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Abstract

The occurrence of hormonal steroids originating from cattle implanted matioéc
growth promoters in surface waters is of great consequence tov&eagitiatic species.
Exposure to excreted metabolites of trenbolone acetate, the most pitgueded growth
promoter in the U.S., has been shown to have deleterious, androgeng @ifeensitive aquatic
species, such as decreased fecundity and altered secondary sasacéedbtics. The potential
risk of this exposure is population collapse in isolated, seagbpulations. These effects have
been observed when exposure concentrations to trenbolone metabolites arasa8.Bwgy/L.

In light of observed effects on aquatic organisms, a number of analytbaldaes have
been developed to detect trenbolone metabolites in environmentalasiatiach techniques
include bio-assays and liquid or gas chromatography paired with massdedhtanass
spectrometry. While there are existing liquid chromatography / tantiesa spectrometry
methods, to date, there are no gas chromatography / tandem mass spgainethetds which
detect the trenbolone acetate metaboliteg;tdéhbolone, 1f-trenbolone and trendione in
environmental matrices. The research presented describes suctyinadmethod for
environmental matrices.

The analytical method, presented here, draws on gas chromatography paiasd to m
spectrometry and tandem mass spectrometry methods developed-fand 4 B-trenbolone
detection in biological matrices, and extends them to more complex envirahmentices. In
addition, this method attempts to incorporate the third trenbolone agettbolite, trendione
and the melengestrol acetate metabolite, melengestrol. Trendisrezlded to complete the

family of trenbolone acetate metabolites, allowing for the possibiligpoélucting fate and



transport studies. Melengestrol was added to the method to examine thiityasfsutilizing
the established MSTFA/Herivatization procedure for other classes of steroids such as
progestagens.

Results indicate that &7 and 1B-trenbolone can be recovered from environmental
matrices with excellent chromatographic response at or below a t@ticenof 2.5 ng/L.
Trendione, owing to the possible degradation of the derivatized prédiscshown more
difficulty with recoveries in environmental matrices. It is theedi that stabilizing trendione
after derivatization or analyzing samples within 48 hours wdlafor recoveries similar to that
of 170- and 1B-trenbolone. Attempts at matrix spike recoveries with melengdistited its
detection in environmental matrices to 100 ng/L. An observed standaratratioa of 20 pg/L
was successfully analyzed for melengestrol which leads to théiogthat it can be analyzed
at much lower concentrations within the GC/MS/MS. As with trendiorgestifible derivatization
product can be formed for melengestrol, it is expected that it candaered in environmental

matrices at relevant concentrations of 2.5 ng/L and below.
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1 Introduction

1.1 Endocrine Disrupting Compounds (EDCs)

The United States Environmental Protection Agency (EPA) defines an ereldiuptor
as “an exogenous agent that interferes with the synthesis, secretispottabinding, action and
elimination of natural hormones in the body, which are responsible for theemaice of
homeostasis, reproduction, development and behavior” (United States EnvitahRretection
Agency, 2001). More broadly defined, an endocrine disruptor can be thought of heamyat
compound which, after exposure, produces a physiological effect in an orgemisimis
contrary to normal endocrine operation.

One example of an endocrine disruptor is the pesticide DDT (DichliptoeDyl-
Trichloroethane) which was heavily used in the United States untiistbanned by the EPA
entirely in 1988 for all uses (United States Environmental Protedigency, 2001). Research
has shown that EDCs comprise a wide range of anthropogenic substanaiagmslirfactants,
plasticizers, organohalogens and pesticides (United StatemEmental Protection Agency,
2001). These compounds are found in common consumer products such as plastic Vester bott
and cosmetics. The use of compounds with endocrine disrupting potential ty socie
ubiquitous, and as such, they can be expected to appear in the aquatic emiesnwe|.

An example of endocrine disruption in the an aquatic environment was do@twhen
common free ranging male northern leopard frégsé pipiens) and green frogRana
clamitans) in agricultural drains were physiologically compared to sinfitzgs living in habitats
with little or no agricultural water input. McDaniglal., (2008) observed that male frogs living
in areas with agricultural input exhibited ovarian follicles, a phgsgichl trait reserved strictly

for female frogs. Those male frogs living outside of agricultural expahowed no signs of



ovarian follicles, leading to the conclusion that the agriculturalmigitely pesticide
contaminated, had caused endocrine disruption in the exposed male frogs.

While McDanielet al., (2008) illustrated that only a small population of male frogs
exhibited feminization after exposure to commonly used pesticides,sttities have reported
drastic population effects under exposure to environmentally relemaceitrations of hormonal
steroids. Kiddet al., (2007) demonstrated that an entire population of isolated fathead minnows
collapsed when exposed to a constant 5 ng/L concentration of the syrdhretiee 1d-
ethynylestradiol. Over a period of three years, male fathead minnows$anenezed to the point

of an inability to produce sperm, nearly causing extinction of the isolafadaiion.

1.1.1 Initial Reports of Estrogenic Contaminants

One class of naturally and synthetically produced compounds which are inherent
endocrine processes is hormonal steroids. These compounds are resfmnsivraal
endocrine operation in all vertebrate organisms. Some hormonal steeordsEonsible for
maintaining male sexual characteristics (androgens) while otteeresponsible for maintaining
female sexual characteristics (estrogens). Endogenous hormones arehihbssaevnaturally
produced and utilized by organisms. Estradiol and testosterone are well knovresxaihan
endogenous estrogen and androgen.

This study focuses particularly on exogenous hormones, which are synthetically
produced. Exposure of an organism to an exogenous hormone has the potential fareendocri
disruption because the hormone mimics the structure of an endogenoidlsastdrioinds to
receptors which then produce a physiological result in the organiscaugzthe exposure was
not endogenous, or intended by the organism, the physiological result has thelgotentia

negatively impact endocrine operation within the organism.



One notable and prominent estrogen is-&thynylestradiol, whose chemical structure is
given in Figure 1-1. lo*ethynylestradiol is a synthetic oral contraceptive used by over 80

million women worldwide (Wild, 1993).

OH

M\\\\\C:CH

Tl

OH
Figure 1-1: Chemical Structure of 1@-ethynylestradiol (Fineet al., 2003)

The relatively strong chemical stability ofd-@thynylestradiol and other exogenous
steroidal hormones results in their appearance in wastewatendrgadffluents in trace, yet
ecologically significant levels (Lorenzenal., 2006). Because of the widespread use af 17
ethynylestradiol, general scientific concern has been raised igbetfects in the natural
environment (Purdoret al., 1994). It was proposed by Purdetral., (1994) in the early 1990s
that the occurrence of hermaphrodite fish living downstream of watstetn@atment effluents
were the result of an estrogenic compound exposure.

To evaluate this hypothesis, rainbow tradh¢or hynchus mykiss) of both sexes were
kept in cages and exposed to wastewater treatment effluent over a 30 toeS@akyre period.
A bio-assay was used to evaluate feminization of male rainbow troosecpo 1d-
ethynylestradiol by measuring how vitellogenin concentrations in nsedrrelated with

increasing hormone exposure. Vitellogenin is a yolk precursor founddégaglhying animals



(Clemens, 1978), and its presence in male fish would indicate that thesfiskexposed to
estrogenic contaminants.

Purdomet al., (1994) demonstrated that male fish exhibited vitellogenin increases
ranging from 500 to 100,000 fold, depending on sample site and exposure conditions. It was
hypothesized that bi7ethynylestradiol, or other estrogenic steroids, were the compowsls m
likely to have caused vitellogenin induction. To evaluate whetheefl#nylestradiol could be
responsible, additional experiments were conducted using male raimuthtt were injected
with increasing doses of a#thynylestradiol. It was found da+thynylestradiol exposure doses
as low as 1 ng/L could generate similar responses to those seen &h thegied in sewage
treatment effluent (Purdost al., 1994).

17u0-ethynylestradiol is not the only steroidal compound to have shown endocrine
disrupting potential, other estrogens such dselstradiol, estrone and estriol can also act as
EDCs. Irwinet al., (2001) demonstrated thatft@&stradiol; an endogenous estrogen, has the
potential to increase vitellogenin in male painted turis\semys picta), as well as fish.
Subsequent studies have examined estrone and estriol for thegeagtreffects on sensitive
aqguatic species (Johnsetral., 2000 and Joblingt al., 2003), both concluding that trace
concentrations of these compounds induce sexual feminization of malesngdoisant to note
that while significant progress has been made in researching potemtigeast hormonal
steroids and their effect on aquatic species, much less is known nggdweliendocrine

disrupting potential of non-estrogenic contaminants.

