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Ongoing research has demonstrated that specific environmental contaminants, commonly 

referred to as endocrine disrupting compounds (EDCs), can alter the functioning of the endocrine 

system by affecting normal growth, development and reproduction. In consequence, there is a 

fundamental need for innovative methods to improve the characterization of EDCs and their role 

in EDC-induced alterations in wildlife, specifically the changes in endogenous steroid profiles. 

The diverse physiochemical properties of steroids and EDCs impose inherent analytical 

limitations and thus current analytical methodologies for monitoring these compounds are often 

limited in scope and scale, limiting the overall understanding of contaminant-steroidogenesis 

interactions. 

New strategies that can simultaneously analyze a wide range of endogenous steroids in one 

chromatographic analysis would be a significant improvement over current methods. In the 

research reported here, application of chromatographic techniques such as gas and liquid 

chromatography, coupled with mass spectrometry (GC/MS, LC/MS), are shown to offer 

promising profiling capabilities in increasing the number of compounds detected and quantified. 

Several innovative sample preparation strategies, involving extraction and derivatization, were 
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optimized and tailored to expand the dynamic range of compounds capable of being analyzed in 

a single analysis. In particular, novel extraction (solid-phase extraction (SPE) with several 

sorbents and solid-phase microextraction (SPME) with on-fiber derivatization) and derivatization 

(including microwave and solvent enhancement) strategies were explored and optimized. Sample 

preparation techniques were evaluated and compared in terms of yield, reproducibility, and 

overall analysis time.  

The overall profiling schemes were effective for the characterization of a diverse suite of 

environmental EDCs in surface water samples and steroids in alligator plasma. The analysis of 

endogenous steroids in the American alligator, in concert with the detection of EDCs from its 

natural (indigenous) water environment, provides a unique opportunity to correlate changes in 

the normal endocrine milieu in response to possible EDC exposure.  
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CHAPTER 1 
INTRODUCTION 

The American alligator (Alligator mississippiensis) has exhibited altered steroidogenesis 

when exposed to certain anthropogenic compounds, commonly referred to as endocrine 

disrupting compounds (EDCs). Present research is aimed to help understand the contaminant-

steroidogenesis interactions and the physiological level at which these contaminants can alter the 

functioning of the endocrine system. Current research strategies to monitor both the presence (in 

the environment) and activity (in an organism) of EDCs often focus on the analysis of small 

groups of chemically similar compounds. Thus, new techniques capable of characterizing on a 

broader scope the EDCs in the environment and the EDC-induced impacts on wildlife would be 

an improvement over current methods. In this study, the application of chromatographic 

techniques, coupled with mass spectrometry, offer promising capabilities for increasing the 

number of compounds (EDCs and steroids) analyzed in a single analysis. In addition, innovative 

sample preparation strategies were optimized and tailored to increase the selectivity and reduce 

the analysis time of the overall methods. The developed methods were used in the 

characterization of steroids and EDCs in biological and environmental samples, respectively. 

Overview of Endocrine Disruption 

Background on Endocrine Disruption 

The basic role of the endocrine system is to regulate physiological processes in the body 

including growth, development, and reproduction. The mechanism by which the endocrine 

system regulates and maintains these processes is by releasing chemical messengers, also called 

hormones.1, 2 As they are secreted, these hormones are transported (typically protein-bound) to 

various destinations throughout the body. At the target cell, hormones bind to specific receptors 

as they diffuse through the cell membrane.2-4 The hormone-receptor complex signals specific 
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biological actions, including the growth and development of specific tissues.4-6 Disruption in 

normal endocrine activity can occur with exposure to certain environmental chemicals, often 

resulting in atypical growth, development, and reproduction.4, 7-9 These contaminants, often 

referred to as endocrine disrupting compounds (EDCs), have been defined by the US 

Environmental Protection Agency (EPA) as, “exogenous agents that interfere with the synthesis, 

secretion, transport, binding action, or elimination of natural hormones in the body that are 

responsible for the maintenance of homeostasis, reproduction, development, and/or behavior”.10  

As early as the 1950s, evidence of endocrine disruption originated from observations of 

reproductive failure, inappropriate behavior, and population decline in wildlife including fish, 

birds, reptiles, and mammals.11-15 Through the progression of applied science, examples of 

endocrine disruption have often been linked to the effects of anthropogenic compounds. A 

noteworthy example of the disruptive effects of anthropogenic compounds on wildlife has been 

well-documented with the pesticide, dichlorodiphenyltrichloroethane (DDT). The benefits of 

DDT, as an agent to avoid disease-carrying insects, were first realized by Paul Muller in 1939.11, 

16, 17 Subsequently, DDT was heavily applied as a pesticide in an effort to increase the 

productivity of agricultural practices; upwards of two million tons globally since its inception.16 

Numerous examples of endocrine disruption have been associated with DDT (and its analogs), 

including abnormal reproductive development and several types of cancers.18, 19  

Coincidentally, at same time that DDT was first being marketed as a pesticide, another 

chemical named diethylstilbestrol (DES) was being proposed as a promising pharmaceutical. In 

contrast to DDT, DES was developed for direct human treatment. First introduced in 1938 by 

Dodds and coworkers, DES was prescribed to aid in the prevention of pregnancy complications, 

most notably spontaneous abortions.20-23 During its tenure, DES was prescribed to over five 
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million women, many of whom took the drug as a precautionary measure.11, 21 It was later 

discovered that not only was DES ineffective in avoiding pregnancy complications, but it 

increased cancer-related occurrences in the offspring of medicated mothers.20-24 Laboratory-

based studies have substantiated the effects of human exposure to DES, as the offspring of mice 

exposed to DES exhibited an increase in reproductive abnormalities and tumors.8, 25-27 To date, 

endocrine disruption by DES is the clearest example of the human consequences sustained 

through to exposure to hormone-like compounds.  

Several books7, 11, 24, 28 and workshops/seminars10, 29, 30 have focused on bringing the issue 

of endocrine disruption to the forefront of discussion on environmental and human health. These 

discussions illustrate a fundamental need for a better understanding of the cause/effect 

relationship in which EDCs exert disruptive effects on both wildlife and humans. Initially, 

endocrine disruptors were thought to interfere solely with estrogens (ex. 17β-estradiol, shown in 

Figure 1-1), by impeding normal estrogen upkeep or binding to and limiting the activity of 

estrogen receptors (ERα, or ERβ). However, recent studies have shown that EDCs can also have 

a deleterious effect on other mechanisms of the body, including the disruption of the thyroid, the 

immune and nervous systems, and other hormones such as androgens and progestins (e.g. 

testosterone and progesterone, respectively, shown in Figure 1-1).3, 5, 10, 24, 31, 32 

Mechanisms of Endocrine Disruption 

The preliminary concepts regarding the mechanisms by which EDCs can disrupt normal 

hormonal activity were first realized from research done by Soto and Sonnenschein in the 

1980s.11, 32-34 During their research, an unknown contaminant was interfering by proliferating 

breast cancer cells, a normal activity of endogenous estrogens. It was later discovered that this 

contaminant was p-nonylphenol, an ingredient of plastic labware.11, 32-34 A similar result was 
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obtained in the work done by Feldman, in which the discovery of another plastic constituent, 

bisphenol A, had interfered with the normal binding of estrogens to a receptor in yeast.11, 32, 34, 35 

The important implications from these studies gave rise to a new line of thinking about the 

mechanisms by which environmental contaminants can interfere with normal hormonal 

processes. It should also be noted that these studies also served notice to the increasingly 

unexpected origins of EDC exposure.  

Since these early studies, several mechanisms of endocrine disruption have been proposed, 

most notably in the alteration of 1) steroidogenic enzymes, 2) normal hormone homeostasis, 3) 

and the binding of hormones to receptors.4, 10, 20, 32, 36, 37 Of particular interest are the EDCs that 

disrupt normal reproduction by competing with endogenous sex steroids for receptors, by either 

agonistic or antagonistic actions.4, 9, 20 An example is DDT, which exerts disruptive effects of on 

the endocrine system through its ability to act as an estrogen agonist by binding to and altering 

the activity of the estrogen receptor.11, 14, 18 Antagonists, such as the DDT degradation product 

dichlorodiphenyldichloroethylene (DDE), can act by blocking or inhibiting the receptors.11, 14, 18, 

38, 39 In addition, recent research has also demonstrated that some EDCs have the capability to be 

active through multiple mechanisms.5, 9, 32, 40 

Types of Endocrine Disrupting Compounds (EDCs) 

The ubiquitous nature of EDCs in a variety of matrices, including water, soil, air, and 

food,24, 36, 41 is of direct consequence to the varied applications of intended usage. EDC usage 

ranges from agricultural and industrial practices, to an assortment of chemicals found in many 

household and personal care products.42-45 The agricultural industry, a major source of EDC 

pollution, is responsible for the introduction of several pesticides, herbicides, and fungicides into 

the environment in several cases from thousands to millions of tons per year.46 Moreover, DDT 

and many other organochlorine pesticides (including dicofol, endosulfan, and several DDT 
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byproducts) have since shown the potential to disrupt normal estrogenic, androgenic and 

thyroidal functions.3, 31, 38, 39, 47, 48 Several other widely used compounds, including herbicides 

(atrazine), fungicides (vinclozolin), flame retardants (polychlorinated biphenyls, PCBs), 

plasticizers (phthalates, bisphenol A), surfactants (nonylphenol), and natural/synthetic hormones 

(ethinylestradiol), are also suspected endocrine disruptors; these are shown in Figure 1-2.3, 10, 24, 

31, 47, 48  

It is troublesome that only a few of the 80,000 registered chemicals for practical usage 

have been tested as endocrine disruptors.30 EDC determination is complicated by the fact that 

there is little evidence correlating EDC-induced actions to a corresponding chemical property. 

Furthermore, as shown in Figure 1-2, EDCs typically exhibit little resemblance to the 

endogenous sex steroids they disrupt. 

Endocrine Disruption Effects 

Consequences of Environmental Exposure 

Studies have demonstrated reproductive dysfunction in wildlife on several tiers of the food 

chain. Case studies of fish exposed to EDCs have been presented, including turbots exhibiting 

altered hormone levels when exposed to ppt (pg mL-1) levels of bisphenol A and nonylphenol,49 

numerous fish exhibiting increased neoplasia when exposed to PCBs and pesticides,13 carp 

exhibiting altered hormone levels when examined near a sewage treatment plant,50 and 

mosquitofish exhibiting decreased sperm and hormone levels when exposed to organochlorine 

pesticides.51, 52 It should be noted that even though lower level aquatic organisms, such as fish, 

routinely have to deal with contaminants directly from sewage treatment plant effluent, 

agricultural runoffs, and industrial waste, organisms which consume these fish (birds, mammals, 

and humans) often encounter these same contaminants in a larger dosage due to bioaccumulation 

and biomagnification (upwards of a million times or more of the original exposure11, 12, 15, 24). 
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Accordingly, many studies have attempted to determine the endocrine disruption effects on these 

organisms at the higher end of the food chain, including case studies involving the population 

decline and abnormal sexual development of several avian species,11, 53 altered sexual 

development and sex reversal for several reptiles and amphibians,54-57 and the population decline 

and suppressed immune and reproductive systems of several marine mammals.12, 13 Furthermore, 

case studies with rodents and pigs exposed to DES and nonyphenol, respectively, have illustrated 

that many of these EDCs can be carcinogenic and have the capability of creating abnormal 

effects over several generations.58-60  

The Alligator Model 

Ongoing research in the Guillette research group at the University of Florida has been 

directed towards understanding the mechanisms by which the American alligator (Alligator 

mississippiensis) manages exposure to EDCs and the consequential EDC-induced ramifications. 

The American alligator, along with Lake Apopka (FL), have been ideal models for examining 

the relationship between wildlife and EDC exposure. Lake Apopka, a large lake in central 

Florida, has experienced contamination through various entry points, including extensive 

agricultural and industrial waste. Lake Apopka also suffered a large chemical spill of dicofol and 

DDT (and its analogs) in 1980,52, 61, 62 which may have been a factor in the population decline of 

alligators in the 1980s.62, 63  

The American alligator is an important species for accessing both environmental exposure 

and the resulting consequences to wildlife and ultimately humans. On the surface, alligators, like 

humans, are top-of-the-food chain predators and experience similar consequences to the 

bioaccumulation and biomagnification of EDCs in various fatty tissues and food webs.11, 48, 64 

Physiologically, alligators are unique in that they are temperature sex dependent (TSD) animals, 

thus the sex of the offspring is determined by the temperature in which the eggs are incubated.65 
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The theory of TSD also includes the concept that other environmental factors (such as exposure 

to EDCs) can exert an effect on sex determination. Thus, the consequential outcome of EDC 

exposure can be readily monitored. Studies have shown that exposure of estrogenic compounds 

to alligator eggs at key intervals can result in sex-reversed alligators.65, 66 Furthermore, the 

endocrine system has been considered to be evolutionarily static;11 thus, as the same steroids are 

responsible for similar endocrine actions across animal species, so should the mechanisms by 

which normal endocrine processes be altered.  

Several key perspectives in the understanding of endocrine disruption have been 

introduced through examinations of the American alligator, including the significance of timing 

in endocrine exposure, the mechanisms by which endocrine exposure occurs, and the 

consequential endpoint results from endocrine exposure. Through several case studies, timing of 

the exposure to EDCs has shown to have a profound effect. Exposure to EDCs during embryonic 

and neonatal stages has been shown to result in permanent deviation from normal reproductive 

growth and developmental processes.65, 67-70 Furthermore, the mechanisms by which EDCs affect 

alligators have been pinpointed towards two central themes, the disruption of steroidogenic 

enzymes and the alteration of hormone/receptor binding.66, 71-73 In comparison studies to 

alligators sampled from controlled environments (low contamination), several reproductive 

anomalies have been demonstrated in alligators examined from contaminated lakes, including 

altered sex steroid concentrations,67, 68, 70, 73-75 morphological irregularities,67, 68, 70, 73-75 and low 

clutch viability.76 Moreover, EDCs have been shown to have an effect in other aspects, including 

the skeletal,77 immune,78 and nervous system.69 

The Human Impact 

The number of human reproductive disorders has dramatically risen since 1970,11, 21, 79 

prompting the scientific community to suggest the possible activity of EDCs to be the 
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explanation. A decline in sperm quality and quantity has been the most significant result and 

increases in testicular, prostate, ovarian, and breast cancers have also been observed and may be 

linked to EDC exposure.10, 20, 21, 24, 80, 81 Recent data suggest that because of their ubiquitous 

nature, the general public carries and is exposed to physiologically significant levels of EDCs.30, 

81 Moreover, several reports have documented the potential of EDCs to negatively affect human 

populations, including an increase in occurrences of preterm birth, and behavioral, reproductive, 

and immune dysfunction.20, 24, 30, 82 

Human exposure to EDCs can occur directly or indirectly. Direct exposure is typically 

mediated by a compound such as anabolic or pharmaceutical steroids designed to elicit a specific 

biological response. Anabolic steroids have been used to enhance athletic performance by 

increasing muscle strength and size; however, they have also been found to disrupt a host of 

other physiological processes.2, 83-85 Pharmaceutical steroids, such as the active ingredient in 

contraceptive pills (ethinylestradiol – EE2), have been used to prevent pregnancy by inhibiting 

the normal pregnancy processes.86 Pregnancy-related steroids (such as EE2) have been shown to 

have many beneficial qualities; however, there have been instances in which these compounds 

have promoted endocrine disruptive actions, most notably, in the case of diethylstilbestrol 

(DES).  Although there is still much to be learned about the ill-effects of direct EDC exposure, 

indirect exposure is the more challenging concern to humans. Indirect exposure can occur from 

unintended contact with many of the pesticides, PCBs, phenols, and other EDCs previously 

mentioned.20, 24, 30, 82  

Timing of exposure is widely viewed as the most important factor in terms of endocrine 

disruption, as certain developmental stages (prenatal, neonatal, and pubertal) are more 

susceptible to disruption.10, 21, 24, 30, 36, 59, 80 During these developmental periods, permanent 
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organizational and developmental processes are undertaking and can be altered through the 

disruptive actions of EDCs.63 In addition, specific requirements of hormone levels and actions 

are required at specific intervals for normal growth and development.22, 24, 59, 80, 87 Young women 

in Mexico living near highly modernized agricultural practices had altered breast development 

when compared to women living in rural areas.88 Studies have also shown that children can be 

exposed to other EDCs through dental sealants (bisphenol A),24, 89 baby products (phthalates),90 

and even through human breast milk (DDT, PCBs).24, 91 Common links of endocrine disruption 

has been conceptualized in humans; however, little evidence has been presented which fully 

explains these hypotheses. 

Controversy of Endocrine Disruption 

The theory behind human endocrine disruption is currently incomplete, mostly due to the 

complicated nature of EDCs and the limited amount of definitive information regarding their 

action. These factors have lead to speculation about the capability of EDCs to exert a destructive 

influence on humans. Skeptics point to several inherent factors of most EDCs, such as the low 

potency in comparison to natural sex steroids, the environmentally low doses exhibited from 

natural occurring exposure, and the fact that most EDCs are found below the No Observed 

Adverse Effect Level (NOAEL).11, 34, 92-94 The low measured potency of some highly publicized 

EDCs has created some skepticism as to whether these EDCs are potent enough to exert a 

response over the much more potent endogenous estrogens.11, 34, 93, 95 The estrogenic potency of 

many EDCs, like DDT and nonylphenol, in some cases has revealed estrogenic potency levels 

close to a million times lower than that of natural estrogens.20 Furthermore, many laboratory-

based studies that measured an endocrine disruptive response were performed at high dosages, 

leading skeptics to argue the realistic probability of endocrine disruption at environmentally 
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active concentrations was minimal.92 Even further, exposure to these low environmental levels 

should not reflect a significant response, according to current toxicology principles.   

Although there is validity to many of these statements, several relevant factors are not 

considered. The ability of an EDC to affect an organism can be influenced by several factors, 

such as age, sex, species, dosage, and duration of exposure.4, 20 Although the potency of some 

EDCs are low in comparison to natural sex steroids, several field and laboratory-based studies 

have shown that the seemingly low potent EDCs can still exert a dramatic endocrine response.11, 

92 Other influential factors, such as bioaccumulation, timing of exposure, and concentration/half-

life of the EDCs can also increase the potency of a compound.11, 38, 46, 64, 82 Furthermore, the 

consequences from EDC exposure often undergo long latency periods and exposure is not 

reported until later stages in life.10, 20, 36 

In combination with the fact that EDCs can bioaccumulate and biomagnify, an underlying 

proposition is that within the framework of an industrialized country, EDC exposure is chronic 

and is never isolated.36 Thus, as skeptics have asserted that environmentally active 

concentrations may not be significant; mixtures of EDCs may impose a deeper threat. Several 

studies have examined the additive and synergistic nature of EDCs and demonstrated that 

mixtures of EDCs can have unpredictable consequences.10, 20, 36 Furthermore, many degradation 

products (ex. DDE) of known EDCs (DDT) have been shown to be as potent and 

environmentally persistent as the parent compound.3, 38, 39  

The toxicology profiles of many EDCs do not follow standard protocols. It has been shown 

that many EDCs actually exert a greater effect at smaller concentrations than at the higher 

concentrations that are tested in laboratory-based studies.92, 94 Since most sex steroids are 

protein-bound until they are released for activity, the active and free steroids are typically present 
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in low concentrations. Moreover, the EDC compounds, which tend to bioaccumulate, are often 

not protein bound, and thus are frequently more available to cause disruption.15, 46, 82 Indeed, in 

many cases, any exposure to EDCs can be considered enough to exert a biological response. 

The lack of a well-defined cause/effect relationship between EDC exposure and the EDC-

mediated responses has been a major driving force for continued research. Moreover, to 

understand EDC effects, better associations between observations in wildlife (in vivo) and in 

research laboratories (in vitro) need to be made.3, 20 Nevertheless, the persistent and ubiquitous 

nature of EDCs illustrates the eminent need to address the specific human impacts.  

Strategies for Endocrine Disrupting Characterization 

Issues Regarding Endocrine Activity 

Of the thousands of chemicals used for daily household, industrial, and agricultural 

practices, only a miniscule fraction have been tested for estrogenicity (or capability to exert an 

estrogen action).11, 96 Although not a focal point of this investigation, research involved in 

measuring endocrine activity (estrogenicity, androgenicity) must be addressed. At the forefront 

of any discussion regarding whether a specific compound possesses endocrine disruptive 

capabilities lie examinations from specific assays designed to discriminate compounds that have 

either estrogenic or androgenic activity. The E-SCREEN is one of the more popular methods to 

determine the estrogenicity or estrogenic potency of suspect compounds.79, 97 These methods use 

estrogen-sensitive cells in vitro to measure the consequential cell proliferation (a role of natural 

estrogens) achieved when in the presence of estrogen-like compounds.20, 79, 98, 99 The estrogenic 

(or androgenic) property of compounds is only one link in the characterization of endocrine 

disruption. 
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Detection of Environmental EDCs 

Connected to the debate of whether a compound possesses estrogenic (or androgenic) 

capabilities lies the determination of where these potential EDCs end up in the environment. It 

has been previously stated that these environmental EDCs have dramatic effects on wildlife, 

since animals (fish, birds, reptiles, mammals, and ultimately humans) rely on the environment 

for food and water. Accordingly, the analysis of water has been the most widely studied matrix. 

