measurable in CPC-coated goethite suspensions
suggests that a small fraction of phenytoin uptake may also result from its hydrophobic
partitioning into the surface organic layer produced by the sorbed CPC. However, the
dominant role of CPC in metal oxide suspensions appears to be creating more favorable
electrostatic conditions through which anionic organics can sorb on the surfactant coated

mineral surface.

www.manaraa.com



b)

10

1.5

1.0

0.5 —

Adsorbed Phenytoin (mg/g)

0.0

6.0 6.5 7.0 7.5 8.0 8.5
pH

20

]
S o
] |

Zeta Potential (mV)
N
o
|

-60 —

[CPC], = 175 mg/L

[CPC], =70 mg/L

[%

| | I | | I
6.0 6.5 7.0 7.5 8.0 8.5

pH

240

(6/6w) 9dD paqiospy

Figure B-15. (a) Adsorption of CPC on SiO, and the sorption of phenytoin in SiO,
suspensions (5 g/L) containing 70 mg/L (~200 uM) of CPC. Results are shown as a
function of solution pH. pH-edge experiments with phenytoin used an initial
concentration of 13.9 mg/L (55 puM). (b) Influence of different initial CPC concentrations
on zeta potential of SiO, suspensions shown as a function of pH. Suspensions (5 g/L)
were prepared with the initial CPC concentration and pH indicated, allowed to equilibrate
overnight, and then diluted for zeta potential analysis. In the diluted suspension, the final
concentration of SiO, was 0.14 g/L and the total CPC concentrations were 0, 5.7 and 14.3

HM.

www.manaraa.com



241

12
10 — O
o °
o 8- (@)
E
O O
_ O o
G S ®
9 O~ O
o
5 47 ° e
@ o
7 ® O pH8
@ pHE
0‘@ T T T T T
0 5 10 15 20 25 30
Aqueous CPC (mg/L)

Figure B-16. Sorption isotherms for CPC at pH 6 and 8. Consistent with pH edge results,
the amount of CPC sorbed was essentially constant over this pH range.
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Figure B-17. (a) Sorption isotherms for carbamazepine in goethite suspensions
containing SDBS, and a comparison of Fruendlich isotherm model fit parameters for
phenytoin and carbamazepine in (b) SDBS and (c) CPC-containing goethite suspensions.
Experiments were conducted with a solid loading of either 5 or 10 g/L and an initial
carbamazepine concentration between 2.5-18 mg/L. For SDBS, experiments were
conducted at pH 6.0 (with 25 mM MES), whereas experiments with CPC were conducted
at pH 8.5 (with 25 mM Tris). Solutions also contained 25 mM NacCl. Lines in panel (a)
represent Freundlich model fits for sorption isotherms (equations from non-linear
regression analysis are shown). In panels (b) and (c), uncertainties represent 95%
confidence intervals for K¢, which was model best-fit parameter obtained via non-linear
regression analysis.
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Reversibility of Anticonvulsant Sorption in

Surfactant-Containing Suspensions

A final set of isotherm experiments examined whether sorption of phenytoin in
SDBS-containing ferrihydrite suspensions was irreversible. Experiments conducted with
5 g/L ferrihydrite in the presence of 70 mg/L SDBS revealed that phenytoin sorption was
completely reversible (Figure B-18). Thus, although the presence of as SDBS can
increase substantially the amount of phenytoin retained on metal oxide surfaces, the
hydrophobic interactions primarily responsible for this enhancement are relatively weak
and reversible. As with ferrihydrite suspensions in the absence of organic matter, true
thermodynamic equilibrium appears to be achieved in these systems and perturbations
introducing disequilibrium will result in release of phenytoin from the metal oxide

surface.
B.5 Conclusion

Although ubiquitous in soil, colloids, and sediment systems, metal oxides are
typically assumed to play a minimal role as sorbents of PPCPs relative to organic matter
also present in these systems. Indeed, the work herein demonstrates that only a select
few naturally occurring oxide phases are relevant sorbents for PPCPs, and those with
activity are rather limited in such capacity. Toward phenytoin and carbamazepine,
activity of pristine metal oxide as sorbents appears largely predictable from simple
considerations of electrostatics; iron oxides, as a result of their relatively high pHzpc
values, represent active sorbents for anionic phenytoin. Generally, therefore, sorption on
metal oxides can be expected to influence, albeit to a limited extent, the fate and transport
of ionizable PPCPs in natural systems.