1.1.2 Androgenic Contaminants
As there are both endogenous and exogenous hormonal steroids that are etrdgeni

natural environment, there also exist androgenic hormonal steroids earndnduce



masculinization or other androgenic effects in sensitive agsjaticies. For instance, Howell
al., (1980) observed in 1980 that a population of mosquitoGsimbusia affinis holbrooki)

living downstream of a paper mill effluent exhibited abnormal sexalacteristics. Female
mosquitofish were found to be strongly masculinzed, having physical seg@edar
characteristics and showing some reproductive behavior of males. €algyvgrvenile male
mosquitofish were shown to exhibit secondary sex characteristics of adugt araladication of
abnormally rapid maturation, and possible exposure to androgens. To illtisdtsadrogenic
compounds in the effluent were responsible, female mosquitofish in ¢laensbove the paper
mill effluent and those in other control streams were shown to have neemal expression and
behavior, with no sign of masculinization.

Dentonet al., (1985) continuing on the research of Hoveehl., (1980) demonstrated in
laboratory experiments that microbially degraded plant sterols (ltesdesol and stigmastanol)
induced masculinization in exposed mosquitofish. Microbially degraded plesisstehich are
present in pulp and paper mill effluents, have been implicated ingitldies which have looked
at the masculinization of sensitive species (Caidy., 1997 and Larssosi al., 2000). Recent
research has introduced the possibility that microbially derived stediedione and
androstadienedione could also be implicated in observed masculinzation ofrfigh |
downstream of pulp and paper mill effluents (Bandgdj., 2006).

Studying the masculinization of spawning channel catfighl (rus punctatus) living in
the Red River of the North, Hegrenes, (1999) observed that femiidé caiight below sugar
beet processing effluent and sewage treatment effluent exhibiteddsey sex characteristics of
male fish such as enlarged muscles on the surface of the head.cRégddegrenes (1999),
Dentonet al., (1985) and Howelit al., (1980) and others demonstrated that androgenic

compounds could occur in point sources such as waste water treatmemteffid pulp mill



effluent, and have potential significant ecological effects. Whilp and paper mill effluents
have been shown to be have androgenic effects when introduced into the eenfroaoent
research has been conducted on androgenic activity originating from agaicojterations.
These studies have focused on the anabolic compodréiibolone, often used as a growth

promoter in animals.

1.1.3 Trenbolone as a Potent Androgenic EDC

In a study examining androgenic, endocrine-disrupting effects inutgrel
applications, Orlandet al., (2004) observed that wild fathead minnows exhibited altered
reproductive biology when exposed to cattle feedlot effluent. For instanade fish exhibited
lower testicular testosterone synthesis, altered head morphesraetd smaller testis size after
exposure. Female fish exhibited a decreased estrogen to androgenirativc$teroid
hormone synthesis, an indication of exogenous androgenic exposure. The obsestattersd
reproductive biology in both sexes led to the possible conclusion that ¥agdlot effluent,
there is likely a mix of androgenic and estrogenic substances. Odbaldq2004) became the
landmark study that would spawn research into what hormonal compounds are present i
confined animal feeding operation (CAFO) lagoon effluents and how thayirtat@nd persist
in the natural environment. Orlaneial., (2004) hypothesized that d7and 1B-trenbolone
were likely the potent compounds causing the androgenic endocrine disruptivaghebserved.

One of the first studies to document the effects of trenbolone exposunesiiivee
aquatic species, Anklegt al., (2003) demonstrated that fecundity of the fathead minnow was
significantly reduced with a 21-day exposure t@-frénbolone at a concentration of 0.Q&jy/L.

A 0.027ug/L concentration of Iftrenbolone caused the appearance of male secondary sexual



characteristics in female fathead minnows (Anldesd., 2003). In another study, Jenseal.,
(2006) examined X trenbolone under similar exposure conditions using the fathead minnow.
Similar results were demonstrated, with an exposed concentcdt®011ug/L to 17-

trenbolone causing a significant reduction of fecundity in femated#at minnows. Other studies
have observed similar results in other aquatic species such as the famsgquitofish (Sonet

al., 2005).

The effects of 1ff-trenbolone exposure on mosquitofish were investigated by &ahe
(2005). Male and female mosquitofish, both adults and newborn fry, werseeixmol -
trenbolone concentrations ranging from 0.1-10 pg/L for 28 days. In the mosquidfisficant
sexual changes were observed when the fish were exposedfraribblone concentration of
0.3 pug/L. All female fry exposed to afitrenbolone concentration of 1 pg/L showed the growth
of ovotestes, growth normally reserved only for male fry, and also @usarnvacceleration of
testicular development in the majority of male fry (Seina., 2005).

17o-trenbolone, 1f-trenbolone and trendione occur in the aquatic environment due to
the use of 1ff-trenbolone acetate (TBA), a synthetic anabolic steroid which is usedrasvth
promoter throughout the United States and Canada. It has been estimated bteth&tdtes
Department of Agriculture that approximately 90% of the beef catited in the U.S. receive at
least one TBA implant during their lives (USDA, 2000). While TBAnis tompound given to
cattle via implant, its metabolites fi-frenbolone (the active form), d&renbolone and trendione
are subsequently found in animal wastes and introduced to the environmemypotieesized

path of TBA metabolism is given in Figure 1-2 (Schifferal., 2001).
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Figure 1-2: Major TBA metabolism pathway as proposd by Schiffer et al., (2001).
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1.1.4 Persistence and Routes of Entry of Trenbolone and Melengestin the Natural

Environment

The EPA reported in 1998 that the market forces of beef production in thialbs
high efficiency, large-scale confined feeding operations such as CAR2s (998) over
smaller, family run operations. Theses CAFOs typically geadaieger amounts of waste than
small farming operations. When there is a lack of available land tg tgigplaste to as
fertilizer, manure ends up stock piling and can serve as a potentiabpoinge of
environmentally significant amounts of trenbolone and other contaminknts studies
highlighted here examined the fate and transport and the degradatiorf tegabaone

compounds.



Schifferet al., (2001) was the first study to assess the degradation of trenbolone
metabolites along with the progestagen melengestrol a¢bt&ta&). Examining the
concentrations of the trenbolone metabolites and MGA in solid dung, liquid epamat soil,
Schifferet al., (2001) observed that &7and 1B-trenbolone exhibited half-lives of nearly 260
days in liquid manure. These results would indicate thatd7d 1B-trenbolone are very
persistent in anaerobic liquid manure, similar to CAFO lagoon efflugfithh respect to MGA,
Schifferet al., (2001) found greater stability in solid dung relative to the metabalit
trenbolone.

In a similar study, Khast al., (2008) evaluated the persistence of trenbolone metabolites
after land application on two contrasting agricultural soil typesth®fthree metabolites, it was
reported that trendione was the most persistent in the environmein, ghre to its higher
sorptive behavior and the low rate of conversion eftt&nbolone to trendione. While theol7
and 1B metabolites generally exhibited half lives between 4 and 40 hours, trendcag ioam
had a half life of nearly 100 hours.

Based on results from Khahal., (2008) and Shiffeet al., (2001), it is unlikely that
trenbolone metabolites and MGA are able to travel any substaistehck within aerobic
aquifers into surface waters. However, it is possible that thalg ceach shallow aquifers via
anaerobic seepage from animal waste lagoons as the metabolites weréoshewelatively
stable under such conditions (McNabal., 2007). Under these conditions the possibility of
trenbolone compounds appearing in shallow aquifers with reasonablegpessiist possible.
While it is possible that trenbolone could reach surface wataishallow aquifers, where
sensitive aquatic species reside, it is more likely to do so througtrotites.

Two proposed routes for trenbolone reaching surface waters incluéeheafithg direct

access to surface waters, and overland flow transport. In a study exattménpujential release
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of steroid hormones into surface waters, Kolodetigj., (2007) found that 86% of rangeland
creek samples had steroid hormones present when cattle weredadioget access to the water.
Similarly, Nicholset al., (1997) demonstrated that significant amounts @tdstradiol in poultry
litter applied over a pasture could reach receiving waterswadand flow. In general, where
CAFOs have lagoon treatment effluent entering surface waters, and mpéeted cattle have
direct access to surface waters, it can be expected that trenbdldreepresent in those waters.