These studies involve measuring both endogenous (estradiol and estrone) and exogenous 

hormones (DES and EE2), alkylphenols (nonylphenol and octylphenol) and bisphenol A, in 

effluent derived from sewage (STPs) and wastewater treatment plants (WWTPs) that end up at 

physiologically high levels (ng – μg L-1) in nearby rivers, ground and surface water, sediment 

and sewage sludge due to ineffective treatment.100-124 The other large source of water 

contamination is from the excretion of hormones from concentrated animal feeding operations 

(CAFOs).125-127 It has been stated that about 90% of the current endogenous hormonal 

contamination is from livestock excretion, as the excrement is often flushed into nearby 

waterways or made into manure for agricultural purposes, which eventually integrates into 

agricultural runoffs.125, 127 Concerns over water contamination also arise from the fact that EDCs 

can be persistent and degrade into other products that may be unknown and harmful.46, 127 

Furthermore, a direct impact to humans is realized by the fact that some of the contaminated 

water is destined for human consumption.127 Finally, water is not the only route of EDC 

exposure. Several studies have shown EDCs can be found in relevant concentrations in soil,44, 128 

indoor air and dust,44, 129 and even food.130-134  

The recent interest for analyzing environmental EDCs has been to correlate results from 

chromatographic techniques (detection of EDCs) with bioassays (measure hormonal activity).103, 
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111, 113, 135 The most common strategies involve coupling the chromatographic techniques (liquid 

chromatography (LC) and gas chromatography (GC)) with mass spectrometry (MS) and tandem 

mass spectrometry (MS/MS). Gas chromatography/mass spectrometry (GC/MS) has been a 

powerful technique for analyzing EDCs for many years due to its ability to provide excellent 

chromatographic resolution and the fact that many potential EDCs are GC-ready (that is, volatile 

and thermally stable). GC/MS, with electron ionization (EI), also has extensive mass spectral 

libraries that aid in the identification of known and unknown EDCs. GC/MS has been routinely 

used for the analysis of many organochlorines (DDT, DDE, methoxychlor, endosulfan, etc.),101, 

116, 129-131, 136, 137 PCBs,129 phthalates,129 and other EDCs (atrazine).101, 131, 137, 138 However, the 

analysis of polar, non-volatile EDCs, typically require derivatization for GC analysis. The 

application of derivatization for the analysis of polar EDCs has been performed for the steroidal 

hormones,103, 104, 106, 108, 110, 115, 119-126, 135, 139, 140 alkylphenols,103, 108, 110, 114, 118, 119, 122, 124, 129, 135, 139, 

140 and bisphenol A,103, 108, 110, 114, 118, 121, 122, 135, 139, 140 but these methods often require extensive 

sample preparation procedures.  

Due to the extra sample preparation steps required for polar EDC analysis by GC/MS, an 

impetus towards employing LC/MS has surfaced. LC/MS, employing both positive and negative 

mode electrospray (ESI) and atmospheric pressure chemical ionization (APCI) techniques, has 

been used to analyze polar EDCs, including the steroidal hormones,105, 107, 111-113, 116, 117, 139, 141 

alkylphenols,100, 111-113, 117, 141 bisphenol A,100, 112, 113, 117, 139, 141 and the polar degradation products 

of many of the non-polar EDCs.116, 129, 136 The detection of polar degradation products of many of 

the non-polar EDCs has gained recent attention, most likely due to the lack of characterization of 

these compounds. In addition, a few reports have used LC/MS for non-polar EDCs.102, 112, 142, 143  
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Detection of Steroids and EDC-Induced Responses 

The analysis of steroids within an organism can be defined by two disciplines: 1) the 

detection of endogenous or exogenous anabolic steroids for enhancement in sports and livestock 

production, and 2) the clinical screening of endogenous steroids for the characterization of 

endocrine disorders. Both of these applications will be discussed in detail.  

At the 1976 Olympics in Montreal, the International Olympic Committee (IOC) banned the 

use of anabolic steroids prior to competitions.144-147 Furthermore, several regulatory 

organizations have identified and banned several growth promoters in the production of livestock 

destined for human consumption.148 The application of anabolic steroids has been shown to have 

several endocrine disrupting impacts, even though the mechanisms by which these compounds 

work are still not completely understood.84, 149 In fact, many of the currently used compounds for 

illicit purposes were initially designed for medicinal use of several hormone-related disorders.83, 

150 

Initial detection of anabolic compounds by the IOC was done by immunoassay-based 

techniques (IA).145, 147 Since then, GC/MS, capable of multi-residue analysis, has become the 

method of choice for the detection of steroids of abuse for human competition,144, 146, 147, 151-155 

equine racing and breeding,156-158 and livestock production.159-165 These strategies are centered on 

the analysis of urine, and often require enzymatic hydrolysis, extraction, and derivatization 

procedures. These extensive sample preparation techniques, along with the increasing synthesis 

and discovery of new anabolic agents, have created an impetus toward utilizing methods that 

require less sample preparation, such as LC/MS (and LC/MS/MS).85, 150, 166-171  

Due to the numerous ways an EDC can enter and affect an organism, interest in methods 

capable of routinely characterizing endogenous steroids are needed and would be an important 

tool in understanding both metabolic response and the mechanisms by which normal endocrine 



 

30 

function can be altered. Several strategies exist for the determination of endogenous steroids, 

including target analysis (one analyte), metabolic profiling (one class or several closely related 

analytes), and fingerprinting (trends derived amongst all analytes separated).172  

A commonly employed target method for the analysis of endogenous steroids is the use of 

IA techniques. IA-based techniques, such as radio immunoassay (RIA), have frequently been 

used to detect specific steroids in several animal61, 173-177 and clinical studies.6, 178-182 IA-based 

techniques are based on the determination of steroid concentrations by measuring the binding of 

specific antigens (steroid) to specific antibodies (protein).181 The high specificity and sensitivity 

of these techniques (detection at pg mL-1),174 has made them very popular among biologists and 

endocrinologists; however, these techniques often suffer from false-positives (due to cross-

reactivity),6, 182-185 variability in commercial IA kits,185, 186 and the limited availability of 

antibody types that hampers unknown analysis.184 Furthermore, IA techniques are predominantly 

target-based methods, thus limiting the ability to study steroids on a comprehensive level. 

Despite its popularity and routine use for the determination of physiological alterations of 

steroids, chemists and clinicians typically employ both GC/MS and LC/MS techniques due to the 

expansion of components that can be analyzed in a single injection. GC/MS for many years has 

been considered the preferred method for the detection of steroid profiles. Although 

derivatization is often required, which can be time-consuming, GC/MS has unsurpassed 

separation capability for analyzing a wide range of analytes and steroid classes.154, 187-192 LC/MS 

has more recently been used in an effort to avoid the tedious GC-required sample preparation 

techniques. Although in the screening of endocrine disorders, LC/MS has often been considered 

more of a complimentary technique.6 The difficulty for steroid profiling with LC/MS is two-fold, 

1) LC/MS does not provide the same chromatographic resolving power as GC/MS, and 2) the 
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predominant ionization mechanisms target steroids of different polarities (APCI, non- to mid-

polar, and ESI, polar).6, 185, 193, 194  

The use of steroid profiles for the diagnosis of endocrine-related problems has created an 

overlap of both GC and LC analysis. Both techniques have been utilized for the diagnosis of 

several endocrine-related disorders or diseases, including congenital adrenal hyperplasia 

(CAH),6, 154, 179, 187, 188, 195, 196 Cushing’s syndrome,6, 182, 187, 188, 195, 197 adrenal/gonadal tumors,182, 

187, 195, 198 and several other androgenic and estrogenic related disorders.6, 154, 182, 187, 188, 190, 191, 195, 

199-204 Of particular interest are those methods that are designed for newborn screening, since 

endocrine disruption is most prevalent during developmental stages.179, 187, 191, 204 Steroid profiles 

have also been used to monitor stress levels,182, 205 aging,201 and the influence of drugs, such as 

antibiotics, on an individual.206, 207  

The monitoring of endocrine-related disorders is predicated on the fact that endocrine 

disruption is a physiological process that affects specific hormones and tissues. Several theories 

on breast and prostate cancer focus on the over-exposure of hormones to these tissues.24, 198, 202, 

208, 209 Accordingly, hormonal therapeutic treatments have created a need for monitoring the 

physiological ramifications of these actions. Although the ramifications of EDC exposure to 

wildlife have shown the potential to disrupt normal steroidogenesis, few cause/effect 

relationships have been established. Furthermore, human examinations of the effect of 

environmental EDC exposure on endogenous steroid profiles are limited.  

For the effective detection and identification of both EDCs and steroids in environmental 

samples, purification by extraction is often required. Sample purification, also known as 

extraction, is utilized to pre-concentrate the desired analytes while removing unwanted 

contaminants from the sample. Since most EDC analysis is based on the analysis of water, 
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simple solid-phase extraction (SPE) techniques are often employed (except for cases involving 

the analysis of sludge or sediment that employ extra sonication steps). SPE procedures are 

usually performed by employing specific elution strategies with either C18102, 105, 106, 112, 120, 124, 

210-214 or polymeric based cartridges.106, 116, 119, 122, 124, 140, 212, 213, 215-221 Other methods, including 

solid-phase microextraction (SPME)104, 222 and stir-bar sorptive extraction (SBSE)223 have also 

been used. 

Extraction of free steroids (endogenous or exogenous) from biological samples (urine, 

plasma) is more complicated. The most simplistic extraction of steroids from biological samples 

is liquid-liquid extraction (LLE). LLE methods typically employ diethyl ether, dichloromethane, 

or methyl tert-butyl ether as extraction solvents.113, 147, 150, 156, 168, 197, 198, 202, 224-228 Despite the 

simplistic and relatively efficient extraction methods of LLE, the application of SPE for steroid 

extraction in biological samples has dominated. Application of C18164, 229-237 and polymeric 

based cartridges238-240 have been widely used and have allowed for the investigation of steroids at 

lower physiological concentrations. As with EDCs, several other extraction mechanisms have 

been investigation, including SPME222, 241, 242 and SBSE.223 Other matrices, including meat, 

feces, and hair have also been analyzed and involve various combinations of extraction 

procedures.153, 177 Ultimately, for the effective comprehensive characterization of steroids and 

EDCs in biological and environmental samples, sample preparation strategies need to be 

optimized.  

Background on EDC/Steroid Characterization Strategies 

Analytical Methodology 

In this study, analysis of biological (alligator plasma) and environmental (surface water) 

samples follows the methodology as described in Figure 1-3. A diverse suite of steroids, 

differing in chemical structure and physiological function, is analyzed by both GC/MS and 
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LC/MS techniques. GC was first introduced in 1952 by James and Martin.188, 243 LC was first 

successfully implemented by several independent parties in the late 1960s/early 1970s.244  

The first and very critical steps in the analysis of steroids by chromatographic techniques is 

the isolation of steroids from sample matrices by extraction, which is needed for both GC/MS 

and LC/MS. LLE, SPE, and SPME techniques were examined and optimized for the isolation of 

steroids from both plasma and water. The second step, for GC/MS analysis only, required 

derivatization procedures to increase their chromatographic and detection properties. To 

minimize the drawbacks of derivatization, several methods to improve and/or enhance the 

derivatization process were explored, including: 1) the optimization of conditions for multi-class 

derivatization, 2) employment of on-fiber derivatization for SPME, and 3) the investigation of 

microwave heating to increase derivatization reaction rates. The final two steps involved the 

analysis by both GC/MS and LC/MS. Comparisons between GC/MS and LC/MS analyses were 

addressed in the detection and quantification of steroids in plasma. A list of the chosen steroids 

(both endogenous and exogenous) used for method development can be seen in Figure 1-4. 

In addition to developing a steroid profile, the development of a comprehensive method for 

the analysis of EDCs only by GC/MS is also described. Both polar and non-polar EDCs are 

separated and detected in a single chromatographic analysis by employing novel extraction and 

derivatization procedures. EDC development follows the same analytical methodology as the 

steroids (Figure 1-3), for the determination of EDCs in water by GC/MS. The EDCs analyzed for 

the comprehensive profile are shown in Figure 1-5.  

Finally, interpretation of data will include accessing correlations between EDC content in 

water to the corresponding steroid levels found in plasma from alligators living in contaminated 

water. 
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Gas Chromatography 

Gas chromatography is a chromatographic technique that is based on the separation of 

analytes in the gas phase using a packed capillary column. Thus, for an analyte to be analyzed by 

GC, it is critical for the analytes to possess sufficient volatility and thermal stability. As the 

sample is introduced and volatilized in the high-temperature injection port (typically 200 °C or 

higher), the sample is focused onto the head of the column by a flow of helium. The introduction 

of the sample onto the GC column is critical, as there is a need to maximize the amount of 

analyte onto the column while minimizing sample loss.188, 245 Specific injection types, such as 

splitless injection, can be implemented to allow improved trace analysis by directing the bulk of 

the sample onto the column.188, 245 

As the sample enters the column, the analytes within the sample experience specific 

interactions with the stationary phase coated on the inside of the GC column. A typical GC 

column is coated with 5% phenyl and 95% dimethylpolysiloxane. As the analytes are pushed 

through the column by the mobile phase (helium) and as the oven temperature is ramped, the 

stationary phase holds the unique capability to interact with the analytes. Over the length of the 

column (30 m), each analyte is retained based on their individual affinities to the stationary 

phase. Components with weak affinities for the stationary phase elute more rapidly, followed by 

those components which have greater affinity to the stationary phase. The rate at which analytes 

are separated and eluted can also be influenced by mobile phase velocity and temperature 

programming. Since the column is housed in an oven, a temperature program (temperature ramp) 

can be implemented to effectively speed up or slow down the rate by which the analytes interact 

with the stationary phase.188, 243, 245 Since the temperature of the column is much lower than the 

injection port, a temperature program (increase in oven temperature) can be used to re-evaporate 

the analytes as they are introduced and travel through the capillary column. Temperature 
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programming can be used to improve separation and reduce overall analysis time for a diverse 

mixture of compounds. In the present study, the mobile phase velocity was held constant.  

The time that it takes for an analyte to elute from the column is commonly referred to as 

the retention time (tr). Using the same instrument method, retention time is highly reproducible 

with GC and is often regarded as a tool of identification. As the components elute, a 

chromatogram is created, displaying the eluted analytes as peaks in relation to time. Once eluted, 

the analytes exit the column and enter the detector, which in this case is a mass spectrometer.   

As the ions enter the detector, the analytes are ionized by a process called electron 

ionization (EI). In this ion source, the analyte vapor is bombarded by electrons created by a wire 

filament.188, 246, 247 The mechanism by which this process occurs can be seen below in Equation 

1-1, where M is the analyte in the gas phase, e- is an electron, and M+· is the molecular ion. 

M + e- → M+· + 2e-                                                                                                                                                                (1-1) 

A schematic of the EI process is shown in Figure 1-6. The molecular ion represents the 

nominal mass of the analyte and is created by the removal of an electron. The removal of the 

electron forms a radical, which is generally unstable and consequently breaks into corresponding 

mass fragments.188, 246, 247 Since most analyses are performed with the same energy (70 eV), 

reproducible fragmentation patterns are obtained, allowing the creation of searchable spectral 

libraries.172, 188 These libraries, along with retention time, greatly aid in the positive identification 

of known and unknown analytes.  

Liquid Chromatography 

Biological compounds, such as steroids, are commonly analyzed by LC to avoid the 

tedious and laborious sample preparation procedures often required by GC to impart sufficient 

volatility and thermal stability. The analysis of compounds by LC follows a similar mechanism 

to GC in that the separation mechanism involves both a mobile and stationary phase. However, 
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unlike in GC analysis, the mobile phase plays an active role with the stationary phase in the 

separation process. Here, analytes are separated in liquid phase based on each analyte’s ability to 

dissolve into the stationary phase.245, 248, 249 The stationary phase inside the column is typically a 

C-18 packed silica (with a specified length, diameter, and particle size), and are most retentive 

for non-polar neutral analytes. The inclusion of a polar mobile phase creates what is called a 

reverse-phase separation. In reverse-phase LC, elution order occurs in order of decreasing 

polarity and can be manipulated by the alteration of the mobile phase composition.245, 248, 249 The 

different interactions of each analyte with the mobile and stationary phase, causes the retention 

and consequential separation over the duration of the column with a specified flow rate. 

Separation parameters, such as mobile phase composition, flow rate, temperature, and mobile 

phase gradient, can be altered to effectively increase separation and shorten analysis time.245, 248, 

249 As components elute from the column, the liquid mixture of mobile phase and target analytes 

must then be ionized for detection by MS.  

The two most commonly employed ionization mechanisms for LC/MS are electrospray 

ionization (ESI) and atmospheric pressure chemical ionization (APCI). Although several papers 

employ ESI for the analysis of steroids, ionization by ESI is most effective for the analysis of 

steroids exhibiting highly polar character.6, 185, 193, 194 APCI, on the other hand, is most useful for 

the analysis of analytes which exhibit low- to mid-polarity.6, 185, 193, 194, 250 Since most steroids fall 

within the low to mid-polarity range, APCI is better suited for the ionization of steroids separated 

by LC.185, 193 Also, APCI is capable of handling high mobile phase flow rates (1 mL or 

higher),193 which is of particular interest for the employment of monolithic columns. Monolithic 

columns optimally operate at higher flow rates, thus making the use of ESI (typical mobile phase 

flow rates of < 1 mL) not as ideal. Due to the macro- and mesopores inside of monolithic 
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columns, faster and improved separation can be obtained;251 thus, the application of APCI is well 

suited for the analysis of steroids with the use of either monolithic or particulate columns.  

Ionization by APCI occurs in the gas phase. A schematic of the mechanism by which 

APCI occurs is shown in Figure 1-7. After the analytes (and mobile phase) leave the column into 

a small capillary, they are heated with a nebulizer in a high temperature region (550 °C).247, 250 

As the analytes leave the heated capillary, the analytes react with the gas phase ions produced by 

the discharge from a corona needle. At atmospheric pressure, a high number of collisions occur 

between the analytes and the reagent molecules (H2O, O2, NH3), which subsequently produce 

reagent ions (H3O+, NH3
+, etc.). APCI is generally similar to chemical ionization (CI), in that 

ionization of the analyte is dependent upon the proton affinity of the analyte being higher than 

the proton affinity of the reagent ions created by the corona needle.247 Post-collision, the analytes 

obtain a proton from the reagent ions and form [M+H]+ molecular ions, and sometimes fragment 

into smaller ions.247, 252  

Mass Spectrometry (MS) and Tandem Mass Spectrometry (MS/MS) 

The application of MS and tandem MS with ion trapping is critical to some work 

performed here, and thus a brief background of this technique is described below. As the ions are 

formed using either GC or LC, they are focused into an ion trap by a series of electrostatic 

lenses. The quadrupole ion trap (QIT) consists of three radially symmetric hyperbolic electrodes: 

two endcaps and one ring electrode.188, 246, 253 The pre-formed ions are trapped in the ion trap 

with the application of a field and the aid of helium, which collisionally cools and reduces the 

kinetic energies of the ions. As the ions are centered in the trap, a radio frequency is 

subsequently applied to the ring electrode and a quadrupolar field is created, which keeps the 

ions trapped with stable trajectories.246, 253 Full mass spectra can be generated by ramping the 

radio frequency amplitude and applying a supplemental AC voltage.188, 246, 253 As the amplitude 
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is increased, ions with increasingly larger masses become unstable in the ion trap and are ejected, 

and the mass-to-charge (m/z) ratio of the ejected ions is proportional to the applied radio 

frequency amplitude. The ejected ions leave the ion trap through holes in the endcaps and are 

subsequently detected by an electron multiplier after conversion using a dynode.  

For the comprehensive analysis of both steroids and EDCs, total ion current (TIC) 

chromatograms were obtained. The TIC chromatograms display all of the separated analytes and 

the corresponding mass spectral information. The chromatographic peaks in the TIC are based on 

the amount of full MS signal acquired during specific elution times. Each peak is comprised of a 

single analyte or several analytes that share similar retention times. Identification of each analyte 

peak can be made by analyzing the mass spectrum of each individual chromatographic peak. 

However, if the characteristic ions are known for each particular analyte of interest, 

reconstructed ion chromatograms (RIC) can be produced. The application of RIC can further 

increase the chromatographic resolution obtained and aid in improved identification and 

quantification.247 For the comprehensive analysis of both steroids and EDCs, RICs were obtained 

using instrument software for each specific analyte based on two known characteristic ions. The 

characteristic ions were experimentally obtained by processing standards.  

The application of tandem spectrometric techniques (MS/MS) following GC or LC stems 

from improving the ability to identify and quantify at trace levels.254 During MS/MS, all of the 

ions in the ion trap (including potential interferences) are ejected using an applied waveform 

except for a pre-selected ion of interest, termed the precursor ion.246, 247, 253 The precursor ion 

(specific m/z) is held within the trap by the creation of a notch in the applied waveform. As the 

ion of interest is held within the trap, a supplemental AC waveform is applied with a specific 

amplitude that causes the precursor ion to collide with helium and is subsequently cleaved into 
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characteristic mass fragments, termed product ions.246, 247, 253 Once the product ions (different m/z 

from parent ion) are created, they are ejected to form a product ion spectrum. A product ion 

spectrum is the corresponding mass fragments of a specific precursor ion. Product ion spectra, 

along with retention time, characteristic MS identification ions (RIC), and MS/MS, aid in the 

identification and quantification of steroids and EDCs in complex matrices. 