More important in the fate of PPCPs, however, is the ability of metal oxides to
accumulate surface layers of organic matter that in turn will impact the fate and transport

of PPCPs in soil and sediments. Natural forms of organic matter (i.e., humic acids) are
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less important in this capacity than anthropogenic organic matter in the form of cationic
and anionic surfactants. The presence of cationic and anionic surfactants has the ability to
enhance the sorption capacity of most metal oxides, at times considerably, toward both
charged and uncharged PPCPs. Most notably, surface coatings of surfactants can create
more favorable adsorption conditions via multiple mechanisms, ultimately transforming
unreactive metal oxides into relatively high-capacity sorbents for PPCPs in soil and
sediment systems. This behavior was most notable for SiO, suspensions, in which the
positively charged surface induced by CPC sorption yielded the greatest uptake of
phenytoin relative to the other metal oxides investigated at pH 8.5.

Ultimately, predicting the fate and transport of PPCPs in soil and sediment
systems impacted by high levels of organic matter will be challenging, as several
variables will dictate not only the extent but also the fundamental mechanisms
responsible for their sorption. Results herein show that the most notable attribute for the
sorbate (i.e., the PPCP) will be the presence of ionizable groups that result in a net charge
on the compound at the ambient pH. With respect to the organic coatings, in addition to
the type of organic matter (e.g., humic acid versus surfactants), the extent of sorption in
all surfactant systems increased with the amount of surfactant accumulated on the metal
oxide surface. However, while anticonvulsant sorption always scaled with amount of
surface-bound surfactant, there are multiple pathways by which sorption can be enhanced.
The first is the well-recognized role of adsorbed surfactant layers generating a new
surface organic phase to facilitate hydrophobic partitioning of the PPCP, which was the
dominant mechanism for carbamazepine and neutral phenytoin in SDBS-containing
suspensions. We show here that surfactants can also promote sorption by altering the
electrostatics of the mineral-water interface to produce more attractive forces that
promote interaction between the oppositely charged sorbate and sorbent surface. This
mechanism was dominant in CPC-containing systems in which phenytoin exhibited

appreciable anionic character. One must also not discount the potential contribution of

www.manaraa.com



245

ion pairing between charged PPCPs and counter-ion surfactants, which may have also
contributed to the enhanced phenytoin uptake in CPC-containing suspensions. Finally,
the nature of the metal oxide surface will also impact these sorption mechanisms, as the
extent of surfactant-metal oxide interaction dictates the size of the organic surface layer
available for hydrophobic partitioning and the magnitude of charging at the solid-water
interface that alters the nature of electrostatic interactions.

The findings presented herein are most relevant to helping to assess the rate of
PPCP transport in soil and subsurface environments such as those encountered during
aquifer recharge with treated wastewater effluent or in soil aquifer treatment (SAT)
systems. These are systems of growing importance with respect to water sustainability
and wastewater management in which PPCPs and various other forms of effluent organic
matter are likely to coexist. The sorption exhibited to a limited extent on pristine metal
oxides and to a much greater extent on surfactant-coated metal oxides translates into
slower rates of transport (i.e., higher retardation factors) during transport in porous media.
During SAT, for example, reports of subsurface lifetime frequently reported for PPCPs
may be longer given the additional retention to inorganics coated with anthropogenic
organic matter that likely also persists in effluent. Notably, because uptake on both
pristine and surfactant-coated metal oxides is entirely reversible, at least in some cases, it
should not be assumed that such surfaces will serve as a long term sink of these
compounds.

Future efforts must attempt to identify generalities in the mechanisms of organic-
promoted PPCP sorption in mineral systems. The validity of the mechanisms proposed
herein for phenytoin and carbamazepine sorption in the presence of CPC and SDBS need
to be generalized across the spectrum of polarities demonstrated by various PPCPs and
for the range of commercially available anionic and cationic surfactants. In particular,
those surfactants most effective at influence sorption must be identified. In near-neutral

pH ferrihydrite suspensions (see Figure B-3), for example, high levels of sorbed SDBS
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(~10 mg/g) were required to achieve phenytoin uptake comparable to that measured with
far lower levels of sorbed CPC (~ 1-2 mg/g), albeit in different pH regimes. The
contributions of non-ionic surfactants to PPCP uptake also merit further consideration.
Finally, focus must be paid to establish the behavior of other forms of organic matter
likely to be present in the natural environment, extending beyond the model humic
considered herein to more complex organics that may more closely mimic the behavior of

anthropogenic surfactants (e.g,. biosurfactants).
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duplicate experiments are shown.
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