Given the amount of research conducted on the possibility of steroidal horreaokeig
receiving waters, the potential exposure of trenbolone metabolitéd@Ado sensitive aquatic
species is likely. Further research is needed, specificallyeofate and transport of trenbolone
metabolites and MGA to definitively identify where these compoundmast likely to come
from and what steps can be taken to prevent their exposure to aqudts.spec

Toxicology studies demonstrate the obvious danger of trenbolone megsbolexposed
fish species such as the fathead minnow. However, it is important to tandetisat the
biological mechanisms (i.e., androgen receptors) which allow ti@mdto masculinize female
fathead minnows are similar in all vertebrate species, includingisinBeing a potent
androgenic agonist, trenbolone has the potential to negatively affe pdymilations of species.
Due to a lack of published studies, the effects of MGA in aquatic envirogamenhot known.
However being a potent progestagen, it is likely to have endocrine disrpptential. With the
increase in trenbolone metabolites and melengestrol entering aquatimenents and the
documented danger they pose to sensitive species (in the case dbtrepldarther

environmental assessments of these synthetic steroid hormonesited.mer
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1.1.5 Current Methods Available for Trenbolone Detection

To date, a limited number of analytical methods have been developeshtoolone.
Analytical method development began when the potential use of trenboloneoaglagyomoter
in cattle resulted in an outright ban on its use in the European Union in 198&folaedhis
ban, analytical methods had to be developed which could detect tracatcatmes (ng/L) of
trenbolone and other anabolic steroids in complex biological masicdsas bovine tissue.
Methods have expanded to detect trenbolone compounds in human hair as a mdaansrgf de
illicit use of trenbolone in competitive sports.

Potential techniques for analysis must include the metabaliteace concentrations.
Such techniques include the use of enzyme-linked immunosorbent asstSA)(&hd both gas
(GC) and liguid chromatography (LC) paired with mass spectrometry @kE)andem mass
spectrometry (MS/MS). Assays are analytical techniques used to¢ tlateccompounds in a
variety of matrices. Assay reagents attach to target analyteplojtiag their specific spatial
shape. The reagent-analyte complex is then optically measurecearahtientration of analyte
is calculated. While there are a number of different assays thaeaamployed,
radioimmunoassay (RIA), time-resolved fluroimmunoassay (TR-FA)yme-linked
immusorbent assays have been used in trace quantification of steraiug,&/l., 2008).

For instance one of the first studies to examine the fate of trenbalageicultural soils
and liquid manure, Schiffeat al. (2001) developed an enzyme immunoassay analytical method to
detect 1é@-trenbolone as low as 0.4 pg/g in soil and 4 pg/g in liquid manure. While offering
limits of detection (LOD) for hormonal steroids in the low ng/L lsyanmunoassays suffer from
poor reproducibility and false positives due to cross-reactions and complex effects (Wang
etal., 2008). As a result immunoassays have proven to be largely ineffiectiletecting trace

concentrations of hormonal steroids when complex environmental matricesavedv he
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result with employing assays in complex environmental matrices & afi@onfirmed
specificity and the presence of false positives.

LC/MS/MS methods can positively identify a variety of endocrineugisng compounds
including trenbolone in environmental matrices (see Table 1-1). LC/M&idtBods are often
preferred choices for the analysis of steroids due to their afolapalyze compounds without
using a preparatory derivatization step (Marcges., 2007). However, Vanderforet al.

(2003) reported that a signal suppression of up to 38% for progesterone set preheir
LC/MS/MS method due to matrix interferences. In essence, for complegm@mental matrices,
the analysis of hormonal steroids like trenbolone could be complicated byrtdtration of
matrix interferences. To reduce signal suppression or enhancemeniateelgearrogate
standards and isotope dilution techniques are often employed in LC/M®34H#Sia of
environmental samples.

Because of its superior chromatographic separation capabititieseasitivity,
GC/MS/MS is theorized to be an ideal technique for trenbolone anadyisnplex matrices, but
requires more sample preparation (Le Bigied., 2004). This theory has been validated by
numerous methods developed for a variety of complex matrices (see TQblI&G/MS/MS
methods suffer from their need for labor-intensive derivatization proggthecause many
steroidal hormones like those in this study are relatively podase low volatility and are
thermally labile (Vanderforeét al., 2003).

Much of the work done for this analytical method comes from studies published by a
research group at the National Veternary School in Nantes, Franoen@vial., 1998;
Marchandet al., 2000; Le Bize&t al., 2004; and Rambawad al., 2007). These methods employ
the use of an MSTFA/reagent used for derivatization ofot and 1B-trenbolone as presented

by Maumeet al., (1998) for use in detecting &7and 1PB-trenbolone in bovine tissue, urine and
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hair. These methods do not attempt to quantify trendione, perhaps the most esmiiatlgm
persistent metabolite of all three TBA metabolites, and also theytddtempt to quantify any
other exogenous steroids used in animal agriculture. Because these metfeodsended for
biological matrices they have not yet been tested for use in detectibgltnee metabolites and

MGA in environmental matrices.



Table 1-1: Summary of published analytical method$or the detection of trenbolone compounds.

Study Target Trenbolone Compounds Matrix Considered Method Employed
Maume et al., 1998 170 & 178 Bovine Urine SPE-GC/MS
Le Bizec et al., 2004 17a & 178 Bovine Tissue SPE-GC/MS
Marchand et al., 2000 170 & 178 Bovine Tissue SPE-GC/MS
Fedeniuk et al., 2004 178 Bovine Serum SPE-GC/MS
Schanzer et al., 2005 17B Human Urine XAD-GC/MS & LC/MS/MS
Khan et al., 2008 17a, 17B & Trendione Agricultural Soils HPLC/MS
Durhan et al., 2006 170 & 178 CAFO Runoff SPE-GC/MS & HPLC
Wilson et al., 2002 178 In Vitro & In Vivo Rat Binding Assays
Schiffer et al., 2001 170 & 17 Dung, Manure and Soil SPE-HPLC-Immunoassay
Chang et al., 2008 178 Environmental Waters UPLC/MS/MS
Rambaud et al., 2007 178, 17a & 17a-d3 Animal Hair SPE-SiOH-GC/MS/MS
Marques et al., 2006 17a Human Urine SPE-GC/MS
Impens et al., 2002 178 Kidney Fat and Meat SPE-GC/MS/MS

(SPE = Solid Phase Extraction, GC/MS = Gas fDlatography/Mass Spectrometry, XAD = proprietaryaotion cartridge,
HPLC = High performance liquid chromatograptfsL C = ultra performance liquid chromatographyp8i= silicon hydroxide)

vl
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1.1.6 Research Objectives

The primary objective of this research was to develop an analytthbohwhich could
guantitatively detect, using gas chromatography/tandem mass speactraraet levels of the
anabolic steroid trenbolone acetate’'s metabolit@strehbolone (1B-hydroxyestra-4,9,11-trien-
3-one), 1é-trenbolone (1d-hydroxyestra-4,9,11-trien-3-one), trendionef{zhigdroxyestra-
4,9,11-trien-3,17-one), and melengestrol (6-methyl-16-methylemedr@,-diene-3,20-dione),
the predominant metabolite of melengestrol acetate in environnyecdatiplex matrices. It is
important to note that while this method presents an analytical metha@ftrenbolone and
170-trenbolone, which have existing GC/MS/MS methods established, though not for complex
environmental matrices, a objective of this method was to incorporatkane, the internal
standard 1ff-trenbolone-d3 and melengestrol. No GC/MS/MS analytical method exidtseke
compounds especially when considering complex environmental matrices (Seé&-Iable

An analytical method capable of detecting the trenbolone family in environmeattéces
at or below 1 ng/L is necessary because toxicity studies have demahtteatieleterious effects
of 17a- and 1B-trenbolone in this range on various fish species (Andliey., 2001, Jensed
al., 2006). The challenge in establishing such a method comes from the abifipatate and
positively identify target analytes from organic matter. Oveaallytical methods suffer from
time consuming and labor intensive aspects but attempting methods in aigfanic-
environmental matrices adds the necessary complication of solid phasziext(SPE) and
normal phase extraction (Florasil) clean up, both of which are potentigssexwhere target
analyte mass can be lost. This method incorporates both SPE and Flaagilcfgocesses

along with a derivatization procedure and GC/MS/MS quantification paresnete
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2 Experimental Section

2.1.1 Chemicals, Reagents and Cartridges

The steroids melengestrol (4,6-pregnadien-6-methyl-16-meth{léi@ -3,20-dione)
and 1B-trenbolone (1p-hydroxyestra-4,9,11-trien-3-one) were purchased from Steraloids. Inc.
(Newport, R.l.,, USA). 1fi-trenbolone-d3 (1fF-hydroxy-estra-4,9,11-trien-3-ong}dwas
obtained from the Bank of Reference Standards (RIVM, the NetherlandsjrehBolone (1d-
hydroxyestra-4,9,11-trien-3-one) was purchased from NMI (Pymble, NSW, Aldhdibne
(17B-hydroxyestra-4,9,11-trien-3,17-one) was synthesized frgivtrEnbolone using the
protocol outlined in Khaet al. (2008). Trendione synthesis was performed by Soma Maitra, a
graduate student in the Department of Chemistry under the supervisioredfvrear Dr. Liming
Zhang at the University of Nevada, Reno. Derivatization gkadethylN-
(trimethylsiyltrifluoro-acetamide (MSTFA) and iodine (99.999%¢g)uwere purchased from
Sigma-Aldrich (Milwaukee, WI, USA). Resprep 6 mL C18 and Florasil ciags were
purchased from Restek (Bellefonte, PA, USA). Samples of Oasis HpER&eSPE cartridges
were obtained from Waters (Milford, MA, USA) and samples of Strata-X;\C48d C18-E SPE
cartridges were obtained from Phenomenex (Torrance, California, USA).