Sample Extraction 

The mechanism of liquid-liquid extraction (LLE) is based on the relative solubility of an 

analyte in immiscible solvents (shown in Figure 1-8). Upon the mixing of the two solvents (step 

1, one solvent may be the biological sample), the analytes of interest are separated into the 

partition by which they are most soluble. Post-mixing (step 2), the analytes of interest 

(supernatant in organic layer) can be obtained from fractioning off the raffinate (aqueous) layer 

(step 3). LLE is considered to be a relatively efficient extraction technique; however, it is 

commonly regarded as a time-consuming technique that often suffers from incomplete removal 

of all matrix interferences.255-258  

To date, solid-phase extraction (SPE) has generally replaced LLE due to its quicker sample 

processing when performed using a vacuum manifold, higher specificity towards analytes, and 

more economical use of solvent.255, 259, 260 SPE was first introduced by Rohm and Haas in the 

early 1970s, and since then, the most common SPE phase has become octadecylsilane silica 

(C18).260 Extractions normally employ reverse phase C18 mechanisms and typically involve a 

polar sample matrix (water, plasma) and a non-polar stationary phase (silica based). Extraction 

strategies, similar to chromatographic techniques, center on the retention of select analytes on a 

SPE cartridge phase until an appropriate solvent is added to promote elution. SPE methods entail 

five steps (shown in Figure 1-9), 1) conditioning of the stationary phase in the extraction 

cartridge, 2) loading of sample onto the cartridge, 3) washing of cartridge to remove undesired 
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matrix interferences, 4) drying of the cartridge, and 5) eluting the analyte to unbind the analytes 

from the solid phase by applying the appropriate elution solvent.260  

Several advances have been made to improve solid phase extraction. Polymeric cartridges 

operate with similar extraction steps, although some extraction steps are often eliminated.255, 259, 

260 Polymeric cartridges often do not require preconditioning steps, which can often lead to the 

unwanted removal of phase from the stationary phase.255, 259, 260 Also, polymeric cartridges often 

have better recoveries for a wider range of compounds due to their greater surface area.260  

An alternative extraction technique, SPME, was first introduced by Pawliszyn in 1990.261, 

262 SPME employs a phase-coated fiber that absorbs analytes in one of two modes, 1) headspace 

or 2) direct immersion. In headspace extraction, analytes are made volatile and absorb onto the 

fiber in the gas phase. Direct immersion occurs when the fiber is immersed into a solution 

containing the analytes of interest. Direct immersion is the most applicable mechanism for 

extracting steroids out of biological matrices due to the lack of volatility of most steroids. The 

SPME procedure is shown in Figure 1-10. Generally, the fiber is immersed into the biological 

sample and extraction occurs by the fiber’s ability to equilibrate between the analyte and the 

fiber (step 1).172, 256, 262-265 Equilibrium can be more efficiently reached through the addition of 

salts, adjusting the pH change, and stirring.241, 256, 262, 266-268 As with SPE cartridges, efficient 

extraction of analytes is made possible by the application of the correct extraction phase. A 

common SPME phase type is polyacrylate (PA), which has been shown to be successful for 

several polarity ranges.241, 269 However, for the analysis of polar compounds with a PA fiber, 

derivatization is often needed to enhance GC analysis. For on-fiber derivatization (OFD),104, 222, 

241, 242, 270 the fiber is exposed to derivatization reagent vapor and the extracted analytes are head-

space derivatized on the fiber (step 2). SPME-OFD is efficient by eliminating sample loss, which 
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commonly occurs during the evaporation and reconstitution steps employed by traditional 

derivatization procedures. Post-extraction (and derivatization), the analytes are desorbed off from 

the fiber when they are directly injected into the GC inlet (step 3). SPME is often noted for its 

simplicity, low detection limits, and low consumption of solvents; 256, 264, 267-269, 271, 272 however, 

SPME is not considered as a high-throughput method and method development can be 

tedious.257, 264 In addition, proteins have been shown to complicate extraction with certain fiber 

phases.267, 268  

Analytical Derivatization 

Analytical derivatization (post-extraction) has often been applied to alter analytes, which in 

their natural or normal form, are not amenable to analysis. GC derivatization is commonly 

applied to increase the volatility, thermal stability, separation, and detectability of an analyte.273-

275 Although derivatization has been noted to be both tedious and time-consuming,119 it can 

provide an opportunity allow for the profiling of more compounds by expanding the polarity 

range of amenability. Functional groups, like hydroxyls, amines, and thiols, contain active 

hydrogens, which can be replaced by functional groups that are amenable to GC analysis. With 

derivatization, both polar and non-polar compounds can be successfully separated, ionized, and 

detected in a single analysis. The most effective strategies for steroid derivatization are acylation 

and silylation. Acylation, the replacement of active hydrogen with perfluoroacyl groups (PFA), 

is often employed to increase detection with an electron capture detector (ECD).273-275 Lastly, 

silylation, the most commonly used method, involves the replacement of the active hydrogen 

with a trimethylsilyl (TMS) group to increase the volatility and thermal stability of the 

analyte.273, 274, 276 Derivatization strategies for polar EDCs also typically employ silylation 

techniques. The reaction mechanism for both acylation and silylation is shown in Figure 1-11, 

for the steroid 17β-estradiol. 
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In the silyl derivatization of steroids and polar (phenolic) EDCs, active hydrogens are 

replaced with TMS groups by the application of silyl reagents, such as N,O-bis-(trimethylsilyl)-

trifluoroacetamide (BSTFA) with 1% trimethylchlorosilane (TMCS) and N-methyl-N-

trimethylsilyl-trifluoroacetamide (MSTFA). These silylating reagents are often considered 

comparable in silylating properties and are thoroughly described in several reviews.273-276 

Reaction time and temperature are the most crucial parameters for optimal derivatization 

strategies. Typical reaction conditions for the derivatization of steroids and EDCs with silylation 

strategies are 60 – 70 °C for 30 – 180 minutes (159). Common methods for the derivatization of 

these groups typically require 45 – 90 °C and 30 – 180 minutes.124, 215, 220, 226, 277-279 

Steroid derivatization can often be complicated by the fact that steroids typically contain 

some combination of two active carbonyl and hydroxyl functional groups. Although steroids 

with only carbonyl groups (progesterone, androstenedione, etc.) present no analytical challenge 

to GC analysis, modification is required for those that contain one or more hydroxyl groups. 

Since steroids contain various combinations (location and number) of carbonyl and hydroxyl 

groups, the successful derivatization is dependent upon the selective derivatization of only 

hydroxyl groups, in an effort to minimize the formation of unwanted derivatives.280 This is an 

easy task for the analysis of small analyte sets, but becomes increasingly difficult for 

comprehensive analyses. The conditions employed must be carefully made to effectively allow 

selective derivatization. The importance of selective derivatization, or targeting specific analytes 

while avoiding others, is a key factor to successful derivatization on a comprehensive level. 

Methods are needed for the comprehensive derivatization of steroids that effectively derivatize 

the hydroxyl groups while minimizing unwanted carbonyl derivatization.  
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The drawbacks of derivatization have typically been the reason for the impetus towards 

using alternative methods, such as LC/MS, for steroid analysis. Derivatization, albeit an organic 

reaction, has never been regarded as a reproducible technique, and often suffers from long 

reaction times, sample loss, and artifact formation.119, 172, 193, 280 Furthermore, most silylation 

reactions are moisture sensitive, making long term stability a concern. However, several 

advances towards improving derivatization have been made to take advantage of the excellent 

chromatographic power of GC. The enhancement strategies for derivatization include the 

implementation of solvent-based reactions to increase yield and reduce artifact formation,273, 274, 

276, 281-283 application of new reagents for more highly specified derivatization products,273-276, 282, 

284, 285 and the application of catalysts, such as TMCS, to aid in the derivatization of steroids 

which have multiple or hindered hydroxyl groups.273-276, 286 Furthermore, alternative heating 

mechanisms, such as microwave-accelerated derivatization (MAD), have recently been 

introduced as a time-saving derivatization mechanism233, 287-289 and will be discussed in more 

detail in Chapter 4. 

Executive Summary 

The dissertation is composed of seven chapters. The underlying theme of the dissertation is 

to improve upon existing methodologies for the characterization of steroids in the American 

alligator in an effort to elucidate the potential steroid responses in relation to EDC exposure. 

Chapter 1 includes an introduction of EDCs and several methods by which EDCs and EDC-

induced steroid concentrations can be measured, including GC/MS and LC/MS. Chapter 2 details 

an investigation of the best sample extraction strategies for analysis of both EDCs in water and 

steroids in plasma using LLE, SPE, and SPME methods. For the GC/MS analysis of a 

comprehensive mixture steroids, effective derivatization strategies are required and needed to be 

optimized, which is the topic of chapter 3. In this chapter, a series of experiments to optimize and 
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enhance GC derivatization, utilizing different derivatizing reagents, solvents, and heating 

mechanisms, were performed. Furthermore, chapter 4 discusses and demonstrates the merits of 

microwave-accelerated derivatization of steroids using an organic synthesis microwave. Chapter 

5 focuses on the development of a comprehensive method for the detection of both polar and 

non-polar (EDCs) in a single analysis by GC/MS. The method was subsequently applied to 

detect EDCs in water samples from Lake Apopka. Chapter 6 contains several analyses involving 

the characterization of endogenous steroids in plasma using LC/MS, GC/MS and tandem mass 

spectrometric methods. Characterizations included comparisons of chromatographic techniques 

to IA-based techniques and the elucidation of multiple endogenous steroids. Chapter 7 contains 

conclusions and suggestions for future work. 
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Figure 1-1.  Examples of endogenous sex steroids. 

 

 

 

 

 

 

 

 

 

 



 

46 

 

Figure 1-2.  Examples of endocrine disrupting compounds (EDCs). 
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Figure 1-3.  Analytical methodology for the determination of steroids and EDCs from plasma 
and water samples. 
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Figure 1-4.  Structures of the steroids investigated in this study. 
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Figure 1-5.  Structures of the EDCs investigated in this study. 
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Figure 1-6.  Electron ionization (EI) process. 
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Figure 1-7.  Atmospheric pressure chemical ionization (APCI) process. 
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Figure 1-8.  Liquid-liquid extraction steps. 
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Figure 1-9.  Solid-phase extraction steps. 
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Figure 1-10.  Solid-phase microextraction steps (with on-fiber derivatization). 
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Figure 1-11.  Acylation (PFA) and silylation (TMS) reaction mechanisms for 17β-estradiol. 
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CHAPTER 2 
EVALUATION OF EXTRACTION STRATEGIES FOR THE ANALYSIS OF STEROIDS 
AND ENDOCRINE DISRUPTING COMPOUNDS (EDCS) IN ENVIRONMENTAL AND 

BIOLOGICAL SAMPLES USING GAS CHROMATOGRAPHY/MASS SPECTROMETRY 
(GC/MS) 

Introduction 

Several field and laboratory based studies have shown that exposure to endocrine 

disrupting compounds (EDCs) can have a deleterious effect on wildlife and human health.7, 8, 11, 

14, 290 Several of the observed effects in these studies include altered steroidogenesis, abnormal 

reproductive development, and inappropriate sexual behavior.13, 14, 29, 290 In principle, EDCs can 

enter the water environment in effluent from sewage treatment plants,96, 100-124, 135, 143 excreta 

from livestock production systems,125-127 agricultural and industrial runoff and waste,46, 96, 127 and 

the use and disposal of many personal care household products.42-45, 96, 291 As a result of the 

ubiquitous nature of these anthropogenic compounds, several reports have detected their 

presence in other matrices, including air,44, 129 soil,44, 128 food,44, 130-134 and wildlife.12, 14, 70, 292  In 

consequence to this and the ever-expanding list of potential EDCs, innovative methods capable 

of detecting changes in their presence and activity are needed. 

Analytical methods designed to monitor environmental EDCs and endogenous steroids are 

typically based on the application of gas or liquid chromatography coupled with mass 

spectrometry (GC/MS and LC/MS). However, the effective analysis of environmental EDCs and 

endogenous steroids in complex matrices is largely dictated by the efficiency of sample 

preparation procedures employed prior to chromatographic methods.172 In particular, optimal 

extraction techniques are required to isolate and pre-concentrate chemically similar analytes by a 

procedure which exploits the specific differences between the analytes of interest and the 

interfering sample matrix. Offline/online extraction techniques have been employed for the 
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analysis of EDCs and steroids, including liquid-liquid extraction (LLE), solid-phase extraction 

(SPE) and solid-phase microextraction (SPME).  

GC/MS Analysis of EDCs and Steroids 

GC/MS, with offline extraction techniques, has been successfully implemented for the 

analysis of many non-polar environmental EDCs, including organochlorine pesticides and 

several other polychlorinated compounds, phthalates, polychlorinated bromides (PCBs), and 

several other anthropogenic compounds.101, 116, 129-131, 136-138 For more polar analytes, such as the 

alkyphenols, bisphenol A, natural and synthetic steroids, and polar degradation products, 

derivatization procedures are also required for traditional GC/MS.106, 108, 110, 114, 115, 118-124, 126, 135, 

139, 214, 216, 220, 285 Thus, the current trend is to employ LC/MS for the analysis of polar EDCs and 

steroids to avoid derivatization procedures;105, 107, 111-113, 116, 117, 133, 136, 139, 141, 213 however, in 

combination with the superior chromatographic resolution of GC, the application of 

derivatization allows compounds from both ends of the polarity spectrum to be separated and 

detected in a single analysis. Therefore, techniques which enable the extraction of chemically 

diverse analytes in environmental and biological samples would permit GC/MS with 

derivatization to handle analytes over a wide polarity range. 

Liquid-Liquid Extraction (LLE) 

A classical extraction method is liquid-liquid extraction (LLE), which involves the 

partitioning of analytes between two immiscible solvents. Solvents such as dichloromethane, 

diethyl ether, and methyl tert-butyl ether have been utilized for the extraction of analytes in 

plasma and urine.113, 147, 150, 156, 168, 197, 202, 224-228, 293 The frequent use of LLE arises from its 

simplicity; however, it commonly suffers from an excessive use of solvents, the creation of 

emulsions, and insufficient analyte specificity.256, 258, 268, 294  
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Solid-Phase Extraction (SPE) 

In response to the incomplete removal of interferences using LLE, several extraction 

methods with increased selectivity have been developed, most notably solid-phase extraction 

(SPE). SPE is characterized by the retention of analytes on a solid sorbent packing inside an 

extraction cartridge and is the most commonly employed method for the extraction of analytes in 

environmental and biological samples.172, 255, 256, 258 The most common sorbents used include C18 

and polymeric-based cartridges (such as Oasis HLB). A recently developed sorbent strategy is 

the implementation of liquid-liquid cartridge extraction (LLCE), which employs the fundamental 

principles of both LLE and SPE methods. LLCE is performed by the retention of the sample 

matrix (with analytes) in the sorbent packing, followed by the removal of analytes of interest by 

the addition of an immiscible solvent. One advantage of this extraction method over SPE is that 

the cartridge experiences less sample plugging; another advantage is that the extraction can be 

performed in just two steps. A schematic of the LLCE process can be seen in Figure 2-1. 

Although SPE has been shown to be advantageous for the extraction of a variety of select 

steroids106, 112, 116, 119, 120, 122, 124, 140, 164, 169, 211, 212, 214, 215, 217, 218, 220, 221, 229, 230, 234, 239, 240, 295 and 

EDCs,102, 106, 112, 116, 119, 122, 124, 140, 210, 214, 216-220, 240 it is not without disadvantages. Most cartridges 

suffer from sample loss, tedious extraction procedures, and cartridge plugging.172, 256, 268, 269 SPE 

strategies remain an excellent mechanism for the extraction of a set of chemically similar 

analytes; however, for the extraction of a multi-class mixture, methods typically require the use 

of separate aliquots, extra elution steps, or multiple cartridges.116, 214-216, 229, 240, 296 

Solid-Phase Microextraction (SPME) 

An alternative in the extraction of environmental and biological samples is the application 

of solid-phase microextraction (SPME),266, 268, 297-302 which was first introduced in 1990 by 

Pawliszyn and coworkers.261, 262 SPME employs a phase-coated fiber with the ability to extract 
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analytes out of the sample matrix by either direct immersion (DI) or headspace (HS) methods. 

Although HS-SPME is the most widely used SPME strategy, the low volatility of most polar 

EDCs and steroids make DI-SPME the more appropriate choice for extraction. Effective SPME 

analysis is predicated upon reaching a partitioning equilibrium between the analytes of interest in 

solution or the gas phase and the phase-coated fiber.256, 263-265, 271 Similarly to SPE, success of 

SPME is based on the selection of the appropriate extraction phase. The two most common fiber 

phases are the non-polar polydimethylsiloxane (PDMS) and the more polar polyacrylate (PA) 

fiber. Also like SPE, SPME is typically limited by the capabilities of the fiber phases, although 

PA fibers have been considered to be capable of extracting a wider range of analytes.241, 269  

Several examples exist for the SPME analysis of nonpolar GC-ready EDCs;222, 269, 303 

however, for the GC analysis of polar EDCs and steroids, derivatization is often required.104, 222, 

241, 242, 270 For the extraction of polar analytes with the PA fiber with GC/MS, one aspect needs to 

be considered. SPME is capable of pre-concentrating extracted analytes on the fiber due to its 

ability to absorb analytes from samples onto a relatively small surface area on the fiber.262, 299 

Thus, analytes are typically desorbed into the GC/MS injection port at a higher concentration 

than observed by traditional SPE extraction. As a result, SPME is capable of detecting several 

steroids and polar EDCs without derivatization, a result atypical of traditional GC/MS analysis 

with other extraction techniques. 

Solid-Phase Microextraction with On-Fiber Derivatization (SPME-OFD) 

In contrast to standard SPME, the implementation of on-fiber derivatization (OFD) is a 

new methodology designed to improve the analysis of polar analytes by SPME.104, 222, 241, 268 The 

implementation of SPME-OFD not only enables the analysis of a wider range of polarity for 

GC/MS, but also increases the detectability of those polar compounds which are not directly 

amenable to GC/MS analysis. SPME-OFD has previously been implemented for the analysis of 
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small sets of polar compounds by first DI-SPME, followed by the headspace (HS) derivatization 

of the extracted analytes on the fiber with derivatization reagent vapor.104, 222, 241, 242, 265, 270 It has 

been shown that derivatizing on-fiber leads to single derivatization products and eliminates 

evaporation steps often required by other extraction/derivatization strategies. 

In this study, the objective was to examine innovative strategies for the simultaneous 

extraction of a large suite of chemically diverse steroids and EDCs in a single GC/MS analysis. 

Several extraction methods were evaluated, including LLE and SPE (with offline silyl 

derivatization), and SPME (with and without OFD). Each method was evaluated in its ability to 

extract a diverse mixture of steroids and EDCs in spiked water and human plasma samples. 

Experimental Section 

Steroids and Endocrine Disrupting Compounds (EDCs) 

The natural and synthetic steroids examined were 17-β-estradiol (E2), estrone (E1), 

diethylstilbestrol (DES), ethinylestradiol (EE2), progesterone (PROG), testosterone (T), 

androstenedione (AE), pregnenolone (PREG), and cholesterol (CHOL) and were purchased from 

Sigma Aldrich (St. Louis, MO). The potential EDCs examined, 4-octylphenol, 4-nonylphenol, 

vinclozolin, bisphenol A, triclosan and 1,1,1-trichloro-2,2-bis(4-hydroxyphenyl)ethane (HPTE), 

were also acquired from Sigma Aldrich. The other EDCs examined, p,p’-DDT, p,p’-DDD, p,p’-

DDE, p,p’-DDA, p,p’-methoxychlor, dicofol, dieldrin, endrin, heptachlor, heptachlor epoxide, 

lindane, dibutyl phthalate, α-endosulfan, trifluralin, and atrazine, were acquired from the EPA 

(Research Triangle Park, NC). Purity grades were labeled at 98% or higher, except for endrin 

(83%) and dibutyl phthalate (80%). Internal standards, anthracene, 7,8-dimethoxyflavone and 

17β-estradiol-acetate, were obtained from Sigma Aldrich. A spiked mixture (1000 ng mL-1) of 

all of the steroids and EDCs was prepared in analytical grade methanol (Fisher Scientific, Fair 
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Lawn, NJ). For the determination of relative extraction efficiency of each analyte in the plasma 

and water samples, the steroid/EDC mixture was added to each matrix at a final concentration of 

200 ng mL-1. 

The ions (m/z) used for quantification for each expected steroid and EDC product (with 

TMS-derivatization) were di-TMS-17-β-estradiol (285, 416), mono-TMS-estrone (257, 342), di-

TMS-diethylstilbestrol (217, 412), di-TMS-ethinylestradiol (425, 440), progesterone (124, 314), 

mono-TMS-testosterone (226, 360), androstenedione (148, 286), mono-TMS-pregnenolone (298, 

388), mono-TMS-cholesterol (368, 458), mono-TMS-4-octylphenol (179, 278), mono-TMS-4-

nonylphenol (179, 292), vinclozolin (178, 286), di-TMS-bisphenol A (357, 372), mono-TMS-

triclosan (200, 362), mono-TMS-HPTE (343, 390), p,p’-DDT (165, 235), p,p’-DDD (165, 235), 

p,p’-DDE (246, 318), mono-TMS-p,p’-DDA (200, 337), p,p’-methoxychlor (227, 228), dicofol 

(139, 251), dieldrin (79, 263), endrin (281, 317), heptachlor (272, 371), heptachlor epoxide (353, 

355), lindane (181, 219), dibutyl phthalate (149, 278), α-endosulfan (195, 241), trifluralin (264, 

306), and atrazine (200, 215). The compounds listed without the TMS prefix were not 

derivatized upon the addition of derivatizing reagent. The ions (m/z) used for the analysis of 

several of the polar steroids/EDCs (underivatized, no derivatization reagent added) were 17-β-

estradiol (213, 272), estrone (185, 270), diethylstilbestrol (145, 268), testosterone (124, 288), 

pregnenolone (231, 316), 4-octylphenol (107, 206), 4-nonylphenol (107, 220), bisphenol A (213, 

228), and triclosan (218, 289). 

Liquid-Liquid Extraction (LLE) Method 

The liquid-liquid extraction was carried out by the addition of 2 mL of methyl tert-butyl 

ether (MTBE, Fisher Scientific) to 1 mL of spiked plasma. The sample was then vortexed for one 
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minute and stored in a –20 °C freezer for one hour. The supernatant was removed by decanting 

off the organic layer.  

Solid-Phase Extraction (SPE) Methods 

The solid-phase extraction of spiked plasma and water samples was carried out on a 

Prepsep vacuum manifold (Fisher Scientific). MTBE, ethyl acetate (EA), acetonitrile (ACN), 

methanol (MeOH), water (H2O), and ammonium hydroxide (NH4OH) were acquired from Fisher 

Scientific and were used during the extraction procedures. The cartridges examined were Oasis 

HLB (30 mg, 1 mL, Waters, Milford, MA), Generik – C18 (50 mg, 1 mL, Sepax Technologies, 

Newark, DE), and HM-N Isolute LLCE cartridges (1 mL, Biotage, Charlottesville, VA). 

The Oasis HLB extraction was performed by preconditioning the cartridge with 1 mL of 

MTBE, 1 mL MeOH, and 1 mL H2O. Following sample loading (1 mL), the analytes were eluted 

from the cartridge with four steps: 1 mL 40% MeOH:H2O, 1 mL H2O, 1 mL 10% MeOH: 2% 

NH4OH in H2O, and 1 mL 10% MeOH:MTBE. The four elution volumes were combined. 

The C18 extraction was performed by preconditioning the cartridge with 1 mL MeOH and 

1 mL 10% ACN:H2O. After 1 mL of sample was loaded, the cartridge was washed with 0.5 mL 

of H2O. The analytes were eluted with 1 mL of MeOH.  