Stock solutions for each of steroid were prepared in HPLC grade mett@andbigma-
Aldrich (Milwaukee, WI, USA). The derivatization reagent was preghddy dissolving 0.2 mg
of iodine per mL of MSTFA (0.02% m/v). Both stock solutions and the derivatizegagent

were stored in a freezer at -18°C to reduce the potential degradatienspéroids.
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2.1.2 Filtration of Samples

Samples were vacuum filtered (Fisherbrand 90 mm diameterrgiessanalysis filter
holder assembly, Fisher Scientific, Pittsburgh, PA, USA) throughr@.pore Glass Fiber
Prefilters (AP40) purchased from MilliporBi(lerica, MA, USA), and then poured back into
their original glass containers. After filtration, 100 pL of a 100 sgpck of 1B-trenbolone-d3
was added as an internal surrogate standard to each sample includiatptsis@mples spiked
with predetermined amounts b7B-trenbolone, 1d-trenboloneand trendione; this deuterated

surrogate was used as means of quality control and assurance.

2.1.3 Solid Phase Extraction Procedure

Prior to further processing of sample filtrate, C18 solid phasadidn cartridges were
conditioned per the manufacturers SPE specifications. Conditiongag vgth four 5-mL
aliquots of a mixture of methanol and water (95:5 v/v), passed through thégesrtunder
vacuum to create a high flow rate in an extraction manifold (Watblferd, MA, USA) (See
Figure 2-1). The cartridges were then conditioned with four 5-nguat$ of deionized water.
Cartridges were not allowed to vacuum dry in between conditioning and sampieredsliper
manufacturer’s SPE specifications.

The samples, typically 1.0 L in volume, were extracted under vacuum in thetiextra
manifold. The flow rate through the extraction cartridge was 1 to 5 mL/&xtra care was
taken not to exceed a 5 mL/min flow rate, as per manufacturer'ficsgiens. At this point the

C-18 cartridges were eluted immediately or stored in a 4°@eeditor to be eluted at a later date.
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Figure 2-1: Sample set up with collection bottlessartridges and vacuum extraction manifold

Elution of the steroids from the C18 cartridges was accomplished by pergadlate 2-
mL aliquots of methanol and water (95:5 v/v) through the cartridges unceuma The final
sample volume (~ 6 mL) was then dried down under a gentle streagnleaiing a dried residue
which was then resuspended in 6 mL of dichloromethane and methanol (95:5 v/vowl foell
guantitative mass transfer the contact time between the residtieessalution was as long as 24
hours.

Sample clean-up was performed with normal phase extraction using Farasiges.
The cartridges are first conditioned by passing four, 5-mL volumestiraethrough each

cartridge with a vacuum drying period in between each pass. After vacuung,dhg cartridges
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are conditioned with four 5-mL final solvent passes of a dichlorometirahenethanol mixture
(95:5 viv).

Samples are then passed through the conditioned Florasil eestragiplying a vacuum
if necessary. Each sample volume (~ 6 mL) is vacuum dried to ~1.5 mL and then ptuged i
mL SilCote deactivated vials (Restek, Bellefonte, PA, USA). @esrare then dried down under

N, prior to derivatization.

2.1.4 Derivatization Procedure

A 1000uL volume of dichloromethane is added to the vial, vortexed and then
evaporated under Xor azeotropic removal of residuab®. Fifty uL of the derivatization
reagent MSTFA (1000:2 v/m) is added to the dried residue and vortexed at room temgeratur
for 5 seconds. Because the derivatization reaction is instantaiianehiandet al., 2000) the
sample is immediately dried down under a genflstdeam. As small iodine colored crystals
often formed during the dry down process, a continued flow, afitld the vial is used to
evaporate the crystals, often taking 30 minutes depending on the flow rate Tié\dried
residue is resuspended with J@0of MSTFA and incubated for 40 minutes at 60°C to ensure
complete derivatization of the alcohol functional groups (Rambiaid, 2007).

The proposed derivatized structures for each steroid in this @tedlecting the internal

standard, 1fF-trenbolone-d3) are presented in Figure 2-2.
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Figure 2-2: The parent ion, molecular weight, and drivatized structure of studied steroids.

2.1.5 Steroid Detection

Steroid derivatives were analyzed by GC/MS/MS using an Agilent 682N
Chromatograph (Santa Clara, CA, USA) paired to a Waters Quattro Mi@® $feectrometer
(Milford, MA, USA) (See Figure 2-3). The GC column used for separatisraviRestek RKF
5Sil MS, 30-meter long and 0.25- mm inner diameter (Restek, BellefoAtdJSA). Splitless
injections of 1.0 pL into a 250°C injection port were used. UHP helium wasagsbd carrier
gas at 1.0 mL/min. The temperature program was as follows: 120°C (held iioy, nereased
at 45°C /min to 260°C (held for 1 min), increased at 5°C/min to 270°C (he8drfom), increased
at 45°C/min to 285°C (held for 6 min), increased at 45°C/min to 300°C @reddniinutes).

The electron-impact ionization energy in the mass spectrometer veds 78n ion source

temperature of 180°C and a 290°C gas chromatograph transfer line temgpesmt maintained.
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Figure 2-3: Agilent 6890N Gas Chromatograph with aNatersQuattro Micro Mass Spectrometer.

2.1.6 Multiple Reaction Monitoring (MRM) Development

MRM functions in the Quattro micro GC/MS/MS allow for simultaneous manijoof
multiple daughter ions and transitions. To positively identify a target compibenbi-
trenbolone in a complex matrix, the use of parent/daughter collisionpieyad. In essence, a
target compound with a known molecular weight (for MSTEé¢érivatized 1B-trenbolone this
is equal to 539.2) is isolated in the first quadrupole. The analitenipassed from the first
guadrupole into the collision cell where it collides with energizhdracteristic argon gas. This
collision fragments the “parent” compound into smaller fragments or “datsght As these

fragments pass from the collision cell into the second quadrupolerthagain scanned for



22

molecular weight. Those transitions which meet the molecular weighirements from
predetermined fragment analysis are assigned a peak area basedrefathe abundance.
This process is referred to as multiple reaction monitoring.

Under carefully monitored conditions the parent structure of a targetoromd breaks
apart into stable and repeatable fragments. When these transéi@isarved in real-world

samples, the target analyte is unambiguously identified.

2.1.7 MRM Development Example Using 1p-Trenbolone

To illustrate the process of how transitions are determined for eaoé cbtnpounds, the
MRM development procedure for i-frenbolone is given here. The process begins with a first
guadrupole or “MS” scan of a sample containin§-irénbolone, also referred to as a full scan.
The full scan spectrum for g#renbolone, which contains all of the masses that were observed
and arbitrarily quantified in the sample at a specified retention inggven in Figure 2-4.

A spectrum of the MS scan is compiled which contains the parent ioh7fdrenbolone =
539.2). As an electron-impact ionization energy of 70 eV is used to itveizainple during the
full scan the compound of interest is often fragmented as opposed to remaininopitiethe
parent mass, which would be the preferred situation for tandem mag®smry. As this
happens to be the case wittdrenbolone, the most abundant, unique and repeatable fragment is
selected for further fragmentation and tandem mass spectrometrifiqaiorn.

Further MRM development includes a daughter scan with the highessity fragment

(m/z = 442.2 for 1f-trenbolone). In a daughter scan the highest intensity fragment has a variety
of collision energies applied to it. An example of a daughter scan, distooatnergy of 30V
for the 1B-trenbolone mass 442.2 is given in Figure 2-5. Although the m/z = 539.2 is the actual

parent mass for Bftrenbolone the highest intensity fragment in the spectrum is m/z = 442.2, and
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was therefore chosen as the parent fragment for further fragioarnitathe collision cell. The
spectrum for the collision of mass 442.2 is given in Figure 2-5. From thei@okif mass 442.2
a number of fragment masses could be chosen as quantification and donyitnaasitions.