The LLCE was performed by adding the sample (1 mL) directly to the cartridge, followed 

by elution with 3 mL of MTBE. 

Offline Derivatization Strategy for LLE and SPE Extracts 

Post-LLE and -SPE, each elution volume was evaporated to dryness with heated (40 °C) 

ultra-high-purity (UHP) nitrogen. The extract was subsequently reconstituted with 500 μL of 

analytical grade methanol. A volume of 200 μL (of the reconstituted residues) were added to 4 

mL glass vials and evaporated to dryness with UHP nitrogen. The derivatization reactions were 
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carried out using N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA) (Pierce, Rockford, IL). 

MSTFA was added (200 μL) to each vial and reaction was performed at 55 °C for 30 minutes 

using a Thermolyne Type 16500 Dri-Bath heater. Post-derivatization, the sample was evaporated 

to dryness with UHP nitrogen and reconstituted with isooctane (Fisher Scientific). 

Relative Response Factor (RRF) and Relative Extraction Efficiency (REE) Values for the 
LLE and SPE Methods 

The relative response factors (RRFs) using both LLE and SPE methods were determined 

by adding the steroid/EDC mixture to deionized water and plasma samples prior to (B) and after 

(A) extraction (each in triplicate). For each sample (both A and B), RRF values were generated 

by dividing the peak area of each analyte by the peak area of the surrogate, anthracene (added 

post-extraction to a final concentration of 100 ng mL-1). The relative extraction efficiency (REE) 

for each analyte was determined by dividing the RRF value (B) by the RRF value (A). In 

addition, the steroid/EDC mixture was also spiked at several concentrations: 2000, 200, 20, 2, 

and 0.20 ng mL-1 in deionized water and extracted by the LLCE method (in triplicate). The 

extracts were evaporated and derivatized according to derivatization procedures.  

Solid-Phase Microextraction (SPME) Method 

SPME analysis was performed using a fiber coated with an 85 μm polyacrylate (PA) phase 

(Supelco). Traditional DI-SPME was performed by immersing the PA fiber into the spiked water 

samples for 30 minutes at 25 °C. Extraction equilibrium was expedited with the aid of a 

magnetic stir bar. Post-extraction, the fiber was injected into the GC injection port and the 

analytes were desorbed from the fiber for five minutes. The concentration levels of the spiked 

steroid/EDC mixture were at 0.2, 0.7, 2, 20, and 200 (and 500 ng mL-1 for the steroids). The 

internal standard for the SPME analysis, 7,8-dimethoxyflavone, was added to the spiked samples 

at a concentration of 100 ng mL-1 prior to extraction.  
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Solid-Phase Microextraction On-Fiber Derivatization (SPME-OFD) Method 

The extraction procedure for SPME-OFD method was followed as previously described, 

but was followed by an additional on-fiber derivatization step. The on-fiber derivatization 

occurred in a 4 mL vial. A total of 50 μL of MSTFA was added and placed into a heated water 

bath at 55 °C. The PA fiber was exposed to the derivatization reagent vapor (for 30 minutes) by 

piercing the Teflon-coated silicone septum with the SPME holder. 17β-estradiol-acetate was 

utilized as the internal standard for the SPME-OFD analysis and was derivatized. 

SPME Fiber Monitoring 

A simple method was created to monitor the condition of the SPME fiber by DI-extraction 

of 2,6-dichlorophenol (2,6-DCP, Sigma Aldrich) in methanol (1 ppm). The 2,6-DCP was 

extracted from the methanol for 10 minutes and injected/desorbed into the GC injection port. The 

procedure was performed after every extraction (with or without OFD) and the percent RSD of 

the 2,6-DCP peak area was recorded. Potential carryover peaks were also monitored with the 

method.  

Spiked Human Plasma (SPME with and without OFD) 

The spiked steroid/EDC mixture (at a final concentration of 200 ng mL-1) was added to 

each vial and evaporated to dryness. To each vial, 1 mL of expired human plasma was added. 

Prior to SPME, 2 mL of MTBE was added to the plasma and vortexed for 45 seconds. The 

sample was then put into a freezer (- 20 C), and decanted off into another vial after 1 hour. The 

extract was evaporated with UHP-nitrogen and reconstituted with analytical grade water (Fisher 

Scientific). The sample was then sonicated for 1 minute and extracted by DI-SPME. Post-

extraction, the fiber was injected into the GC (except for when OFD was required prior to 

injection).  
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Gas Chromatography/Mass Spectrometry (GC/MS) 

GC/MS analysis of water and plasma extracts was achieved using a ThermoFinnigan Trace 

GC 2000 gas chromatograph/quadrupole ion trap mass spectrometer, equipped with an AS3000 

Autosampler (San Jose, CA) and Xcalibur 1.4 data acquisition software. An SLB-5ms capillary 

column (Supelco, Bellefonte, PA) with dimensions of 30 m x 0.25 mm x 0.25 μm (film 

thickness), was utilized for the separation of components. The ion source and transfer line 

temperatures were set to 200 °C and 300 °C, respectively. Splitless injection was employed at a 

temperature of 280 °C and a split flow of 50 mL min-1. The carrier gas, UHP-helium (99.99%), 

was used at a flow rate of 1 mL min-1. 

A temperature program was employed at an initial temperature of 120 °C and held for 2 

minutes. The temperature ramp increased to 250 °C at 15 °C min-1. After 250 °C was reached, 

the ramp increased to 300 °C at 5 °C min-1 and was held for 5 minutes. Total GC analysis time 

for the separation of the underivatized and derivatized steroid/EDC species was 34.65 minutes. 

For SPME fiber monitoring, the same temperature program was employed. 2,6-DCP had a 

retention time of 7.67 minutes.  

Results and Discussion 

Method Development 

The steroids and EDCs selected for the comprehensive extraction encompassed a wide 

variety of compounds differing in physiochemical properties and intended applications. Several 

of the EDCs chosen represent anthropogenic compounds that are heavily used in agricultural and 

industrial practices, and have subsequently been found in the environment at relatively high 

concentrations (ng mL-1 – L-1 range).46, 55, 301 The chemically diverse EDCs examined include 

organochlorines (DDT, DDE, DDD, DDA, lindane, methoxychlor, endosulfan, dicofol and 

HPTE) and several other chlorinated compounds (triclosan, dieldrin, endrin, heptachlor, 
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heptachlor epoxide, and kepone), alkylphenols (nonylphenol and octyphenol), phthalates (dibutyl 

phthalate), triazines (atrazine), bisphenol A, and several other suspected EDCs (trifluralin and 

vinclozolin). The natural and synthetic hormones investigated were E2, E1, DES, EE2, PROG, T, 

AE, PREG, and CHOL. Even amongst chemically similar EDCs, such as the organochlorine 

compounds, degradation products (DDA, HPTE) can present chromatographic challenges by 

requiring additional methods for their characterization, along with the characterization of their 

non-polar precursor.116, 129, 136 Thus, methods capable of extracting analytes with varying 

chemical properties would be useful. The development of a method capable of extracting a wide 

range of compounds involved choosing several common extraction cartridges and elution 

strategies. All of the extracts were offline derivatized with the same procedure, thus any errors 

determined in the extraction possess some level of error associated with the derivatization.  

The RRF Values and Extraction Efficiency for Spiked Water Using SPE 

A comparison of RRF values obtained after extraction (B) presented a comparison between 

different cartridges of different sorbent types. It is difficult to compare extraction capabilities of 

cartridges with different sorbent types, due to the difficulty in selecting an appropriate internal 

standard capable of being used across cartridges; thus, a surrogate (anthracene) was added post-

extraction to allow a comparison between cartridges. The calculated RRF values are shown in 

Figure 2-2 and represent the peak area of each analyte after extraction divided by the peak area 

of the surrogate. Since all components were added at the same concentration, a determination of 

the optimal extraction cartridge was obtained. The three main sorbent types examined were an 

Oasis HLB, C18, and LLCE cartridge.  

Data in Figure 2-2 show the RRF values obtained for the chlorinated EDCs. As shown in 

every case, the LLCE cartridge gave the highest RRF values post-extraction, indicating that it 

extracted the highest amount of analyte. The Oasis HLB cartridge had lower RRF values 
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compared to the LLCE cartridge; however, the Oasis HLB extractions had a lower standard 

deviation in comparison to the LLCE cartridge. The C18 cartridge had the lowest RRF values 

and in some cases was not capable of extracting some of the chlorinated EDCs. (endosulfan and 

HPTE). DDA, was not extracted by any of the three cartridges using the selected elution 

strategies. 

The data in Figure 2-3 display the RRF values obtained for the hydroxylated EDCs.  In all 

cases, the RRF values obtained using the LLCE cartridges were either highest or comparable to 

those obtained from the other two cartridges, although the RRF values obtained for the Oasis 

HLB cartridges were comparable for TMS-BPA and TMS-HPTE. In addition, the Oasis HLB 

cartridge had dramatically lower standard deviation when compared to the LLCE cartridge.  

The RRF values shown in Figure 2-4 represent the ability to extract the other remaining 

EDCs, trifluralin, atrazine, vinclozolin and dibutyl phthalate. The RRF values were typically 

highest while using the LLCE cartridge (except for atrazine).  

In Figure 2-5, the RRF values obtained for the Oasis HLB and LLCE cartridges were 

comparable for all steroids (underivatized and TMS-derivatized), although the Oasis HLB 

cartridge had the lowest standard deviation. The C18 cartridge was capable of extracting the 

steroids, but for most of the analytes the RRF values were lower then those obtained with the 

other two cartridges.  

The values in Table 2-1 represent the REE values from water (RRF obtained from spike 

before extraction (B)/RRF obtained from spike post-extraction (A)) of all the analytes studied in 

this experiment for all three cartridges. The REE values illustrate the ability of each cartridge to 

retain the total amount of analyte. The REE values were the highest using for the LLCE 

cartridge. The average REE for all the analytes using the LLCE cartridge was 76% (± 12%). The 
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Oasis HLB and C18 cartridges had an average REE of 46% (± 17%) and 63% (± 9%), 

respectively. Although the extraction of water using the LLCE cartridge typically has the highest 

standard deviation, the RRF values and analyte coverage was better with the LLCE cartridge 

than the Oasis HLB and C18 cartridges.  

The RRF Values and Extraction Efficiency for Spiked Plasma Using SPE 

For the extraction of plasma samples, the main emphasis was on the extraction of the 

steroids, although the ability to extract EDCs from plasma was also included. The RRF values 

obtained from extracting the spiked steroids from plasma samples is shown in Figure 2-6. The 

extraction with the Oasis HLB and C18 cartridges had the highest RRF values for all the steroids 

examined (except for TMS-E1). For the spiked plasma, the REE values of each extraction type 

(Oasis HLB, C18, LLCE, and LLE) are shown in Table 2-2. Since the extraction of plasma is 

most applicable for the analysis of endogenous steroids, the optimal extraction method was 

determined to be the Oasis HLB and C18 cartridges, although the C18 cartridge typically had a 

greater propagation of error. The LLCE cartridge was not comparable to the Oasis HLB and C18 

cartridges. The LLE extraction had relatively high REE values for the estrogens; however, it 

typically had a high propagation of error and was not optimal for the other steroids examined. 

Analysis of Spiked Water Using the LLCE Cartridges 

The extraction of spiked water was performed using the LLCE method at several 

concentrations. The LLCE method was capable of extracting most of the steroid/EDC mixture, 

but was not able to extract most analytes efficiently at concentrations below 2 ng mL-1. In 

addition, the RSD values were typically high at each concentration, likely due to the selection of 

an inefficient internal standard (7,8-dimethoxyflavone). The LLCE method does; however, 

exhibit the capacity to extract several steroids and EDCs in water. Future analyses will involve 

an investigation of a better internal standard. 
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SPME Analysis of Water 

The utilization of SPME (with a PA fiber) was based on its ability to preferentially extract 

polar compounds, although the PA fiber has been shown to possess some capabilities for the 

extraction of non-polar compounds. Due to its ability to preconcentrate analytes on the fiber, 

several polar EDCs and steroids were detected with GC/MS without derivatization (as low as 0.2 

ng mL-1). The SPME fiber was also able to extract several non-polar EDCs from the water. The 

R2 values and concentration range (in which the analyte was detected) for each non-polar and 

polar steroid/EDC is shown in Table 2-3. Concentration ranges were between 0.2 and 200 ppb 

(ng mL-1), except for the steroids, which extended to 500 ppb. Concentration range was 

evaluated by including the levels that had peaks observed with a signal-to-noise (S/N) value > 

10. Several polar steroids and EDCs (triclosan, octylphenol, bisphenol A, dicofol, DES, E1 and 

E2) were detected underivatized in the spiked water at sub ng mL-1 levels with SPME. Likewise, 

several non-polar EDCs (DDE, DDD, lindane, heptachlor, DBP, heptachlor epoxide, 

methoxychlor, and dieldrin) were detected below ng mL-1. The analysis of SPME without 

derivatization was not possible for testosterone, cholesterol, androstenedione and 

ethinylestradiol.  

SPME Analysis of Plasma 

The GC/MS analysis of spiked plasma (at a concentration of 200 ng mL-1) using the 

SPME-OFD method exhibited an increase in S/N values over the traditional SPME method 

(without derivatization, as shown in Table 2-4, except for TMS-T). The SPME-OFD of 

derivatized steroids and EDCs were capable of extraction to as low at 0.2 ng mL-1 in plasma. 

Three steroids (testosterone, cholesterol, and ethinylestradiol) which were not detected with 

traditional SPME were now detected using the SPME-OFD method. 
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Monitoring Fiber Condition 

To date, there is no method available to monitor the condition of the SPME fiber. A 

monitoring method would be advantageous when performing SPME strategies that have the 

potential to deteriorate the extraction phase on the fiber. The application of SPME to extract 

components from plasma can lead to complications with the extraction phase due to the 

interaction of the fiber with proteins in the plasma. Furthermore, the employment of silyl 

reagents, such as MSTFA at high temperatures, can degrade the phase on the fiber. Direct 

contact of the fiber to the derivatizing reagent can be detrimental to the fiber (as shown in Figure 

2-7); and thus, headspace derivatization was utilized, although the headspace vapor can condense 

onto the fiber and deteriorate the extraction phase. In addition, the derivatizing reagent has been 

shown to exist after desorption of the fiber in the GC injection port. A simple method to monitor 

these effects was performed using an extraction step after each SPME analysis. The analysis 

involved the extraction of 2,6-DCP in water and the analysis of its peak area. The remaining 

MSTFA and other derivatized components were eliminated after the 2,6-DCP extraction. The 

RSD of the 2,6-DCP peak area for the derivatized and non derivatized experiments was less than 

10%. Furthermore, the PA fiber was capable of performing at least fifty SPME-OFD analyses 

before requiring a replacement fiber. 

Conclusion 

Most SPE cartridges have not been fully explored in terms of their ability to extract 

analytes over a wide polarity range in a single extraction. Furthermore, the capabilities of LLCE-

based cartridges have not been examined in their ability to extract steroids and EDCs. The results 

presented in this study illustrate that the Oasis HLB cartridges typically had better 

reproducibility when extracting steroids and EDCs from water. However, the LLCE cartridges 

typically extract the most amount of analyte and have higher relative extraction efficiencies. In 
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addition, the LLCE extraction was simple and was effective in the extraction of a diverse mixture 

of analytes in a single analysis. For the extraction of plasma, Oasis HLB and C18 extraction were 

the best extraction strategies, although the methods examined in this study were not effective 

below ng mL-1. 

The application of SPME for the analysis of steroids and EDCs exhibited great potential or 

the simultaneous extraction of both non-polar and polar compounds. SPME, with GC/MS, was 

capable of detecting several polar EDCs at concentrations below ng mL-1. Extraction of polar 

compounds in plasma by SPME-OFD provided enhanced GC/MS detectability for most of the 

polar steroids and EDCs. Although SPME-OFD requires an additional sample preparation step 

prior to analysis, it is clear that is has great potential for the analysis of endogenous steroids in 

plasma at relatively low concentrations.  
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Table 2-1.  Relative extraction efficiencies (REE) for steroid/EDC mixture in water using the 
selected extraction strategies 

 Oasis (%) C18 (%) LLCE (%) 
DDT 28 ± 8 21 ± 12 63 ± 7 
DDE 25 ± 3 30 ± 6 68 ± 5 
DDD 29 ± 5 33 ± 9 68 ± 6 
Trifluralin 28 ± 25    38 ± 8 
Atrazine 73 ± 43 75 ± 10 68 ± 31 
Lindane 42 ± 5 100 ± 19 76 ± 4 
Vinclozolin 35 ± 6 83 ± 12 56 ± 7 
Heptachlor       32 ± 4 
DBP 39 ± 5 70 ± 10 81 ± 8 
Heptachlor epoxide 34 ± 11    67 ± 12 
Endosulfan 30 ± 8    71 ± 10 
Methoxychlor 31 ± 3 39 ± 4 76 ± 8 
Dieldrin          
TMS-Triclosan 36 ± 10 55 ± 9 92 ± 21 
TMS-Octylphenol 35 ± 11 69 ± 4 75 ± 14 
TMS-Nonylphenol 27 ± 7 39 ± 5 63 ± 10 
TMS-HPTE 47 ± 26 103 ± 21 109 ± 39 
TMS-BPA 46 ± 11 82 ± 3 90 ± 13 
TMS-DDA 28 ± 39       
TMS-Dicofol 24 ± 7 37 ± 16 61 ± 5 
TMS-DES 46 ± 10 68 ± 11 90 ± 14 
TMS-Estrone 46 ± 8 72 ± 7 92 ± 16 
TMS-Ethinylestradiol 42 ± 6 68 ± 8 92 ± 14 
TMS-Estradiol 49 ± 7 70 ± 6 92 ± 11 
TMS-Testosterone 43 ± 6 77 ± 5 91 ± 12 
TMS-Pregnenolone 41 ± 4 53 ± 4 91 ± 14 
Androstenedione 43 ± 10 71 ± 6 94 ± 11 
Progesterone 37 ± 6 67 ± 0 90 ± 9 

Error values represent the error propagated through the extraction efficiency calculation (B/A 
calculation). TMS indicates that the steroid/EDC was trimethylsilyl derivatized. Missing values 
indicate that the compound was not detected. 
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Table 2-2.  Relative extraction efficiencies (REE) for steroid/EDC mixture in plasma using the 
selected extraction strategies 

 Oasis HLB (%) C18 (%) LLCE (%) LLE (%) 
DDT 11 ± 5 11 ± 4 12 ± 1 31 ± 13 
DDE 2 ± 0 10 ± 3 14 ± 1 28 ± 11 
DDD 8 ± 2 24 ± 5 13 ± 1 32 ± 13 
Trifluralin 15 ± 4 44 ± 22 17 ± 6    
Atrazine       77 ± 11 110 ± 35 
Lindane 74 ± 10 82 ± 18 42 ± 6 89 ± 33 
Vinclozolin 73 ± 13 31 ± 6       
Heptachlor       19 ± 6    
DBP 24 ± 3 92 ± 37 5 ± 3 20 ± 6 
Heptachlor epoxide 26 ± 7 65 ± 18 28 ± 1 68 ± 30 
Endosulfan 23 ± 25    23 ± 4    
Dieldrin    81 ± 19       
Methoxychlor 16 ± 3 51 ± 13 21 ± 1 53 ± 21 
TMS-Triclosan 37 ± 8 57 ± 15 30 ± 3 59 ± 23 
TMS-Octylphenol 58 ± 8 48 ± 13 31 ± 2 64 ± 20 
TMS-Nonylphenol 21 ± 3 22 ± 6 17 ± 2 32 ± 14 
TMS-HPTE 34 ± 16 41 ± 12 46 ± 4 52 ± 18 
TMS-BPA 63 ± 17 66 ± 19 115 ± 11 112 ± 39 
TMS-DDA    80 ± 27 8 ± 2    
TMS-Dicofol 8 ± 8 37 ± 4 14 ± 1 26 ± 11 
TMS-DES 34 ± 6 32 ± 9 36 ± 3 61 ± 14 
TMS-Estrone 91 ± 13 85 ± 19    88 ± 28 
TMS-
Ethinylestradiol 89 ± 7 76 ± 13 52 ± 3 99 ± 32 
TMS-Estradiol 83 ± 6 76 ± 14 63 ± 3 98 ± 32 
TMS-Testosterone 88 ± 12 88 ± 20 78 ± 8 117 ± 41 
TMS-Pregnenolone 58 ± 7 67 ± 15 31 ± 4 71 ± 27 
Androstenedione 72 ± 10 98 ± 25 82 ± 11    
Progesterone 49 ± 7 94 ± 27 65 ± 11    

Error values represent the error propagated through the extraction efficiency calculation (B/A 
calculation). TMS indicates that the steroid/EDC was trimethylsilyl derivatized. Missing values 
indicate that the compound was not detected. 
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Table 2-3.  The R2 values and linear concentration range (in ppb) obtained from SPME analysis 
of spiked water (without OFD). 

 Range (in ppb) R2 Value 
DDT 2-200 0.9917 
DDE 0.2-200 0.9921 
DDD 0.2-200 0.9974 
Trifluralin 0.2-200 0.9693 
Atrazine 2-200 0.9956 
Lindane 0.2-200 0.9986 
Vinclozolin 2-200 0.9832 
Heptachlor 0.7-200 0.9962 
DBP 0.2-200 0.9981 
Heptachlor epoxide 0.2-200 0.9976 
Endosulfan 2-200 0.9971 
Methoxychlor 0.7-200 0.9914 
Dieldrin 0.7-200 0.9981 
Triclosan 0.2-200 0.9979 
Octylphenol 0.2-200 0.9621 
Nonylphenol 2-200 0.9981 
HPTE 2-200 0.9981 
BPA 0.2-200 0.9929 
Dicofol 0.2-200 0.9962 
DES 0.2-500 0.9983 
Estrone 0.7-500 0.9993 
Estradiol 0.7-500 0.9976 
Pregnenolone 2-500 0.9989 
Progesterone 2-500 0.9957 

The steroids (androstenedione, testosterone, cholesterol, and ethinylestradiol) and the EDC 
(DDA) were not detected with SPME without derivatization. Concentration ranges were between 
0.2 and 200 ppb (ng mL-1), except for the steroids, which extended to 500 ppb. Concentration 
range was evaluated by including the levels that had peaks observed with a signal-to-noise (S/N) 
value > 10.  
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Table 2-4.  Signal-to-noise (S/N) values of the polar steroids/EDCs extracted from spiked plasma 
(200 ng mL-1) using SPME (with and without OFD). 

Polar EDCs/Steroids S/N (no OFD) S/N (with OFD) 

Octylphenol 1900 2400 

Nonyphenol 270 850 

Triclosan 1100 1400 

Bisphenol A 3100 29000 

DES 1500 5900 

Testosterone 360 180 

Estrone 2800 6700 

Estradiol 760 5200 

Pregnenolone 170 670 

Cholesterol ND 360 

HPTE ND 2500 

Ethinylestradiol ND 1000 
ND = not detected.  
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Figure 2-1.  Liquid-liquid cartridge extraction (LLCE) procedure. 
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Figure 2-2.  Peak area ratios of the non-polar chlorinated EDCs in spiked water were obtained by dividing the peak area of the analyte 

by the peak area of the surrogate, anthracene. Error bars correspond to the standard deviation of the mean (n=3). 
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Figure 2-3.  Peak area ratios of the polar EDCs in spiked water were obtained by dividing the peak area of the analyte by the peak area 

of the surrogate, anthracene. Error bars correspond to the standard deviation of the mean (n=3). 
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Figure 2-4.  Peak area ratios of the remaining EDCs in spiked water were obtained by dividing the peak area of the analyte by the peak 

area of the surrogate, anthracene. Error bars correspond to the standard deviation of the mean (n=3). 
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Figure 2-5.  Peak area ratios of the steroids in spiked water were obtained by dividing the peak area of the analyte by the peak area of 

the surrogate, anthracene. Error bars correspond to the standard deviation of the mean (n=3). 
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Figure 2-6.  Peak area ratios of the polar EDCs in spiked plasma were obtained by dividing the peak area of the analyte by the peak 

area of the surrogate, anthracene. Error bars correspond to the standard deviation of the mean (n=3). 
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Deterioration of FiberDeterioration of Fiber

 
Figure 2-7.  Deteriorated SPME fiber. The extraction phase on the section indicated deteriorated over several extractions (with OFD). 
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CHAPTER 3 
ENHANCEMENT OF CHEMICAL DERIVATIZATION OF STEROIDS BY 

GAS CHROMATOGRAPHY/MASS SPECTROMETRY (GC/MS) 
 

Introduction 

Metabolite profiling, particularly in the form of urinary steroid profiles, has proven useful 

in a variety of fields, including the clinical diagnosis and etiology of endocrine disorders,182, 187, 

188, 195, 200 the detection of steroid doping involved in competition146, 154  and livestock,139, 161, 162, 

165 and the monitoring of steroids as environmental contaminants.215, 229, 304 The development of a 

comprehensive steroid profile method using gas chromatography/mass spectrometry (GC/MS) 

could provide an excellent means to gather more complete metabolic information, providing a 

better understanding of the mechanisms by which steroid pathways are altered. 

GC/MS and Derivatization 

GC/MS is well-suited for the identification of a large number of potential steroids and 

metabolites due to its high chromatographic resolution capacity and reproducible ionization 

efficiency;182, 188, 190 however, its success is dictated primarily by the efficiency of the extraction 

and derivatization procedures employed prior to injection of the sample. Derivatization replaces 

functional groups in an effort to make the compound more amenable to standard GC/MS 

analysis, by increasing the volatility and/or thermal stability of a compound. Although 

derivatization can be time-consuming, it allows for the profiling of more compounds by allowing 

both polar and non-polar steroids to be successfully separated. Although carbonyl groups present 

no analytical challenge to GC/MS analysis, hydroxyl groups require modification.273 Since 

steroids may contain various combinations of carbonyl and hydroxyl groups, the comprehensive 

analysis of steroids is most successful with the selective derivatization of only hydroxyl groups 

to minimize the formation of artifacts or undesirable derivatization products.280  
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Silylation Strategies 

The most commonly used derivatization methodology for steroids is silylation, where 

active hydrogens on hydroxyl groups are replaced with trimethylsilyl (TMS) groups.193, 241, 280 

The important conditions to be optimized for the silylation of steroids are the reaction time and 

temperature,215, 277, 279 providing conditions that do not promote undesired derivatization,280 yet 

are still capable of driving the reaction to completion (typically 60 – 70 °C for 30 – 90 

minutes).103, 124, 215, 220, 226, 277, 278  In addition, there have been several advances towards 

improving the derivatization process, including solvent enhancement273, 274, 276, 281-283 and 

alternative heating methods, such as microwave-accelerated derivatization (MAD).196, 233, 287, 288 

MAD has been shown to be an effective heating method, producing derivatization conditions 

comparable to traditional methods while requiring less reaction time. The use of sonication-

assisted derivatization (SAD) has also been discussed190 as a method to improve derivatization 

efficiency, but there are no studies that explicitly investigate its potential. It is clear that for any 

effective derivatization, especially for comprehensive analysis, enhancing techniques should be 

considered and optimized. 

Current research in steroid analysis by GC/MS focuses on multi-analyte detection, 

targeting either small groups of related steroids or steroids within specific classes.139, 161, 162, 203, 

215, 229, 233, 279, 282, 287, 304 However, the lack of established protocols or standard methods for 

reliable steroid derivatization is a deterrent to steroid analysis by GC/MS.305 Most published 

methods employing GC/MS for steroid analysis omit a discussion of the determination of the 

reaction settings, and often the reaction conditions are not included in enough detail to determine 

whether or not optimal conditions were employed for all analytes. To our knowledge, only a few 

research studies have investigated the optimization of the derivatization conditions;215, 233, 277, 279, 
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282, 304 however, these examinations were restricted to investigating only a small set of steroids 

rather than a comprehensive mixture.  

In this study, derivatization of a large suite of diverse steroids was systematically 

optimized using GC/MS by performing a detailed investigation of three silylating reagents over a 

series of reaction times and temperatures. The role of derivatization enhancers was also 

examined, specifically the enhancing effects offered by the use of solvents and non-traditional 

heating methods, such as MAD and SAD. The procedures developed not only describe the ideal 

derivatization strategies for investigating steroids comprehensively, but also give insight into the 

ideal reaction conditions required for steroids on an individual level. 

Experimental Section 

Chemicals and Reagents 

The natural and synthetic steroids testosterone (T), 17β-estradiol (E2), estrone (E1), 

androstenedione (AE), ethinylestradiol (EE2), 17-methyltestosterone (17-MT), progesterone (P), 

pregnenolone (PREG), cholesterol (CHOL), corticosterone (CORT), and dihydrotestosterone 

(DHT), and the non-steroidal synthetic estrogen, diethylstilbestrol (DES) were acquired from 

Sigma (St. Louis, MO). The surrogate used for the evaluation of the derivatization reactions was 

dichlorodiphenyldichloroethylene-p,p (DDE, EPA Research Triangle Park, NC). Stock solutions 

of each steroid and the steroid mixture were made to 100 μg mL-1 in analytical grade methanol 

(Fisher Scientific, Fair Lawn, NJ) and stored at –20 °C.  

The reagents used were derivatization grade N,O-bis-(trimethylsilyl)-trifluoroacetamide 

(BSTFA) with 1% trimethylchlorosilane (TMCS) (BSTFA/TMCS, Supelco, Bellefonte, PA), N-

methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA) (Pierce, Rockford, IL), and N,O-bis-

(trimethylsilyl)-acetamide (BSA) (Pierce). The solvents used in the reactions were anhydrous 
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dimethylformamide (DMF, Sigma), anhydrous acetonitrile (ACN, Sigma), and extra-dry 

pyridine (PYR, Acros Organics, Morris Plains, NJ).  

GC/MS Analysis 

The GC/MS analysis was performed using a Trace GC 2000 gas chromatograph/ 

quadrupole ion trap mass spectrometer with an AS3000 autosampler (Thermo Finnigan, San 

Jose, CA). The column used was a Zebron ZB-5 30 m x 0.25 mm capillary column with a film 

thickness of 0.25 μm (Phenomenex, Torrance, CA). The ion source and transfer line 

temperatures were set to 200 °C and 300 °C, respectively. The injector was set to splitless 

injection at a temperature of 280 °C with a split flow of 50 mL min-1. The temperature program 

was set to begin at 120 °C for 2 minutes, elevated at 15 °C min-1 to 250 °C, and finally increased 

by 5 °C min-1 to 300 °C (maintained for 5 minutes). The carrier gas used was ultra-high-purity 

helium (99.999%) at a flow rate of 1 mL min-1. The data acquisition software used was Xcalibur 

1.4. Electron ionization was used at 70 eV and the mass spectrometer was set to full scan, m/z 50 

– 600.  

Derivatization Experiments 

Derivatization overview 

Each sample contained the twelve selected steroids and the surrogate and was dried down 

using ultra-high-purity nitrogen to represent sample conditions that normally exist following 

solid-phase extraction. The residue was reconstituted with a volume of 200 μL of derivatizing 

reagent (with surrogate to a final concentration of 5 μg mL-1) and vortexed. The block and water 

bath reactions took place in a Thermolyne Type 16500 Dri-Bath and a Fisher Scientific Isotemp 

Immersion Circulator (Model 70, Pittsburgh, PA), respectively.   
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The characteristic ions selected for peak area identification, shown in Table 3-1, consisted 

of the base peak and the molecular ion for each steroid and the surrogate. The relative response 

factor (RRF) for each of the products formed was calculated by dividing the peak area of the 

steroid product by that of the peak area of the surrogate (derivatization inactive).  

Derivatization time and temperature  

Each derivatization parameter was examined by running triplicate samples (200 μL each) 

and pooling them post-heating into a single vial (600 μL total). The pooled sample was then 

analyzed in triplicate using GC/MS. Optimization of the derivatization procedure for the steroid 

standard mix consisted of examining reaction times and temperatures using three silyl reagents: 

BSTFA/TMCS, MSTFA, and BSA. The derivatization times and temperatures investigated were 

15, 30, 45, and 60 minutes, and 40, 55, 70, and 90 °C. The optimal time and temperature 

combination for each reagent was then used for the subsequent enhancement comparisons.  

Derivatization enhancing experiments 

Solvent enhancement was examined by adding solvent and derivatizing reagent (1:1) to a 

total volume of 200 μL for derivatization.  

MAD was evaluated by comparing the RRF values obtained to those obtained using 

traditional thermal (block) heating. The MAD was performed using a 1000-W Half-Time 

convection/microwave oven (Apollo Worldwide, Palm Beach, FL). The microwave settings for 

each reagent were: 900 W for 0.5 and 1 minute (BSTFA/TMCS and MSTFA) and 900 and 1000 

W for 1 min (BSA). 

SAD was examined by comparing the best overall method for each reagent using the block 

heater to the RRFs obtained using a heated sonicated water bath. The derivatization reactions in 

the water bath were run both with and without sonication to evaluate the potential improvements 
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achieved using sonication. The only deviation was that the water bath temperature for the BSA 

reaction was at 80 °C instead of 90 °C, due to the temperature constraints of the water bath 

heater.  

Results and Discussion 

Derivatization Optimization 

Derivatization time and temperature 

The steroid mixture was selected to evaluate the effects of the possible combinations of 

functional groups (carbonyl and hydroxyl) at various locations on the steroid structure. Even 

though the steroids analyzed were all at the same concentration, they exhibited a wide range of 

RRFs. Due to keto-enol tautomerism, derivatization efficiency, and the tendency of carbonyl 

groups to derivatize under harsh conditions, a balance in reaction time and temperature was 

required. The selection of target derivatives was based on the optimal product (underivatized or 

derivatized) for each steroid that would be the best compromise for allowing comprehensive 

profiling for the wide polarity range of steroids examined. Two steroids, PROG and AE, contain 

only carbonyl groups and did not require derivatization, while the predominant product observed 

for 17-MT was also underivatized due to the steric hindrance of the hydroxyl group at the 17 

position. The remaining hydroxylated steroids were sufficiently derivatized; only di-TMS-EE2 

was difficult to derivatize, most likely due to the triple bond near the hydroxyl group. Shareef et 

al. concluded that this may be due to a breakdown of the EE2-derivative;282 however, this may 

also be due to more favorable conditions for the production of mono-TMS-EE2. Di-TMS-DES 

had two GC peaks (two isomers); only the dominant peak (tr = 12.12 min) was used for the RRF 

determination.  

In general, the derivatization conditions beyond 60 minutes and above 70 °C (90 °C for 

BSA) did not provide any added advantage in the RRFs obtained. In addition, temperatures of 40 
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°C or below were not adequate for efficient derivatization at the reaction times tested in this 

study. The optimal conditions (reagent, reaction time and temperature) for obtaining the greatest 

RRF value for each individual steroid are displayed in Table 3-2. 

The derivatization of the steroid mixture using BSTFA/TMCS was most successful at 

producing the highest RRF values in the range of 55 – 70 °C for 15 – 30 minutes. As shown in 

Table 3-2, seven of the twelve steroids analyzed displayed the highest RRF using BSTFA as the 

reagent. This reagent was the most successful in creating conditions that allowed the highest 

RRF values of PROG, AE and 17-MT. This is a key result in the effort to reduce sample 

complexity by avoiding the derivatization of compounds which are amenable to GC/MS. 

Conditions beyond 30 minutes using BSTFA/TMCS for the three underivatized compounds 

(PROG, AE, and 17-MT) exhibited a reduced RRF value, likely due to the formation of artifacts 

(data not shown). Furthermore, BSTFA/TMCS was also ideal for the derivatization of most of 

the mono-derivatives, including CHOL, E1 and PREG. The best set of conditions using 

BSTFA/TMCS for profiling the multi-class mixture was determined to be 70 °C for 30 minutes.  

For the derivatization of the steroid mixture using MSTFA, temperatures higher than 55 °C 

and reaction times longer than 30 minutes exhibited no increase in RRF values. As shown in 

Table 3-2, four of the twelve targeted derivatives had the highest RRF values using the MSTFA 

reagent: di-TMS-EE2, mono-TMS-E1, mono-TMS-T, and mono-TMS-DHT. However, the RRF 

values for the underivatized steroids PROG, AE, and 17-MT, were much lower than the levels 

achieved using BSTFA/TMCS. The best overall reaction condition for using MSTFA reagent 

was 55 °C for 30 minutes. 

The RRF values obtained with the BSA reagent were in almost all cases lower compared to 

those obtained with the other two silyl reagents, particularly for the underivatized steroids. As 
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shown in Table 3-2, the RRF values generated using BSA for two of the eleven derivatized 

steroids examined were lower (typically by a factor of 10) than the RRF values achieved using 

the other reagents; the eleventh, di-TMS-DES, the most easily derivatized species of the study, 

yielded a 2x higher RRF with BSA. The best reaction condition for the multi-class steroid 

analysis using BSA was 90 °C for 30 minutes.  

Derivatization reagent 

For the derivatization of steroids with two or more hydroxylated groups, MSTFA is the 

best reagent choice. BSTFA is the more appropriate reagent choice for the derivatization of 

mono-hydroxylated compounds. Both MSTFA and BSTFA were comparable in their ability to 

derivatize the multi-class steroid mixture; however, the optimal reaction condition for 

BSTFA/TMCS (at 70 °C for 30 min) offers the best compromise, with the ability to derivatize a 

wide variety of steroids without the derivatization of carbonyl groups.  

Derivatization Enhancers 

Solvent enhancement 

The RRF values for the steroid products obtained by adding a solvent (1:1 to each silyl 

reagent) during the derivatization reaction were evaluated against the RRF values generated for 

derivatization reactions without solvent. Tables 3-5 to 3-5 present the change in RRF for 

enhanced derivatization compared to those obtained with the tradition block derivatization 

method.  

BSTFA/TMCS, with the solvents DMF, ACN, and PYR, generally showed an increase in 

RRF values over those generated without the aid of solvents (Table 3-3). The underivatized 

steroids, AE and PROG, had higher RRF values with the addition of solvent (except for AE with 

DMF). However, underivatized 17-MT exhibited low RRF values (using DMF and PYR), 

implying that its derivatization was facilitated. ACN was the most effective solvent in preventing 
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the derivatization of carbonyl steroids, and thus had the largest RRF values for these compounds. 

The RRF values for di-TMS-EE2 exhibited dramatic increases with the addition of DMF and 

PYR. It has been suggested that those solvents prevent the breakdown of di-TMS-EE2.277, 281, 282  

MSTFA reactions employing solvents (Table 3-4) resulted in essentially the opposite effect 

in RRF values when compared to BSTFA/TMCS. A comparison of the RRF values showed no 

benefit when compared to the conventional solvent-less block heating method. No solvent 

enhancement was observed with MSTFA.  

The RRF values obtained using BSA with solvents generally exhibited either an increase 

or no change (Table 3-5). Pyridine provided slightly better RRFs for the derivatization of mono-

TMS steroids, while DMF was the best at protecting the underivatized steroids.  

Overall, the addition of solvent during the derivatization process was shown to be 

beneficial in creating a more effective reaction for both BSA and BSTFA/TMCS. For 

BSTFA/TMCS, the use of PYR, ACN, and to a lesser extent DMF, generated higher RRF values 

indicating an improved derivatization reaction. In addition to increased RRF values, solvent 

usage during the derivatization reaction reduced the amount of reagent needed, thus reducing the 

cost per sample.   

Microwave-accelerated derivatization (MAD) 

The RRF values generated in the microwave are compared to the RRF values obtained 

using the traditional block heater in Tables 3-3 to 3-5. The microwave experiment was designed 

solely to analyze the change in RRF values and not to compare RRF values at similar reaction 

temperatures.  

MAD with BSTFA/TMCS, MSTFA and BSA at 900 W for at least one minute provided 

higher RRF values than those generated using the traditional block derivatization for all eleven 

steroids except for di-TMS-EE2 with BSA. However, the MAD reaction at 900 W for 30 seconds 
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was not as effective as the 1-minute microwave reaction for both MSTFA and BSTFA/TMCS 

(except for mono-TMS-T with BSTFA/TMCS). The underivatized steroids had higher RRF 

values with use of microwave heating, highlighting the unique potential of microwave heating to 

provide strong enough heating conditions for the effective derivatization of steroids, yet still 

providing an environment which does not force the derivatization of carbonyl groups.  

Silyl reagents combined with microwave heating can be a successful technique for the 

rapid derivatization of a variety of different steroids. Furthermore, as shown here, the application 

of MAD often provided higher RRF values when compared to traditional heating methods with a 

drastic reduction in derivatization time (1 minute to 30 minutes).  

Sonication-assisted derivatization (SAD) 

The concept of SAD is based on the promoted agitation of compounds in a heated solution, 

thus potentially increasing the frequency of interaction between the steroids and the 

derivatization reagent. Sonication enhancement was examined by comparing the RRF values 

generated in a sonicated water bath to those obtained using the same time and temperature on a 

block heater.  

The RRF values employing SAD for all three silylating reagents exhibited an increase 

when compared to those generated using a traditional block heater (Tables 3-3 to 3-5). However, 

SAD yielded very similar RRF values to those obtained for derivatization in a water bath without 

sonication, indicating little or no benefit of sonication for the derivatization of steroids. The data 

do, however, highlight the potential of water bath heating for more efficient derivatization than 

block heating. 