After examining each for overall transition (i.e., 442.2>294.0) peak tre#&ransition with the
largest, repeatable peak area, free of interferences is chosen.pfi@nbodlone the 442.2>382.0
transition at a collision energy of 30 V gave the largest, repeatable peakral was thus chosen
as the quantification transition.

A similar procedure is performed to find a confirmatory transition thatsgihe next
highest transition area. Forfitrenbolone the confirmatory transition was 442.2>309.2 at
collision energy of 32 V. The combination of the quantification and confirmagrgition
unquestionably confirms the presence di-irénbolone when found in actual test samples. A
similar procedure as described here was performed for each of the compadieddevelopment

of this analytical method (listed in Table 3-2).
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3 Results

3.1 Literature Verification

For the steroids J#trenbolone and Pftrenbolone, a number of studies have presented
protocols for their derivatization and analysis using GC/MS/MS agjatitative instrument
(Refer to Table 1-1). Data and figures are provided here to ensusintiiar results for these
steroids were observed using the protocol outlined in this study. In additkivi, ddvelopment
data are included for each compound.

In general, similar results were observed when verifying existing/SMB1S methods

for 170- and 1B-trenbolone. Because of differences in machinery, techniques, analyitematr
and other unknown variables some different quantification and confirmatiitivas at
different collision energies were chosen for this method. A conguaoitransitions and
collision energies of known GC/MS/MS methods foua-1dand 1PB-trenbolone and those of this
study are given in Table 3-1. Similarities in the transitions wbserved between this study and

those of existing literature.

Table 3-1: Comparison of method to other publishednethod using the MSTFA/L derivatization.

Collision Collision
Target Parent Quantification  Energy Confirmatory Energy
Study Steroid  lon Transition (V) Transition (V)
Rambauckt
al.. 2007 17a 539.2 380.3>323.3 20 449>307.3 30
Rambauckt
al., 2008 178 539.2 380.3>323.4 20 442.4>295.2 40
Current 170 539.2  449.3>323.2 8 380.2>323.2 24
Study
Current 178 539.2  442.2>382.2 30 442.2>309.3 32

Study
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3.1.1 17e-Trenbolone Chromatogram/Spectrum

An 8 ppm standard of kftrenbolone was prepared using the method outlined in this
study. The resulting chromatogram shows a strong chromatographic peatvittoagimilar
spectrum as presented in Mauebel., (1998) (See Figure 3-1). The quantification and
confirmatory transitions (449.3>322.1 at 8 V and 380.2>323.2 at 24 V) detrdiibolone are
given in Figure 3-2. These were the transitions that gave theslspsnse based on the
procedure outlined in the methods section of this study.

In Figure 3-1 three total peaks are visible; the first repredbatkinetic product, which
for 170-trenbolone and Pftrenbolone is by far the most prevalent product. The second and third
peaks represent the thermodynamic product and a di-substituted prodhexitively. This
analytical method does not account for these products as they aremdfteuantifiable when
the steroid is present in high concentrations. For environmental matrices,expected
concentrations are in the ng/L as opposed to the mg/L range, thermodynaniisastitited
products are virtually undetectable. Minimizing the thermodynamic asdiditituted products

is accomplished by following the derivatization procedure without vanati

3.1.2 17p-Trenbolone Chromatogram/Spectrum

A 500 ppb standard of gtrenbolone was prepared using the method outlined in this
study. The resulting chromatogram shows a strong chromatographic peakctsdxgnd
features a very similar spectrum as presented in Matiale (1998) (See Figure 3-3). The
transitions (442.2>382.2 at 30 V and 442.2>309.3 at 32 V) fdtrenbolone are given in Figure

3-4.
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3.2 Extension of Literature to Trendione, 1 §-Trenbolone-d3 and Melengestrol

As described in the research objectives section of this studg,aheno known
GC/MS/MS methods using the MSTFAderivatization approach for trendione and melengestrol
especially using environmental matrices. Existing knowledge from Matahe (1998),
Marchandet al., (2000), and Rambauet al., (2007) was used to develop the derivatization
procedure presented in the experimental section of this study. Theidativatmethod was
then applied to trendione, fi-frenbolone-d3 (as a surrogate standard) and melengestrol. MRM
transitions were established for each of the compounds, the rdsuhich are presented in

Figure 3-10, Figure 3-12 and Figure 3-14, respectively.

3.2.1 Trendione Chromatogram and Spectrum

As mentioned in the experimental section of this study, trendione was sgathizem
17B-trenbolone with the assistance of Soma Maitra, a graduate studeatDepartment of
Chemistry and her advisor Dr. Liming Zhang at the University of Nevada, R&hen the
derivatization procedure outlined in this study was applied to a sampie synthesized
trendione, two chromatographic peaks were observed which are higtlighHtigure 3-7.

A variety of derivatization parameters (derivatization terapee, duration, volume used,
etc.) were explored to maximize trendione yield and minimize whapisthgsized as the
thermodynamic second peak. Experimental results indicate that onlyiarfraicthe trendione
mass within stock solutions could be derivatized to yield the “firdt"geandione product with
the remainder going to the second product. The spectrum for the second @rgduest in
Figure 3-8. It is theorized that the two peaks represent two prodw#svatized trendione.

Both theorized structures are represented in Figure 3-5.
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Fully Derivatized Trendione Partially Derivatized Trendione

F F m/z =3537.2 F F m/z = 465.2
F F
Figure 3-5: Proposed structures of the first (fullyderivatized) and second peaks (partially
derivatized). Parent masses 537.2 and 465.2 clgsetsemble those of the first and second peaks
represented in Figure 3-7 and Figure 3-8, respecily.

As a response to incomplete trendione derivatization, an approximaisomacke as to
what percentage of any given standard mass of trendione was actuadjyathe first product
using the established derivatization method. Five concentrationgkftstadione, ranging from
1 mg/L to 26.8 mg/L, run in triplicate were analyzed for the percentage of p@agaang into
the first and second peaks. Established trendione stocks werdljingtecto reflect the
approximate concentration that would be yielded using the established mitvad.found with
fair consistency (based on standard error) that with the establisheatidation method, 15% of
a known standard mass would show up in the first product while 85% woulcdhrignté second
product (See Figure 3-6). Based off of this assumption, stocksawere numerically
adjusted to account for the first peak yield. For example, a 26.8 nogh stlution would only
yield 15% first peak trendione and thus became a 4.02 mg/L stock used to ghentify t

completely derivatized trendione product.
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Figure 3-6: A representation of peak area break-dow into the
first and second peaks. Percentages assume allridéone stock
mass is derivatized into one peak or the other. Eor bars
represent standard error (%).

A 2 ppm standard of corrected trendione was prepared using the procetiines in
this method. The chromatogram and spectrum are presented in Figure 3-7. Boghdhd f
second trendione peaks are represented. The quantification trarwitiloa $econd trendione

peak is given in Figure 3-9. The transitions for trendione (537.2>522.3vaa8@ 440.3>410.3

at 10 V) are given in Figure 3-10.
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3.2.2 17p-Trenbolone-d3 Chromatogram and Spectrum

A 500 ppb standard of gtrenbolone-d3 was prepared and analyzed using the method
outlined in this study. The chromatogram and spectrum are given in Figdre3sed as an
internal standard, only one transition (445.3>383.3 at 30V) was establistHeflfoenbolone-d3

which is given in Figure 3-12.

3.2.3 Melengestrol Chromatogram and Spectrum

An 8 ppm standard of melengestrol was derivatized and analyzed usingtter
provided in this study. The chromatogram and spectrum are presented in3Figurd he
transitions for melengestrol (624.0>581.2 at 12V and 624>491.2 at 10V) are @dasdfigure

3-14.
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Figure 3-14: MRM transitions one (top, 624.0>581.2t 10V) and two (bottom, 624.0>491.2 at 12 V) for elengestrol.
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Table 3-2: Retention times (R parent ion (MW), Transions 1 and 2, and correspoding collision energies.