Conclusion 

This investigation was focused on the optimization and enhancement of methodologies for 

the derivatization of a wide polarity range of steroids in a single chromatographic analysis. The 
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results have defined more accurately the optimal derivatization conditions needed on three 

levels: 1) for each individual steroid, 2) for groups of related steroids, and 3) for the 

comprehensive profiling of a suite of unrelated steroids. In addition, the resulting information 

serves as a tool for future reference in the prediction of steroid derivatization for steroids for 

which there is no analytical derivatization protocol available. The application of solvent and the 

use of microwave heating were found, in most instances, to be more efficient than the optimized 

traditional heating methods. The use of solvent was found to be most effective with 

BSTFA/TMCS, resulting in a general increase in RRF values with a reduced amount of reagent 

needed per sample. Microwave-accelerated derivatization at 900 W for 1 minute provided an 

increase in RRF values for all the steroids examined in the study and reduced the derivatization 

time (1 minute to 30 minutes). Sonication-assisted derivatization did not enhance the 

derivatization of the steroids, but did highlight the potential of water bath heating for 

derivatization. Future investigations will include a rigorous examination of the combinatorial 

effects of the derivatization enhancing techniques and its application to biological samples. 
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Table 3-1.  Targeted derivatives and their characteristic ions and retention times 

Steroid Abbreviation
Functional 
Groups 

Molecular 
Weight 

Target 
Derivative 

Characteristic 
Ions 

Retention Time 
(min) 

Surrogate DDE none 318 Underivatized 246, 318 10.93 
Diethylstilbestrol DES 2 C-OH, C-OH 268 Di-TMS 412, 217 12.12 
Dihydrotestosterone DHT C=O, C-OH 290 Mono-TMS 362, 347 14.36 
Estrone E1 C=O, C-OH 270 Mono-TMS 342, 257 14.49 
Androstenedione AE 2 C-OH, C-OH 286 Underivatized 148, 286 14.68 
17β-Estradiol E2 2 C-OH, C-OH 272 Di-TMS 416, 285 14.90 
Testosterone T C=O, C-OH 288 Mono-TMS 360, 226 15.02 
17-Methyltestosterone 17-MT C=O, C-OH 302 Underivatized 229, 302 15.06 
Pregnenolone PREG C=O, C-OH 316 Mono-TMS 298, 388 15.63 
Ethinylestradiol EE2 2 C-OH, C-OH 296 Di-TMS 425, 440 16.02 
Progesterone P 2 C-OH, C-OH 314 Underivatized 124, 314 16.42 
Cholesterol CHOL C-OH 386 Mono-TMS 458, 368 19.46 
Corticosterone CORT 2 C=O, 2 C-OH 346 Di-TMS 490, 475 21.57 

Italics indicate molecular ion (m/z), while the other ion listed is the base peak. The surrogate chosen was DDE due to its derivatization 
inactivity. 
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Table 3-2.  The RRF values obtained using various time, temperature and derivatizing reagent combinations 
MSTFA BSTFA with 1% TMCS BSA 
55°C 55°C 70°C 55°C 90°C 

  15 min 30 min 45 min 15 min 30 min 15 min 30 min 60 min 45 min 30 min 
AE 0.12 0.22 0.16 0.26 0.26 0.25 0.24 0.16 0.04 0.05 

17-MT 0.08 0.16 0.21 0.27 0.29 0.26 0.27 0.14 0.05 0.05 

PROG 0.13 0.18 0.15 0.25 0.25 0.24 0.24 0.12 0.03 0.03 

Mono-TMS-CHOL 0.50 0.49 0.50 0.53 0.53 0.57 0.48 0.52 0.18 0.27 

Mono-TMS-DHT 0.15 0.16 0.13 0.13 0.13 0.13 0.13 0.13 0.04 0.06 

Mono-TMS-E1 2.24 2.59 2.20 2.60 2.40 2.85 2.88 2.68 0.99 1.30 

Mono-TMS-PREG 0.43 0.49 0.44 0.53 0.56 0.57 0.53 0.55 0.12 0.18 

Mono-TMS-T 0.40 0.46 0.44 0.34 0.32 0.31 0.31 0.18 0.12 0.14 

Di-TMS-CORT ND ND 0.06 0.06 0.03 0.03 0.04 0.09 0.03 0.05 

Di-TMS-DES 2.04 2.39 2.43 1.89 1.78 1.68 1.91 2.73 3.44 3.08 

Di-TMS-E2 2.18 2.13 1.88 1.65 1.57 1.57 1.84 1.56 0.97 1.22 

Di-TMS-EE2 0.67 0.68 0.69 0.07 0.06 0.08 0.12 0.09 0.14 0.20 

ND = not detected. 
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Table 3-3.  The RRF changes due to various derivatization enhancements with BSTFA/TMCS 
BSTFA + 1% TMCS DMF Pyridine Acetonitrile Microwave 30s Microwave 

1min Water Bath Sonication 

AE 0.8 ± 0.2 1.3 ± 0.2 1.6 ± 0.2 1.6 ± 0.0 2.3 ± 0.0 1.1 ± 0.1 1.0 ± 0.0 

17-MT 0.3 ± 0.0 0.5 ± 0.0 1.0 ± 0.1 1.6 ± 0.0 2.3 ± 0.1 1.1 ± 0.1 0.9 ± 0.1 

PROG 1.1 ± 0.1 1.4 ± 0.1 1.7 ± 0.1 1.4 ± 0.1 2.2 ± 0.0 1.2 ± 0.0 1.1 ± 0.0 

Mono-TMS-CHOL 1.5 ± 0.2 1.4 ± 0.0 1.3 ± 0.1 0.7 ± 0.0 1.8 ± 0.2 0.9 ± 0.1 0.9 ± 0.1 

Mono-TMS-DHT 1.8 ± 0.1 2.0 ± 0.0 2.3 ± 0.0 1.0 ± 0.1 1.4 ± 0.1 1.0 ± 0.0 1.1 ± 0.1 

Mono-TMS-E1 0.9 ± 0.1 1.0 ± 0.0 1.1 ± 0.0 0.8 ± 0.0 1.4 ± 0.0 0.9 ± 0.1 0.9 ± 0.0 

Mono-TMS-PREG 1.1 ± 0.1 1.2 ± 0.1 1.1 ± 0.1 0.8 ± 0.0 1.6 ± 0.2 1.0 ± 0.0 1.0 ± 0.1 

Mono-TMS-T 1.7 ± 0.1 1.8 ± 0.0 1.9 ± 0.1 4.5 ± 0.0 2.8 ± 0.3 1.2 ± 0.1 1.2 ± 0.0 

Di-TMS-DES 1.7 ± 0.1 1.6 ± 0.0 1.4 ± 0.0 0.9 ± 0.1 1.0 ± 0.0 0.9 ± 0.0 0.9 ± 0.0 

Di-TMS-E2 1.6 ± 0.0 1.5 ± 0.2 1.5 ± 0.2 0.7 ± 0.1 1.4 ± 0.1 1.0 ± 0.0 1.1 ± 0.0 

Di-TMS-EE2 12.0 ± 1.4 9.1 ± 1.6 2.8 ± 1.5 0.7 ± 0.1 2.0 ± 0.1 1.1 ± 0.0 1.3 ± 0.0 
Values are averages of three injections, normalized to the block heating method without enhancement.  Highlighted values indicate the 
highest RRF value obtained for each steroid. Microwave power was set to 900 W. Values greater than 1 indicate an increase in RRF 
over the block method; values less than 1 indicate a decrease in RRF. The averages are shown ± the standard deviation of the mean 
(also normalized).  Error of 0.0 indicates an error below the significant figures shown. Di-TMS-CORT was not effectively derivatized 
with any of the enhancing experiments and was not included in the tables. 
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Table 3-4.  The RRF changes due to various derivatization enhancements with MSTFA 
MSTFA DMF Pyridine Acetonitrile Microwave 30s Microwave 

1min Water Bath Sonication 

AE 0.7 ± 0.0 0.4 ± 0.0 0.5 ± 0.0 1.1 ± 0.0 1.5 ± 0.1 1.2 ± 0.1 1.0 ± 0.0 

17-MT 0.3 ± 0.0 0.5 ± 0.0 0.8 ± 0.0 1.1 ± 0.0 1.8 ± 0.6 1.1 ± 0.0 1.1 ± 0.0 

PROG 0.7 ± 0.0 0.3 ± 0.0 0.5 ± 0.0 1.0 ± 0.1 1.5 ± 0.0 1.3 ± 0.1 1.2 ± 0.1 

Mono-TMS-CHOL 1.1 ± 0.0 0.8 ± 0.1 1.1 ± 0.1 1.2 ± 0.1 1.4 ± 0.1 1.5 ± 0.1 1.4 ± 0.0 

Mono-TMS-DHT 0.8 ± 0.1 0.8 ± 0.0 0.9 ± 0.0 1.0 ± 0.1 1.0 ± 0.1 1.1 ± 0.0 1.1 ± 0.0 

Mono-TMS-E1 1.0 ± 0.1 0.9 ± 0.0 1.0 ± 0.0 1.1 ± 0.0 1.1 ± 0.0 1.6 ± 0.0 1.5 ± 0.1 

Mono-TMS-PREG 0.9 ± 0.1 0.8 ± 0.0 1.0 ± 0.0 1.1 ± 0.1 1.1 ± 0.1 1.3 ± 0.1 1.2 ± 0.0 

Mono-TMS-T 0.8 ± 0.0 0.7 ± 0.0 1.0 ± 0.0 1.0 ± 0.0 1.2 ± 0.1 1.2 ± 0.0 1.2 ± 0.1 

Di-TMS-DES 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.1 1.1 ± 0.1 1.1 ± 0.1 1.1 ± 0.0 1.1 ± 0.0 

Di-TMS-E2 0.9 ± 0.0 0.9 ± 0.1 1.0 ± 0.0 0.7 ± 0.0 1.1 ± 0.1 1.2 ± 0.0 1.1 ± 0.0 

Di-TMS-EE2 1.3 ± 0.2 1.1 ± 0.1 1.2 ± 0.2 0.8 ± 0.1 1.2 ± 0.1 1.7 ± 0.0 1.6 ± 0.1 
Values are averages of three injections, normalized to the block heating method without enhancement. Highlighted values indicate the 
highest RRF value obtained for each steroid. Microwave power was set to 900 W. Values greater than 1 indicate an increase in RRF 
over the block method; values less than 1 indicate a decrease in RRF. The averages are shown ± the standard deviation of the mean 
(also normalized).  Error of 0.0 indicates an error below the significant figures shown. Di-TMS-CORT was not effectively derivatized 
with any of the enhancing experiments and was not included in the tables. 
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Table 3-5.  The RRF changes due to various derivatization enhancements with BSA 
BSA DMF Pyridine Acetonitrile Microwave 

1min 
Microwave 
1min1 Water Bath Sonication 

AE 1.5 ± 0.0 1.4 ± 0.1 1.3 ± 0.0 1.5 ± 0.3 1.6 ± 0.2 1.2 ± 0.0 0.9 ± 0.1 

17-MT 1.7 ± 0.1 1.3 ± 0.3 1.3 ± 0.1 1.5 ± 0.1 1.6 ± 0.1 1.3 ± 0.0 1.0 ± 0.1 

PROG 1.6 ± 0.0 1.5 ± 0.1 1.2 ± 0.1 1.5 ± 0.2 1.5 ± 0.2 1.2 ± 0.0 1.2 ± 0.1 

Mono-TMS-CHOL 1.0 ± 0.0 1.1 ± 0.0 0.9 ± 0.0 1.1 ± 0.0 1.1 ± 0.0 1.3 ± 0.1 1.2 ± 0.1 

Mono-TMS-DHT 1.6 ± 0.2 1.9 ± 0.1 1.0 ± 0.1 1.5 ± 0.1 1.6 ± 0.2 1.3 ± 0.2 0.2 ± 0.0 

Mono-TMS-E1 1.0 ± 0.0 1.3 ± 0.0 1.0 ± 0.1 1.2 ± 0.1 1.3 ± 0.1 1.1 ± 0.0 1.0 ± 0.0 

Mono-TMS-PREG 1.0 ± 0.0 1.1 ± 0.1 1.0 ± 0.0 1.1 ± 0.0 1.2 ± 0.0 1.1 ± 0.0 1.2 ± 0.1 

Mono-TMS-T 1.3 ± 0.1 1.4 ± 0.2 1.1 ± 0.1 1.4 ± 0.1 1.4 ± 0.1 1.2 ± 0.0 1.1 ± 0.1 

Di-TMS-DES 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.1 1.1 ± 0.0 1.2 ± 0.0 1.1 ± 0.1 0.9 ± 0.0 

Di-TMS-E2 1.0 ± 0.0 1.0 ± 0.1 1.0 ± 0.1 1.2 ± 0.0 1.3 ± 0.1 1.1 ± 0.0 1.1 ± 0.0 

Di-TMS-EE2 0.9 ± 0.1 0.8 ± 0.0 0.7 ± 0.0 1.6 ± 0.1 1.4 ± 0.0 1.1 ± 0.3 0.7 ± 0.1 
1Microwave at 1000W, rather than 900W. Values are averages of three injections, normalized to the block heating method without 
enhancement. Highlighted values indicate the highest RRF value obtained for each steroid. Values greater than 1 indicate an increase 
in RRF over the block method; values less than 1 indicate a decrease in RRF. The averages are shown ± the standard deviation of the 
mean (also normalized).  Error of 0.0 indicates an error below the significant figures shown. Di-TMS-CORT was not effectively 
derivatized with any of the enhancing experiments and was not included in the tables. 
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CHAPTER 4 
ENHANCED ANALYSIS OF STEROIDS BY GAS CHROMATOGRAPHY/ 

MASS SPECTROMETRY (GC/MS) USING MICROWAVE-ACCELERATED 
DERIVATIZATION (MAD) 

Introduction 

 
The unrivaled chromatographic resolving power of capillary gas chromatography/mass 

spectrometry (GC/MS) has made it an indispensable tool for the characterization of steroid 

trends associated with metabolic disorders,154, 182, 187, 188, 195 doping in sports,146, 162, 165 and the 

monitoring of steroids as chemical pollutants;106, 121, 124, 125 however, the time-consuming 

extraction and derivatization procedures needed for steroid analysis by GC/MS have traditionally 

impeded further advancement in the field. Sample derivatization is required to improve the 

volatility and thermal stability of steroids containing hydroxyl groups, yet the difficulty of 

optimizing sample preparation techniques for a large suite of varying components has led most 

steroid analysis to be performed in smaller subsets by liquid chromatography/mass spectrometry 

(LC/MS),85, 107, 168, 185, 203, 306 liquid chromatography/tandem mass spectrometry (LC/MS/MS),202, 

209, 307-309 and gas chromatography/tandem mass spectrometry (GC/MS/MS).119, 120  In an effort to 

take advantage of the profiling capabilities of GC/MS for steroid analysis, the search for more 

efficient derivatization techniques has predominantly focused on increasing yield, stability, 

selectivity, and reducing the formation of undesirable products or artifacts.273, 280 For steroid 

analyses, there are several common derivatization strategies for GC/MS, including the 

optimization of reaction times (30 – 180 minutes) and temperatures (60 – 70 °C) with various 

trimethylsilyl reagents (TMS),215, 273, 274, 276, 277, 279, 282 the application of N-methyl-N-[tert-

butyldimethyl-silyl]trifluoroacetamide (MTBSTFA) for increased derivative stability,284, 285 the 

application of the two-step methoxime derivatization,164, 184, 207, 310, 311 and solvent enhancement 

as a means to reduce artifact formation.274, 276, 281, 282 Traditional thermal derivatization methods 
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for steroid analysis employ block heaters or water baths, which often require considerable time 

for the bulk solution to reach conditions capable of completing the reaction. High reaction 

temperatures and extended reaction times can be a problem for the derivatization of a 

comprehensive mixture; steroids typically contain some combination of hydroxyl and ketone 

functional groups; while ketone groups pose no difficulty to GC/MS analysis, they are prone to 

unwanted derivatization under certain reaction conditions.280 Thus, the development of a 

selective derivatization method which specifically targets hydroxyl groups and minimizes ketone 

derivatization would provide the best derivatization strategy. Innovative methods which 

minimize derivatization conditions (reaction time and temperature) while still providing the 

capability of comprehensive derivatization have not been actively pursued. 

Microwave-Accelerated Derivatization (MAD) 

Over the last two decades, microwave technology has become an ideal alternative for 

applications which require heating of solutions. The application of microwave technology has 

been successfully adapted in the areas of sample drying,312-314 digestion,315-317 extraction,318, 319 

organic synthesis,320-324 and has begun to cross over into other techniques, including 

derivatization. Microwave-accelerated derivatization (MAD) has been successfully implemented 

in the derivatization of sugars,325 amino acids,289 fatty acids,288 aliphatic alcohols,326 select 

steroids,196, 233, 287, 288 and a few other compounds,319, 327, 328 although these studies often employ 

domestic microwave ovens and typically omit discussions regarding the optimization of reaction 

conditions.  

Organic and derivatization reactions have employed microwave heating not only because 

of its ability to reduce analysis time, but also because it often produces comparable or higher 

yields to traditional methods.287, 289, 321, 325, 327, 328 Traditional thermal derivatization methods 

conductively heat the sample, thus prolonged startup conditions are often necessary to facilitate 
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the heating of the entire bulk solution to a certain reaction temperature. In comparison, 

microwave systems heat volumetrically (entire sample all at once), resulting in a more efficient 

way to bring the bulk solution to the required reaction temperature. The microwave heating of a 

solution is strongly dependent upon, among other things, the presence of polar compounds 

(reactants, reagents, solvents) in the solution that will absorb the microwave energy. The ability 

of a compound in solution to heat a solution inside a microwave oven and provide a rate 

enhancement is directly related to two intrinsic properties: the compound’s dielectric constant 

(ε’) and dielectric loss (ε”). The dielectric constant of a component, or the magnitude of the 

permanent dipole, is a measure of the component’s ability to be polarized by microwave 

energy.322-324, 329, 330 Components with large dielectric constants (or strong dipoles) try to align 

with the field, creating heat by agitation and intermolecular friction.321-324, 330 The dielectric loss 

of a component describes how efficiently this energy is converted to heat (compounds with 

dielectric loss values between 1 and 10 are considered to dissipate heat well to the solution). The 

resulting heat (thermal effects) dissipates and directly heats the solution, and is one of the 

explanations for the enhanced reaction rates. Other explanations for the resulting rate increase 

include specific and non-thermal microwave effects. Specific microwave effects, which are 

essentially specific thermal effects characteristic of only microwave heating, include the 

superheating of solvents, generation of hot spots due to selective heating of individual 

components, and volumetric heating.322-324, 329-331 Non-thermal effects are generally microwave 

phenomena which are not thermal in nature.329, 330 The relative contribution of the various 

microwave effects are largely unknown, leading to differing opinions regarding the fundamentals 

of this technique.321, 329, 332 Clearly, some combination, if not all of the effects, contribute to the 

enhancements in derivatization achieved over traditional methods. 
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MAD with Polar Organic Solvents 

Combining polar organic solvents with varying dipole moments with silyl reagents offer 

differing capabilities to absorb microwave energy and transfer the generated heat to rest of the 

solution. For traditional thermal derivatization methods, the application of solvents with 

silylating reagents is typically employed for solubility purposes. In addition, the added 

advantages of using solvents for steroid derivatization often include an inherent catalytic 

capability276 and an ability to decrease the production of partial or unwanted derivatives.277, 281, 

282 The many benefits of using certain solvents for traditional thermal derivatization in 

combination with the microwave heating benefits derived from using polar solvents should be 

present, and these effects were examined in this study.  

MAD with Several Derivatization Strategies 

Trimethylsilyl reagents such as N,O-bis-(trimethylsilyl)-trifluoroacetamide (BSTFA) and 

N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA) are the most common reagents for the 

derivatization of steroids by GC/MS.172, 273, 276 The application of MAD and silyl reagents can 

offer the ability to improve the derivatization response while lowering overall analysis time 

compared to traditional thermal methods at longer analysis times. However, silyl derivatization 

still has inherent flaws not associated with the time-consuming reaction time, in particular, 

irreproducibility and the inability to avoid unwanted product formation and the decomposition of 

desired products.280 These flaws have led to the creation of alternative derivatization strategies, 

most notably the introduction of methoxime (MO) and tert-butyldimethylsilyl (TBDMS) 

derivatives. Methoxime derivatization, a two-step strategy (shown in Figure 4-1), protects 

derivatization-susceptible ketone groups by converting them to methoximes prior to the 

trimethylsilyl derivatization of the hydroxyl groups.172, 193, 273 N-methyl-N-[tert-butyldimethyl-

silyl]trifluoroacetamide (MTBSTFA), which forms TBDMS derivatives (shown in Figure 4-2), 
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was created to solve the stability concerns associated with TMS-derivatives, as TBDMS-

derivatives are more stable.284, 285 To date, MAD has not been implemented to eliminate the time-

consuming reaction conditions commonly associated with these techniques.  

In this study, MAD was examined as an alternative heating approach for the rapid 

derivatization of steroids using a synthesis microwave system. First, the maximum temperatures 

achieved in one minute at various power levels were recorded and aided in the understanding of 

the microwave heating contributions of the derivatizing reagent, solvent, and combinations of 

reagent-solvent. Secondly, optimal microwave derivatization conditions (reaction time, 

microwave power, and derivatization reagent) were systematically optimized. Unlike current 

examinations with domestic microwave ovens, MAD with the synthesis microwave system 

allowed an evaluation on two levels: 1) comparing relative response factors (RRFs) generated 

between MAD and traditional thermal methods at the same reaction temperature (made possible 

by the ability of the synthesis microwave system to explicitly control microwave power) and 2) 

comparing traditional thermal methods to MAD at different radiation powers regardless of 

temperature. The absolute RRF values generated with the synthesis microwave system were also 

compared to those generated with a domestic microwave oven. In addition, this investigation 

studied the use of various organic solvents during the MAD reaction and the resulting increase in 

RRF obtained when compared to those generated without the use of solvent. Furthermore, two 

other widely used but tedious derivatization strategies (methoxime and tert-butyldimethylsilyl) 

for steroid analysis were also examined and were implemented with shorter reactions times using 

MAD. Concomitantly, this examination also examined the efficacy of using MAD in obtaining a 

comparable derivatization for a multi-class steroid mixture to traditional thermal techniques. 

Finally, MAD was compared to thermal derivatization in analyzing steroids spiked in plasma. 
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Experimental Section 

Steroids, Solvents, and Reagents 

The multi-class mixture of steroid and steroid-related compounds, testosterone (T), 17β-

estradiol (E2), estrone (E1), androstenedione (AE), ethinylestradiol (EE2), 17-methyltestosterone 

(17-MT), progesterone (P), pregnenolone (PREG), cholesterol (CHOL), corticosterone (CORT), 

diethylstilbestrol (DES), and dihydrotestosterone (DHT), were all acquired from Sigma (St. 

Louis, MO). The surrogate chosen for the determination of the relative response factors was 

dichlorodiphenyldichloroethylene-p,p (DDE, EPA Research Triangle Park, NC). DDE was 

chosen due its inactivity during the derivatization process. All components in the standard steroid 

mixture and the surrogate were made to 5 ppm (5 μg mL-1) in analytical grade methanol (Fisher 

Scientific, Fair Lawn, NJ). The methanol was blown down using ultra-high-purity (UHP) 

nitrogen. The resulting residue (comparative to post-extraction conditions) was derivatized by 

adding derivatizing reagent (and solvent when applicable) to a total volume of 200 μL.  

The reagents used for the derivatization analyses were derivatization grade N,O-bis-

(trimethylsilyl)-trifluoroacetamide (BSTFA) with 1% trimethylchlorosilane (TMCS) 

(BSTFA/TMCS, Supelco, Bellefonte, PA), N,O-bis-(trimethylsilyl)-trifluoroacetamide (BSTFA) 

(Supelco), N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA) (Pierce, Rockford, IL), N,O-

bis-(trimethylsilyl)-acetamide (BSA) (Pierce), MOX reagent (2% methoxyamine·HCl in 

pyridine) (Pierce), and N-methyl-N-[tert-butyldimethyl-silyl]trifluoroacetamide (MTBSTFA) 

(Pierce). 

The solvents examined for the reagent:solvent derivatization reactions were anhydrous 

dimethylformamide (DMF, Sigma), anhydrous acetonitrile (ACN, Sigma), hexane (HEX, Fisher 
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Scientific) and extra-dry pyridine (PYR, Acros Organics, Morris Plains, NJ). Methyl tert-butyl 

ether (MTBE) was acquired from Fisher Scientific. 

Instruments and Apparatus 

Traditional thermal derivatization 

A Thermolyne Type 16500 Dri-Bath heater was obtained from Sybron Corporation 

(Dubuque, IA). The temperature was monitored using a thermometer and reactions were 

performed in 4 mL glass vials with screw caps.  