Rq Quantification Collision Energy  Confirmatory Collision Energy
Steroid (min) MW Transition (V) Transition (V)
Androgen
17a-Trenbolone 14.22 539.2 449.3>323.2 8 380.2>323.2 24
17B-Trenbolone-d3 14.69 542.2 445.3>383.3 30
17B-Trenbolone 14.71 539.2 442.2>382.2 30 442.2>309.3 32
Trendione 14.34 539.2 537.2>522.3 22 440.3>410.3 10
Progestagen
Melengestrol 20.39 624.0 624.0>581.2 10 624.0>491.2 12

(Retention times may differ from chromabgraphs as changes in machinery and processes diugimethod development often affect retention
times of compounds.)

v
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3.3 I, Concentration in MSTFA

The concentration of in MSTFA was found to be the primary variable in both overall
derivatization yield for all steroids studied and the appearanceianidation of second or
thermodynamic peaks in &7and 1B-trenbolone. The presence gin MSTFA acts as a
catalyst by facilitating the nucleophilic substitution of a NEHOCF; at the 4-position and the
silylation of the 3- and 17-oxygentated positions (Mauenal,., 1998). The amount of hdded
to MSTFA for use in derivatization was found to strongly impact the dwaedd of steroids.
For example, 2 ppm standards, run in triplicate, ef Ahd 1B-trenbolone were derivatized with
increasing concentrations gfih MSTFA beginning at zero and ending at 2.15 mg/mL. The
yield results for these experiments, as measured each compoundsifrégme= 380.1), present
in both 1&- & 17p-trenbolone are given in Figure 3-15 ffenbolone) and Figure 3-16 (&7

trenbolone).
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Figure 3-15: Peak area responses from 2 ppm samplet17a-trenbolone derivatized with different
concentrations of b in MSTFA. Error bars represent standard error of triplicate samples.
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I, Concentration on 17B-Trenbolone Yield
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Figure 3-16: Peak area responses from 2 ppm samples17B-trenbolone derivatized with different
concentrations of b in MSTFA. Error bars represent standard error of triplicate runs.

Results from Figure 3-15 and Figure 3-16 would indicate, based on standarthat
beyond a concentration 0.107 mg/mi{NISTFA) the amount of;lpresent in MSTFA during

derivatization does not affect yield.

3.3.1 Second Chromatographic Peak Appearance and Elimination
It was observed that at significantly lower concentrations iof MISTFA than literature
values (4:1000 m/v) derivatization would yield the appearancesef@nd chromatographic
peak in addition to the usual i-frenbolone peak. This second peak could result in an apparent
false positive for la-trenbolone because bothdtAnd 1B-trenbolone share this MRM

transition. To investigate this relationship an experiment waseatbwhere increasing
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concentrations ot lin MSTFA were used to derivatize onlyfiti#fenbolone. Analogous results

also appeared for giftrenbolone.

Effect of I, on 17a False Postives
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m0.083 m0.408 m0.76 m1.44 m2.15

I, Concentration in MSTFA (mg/mL)

Figure 3-17: The appearance of a J/trenbolone peak in a sample of 1f-trenbolone, a function of
the I, concentration in MSTFA during derivatization.

While it was not fully explored why false positives emerge at tqwé.76 mg/mL
(I,/MSTFA)), it is evident from the results in Figure 3-17 that conctotrmexceeding 0.76
mg/mL (L/MSTFA) minimizes the second peak formation to < 5% of highest cixbéaise
positive values.

To further illustrate the importance gfto MSTFA concentration in the derivatization
reagent, two 1 mg/L standards of onl\Bd#enbolone were derivatized, each with a different
I,/MSTFAconcentration (2.15 and 0.083 mg/mL) and were analyzed using the qutmrifica
transitions for both 1o+ and 1B-trenbolone. The results of this experiment are illustrated in

Figure 3-18. As the data from Figure 3-17 would suggest, a significantramf 14-trenbolone



is observed in the 0.083 mg/mL/MSTFA) derivatized 1@-trenbolone standard. 47

trenbolone virtually disappears with the 2.15 mg/mIMETFA) derivatized 1f-trenbolone

standard.
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Figure 3-18: Comparison of a 1 mg/L standard of devatized 17B-trenbolone with 2.15 mg/mL (top)

versus 0.083 mg/mL (bottom) (MSTFA/).

3.4 Limits of Detection and Quantification

The limits of detection (LOD) and limits of quantification (LOQ) wdetermined by

comparing the signal (target peak area) to noise (baseline) withinatognams. The limit of

detection for the compounds studied was established at a signal to noiséthage or higher.

The limit of quantification was established at a signal to noise rasix of higher.

170-trenbolone is used as an example to illustrate how machine LODs and LOQs were

established for each of the compounds studied. Two standard concentrations, OatiduigQ.

Mg/l of 17%-trenbolone were derivatized using the method presented in this study. Bheir ga

chromatograms along with their signal to noise ratios are givemgimd-B-19 and Figure 3-20,

respectively. With a signal to noise ratio (S/N) of 8, 1.0 pg/L wasddo be the limit of

quantification of 1d@-trenbolone for our GC/MS/MS instrument. A S/N of 4.29 established the
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GC/MS/MS limit of detection at 0.75 pg/L for d-frenbolone. A summary of machine LODs
and LOQs for all steroids in this method are given in Table 3-3.
Table 3-3: Summary of machine and method LODs and QQs for each of the steroids

studied in this method.
Machine LOD Machine LOQ Method LOD Method LOQ

(noll) (Hg/L) (ng/l) (ng/L)
170-Trenbolone 0.75 1.0 <2.5 <25
17B-Trenbolone 0.75 1.0 <2.5 <2.5
Trendione 1.0 2.0 <25 <25
Melengestrol 20 20 100 100

The machine LOD and LOQ refer to the lowest possible concentratidgrtbeha
GC/MS/MS can detect and quantify. The method LOD and LOQ refer to thet lowes
concentrations that can be detected and quantified in real samples whddaoha through the
SPE, Florasil clean up and derivatization processing. Method LODs ansgl &d@it much
lower concentrations because the volume analyzed decreases fsampis volume to the
volume that is actually analyzed in the GC/MS/MS while the analyte imassserved. For
example, a 1 L sample which contains 1 ng ¢gf-tténbolone would have a concentration of 1
ng/L. If that 1 ng of 1f#-trenbolone is completely conserved through processing, it is
resuspended into 100 pL of MSTFA, resulting in a concentration of 10 ug/IlCiM&MS

analysis.
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Figure 3-19: Signal to noise ratio example establigng the machine LOD for 17-trenbolone at 0.75 pg/L.
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3.5 Calibration Curves

A representative, seven point calibration curve for each of the trenboloig fam
compounds, normalized to an internal standard is given in Figure 3-21. Wabhane LOQ of
1 pg/L for 1'a-trenbolone and Pftrenbolone, the concentrations represented in Figure 3-21 are
1, 2,5, 10, 20, 50 and 100 pg/L. With a machine LOQ of 2 pg/L for trendione, the
concentrations represented in Figure 3-21 are 2, 5, 8, 10, 20, 50 and 100 pg/L.eMeeisy
not represented in this figure due to an inability to repeatedly debstow 50 ppb.

Response, as represented in Figure 3-21 refers to the resathafancentrations peak
area number in relation to the internal standarfl;tiéhbolone-d3, and is calculated using
Equation 1. The internal standard did not vary outside of + 7.0% in the making of the iourve
Figure 3-21.

, Peak Area
Response = Sample Concentratlon(

) Equation 1

Internal Standard Peak Area
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Figure 3-21: Representative calibration curves fod 7a-trenbolone, 1 B-trenbolone and trendione.
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3.6 Comparison of SPE Cartridges

Selections of commercially available SPE cartridges wetedédsr recovery of the studied
compounds in environmentally representative matrix water which feadoganic content
consistent with many agricultural runoff waters. The matrix wateroksained from the Sierra
Foothills Research and Extension Center near Grass Valley, GXQ, B&mples were extracted
through respective SPEs but were not followed by a Florasil clean up stageesilteare given

in Figure 3-22.
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Figure 3-22: Comparison of SPE cartridges on absola recovery for 200 mL environmentally
representative water samples spiked with 50 ng/L afach compound.

It was expected prior to the SPE comparison test that the ResPre@riti§es would
perform with the highest recovery efficiency, and in general the resulfsm that assumption.
The data however, appears noisy, and recovery efficiencies fortelligas, including the

ResPrep C-18 appear to be low for key analytes suchBaselibolone and trendione. Itis
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hypothesized that the efficiency recoveries are low for these compourdséecFlorasil clean
up stage was not utilized, and thus matrix interferences were high. The Bagare 3-22
support the necessity of a Florasil clean-up stage after SPE extrcaliminate matrix

interferences when complex environmental matrix samples are analyzed.