Synthesis microwave system 

A Discover S-Class synthesis microwave system (2455 MHz, 300 W max power) with 

Synergy data acquisition softwate (version 1.34) was obtained from CEM (Mathews, NC). The 

microwave system was equipped with simultaneous control and real-time monitoring of 

temperature, power and pressure. The temperature of the microwave reaction was monitored 

with an infrared sensor inside the microwave vessel. Reactions were performed in 10 mL CEM 

glass microwave vials equipped with specialized snap caps. An overhead view of the Discover S-

Class synthesis microwave system is shown in Figure 4-3. 

Domestic microwave oven 

A Half-Time convection/microwave oven (2450 MHz, 1000 W max power) was obtained 

from Apollo Worldwide, Inc. (Palm Beach, FL). It was equipped with power control (10 levels) 

and had no real-time monitoring capabilities. Reactions were performed in 4 mL glass vials with 

screw caps.  

Gas chromatography/mass spectrometry (GC/MS) 

GC/MS was performed using a ThermoFinnigan Trace GC 2000 gas chromatograph/ 

quadrupole ion trap mass spectrometer with an AS3000 Autosampler (San Jose, CA). Xcalibur 

1.4 was the data acquisition software employed. The Trace GC was fitted with an SLB-5ms 
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capillary column with dimensions of 30 m x 0.25 mm and a film thickness of 0.25 μm (Supelco). 

Splitless injection was employed at a temperature of 280 °C with a split flow of 50 mL min-1. 

The temperature program was set initially at 120 °C (held for 2 minutes), then elevated 15 °C 

min-1 to 250 °C, and finally increased 5 °C min-1 to 300 °C (held for 5 minutes). The ion source 

and transfer line temperatures were set to 200 °C and 300 °C, respectively. The carrier gas was 

ultra-high-purity (UHP) helium (99.99%) and used at a flow rate of 1 mL min-1.  

Derivatization Procedures 

Maximum temperatures 

Maximum temperatures (Table 4-1) were obtained individually for each of the reagents 

used (BSTFA/TMCS, BSTFA, MSTFA, BSA, MOX, and MTBSTFA), at three power levels for 

each of the solvents used (ACN, DMF, PYR, and HEX), and for 1:1 combinations of 

BSTFA/TMCS with each of the solvents. Maximum temperatures were obtained by loading a 

total volume of 200 μL of a sample into a 10 mL microwave vial and heating at different power 

levels (100, 200, and 300 W) for 1 minute.  Each sample was run at each power level in 

triplicate, and allowed the prediction of maximum temperatures for all subsequent derivatization 

reaction conditions within the microwave.  

Derivatization overview 

In each derivatization experiment, the mixture of all twelve steroids was added to either a 

10 mL microwave vial or to a 4 mL block-heater vial and evaporated under a flow of UHP-

nitrogen gas.  The steroids were reconstituted using 200 μL of the derivatizing reagent or 

reagent-solvent mixture to a concentration of 5 ppm (5 μg mL-1) and were heated according to 

the derivatization procedures (in triplicate).  The solutions were then evaporated under UHP-

nitrogen and reconstituted to the same concentration using isooctane (Fisher Scientific). Relative 

response factors (RRFs) were determined by dividing the peak area of the steroids (for target 
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underivatized or derivatized steroid products) by the peak area of the surrogate, DDE. The 

characteristic ions (molecular ion and base peak) summed to calculate the peak area for each of 

the expected steroid products are shown in Table 4-2. Di-TMS-CORT was not effectively 

derivatized with any of the enhancing experiments (except under certain conditions with 

MSTFA) and is not included in the tables.  

Tables 4-3, 4-5, 4-6, and 4-7 show RRF values for eleven steroids normalized to those for 

the thermal heating method either at the same temperature or at set powers regardless of 

temperature. Table 4-8 shows these RRF values normalized to a solvent-less method. Values 

greater than one indicate an increase in RRF over the thermal method; values less than one 

indicate a decrease in RRF. Absolute RRF values (shown in Figures) represent the actual RRF 

values calculated for each steroid.  

Traditional methods 

For each reagent, the thermal derivatization method (reaction time and temperature), was 

optimized (from Chapter 3); the data from these optimized conditions were used as a reference to 

measure the enhancement achieved by MAD. The BSTFA/TMCS reaction was performed at 70 

°C for 30 min, MSTFA at 55 °C for 30 min, BSA at 90 °C for 30 min, MOX at 60 °C for 180 

min and at 60 °C for 30 min (both followed by BSTFA/TMCS at 70 °C for 30 min), and 

MTBSTFA at 60 °C for 120 min.  

Synthesis microwave system vs. traditional heating methods 

The first experiment directly compared MAD with the synthesis microwave system to the 

traditional block-heating method. Each silyl reagent (BSTFA/TMCS, MSTFA, and BSA) was 

run in three separate segments: (1) using the traditional thermal derivatization (as previously 

described), (2) using the synthesis microwave system derivatization at various wattages for one 

minute (BSTFA/TMCS – 200 and 300 W, MSTFA – 100 and 300 W, and BSA – 300W), and (3) 
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using the synthesis microwave system at the traditional thermal derivatization temperature for 

one minute. The two thermal MOX reagent methods were performed by first employing thermal 

derivatization methods for both the methoxime and TMS reactions (using BSTFA/TMCS) and 

comparing it to the same MOX/BSTFA/TMCS approach but with each step performed with the 

synthesis microwave system at 300 W for one minute. Derivatization with MTBSTFA was 

performed with the synthesis microwave system at 300 W for one minute; the results were 

compared to the previously described thermal derivatization method. Finally, derivatization with 

BSTFA/TMCS was performed with the synthesis microwave system at different irradiation times 

(0.5, 1, and 2 minutes). 

Synthesis microwave system vs. domestic microwave oven 

The synthesis and domestic microwave ovens were directly compared using both 

BSTFA/TMCS and MSTFA.  Each reagent was run separately for one minute using the synthesis 

microwave system at 300 W, the domestic microwave oven at 300 W, and the domestic 

microwave oven at full power (1000 W). In addition, percent RSD of the RRF values obtained 

using MSTFA and BSTFA/TMCS were also compared between the synthesis microwave system 

and the domestic microwave oven (shown in Table 4-4). 

Solvent enhancement with MAD 

The ability of each solvent to absorb microwave energy and enhance the derivatization 

reaction was analyzed. MAD with BSTFA/TMCS was analyzed using the synthesis microwave 

system for one minute at 300 W with each of the four organic solvents (ACN, PYR, DMF, and 

HEX) at a ratio of 1:1, and separately without solvent. A follow-up experiment was performed 

with ACN to determine the approximate composition (0:1, 1:3, 1:1, and 3:1) of solvent needed to 

achieve enhancement during derivatization. 
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Microwave heating of plasma extract 

The steroid mixture was added to six vials and subsequently blown down with UHP-

nitrogen. One milliliter of expired human plasma (past medicinal use date, from local blood 

bank) was added to all of the vials and vortexed. The six samples were then loaded onto 1 mL 

HM-N Isolute cartridges (liquid-liquid extraction cartridges, Biotage, Charlottesville, VA). The 

steroids were eluted with 3 x 1 mL additions of MTBE, blown down, and reconstituted with 

MSTFA to a final concentration of 200 ng mL-1. Two separate derivatization methods were 

utilized (in triplicate): derivatized either with the synthesis microwave system (one minute) or 

block heater (thirty minutes) at 55 °C. 

Results and Discussion 

Maximum Temperatures of Reagent, Solvent, and Reagent:Solvent Combinations 

The microwave properties of most organic solvents are known;333 unfortunately, the 

microwave properties of the derivatization reagents are currently unknown and to this date it has 

been difficult to determine their heating contributions to microwave derivatization reactions. 

Initial experiments focused on determining the microwave compatibility of the various 

derivatization components analyzed in this study. The maximum temperatures reached for each 

reagent (BSTFA/TMCS, BSTFA, BSA, MSTFA, MOX and MTBSTFA) at three power levels 

(100, 200 and 300 W) for one minute were obtained using real-time temperature monitoring with 

the synthesis microwave system. The average (n=3) maximum temperature achieved for each 

power level is shown in Table 4-1. MTBSTFA, MOX, and MSTFA coupled well with 

microwave energy (all over 100 °C at 100 W for only one minute). BSTFA/TMCS and to a 

larger extent BSA, did not couple well with the microwave energy. However, as the power level 

was increased from 100 to 300 W, the difference in maximum temperature obtained became 

smaller between MSTFA and BSTFA/TMCS (36 °C to 21 °C). BSA had the lowest maximum 
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temperatures, although it still reached 90 °C in one minute at 300 W. The maximum 

temperatures generated for each reagent over all three powers (100, 200 and 300 W) were 

determined in triplicate and had excellent reproducibility (typically ± 1%). The four organic 

solvents (DMF, ACN, PYR and HEX) were examined in a similar fashion, as well as the 

maximum temperature obtained using mixtures of reagents (BSTFA/TMCS and MSTFA) and 

solvents (Table 4-1). The addition of ACN, PYR and HEX all lowered the final temperature 

achieved when using MSTFA (in comparison to using MSTFA individually), likely due to the 

low boiling points of the three solvents (82, 115, and 69 °C, respectively) in comparison to the 

boiling point of MSTFA (132 °C). The same effect is observed with the use of BSTFA/TMCS 

(boiling point 45 – 55 °C). The addition of DMF (boiling point 153 °C) increased the final 

temperature for both reagents but more dramatically for BSTFA/TMCS. Furthermore, the 

catalyst TMCS was shown to actually lower the final temperature for BSTFA by almost 20 °C at 

300 W. The addition of solvent to BSTFA/TMCS and MSTFA also had very reproducible 

maximum temperatures (Table 4-1), which allowed for reproducible derivatization reactions 

using the synthesis microwave. 

Overview of MAD Analysis 

Evaluation of MAD began by first isolating the contributions of microwave heating in 

comparison to thermal heating. A common practice with current microwave derivatization 

methods is to disregard or ignore the temperature of the MAD reaction,196, 233, 287-289, 326-328 often 

due to a lack of means to monitor temperature with domestic microwave ovens. In this study, in 

contrast, the heating differences and RRF values were determined by performing both the 

synthesis microwave and thermal reactions at the same reaction temperature. Further evaluation 

focused on comparing RRFs generated using the synthesis microwave system at different 

wattages (regardless of temperature achieved) and different radiation times to those obtained 
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using the thermal heating methods. Also, since most MAD analyses to date have been performed 

using a domestic microwave oven, a comparison between a domestic microwave oven and a 

synthesis microwave system was performed.  

MAD with MSTFA 

For MSTFA, when comparing RRF values using the synthesis microwave system (one 

minute) to those obtained by a traditional thermal heating method (30 minutes), the RRFs for all 

steroids were equal to or slightly improved at the same reaction temperature of 55 °C (Table 4-

3). MSTFA coupled so well with the microwave energy, it only required an average of 5 W to 

maintain a temperature of 55 °C inside the reaction cell. A comparison of RRF values at different 

wattages (100 and 300 W) to the thermal derivatization showed that the RRFs obtained at 100 W 

for one minute were in accordance with the thermal derivatization RRF values (as shown in 

Table 4-3). However, since MSTFA coupled so well with the microwave energy, all of 

underivatized and mono-TMS derivative species experienced a decrease in RRF values due to 

the harsher reaction conditions at 300 W for one minute. The di-TMS derivatives were not 

negatively affected at 300 W, most likely due to the harsher conditions required for the 

derivatization of multiple hydroxyl groups. Also, the only reaction conditions in which di-TMS-

CORT derivatized effectively was at 300 W for one minute using MSTFA (data not shown). A 

comparison of absolute RRFs obtained with the synthesis microwave oven at 300 W was also 

made to those obtained from a domestic microwave oven at 300 W and 1000 W (Figure 4-4). 

Due to the high reactivity and ability of MSTFA to couple with microwave energy, there was 

little difference between the two microwave systems for almost every derivatized species at 300 

W (except for mono-TMS-DHT). A comparison at 300 W (and 1000 W) for the three 

underivatized species (17-MT, PROG, and AE) showed higher absolute RRF values in the 

domestic microwave oven, likely due to the synthesis microwave system providing continuous 
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power in contrast to the domestic microwave oven which operates with an on/off duty cycle. 

Thus, part of the reason why the domestic microwave oven provides higher absolute RRF values 

than the synthesis microwave system was because the domestic microwave oven was compared 

at 300 W (a duty cycle of 30% on time, 70% off time, which may lead to a more favorable 

reaction than with continuous power). The microwave heating on a duty cycle (domestic oven) 

may lead to an increase in superheating and higher peak temperatures of the bulk solution; 

however, the application of the continual power (using the synthesis microwave system) 

provides more consistant reaction temperatures and thus, more reproducible reactions. The 

percent relative standard deviation (RSD) associated with the RRF values obtained with the 

synthesis microwave system and the domestic microwave oven are shown in Table 4-4. As 

shown, for reactions performed with BSTFA/TMCS, the synthesis microwave system has 

dramatically lower RSD values (except for underivatized-17-MT). For MSTFA, the percent RSD 

values of the synthesis microwave system were approximately equal to or lower than the 

domestic microwave oven. The RSD values obtained using MSTFA were comparable between 

the two microwaves likely due to two factors: 1) the high reactivity of MSTFA and the ability of 

MSTFA to couple well with microwave heating (by effectively absorbing microwave energy). 

BSTFA/TMCS, on the other hand, is a less reactive reagent than MSTFA. Due to the fact that 

BSTFA/TMCS derivatization typically requires harsher reaction conditions, the continual 

microwave heating offered by the synthesis microwave system provided a more efficient 

derivatization medium and resulted in RRF values with low RSD (in comparison to the domestic 

microwave oven). Comparisons of the absolute RRF values from the domestic microwave (at 

300 W and 1000W) to those obtained with the synthesis microwave at 100 W were similar (data 

not shown). Due to the high reactivity of MSTFA, the predominant product of EE2 was the 
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completed derivatization product, di-TMS-EE2 (as shown in Figure 4-4). The standard deviation 

of the absolute RRF values for both microwave ovens was similar for all the steroids analyzed 

(except for mono-TMS-EE2). 

MAD with BSTFA/TMCS 

BSTFA/TMCS did not absorb the microwave energy as well as MSTFA, and required an 

average of 50 W to maintain 70 °C for one minute. As shown in Table 3, the RRF values 

achieved for BSTFA/TMCS by MAD (one minute) were significantly lower for the estrogens 

(E2, E1, EE2, and DES) than those obtained with the thermal derivatization method (thirty 

minutes). The other steroid RRF values at 70 °C were similar to those obtained with the thermal 

method. RRF values at different wattages for one minute (200, and 300 W, regardless of 

temperature, Table 4-5), generally showed similar RRF values when compared to the thermal 

method. Furthermore, the underivatized steroids had higher RRF values for all microwave 

comparisons when compared to thermal derivatization, suggesting that microwave heating does 

not force their derivatization to form artifacts. The absolute RRF values obtained for the 

estrogens (E2, E1, EE2, and DES) with the domestic microwave oven (at 300 and 1000 W) 

exhibited a dramatic decrease in absolute RRF values in comparison to the synthesis microwave 

system (Figure 4-4), along with a greater standard deviation. The predominant product of EE2 

using BSTFA/TMCS was the mono-derivative. It should be noted that even though, in some 

cases, the synthesis microwave system had absolute RRF values inferior to the domestic 

microwave oven (mono-TMS-CHOL, mono-TMS-T, mono-TMS-DHT and mono-TMS-PREG), 

the standard deviation was smaller using the synthesis microwave.  

The optimal irradiation time for the derivatization of steroids using the synthesis 

microwave system and BSTFA/TMCS (and MSTFA, data not shown) was found to be one 

minute (as shown in Figure 4-5). Irradiation times of 30 seconds had lower absolute RRF values, 
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while irradiation times longer than one minute (2 min) typically had higher RRF values but with 

a significant decrease in reproducibility (due to possible promotion of artifacts).  

MAD with BSA 

The RRF values generated by the synthesis microwave system using BSA were about the 

same when compared to the traditional thermal heating method at 90 °C (except for mono-TMS-

EE2 and di-TMS-DES, as shown in Table 4-6). However, the absolute RRF values were 

generally much lower in comparison to those generated by both MSTFA and BSTFA/TMCS 

(data not shown). Due to the weak ability of BSA to absorb microwave energy, only 300 W was 

compared to the thermal derivatization method. For every derivatized species, the RRFs obtained 

with the synthesis microwave system were equal to or larger than the thermal derivatization at 90 

°C (with dramatic increases for mono-TMS-EE2 and di-TMS-DES). 

MAD with Methoxylamine/BSTFA/TMCS Strategy 

The potential of using two other steroid derivatization strategies with MAD was also 

investigated; the data are shown in Table 4-7. The popular two-step derivatization strategy (MO-

TMS) usually requires some combination of long reaction times (15 minute to 100 hrs) or high 

reaction high temperatures (room temperature to 100 °C) for the methoxime derivatization 

followed by 30 to 180 minutes at 60 to 70 °C for the subsequent trimethylsilyl derivatization.164, 

184, 207, 310, 311 It is common to require extensive reaction conditions, especially for the 

comprehensive derivatizatioin of a chemically diverse mixture of analytes, and thus the time-

consuming aspect of this method has become a major drawback. Two thermal MO-TMS 

procedures were performed at 60 °C, (1) for 30 minutes, and (2) for 180 minutes, both 

subsequently followed by a silylation procedure using BSTFA/TMCS (70 °C for 30 minutes). 

Although all steroids were derivatized (as MO, MO-TMS or TMS derivatives), in almost every 

case the RRF values using the MAD method were slightly less than the two-step thermal 
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derivatization method. However, the slightly lower RRFs achieved by MAD were obtained using 

a two-step microwave procedure, which had a total analysis time of two minutes (methoxime – 

one minute, silylation – one minute). The two thermal derivatization methods had a total analysis 

time of 60 and 210 minutes at 60 °C. Furthermore, MO derivatives are often susceptible to 

forming isomeric peaks of some derivatized species,310 as seen most notably here with MO-

TMS-T, bis-MO-PROG and MO-17-MT.  

MAD with MTBSTFA 

The other reagent, MTBSTFA, is very regio-specific in its capability to derivatize 

steroids;193 thus, only mono-derivatives are formed with the hydroxyl groups at specific locations 

due the bulky nature of its derivative attachment (TBDMS). MTBSTFA was effective for the 

derivatization of all of the estrogens (E2, E1, EE2, and DES), due to the lack of steric hindrance 

and high acidity of the hydroxyl group at the 3-position. The other hydroxylated steroids were 

not successfully derivatized with MTBSTFA. Reaction conditions for derivatization using 

MTBSTFA are typically 60 – 75 °C for 90 minutes to overnight.273, 284, 285 Here, it was 

demonstrated that estrogens can be effectively derivatized using MTBSTFA with MAD in one 

minute (at 300 W) with improved reproducibility when compared to the thermal method (Table 

4-7). 

MAD with Polar Organic Solvents 

Several methods exist to enhance or improve thermal derivatization reactions, but few 

studies exist demonstrating method to improve derivatization results by MAD. Based on our 

previous work (Chapter 3), it was established that during thermal derivatization, the addition of 

solvent with BSTFA/TMCS does indeed improve RRF values when compared to solvent-less 

derivatization. However, thermal derivatization with solvent for MSTFA does not generate the 

same increase in RRF. A benefit of solvent use is the reduced volume of reagent used during 
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each reaction. Typical derivatization methods use the derivatizing reagent exclusively as the 

solvent; thus, the addition of solvent can decrease the amount of reagent required and thereby the 

cost per sample without sacrificing results. The solvents examined were chosen based on 

relevant microwave heating properties, including dielectric constant (ε’), dielectric loss (ε”) and 

boiling point. DMF and ACN both have high dielectric constants (36.7 and 37.5, at 20 °C, 

respectively), and thus does not absorb microwave energy as well; however, ACN has a much 

lower boiling point (82 °C) than does DMF (153 °C). Superheating is a microwave phenomenon 

wherein the entire bulk solvent can reach up to 15 – 20 °C above their normal boiling point. 

Hence, the lower boiling point of ACN may affect the extent of the rate enhancement in two 

ways: 1) a limitation of the temperature achievable in the microwave reaction and 2) 

superheating of the ACN. Pyridine has a moderate dielectric constant (12.3 at 25 °C) and a 

boiling point of 115 °C. The final solvent examined was the non-polar hexane (HEX), which has 

an extremely low dielectric constant (1.88 at 25 °C) and a low boiling point (69 °C). HEX was 

examined to illustrate that there was little or no enhancement for steroid derivatization with non-

polar solvents. Finally, the dielectric loss, or the ability of components to transform microwave 

energy into heat for the solution, also plays a pivotal role. Solvents with dielectric losses in the 

range of 1 to 10 are considered to be moderate in their capability to transform the microwave 

energy that is absorbed into heat,323 while values below one are poor at transforming microwave 

energy into heat. The dielectric losses of DMF, ACN, and HEX are 6.070, 2.325, and 0.038, 

respectively. The dielectric loss for PYR is not available.  

An enhancement was clearly evident when the synthesis microwave system was compared 

to the solvent-less derivatization method for ACN, DMF, and PYR (as shown in Table 4-8). For 

all the derivatized species, these three solvents (ACN, DMF, and PYR) all showed an increase in 
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RRF values over those obtained without the use of solvent. Among the solvent enhancements, 

ACN was slightly better for all the steroid derivatives monitored (except for some derivatives of 

EE2). Both DMF and PYR favored the formation di-TMS-EE2, but with considerable 

irreproducibility, while ACN favored the formation of mono-TMS-EE2 with improved 

reproducibility. Furthermore, while all the underivatized species (17-MT, PROG and AE) 

experienced lower RRF values when solvent was added, the RRF values were highest using 

ACN. The high temperatures, and thus the harsh reaction conditions, achieved with the addition 

of DMF may explain why many of the mono-TMS-derivatives had smaller increases in RRF 

values. As expected, HEX was not beneficial in enhancing the derivatization and actually had 

values dramatically lower than the solvent-less heating method. Furthermore, ACN was the 

fastest to evaporate after derivatization and prior to reconstitution with isooctane (on average, 

blow down times for PYR and DMF were approximately: 3x to 10x longer than ACN, 

respectively).   