3.6.1 Method Validation

For method validation, matrix water samples were collected from s$kieme The Sierra
Foothills Research and Extension Center near Grass Valley, CA, U88s(@alley matrix
water), Evans Creek which runs through the Rancho San Rafael park in RetdSAYRancho
San Rafael matrix water), and Steamboat Creek in Reno, NV, USA (Steambelan@trix
water). These three sites represent an array of environmeritaleswaters. Steamboat creek is
a altered natural waterway which receives a large agrialliad urban storm water runoff.
Evans creek is relatively pristine natural surface water whig¢hedtme of collection was
composed mainly of snowpack and rainwater with minimal inputs from other sourbe Grass
Valley matrix water represents water which has been passed throightag fields, though it
does not necessarily represent extremely complex environmental miiteddat of CAFO
treatment lagoon effluent. The collection procedure was a grab-sarmgeausL bottle. 1 L

Aliquots were then taken from the 5 L bottle.

3.7 Laboratory Spike Results

Separate matrix spike recoveries were conducted on Grass ValleghdSan Rafael and
Steamboat Creek matrix waters using two concentrations for alidsén this method. Results
are not provided for melengestrol, due to hypothesized derivatization catigis which are

discussed later in this report. The first concentration was 50 ng/lhars¢tond was 2.5 ng/L.
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The 50 ng/L spike recovery was attempted as an “easy” recovery thiat M«ely ensure results
that could be used to determine how much lower of a concentration the nexespikery could
achieve. It was determined that 2.5 ng/L would be attempted, as this @eredsi
“environmentally relevant” and is a concentration that could be expiecteany receiving

waters in the natural environment where CAFO lagoon effluents amenpres

50 ng/L Matrix Spike Recovery for 17-trenbolone
160 -
140 -
120 -
100 -
80 -
60 -
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O J
B Grass Valley  mRancho San Rafael  m Steamboat Creek

Figure 3-23: Absolute recovery for three matrix waer recoveries for the steroid 1p-trenbolone.
Greater than 100 percent recoveries were observedtrror bars represent standard error based on
triplicate runs.

According to Figure 3-23 recoveries forifrenbolone were above 100 percent in each
matrix. It should be noted that for this and the other recoveries presettiedsaction that the
calibration curve used to calculate recoveries was made from fully peat€SPE and Florasil
clean up) Steamboat Creek matrix water. The intended reason for usitig@avater to make
calibration curves was to possibly eliminate the effect of actige an laboratory glassware.
The presence of active sites on glassware can have the effectiobphgsisorbing steroid

analytes, decreasing overall yields.
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Moreover, the recovery data presented here are absolute recovbitdsmeans that
they are not corrected using the surrogate standgetrdifbolone-d3. It was observed, in
general, that when absolute recoveries are near or above 100 percenthesoaas with the
data in Figure 3-23, correcting the data with a surrogate standarchordgsed recovery values,
the exception being BaArenbolone (See Figure 3-24). As a result, recoveries usingisiat
matrix water increased beyond absolute values, and thus a surrogdéedstarrection is

neglected.

50 ng/L Matrix Spike Recovery for 17-trenbolone
using Surrogate Standard
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Figure 3-24: Data from Figure 3-23 corrected with he surrogate standard 1B-trenbolone-d3. Error
bars represent standard error from triplicate runs.

An example of why absolute recoveries were used in spike recoveries asdajgpose
normalized recoveries using the surrogate standard is illustratéguire B-25. Instead of
correcting recoveries to reasonable levels (80% to 120%), the serstgadard resulted in much
larger recovery values than would be expected (~200-220%). This is @vithem for trendione,
a deuterated form would be necessary for use as a surrogate standard te regoosry

estimates, though no such form may exist commercially.
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50 ng/L Matrix Spike Recovery for trendione
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Figure 3-25: 50 ng/L Matrix Spike Recovery for trerdione using corrected data from the surrogate
standard 17B-trenbolone-d3. In the case of trendione the usd the surrogate standard appeared to
exaggerate recoveries. Error bars represent standd error for triplicate runs.

A 2.5 ng/L matrix recovery was attempted in a similar fashion to the /AOnmeatrix
recovery illustrated in Figure 3-23. The results of this recoaarypresented in Figure 3-26. As
opposed to the 50 ng/L matrix spike recovery fg-rénbolone, Figure 3-26 illustrates results
closer to those that were expected. Both 50 and 2.5 ng/L matrix spike resovemeconducted
for 17o-trenbolone, the results of which are represented in Figure 3-27 ame Big8,
respectively. ld-trenbolone appeared to represent more realistic recoveries (80%-00&t)

the 50 and 2.5 ng/L cases.
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2.5 ng/L Matrix Spike Recovery for 17f-trenbolone
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Figure 3-26: Absolute matrix spike recoveries for 2 ng/L of 17B-trenbolone. Error bars are based
on standard error for triplicate runs.

Matrix spike recoveries were attempted at 50 and 2.5 ng/L standarchtratioas of
trendione. However, using the transitions from Figure 3-10 yieldeddipaesults. It was
observed that through processing of matrix water and derivatization dry dosgidaal of
natural organic matter was attached to the vial. It was theohiaethis natural organic matter
physically adsorbs that is not removed during dry down. When pure MSTFA is put back into
the vial to resuspend the target analytés fesuspended with it. As a consequence it is theorized
that trendione is allowed to continue reacting to its eventual end-produaiser€ely,
monitoring the second trendione peak transition yielded less sporadis eeslitherefore, the
matrix spike recoveries for trendione are based off of a secemdidne peak calibration. Spike

concentrations are adjusted to reflect this fact.



58

50 ng/L Matrix Spike Recovery for 17a-trenbolone
120 -

100 -

oo
o
I

% Recovery
H D
o o

N
o
1

o
L

B Grass Valley  mRancho San Rafael  m Steamboat Creek

Figure 3-27: 50 ng/L matrix spike recovery for 1@-trenbolone. Recoveries were above 80 percent
for each matrix water. Error bars represent standad error for triplicate runs.

2.5 ng/L Matrix Spike Recovery for 17a-trenbolone
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Figure 3-28: 2.5 ng/L matrix spike recoveries foll 7a-trenbolone. Grass Valley and Rancho San
Rafael matrices recovered at or above 100 percenError bars represent standard error for
triplicate runs.
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Figure 3-29: 333 ng/L matrix spike recovery for traxdione based off of a processed matrix water
calibration curve using the second trendione quantication transition. No error bars are present
because only two data points for each matrix watewere detectable.

[uny
o
o

80

60

% Recovery

40

20

17 ng/L Matrix Spike Recovery for trendione

B Grass Valley  mRancho San Rafael  m Steamboat Creek

59

Figure 3-30: 17 ng/L matrix spike recovery for trerdione based off of similar conditions to the 333
ng/L matrix spike recovery. Error bars represent $andard error in triplicate runs.
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3.8 Full Method Gas Chromatogram

To demonstrate that all steroids studied in this method can be ahabing the
MSTFA/I, derivatization method, a relatively high concentration (500 ppb) of g&coid was
derivatized and analyzed. Using the experimental parameters giverexkptrenental section of
this method a chromatogram was obtained (See Figure 3-31). Each steuaidtification and
confirmatory transition (excluding the internal standarg-tténbolone-d3) was examined with

strong peaks for each highlighted.

3.9 Melengestrol Complications

A linear, repeatable calibration curve for melengestrol was nonhebtasing the given
method. It is unknown why melengestrol has sporadic responses and a numbablefsivere
explored to correct the issue but no solution has yet been found. For exanfpbgbastandard
of melengestrol was derivatized and analyzed using the established methodeaad gacellent
response and signal to noise ratio as seen in Figure 3-32. Based otattisedaethod should
be comparably effective for melengestrol as for the trenbolone compoundgvéiptine

protocols for melengestrol are still not robust and repeatable.

3.10 Trendione Complications

Trendione proved to have poor reproducibility when samples were repeatedilyed
over time. A spiked standard of 200 ng/L in 250 mL of matrix water was processed threugh t
SPE and Florasil clean up stages prior to derivatization and compar&8Q@gab standard
derivatized without processing. Both quantification and confirmatory timmsiwere monitored
along with the trendione second peak quantification transition. The resugisvan in Figure

3-33, Figure 3-34 and Figure 3-35, respectively. Results indicatthéhimendione concentration



in solution continually decreases with time, while the second trendiodeqgirpeak results
indicate more stable behavior. One possible explanation for the athskyeadation of
derivatized trendione could be due to reactions with light, which possibly pgcholés the

derivatized product.
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JMelengestrol Quantification Transition (624.0>581.2)

JMelengestrol Confirmatory Transition (624.0>491.2)

17p-Trenbolone Quantification Transition (442.2>382.2)
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Figure 3-31: Gas Chromatograph of each compound wita concentration of 500 pg/L.
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Trendione Quantification Transition Stability Over Time
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Figure 3-33: Trendione quantification transition (537.2>522.3) stability over time showing continual
decrease in both processed (250 mL of matrix wategnd non-processed sample (No SPE). It should
be noted that the 250 mL data represents a recovateoncentration, which is less than the non
processed data represented by No SPE data points.

Trendione Confirmatory Transition Stability Over Time
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Figure 3-34: Trendione confirmatory transition (4403>410.3) stability over time. Similar results are
observed with quantification stability.
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Trendione Second Peak Stability Over Time
80000 -

—&—No SPE
75000

==250 mL

70000 -

65000 -

60000

Peak Area Units

55000

50000 T T T T T 1

oo Q0 .00‘.0(3 1"00, W

e 26
Time After Derivatization (hrs)
Figure 3-35: Trendione second peak (monitored by cantification transition) stability over time.
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Results are erratic from Figure 3-35 but do not seem to have auadrtétrease over time
as was the case with the trendione transitions. A repeat of this egpeisnmecessary to

conclude that the second product concentration does not decrease over time.
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4 Discussion and Conclusions

The objective of this study was to develop an analytical method for thetidetand
guantification of the metabolites of trenbolone acetate and metevigesetate in complex
environmental matrices. To date, no such method exists which utilizelrgasatography /
tandem mass spectrometry. The incorporation of trendione into a gas chraiplayagtandem
mass spectrometry method completes the family of trenbolone acetateoiries and allows for
the ability to analyze for trenbolone acetate metabolites in corepdsonmental matrices. This
is critical considering that trenbolone metabolites have shown stronggandr potential in
sensitive aquatic species with exposures as low as 0.3 ng/L.

This method began with an existing derivatization method using a MS;ifeafent
developed by Maumef al ., (1998) and Rambaudf al ., (2007), intended for analyzing d7and
17B-trenbolone in biological matrices (bovine serum, tissue and urine) dditivatization
procedure outlined by Maumet, al., (1998) had to be repeated and reevaluated for its
applicability to the particular GC/MS/MS used in our laboratory. Qfieatiion and
confirmatory transitions, along with their corresponding collisiongiasy were optimized for
17a- and 1B-trenbolone which were similar to those given by Rambetual,, (2007).
Transitions and corresponding collision energies were then estalflistiszhdione,
melengestrol and the surrogate standarftiehbolone-d3.

As mentioned, the methods established by Maetra,, (1998) and Rambauet al .,
(2007) were intended for use in biological matrices. Environmentala@sifoy comparison are
more complex due to the presence of unknown organic matter, some of which may bensimilar
size and structure to target analytes. In effect, environmentatesatequire the use of not only
solid phase extraction, as used by methods intended for biological matricaisoba matrix

clean up stage. With a multitude of commercially available solid phasetotr cartridges
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available, the ResPrep C-18 cartridge, manufactured by Restekla@sdéor the method. For
a clean up stage after solid phase extraction, Florasil cartridgesnahufactured by Restek
were employed.

Complex environmental matrices, because of the potential for matnifeheteces,
require an analytical instrument capable of unambiguously detecting aaajgtes to prevent
false positives. Gas chromatography / tandem mass spectroritattiievnclusion of a Florasil
clean up stage prior to analysis proved to be sufficient in filtering oubaatrferences from
target analytes. Proof of the elimination of matrix interfersraoel excellent analyte recovery
are given in this study by way of spiking known concentrations of steroids witorgmental
matrix waters. Results indicate that greater than 80% absolute meobvarget analytes is
assured using the established method. The chosen surrogate stafdegdidoione-d3 proved
to be useful in correcting &7 and 1B- trenbolone recoveries to nearly 100%. In addition,
results indicate that a different surrogate standard may be agcémsmelengestrol and
trendione as matrix spike recoveries for these steroids appearedxagogerated when corrected
using 1PB-trenbolone-d3.

Because environmental waters can encompass a variety of suspended solids
concentrations, different filtration methods were employed based on thesaatgles being
analyzed. For instance, water samples with low to medium suspended daittsydie used in
the matrix spike recoveries (presented in the results secttbis agtudy) required only vacuum
filtration thru commercially available 0.7 pm pore size filters. Hmwecertain samples were
analyzed (data not presented) in this study that required much mensie&tpressure filtration.
Employing the use of a centrifuge may be necessary for water sampkheshigieconcentrations

of suspended solids are present.
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Extension of this method to confidently analyze for trendione in environmentétesa
was complicated by two issues which require further researchfoiirhation of two products
from derivatized trendione was the first concern. It was obseragéthéhestablished method
yielded only 15% of derivatized trendione. The remaining 85% of trendiass appeared to be
incompletely derivatized into a second trendione product. Recoeeu&snot be improved
without unduly impacting performance ford-and 1B-trenbolone. As a result, trendione
calibrations were adjusted to reflect this phenomenon. The secondnssuetered was that
derivatized trendione appeared to degrade over time, perhaps intodhd se thermodynamic
product. Results indicate that as much as 20% degradation of derivatiwkdreecan occur
within 48 hours. Therefore, the rapid (<48 hours) analysis of samples tsandfurther
proposed experiments to alleviate these issues would include runnisggidl of derivatized
trendione, monitoring the formation and degradation of products over hidneeassessing
transition parameters.

The extension of this method to the predominant metabolite of the @ggest
melengestrol acetate, showed some success in terms of detimattzgability and recovery
from environmental matrices. A 20 pg/L standard was analyzed using theizatioa
procedure which gave a strong chromatographic peak, with a high signaldeatms In
addition, recoveries of melengestrol from environmental matricesgveater than 80% without
a surrogate standard correction. These results would indicatedleaig®strol can be recovered
from environmental matrices at low ng/L concentrations. However, degdatizlengestrol
displayed significant reproducibility issues. It is possible thkattlhe trendione metabolites,
derivatized melengestrol has a thermodynamic product which causes udstalsiézed

products. Further research is needed to confidently detect and quantifigestiel in
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environmental matrices, and perhaps an adjustment to the derivatizatcedure will provide a
solution.

There are a few critical points in the method that are worth highlightmgchw
maximized analyte recovery and derivatization yields. With respeatpls processing and
maximum analyte recovery, it was found that maintaining a flow rateughty 2 mL/min, and
not exceeding 5 mL/min through the solid phase extraction and Florasil catwegecritical. In
addition, achieving a complete dry down of the SPE elution and allowing adéqmeter
resuspension of analytes into the dichloromethane and methanol mixtustsaastical for
maximum analyte recovery. To achieve maximum derivatization yigldember of points were
found to be critical. Most importantly, to not only maximize yields but also tamzaifalse
positives, aMSTFA concentration of 2.0 (mg/mL) and higher is necessary. Dizatian
yields can be strongly affected if any solvent is remaining prior tM&geFA/I, or pure MSTFA
resuspension stages. Therefore, it is highly recommended to allow BolNexiity down time
prior to these steps.

Another critical parameter to be considered for maximum recoverywtsanot
mentioned in this method is machine performance and sensitivity. Evalu@iSBMS
performance is critical when analyzing results. To ensure that maeimsié\sty was at
acceptable levels at all times, a constant concentration of hes@mnzene, a stable, relatively
non-reactive compound was analyzed with every 10-20 samples. The asstiealeak dight
GC/MS/MS system was also found to be critical, not only for sengitsgues but to keep the
mass spectrometer’s inner source filament from fracturing, meg it significant down-time. To
ensure that the GC/MS/MS was leak tight at all times, the aghspectra, which monitors the

amount of water versus the amount of nitrogen in column was evaluated onlzadél



70

In conclusion, the analytical method presented in this study allows fdetbetion and
guantification of trace concentrations of trenbolone acetate and metehgestate metabolites
in complex environmental matrices. As stated, significant issuesheittherivatization of
melengestrol and trendione require further research to provide aunédelts when analyzing
actual environmental samples. Future directions to improve melesigesdrtrendione
derivatization and recovery will include full scan monitoring of derieatigtandards over time
and reassessing product transitions. In addition, the possibility of replSTFA with another
final solvent may remediate some of the issues highlighted in this study.

The extension of this method to melengestrol opens up the possibility for the
incorporation of all exogenous metabolites that originate from confined afeieatihg
operations. This is a critical step when attempting to perform ffiatéransport studies on
exogenous steroids that appear in surface waters. With existingssiedienstrating that
hormonal steroids have deleterious effects on sensitive aquatic specdegrahensive
analytical method capable of detecting and quantifying all exogenous sterigithating from
agricultural uses is highly desirable. The method developed in this $todg the potential for
such an analytical method. Fate and transport studies along with aaoblytital method
capable of detecting exogenous steroids in complex environmental matriceleproplatform
to pursue better agricultural management practices which will simpbssibly eliminate the

appearance of exogenous steroids in surface waters where sensitliesgepcées may reside.
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