The solvent effect on RRF values using ACN was examined at different composition 

percentages (0:1, 1:3, 1:1 and 3:1 ACN), as shown in Figure 4-6. BSTFA/TMCS, with any 

addition of ACN resulted in an increase in RRF values when compared to those obtained without 

ACN (DMF and PYR also produced similar results, data not shown). The domestic microwave 

oven yielded similar increases in RRF values with the addition of solvent; although with a 

considerable increase in standard deviation (data not shown).  

MAD of Spiked Plasma Extracts 

 Spiked plasma extracts were examined to determine the efficacy of MAD at derivatizing 

steroids at low concentrations (200 ng mL-1) in a complex matrix. As shown in Table 4-9, the 

RRF values illustrate an increase for all derivatized and underivatized species when using MAD 
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(one min) in comparison to those obtained by the thermal derivatization method (thirty minutes 

with MSTFA) at the same temperature of 55 °C.   

Conclusion 

These results show that MAD can perform derivatization strategies more rapidly than 

traditional methods. There are also other aspects to be considered. In addition to derivatization 

time (typically in one minute), additional times need to be factored in when considering overall 

analysis time, as the synthesis microwave system requires extra cool down time before the vial is 

released from the reaction vessel. For reactions at higher powers and temperatures, upwards of 

five minutes was sometimes required to cool down before further analyses could be performed 

(dictated by a specific releasing temperature). Also, since it is preferable to analyze the 

derivatized steroids immediately after derivatization, analyses were performed one-at-a-time and 

the overall analysis time was ultimately limited by the length of the GC temperature program. 

Furthermore, with the added control of temperature and power in the synthesis microwave 

reaction cell, sample derivatization time was decreased without a loss in reproducibility.  

This study has focused on evaluating the potential advantages of MAD (using a synthesis 

microwave system designed for organic syntheses) in comparison to traditional thermal 

derivatization methods. The ability to monitor and control temperature permits the synthesis 

microwave system to achieve reproducible reaction temperatures, and thus reproducible 

reactions. MSTFA was the most effective reagent for heating in the microwave, resulting in 

larger absolute RRF values and comparable reproducibility to other reagents. Due to the high 

reactivity and ability to absorb microwave energy, there was little difference for MSTFA in the 

absolute RRF and standard deviation values between the domestic and synthesis microwave 

system. BSTFA/TMCS, on the other hand, generally showed improved RRF values for the 

estrogens and a decrease in the standard deviation for the rest of the derivatized species achieved 
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with the synthesis microwave system in comparison to those obtained with the domestic 

microwave oven. In general, however, MAD with BSTFA/TMCS and BSA was not as successful 

as MAD with MSTFA in providing increased RRF values over the thermal methods. Results for 

MOX and MTBSTFA derivatization reactions using MAD were comparable to traditional 

thermal derivatization methods, but in significantly less time. The application of polar solvents 

with MAD yielded higher RRF values and reduced the amount of reagent needed per sample. 

ACN was found to be the most effective solvent for derivatization reactions employing 

BSTFA/TMCS. MAD, using the aforementioned derivatization strategies provided rapid (1 

minute) reactions with comparable or slightly increased yields and reproducibility. Furthermore, 

the proposed methods can be used to derivatize a large suite or smaller subsets of steroids. The 

analysis of spiked plasma revealed that MAD was slightly more effective in derivatizing the 

steroid mixture in a complex matrix than thermal heating. Future studies will aim to improve the 

quantitative ability of the proposed method for endogenous steroids in plasma.  
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Table 4-1.  Maximum temperatures (in °C) achieved with the synthesis microwave system for reagent and reagent:solvent 
combinations 

Power, Solvent MSTFA BSTFA/TMCS BSTFA BSA MOX MTBSTFA 

100 W 128 ± 1.0 92 ± 0.0 95 ± 0.4 56 ± 0.6 120 ± 2.1 127 ± 0.6 
200 W 144 ± 0.6 117 ± 1.0 125 ± 0.7 78 ± 4.0 138 ± 2.5 157 ± 0.6 
300 W 153 ± 0.6 132 ± 0.6 150 ± 0.6 91 ± 2.0 142 ± 1.5 169 ± 0.6 
100 W ACN 94 ± 1.0 82 ± 1.0 
200 W ACN 114 ± 1.2 101 ± 1.5 
300 W ACN 124 ± 1.0 111 ± 1.0 
100 W DMF 130 ± 0.6 125 ± 2.3 
200 W DMF 146 ± 1.2 143 ± 1.5 
300 W DMF 156 ± 2.0 152 ± 2.6 
100 W HEX 100 ± 2.5 74 ± 0.6 
200 W HEX 121 ± 1.5 97 ± 0.6 
300 W HEX 129 ± 1.0 109 ± 1.0 
100 W PYR 113 ± 0.6 92 ± 0.0 
200 W PYR 134 ± 0.6 116 ± 0.0 
300 W PYR 142 ± 1.2 126 ± 0.6  

The addition of solvent to each of the reagent:solvent mixtures was 1:1. Each of the microwave heating reactions was performed for 1 
minute at the given power levels. The standard deviation (n=3) of each temperature is also shown. 
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Table 4-2.  Targeted derivatives and ions summed to measure peaks areas for all the derivatization reagent strategies 

Steroid Abbreviation 
Molecular 
Weight  

TMS 
Derivative TMS Ions 

MO/MO-
TMS 
Derivative 

MO/MO-
TMS 
Ions 

TBDMS 
Derivative 

TBDMS 
 Ions 

 (Surr.) DDE 318  Underivatized 246, 318 Underivatized 246, 318 Underivatized 246, 318 
17-
Methyltestosterone 17-MT 302 C=O, C-OH Underivatized 229, 302 MO 313, 331 ND -- 
Androstenedione AE 286 2 C=O Underivatized 148, 286 Bis-MO 313, 344 ND -- 
Progesterone P 314 2 C=O Underivatized 124, 314 Bis-MO 341, 372 ND -- 
Dihydrotestosterone DHT 290 C=O, C-OH Mono-TMS 347, 362 MO-TMS 286, 391 ND -- 
Estrone E1 270 C=O, C-OH Mono-TMS 257, 342 MO-TMS 340, 371 Mono-TBDMS 327, 384 
Pregnenolone PREG 316 C=O, C-OH Mono-TMS 298, 388 MO-TMS 386, 417 ND -- 
Testosterone T 288 C=O, C-OH Mono-TMS 226, 360 MO-TMS 268, 389 ND -- 
Cholesterol CHOL 386 C-OH Mono-TMS 368, 458 Mono-TMS 368, 458 ND -- 
Ethinylestradiol EE2 296 2 C-OH Mono-TMS 425, 440 Mono-TMS 425, 440 Mono-TBDMS 353, 410 
17β-Estradiol E2 272 2 C-OH Di-TMS 285, 416 Di-TMS 285, 416 Mono-TBDMS 329, 386 
Diethylstilbestrol DES 268 2 C-OH Di-TMS 217, 412 Di-TMS 217, 412 Di-TBDMS 467, 496 
Corticosterone CORT 346 2 C=O, 2 C-OH Di-TMS 475, 490 ND -- ND -- 

Italics indicate the molecular ion (m/z) achieved by trimethylsilyl (TMS), methoxime (MO) and MTBSTFA (TBDMS) derivatization 
reactions. ND indicates that the steroid was not derivatized. The surrogate was dichlorodiphenyldichloroethylene-p,p (DDE). 
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Table 4-3.  Comparison of the RRF values for the synthesis microwave system (MW) normalized to thermal derivatization methods 
using MSTFA 

MSTFA       

 MW 55 °C† MW 100 W‡ MW 300 W‡ 

Underivatized-AE 0.96 ± 0.00 1.00 ± 0.00 0.58 ± 0.00 

Underivatized-17-MT 1.06 ± 0.00 0.97 ± 0.00 0.71 ± 0.00 

Underivatized-PROG 0.98 ± 0.00 1.03 ± 0.00 0.72 ± 0.00 

Mono-TMS-CHOL 1.02 ± 0.00 1.01 ± 0.00 0.98 ± 0.00 

Mono-TMS-DHT 1.06 ± 0.00 0.87 ± 0.00 0.32 ± 0.05 

Mono-TMS-E1 
1.04 ± 0.00 0.99 ± 0.00 0.86 ± 0.00 

Mono-TMS-EE2 3.80 ± 1.31 0.10 ± 0.02 0.04 ± 0.00 

Mono-TMS-PREG 0.98 ± 0.00 0.98 ± 0.00 0.95 ± 0.00 

Mono-TMS-T 0.99 ± 0.00 1.01 ± 0.00 0.96 ± 0.00 

Di-TMS-DES 0.99 ± 0.00 1.01 ± 0.00 1.02 ± 0.00 

Di-TMS-E2 
1.04 ± 0.00 0.97 ± 0.00 0.97 ± 0.00 

RRF values are shown normalized to the block heating method at the same temperature†, and regardless of temperature‡. Values 
greater than 1 indicate an increase in RRF over the block method; values less than 1 indicate a decrease in RRF.  The standard 
deviation of the mean is also shown; values of 0.0 indicate a standard deviation less than 0.005. 
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Table 4-4.  Percent relative standard deviation (RSD, in %) of RRF values for each derivatized steroid using the domestic microwave 
oven and the synthesis microwave system 

 BSTFA/TMCS  MSTFA  

 Domestic MW Oven Synthesis MW System Domestic MW Oven Synthesis MW System 

Underivatized-AE 5.4 1.0 1.2 5.1 

Underivatized-17-MT 4.6 5.6 9.1 11 

Underivatized-PROG 4.0 2.2 0.6 6.3 

Mono-TMS-CHOL 22 12 3.9 3.0 

Mono-TMS-DHT 45 22 17 3.6 

Mono-TMS-E1 31 0.3 2.1 2.5 

Mono/Di-TMS-EE2 24 1.0 21 6.1 

Mono-TMS-PREG 32 6.0 0.7 2.8 

Mono-TMS-T 29 18 1.3 0.5 

Di-TMS-DES 34 3.7 0.7 3.7 

Di-TMS-E2 50 4.0 2.4 2.3 
MAD reactions using BSTFA/TMCS were performed at the optimal conditions of 1000W and 300 W (for 1 minute) using the 
domestic microwave oven and synthesis microwave system, respectively. MAD reactions using MSTFA were performed at the 
optimal conditions of 1000W and 100 W (for 1 minute) using the domestic microwave oven and synthesis microwave system, 
respectively. EE2 was a mono-derivatized product for reactions employing BSTFA/TMCS and di-derivatized for reactions employing 
MSTFA. 
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Table 4-5.  Comparison of the RRF values for the synthesis microwave system (MW) normalized to thermal derivatization methods 
using BSTFA/TMCS 

BSTFA/TMCS       

 MW 70 °C† MW 200 W‡ MW 300 W‡ 

Underivatized-AE 1.05 ± 0.00 1.14 ± 0.01 1.09 ± 0.01 

Underivatized-17-MT 1.18 ± 0.00 1.19 ± 0.02 1.13 ± 0.01 

Underivatized-PROG 1.14 ± 0.00 1.13 ± 0.00 1.06 ± 0.00 

Mono-TMS-CHOL 0.91 ± 0.00 0.92 ± 0.01 0.97 ± 0.00 

Mono-TMS-DHT 0.94 ± 0.00 1.00 ± 0.00 0.82 ± 0.05 

Mono-TMS-E1 0.68 ± 0.00 1.01 ± 0.00 1.07 ± 0.00 

Mono-TMS-EE2 0.71 ± 0.00 1.05 ± 0.00 1.11 ± 0.00 

Mono-TMS-PREG 0.92 ± 0.00 0.89 ± 0.01 0.91 ± 0.01 

Mono-TMS-T 1.03 ± 0.00 1.11 ± 0.00 0.89 ± 0.03 

Di-TMS-DES 0.56 ± 0.01 0.93 ± 0.00 1.01 ± 0.00 

Di-TMS-E2 0.73 ± 0.00 0.86 ± 0.02 0.85 ± 0.02 

RRF values are shown normalized to the block heating method at the same temperature†, and regardless of temperature‡. Values 
greater than 1 indicate an increase in RRF over the block method; values less than 1 indicate a decrease in RRF.  The standard 
deviation of the mean is also shown, values of 0.0 indicate a standard deviation less than 0.005. 
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Table 4-6.  Comparison of the RRF values for the synthesis microwave system (MW) normalized to thermal derivatization methods 
using BSA 

BSA    

 MW 90 C† MW 300 W‡ 

Underivatized-AE 1.04 ± 0.00 0.98 ± 0.00 

Underivatized-17-MT 1.04 ± 0.00 1.13 ± 0.00 

Underivatized-PROG 1.03 ± 0.00 0.96 ± 0.00 

Mono-TMS-CHOL 0.97 ± 0.00 1.06 ± 0.00 

Mono-TMS-DHT 0.97 ± 0.00 1.01 ± 0.00 

Mono-TMS-E1 
0.91 ± 0.00 1.44 ± 0.02 

Mono-TMS-EE2 0.71 ± 0.01 3.90 ± 1.35 

Mono-TMS-PREG 0.94 ± 0.00 1.02 ± 0.00 

Mono-TMS-T 0.98 ± 0.00 1.00 ± 0.00 

Di-TMS-DES 0.67 ± 0.01 2.96 ± 1.61 

Di-TMS-E2 
1.00 ± 0.00 1.10 ± 0.00 

RRF values are shown normalized to the block heating method at the same temperature†, and regardless of temperature‡. Values 
greater than 1 indicate an increase in RRF over the block method; values less than 1 indicate a decrease in RRF.  The standard 
deviation of the mean is also shown, values of 0.0 indicate a standard deviation less than 0.005. 
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Table 4-7.  Comparison of the RRF values for the synthesis microwave system normalized to those for the thermal derivatization 
methods using MOX and MTBSTFA reagent 

MOX reagent Long Reaction Short Reaction  MTBSTFA Long Reaction 

bis-MO-AE 0.48 ± 0.02 0.63 ± 0.00  di-TBMS-DES 1.01 ± 0.00 

bis-MO-PROG 0.74 ± 0.02 0.96 ± 0.00  TBMS-E1 0.98 ± 0.00 

Di-TMS-DES 0.95 ± 0.00 0.91 ± 0.00  TBMS-E2 0.68 ± 0.08 

Di-TMS-E2 0.98 ± 0.00 0.95 ± 0.00  TBMS-EE2 1.10 ± 0.00 

Mono-TMS-CHOL 1.00 ± 0.00 1.11 ± 0.00  

Mono-TMS-EE2 1.28 ± 0.06 1.21 ± 0.00  

MO-17-MT 1.35 ± 0.00 1.17 ± 0.00  

MO-TMS-DHT 0.97 ± 0.00 0.92 ± 0.01  

MO-TMS-E1 0.62 ± 0.01 0.78 ± 0.00  

MO-TMS-PREG 0.81 ± 0.00 0.88 ± 0.00  

MO-TMS-T 0.65 ± 0.01 0.61 ± 0.00  

 

Values are shown normalized to the block heating methods regardless of temperature. Values greater than 1 indicate an increase in 
RRF over the block method; values less than 1 indicate a decrease in RRF. Methoxime/TMS synthesis microwave derivatization 
method (total reaction time 2 minutes) was normalized to 1) long methoxime/TMS thermal derivatization (total reaction time 210 
minutes) and 2) short methoxime/TMS thermal derivatization (total reaction time 60 minutes). MTBSTFA reaction normalized to 
thermal derivatization at 60 °C for 120 minutes. The standard deviation of the mean is also shown. Standard deviation in absolute RRF 
using MTBSTFA, n=3, synthesis microwave system is: TBDMS-E2 0.01, TBDMS-EE2 0.09, TBDMS-E1 0.04 and di-TBDMS-DES 
0.02; thermal method: TBDMS-E2 0.45, TBDMS-EE2 0.26, TBDMS-E1 0.07 and di-TBDMS-DES 0.27).
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Table 4-8.  The RRF change using the synthesis microwave system, derivatization reagent (BSTFA/TMCS), and organic solvent (1:1, 
v/v) 

 ACN  DMF HEX PYR 

AE 0.88 ± 0.00 0.39 ± 0.05 0.83 ± 0.01 0.86 ± 0.00 

17-MT 0.87 ± 0.01 0.01 ± 0.00 0.88 ± 0.00 0.64 ± 0.01 

PROG 0.85 ± 0.00 0.42 ± 0.04 0.82 ± 0.00 0.85 ± 0.00 

Mono-TMS-CHOL 1.39 ± 0.05 1.24 ± 0.03 0.46 ± 0.12 1.26 ± 0.03 

Mono-TMS-DHT 1.71 ± 0.02 1.62 ± 0.04 0.34 ± 0.10 1.69 ± 0.09 

Mono-TMS-E1 1.25 ± 0.01 1.12 ± 0.00 0.44 ± 0.07 1.21 ± 0.01 

Mono-TMS-EE2 1.15 ± 0.02 0.00 ± 0.00 0.43 ± 0.09 0.87 ± 0.00 

Mono-TMS-PREG 1.34 ± 0.04 1.22 ± 0.03 0.43 ± 0.08 1.26 ± 0.04 

Mono-TMS-T 1.69 ± 0.19 1.35 ± 0.07 0.35 ± 0.05 1.66 ± 0.18 

Di-TMS-DES 1.66 ± 0.01 1.72 ± 0.02 0.26 ± 0.08 1.57 ± 0.04 

Di-TMS-E2 1.76 ± 0.03 1.78 ± 0.10 0.24 ± 0.09 1.72 ± 0.04 
Values are shown normalized to the solvent-less microwave heating method. Values greater than 1 indicate an increase in RRF over 
the solvent-less method; values less than 1 indicate a decrease in RRF.  The standard deviation of the mean is also shown. 
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Table 4-9.  The RRF change in using the synthesis microwave system for steroids spiked into 
plasma at 200 ng mL-1 

Underivatized-AE 1.1 ± 0.00 

Underivatized-17-MT 1.2 ± 0.02 

Underivatized-PROG 1.1 ± 0.00 

Mono-TMS-CHOL 1.1 ± 0.00 

Mono-TMS-DHT 1.1 ± 0.01 

Mono-TMS-E1 1.3 ± 0.01 

Mono-TMS-EE2 1.8 ± 0.00 

Mono-TMS-PREG 1.1 ± 0.00 

Mono-TMS-T 1.1 ± 0.00 

Di-TMS-DES 1.5 ± 0.04 

Di-TMS-E2 1.2 ± 0.00 

Microwave derivatization (1 min) normalized to thermal derivatization (30 min), both were run 
at 55 °C using MSTFA. RRF values are normalized to the thermal heating method.  Values 
greater than 1 indicate an increase in RRF over the block method. The standard deviation of the 
mean (n=3) is also shown 
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Figure 4-1.  Strategy for two-step methoxime/trimethylsilyl (MO/TMS) derivatization. 
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Figure 4-2.  Strategy for derivatization using the MTBSTFA reagent. 

 
.
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Figure 4-3.  Overhead view of the S-Class synthesis microwave system. 
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Figure 4-4.  Absolute relative response factors (RRFs) for MSTFA (A) and BSTFA/TMCS (B) 

for both the synthesis microwave system (CEM, at 300 W) and the domestic 
microwave oven (DOM, at 300 and 1000 W). RRF values for the completely 
derivatized product of (di-TMS)-EE2 are shown in the inset for both plots (A and B). 
All the microwave reactions were for one minute.  Error bars are shown as the 
standard deviation of the mean (n=3). 
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Figure 4-5.  Absolute RRF values for BSTFA/TMCS at different microwave reaction times using the synthesis microwave system (at 

300 W). Error bars correspond to the standard deviation of the mean (n=3). 
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Figure 4-6.  Absolute RRF values for BSTFA/TMCS with varying amounts of ACN using the the synthesis microwave system (at 300 

W) for one minute. The total volume was 200 μL. Error bars correspond to the standard deviation of the mean (n=3). 
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CHAPTER 5 
EVALUATION OF DERIVATIZATION STRATEGIES FOR THE COMPREHENSIVE 

ANALYSIS OF ENDOCRINE DISRUPTING COMPOUNDS USING  
GAS CHROMATOGRAPHY/MASS SPECTROMETRY (GC/MS) 

Introduction 

Over the past twenty years, a renewed interest in environmental monitoring has been 

focused on elucidating the biological role of endocrine disrupting compounds (EDCs).7 

Introduced in Our Stolen Future,11  EDCs are usually characterized as compounds, both natural 

and synthetic, that possess the potential to alter normal endocrine function. An example of the 

potency of EDCs and their consequential effect on wildlife can be observed at Lake Apopka in 

central Florida. Along with extensive agricultural and municipal pollution, the lake experienced a 

pesticide spill in 1980, and several published reports since have focused on investigating the 

effect of these compounds on the wildlife.11, 62, 334 One sentinel species used to assess the quality 

of the environment, the American alligator (Alligator mississippiensis), has exhibited not only 

detectable levels of EDCs in eggs292 and serum,70 but also altered sex steroid concentrations,13, 37, 

68, 73 reduced clutch viability,76 increased abnormalities in bone density,77  and reproductive 

morphological abnormalities13, 37, 68, 70, 73 when compared to alligators from reference lakes. The 

potency of these chemicals is even more problematic due to their resilience in the environment, 

their powerful activity at low concentrations, and their ability to accumulate through various 

food webs.11, 20, 30, 41 Furthermore, many of the metabolites and degradation products of these 

suspected EDCs are largely uncharacterized and may possess similar disruptive properties.127  

Although there is a lack of definitive explanations as to the cause/effect relationship of 

EDCs to various human disease states (unlike many wildlife studies), recent human studies 

examining EDCs suggest not only an obvious burden in the environment, but also a substantial 

level of health risk to the general public.30, 41  EDC exposure is one suspected cause for the 
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increase in human ailments such as decreased sperm levels,20, 30, 32, 91  preterm birth,20, 30  

obesity,30  and breast cancer.20, 30, 32, 91 Furthermore, the list of chemicals known to have 

endocrine disrupting capabilities is rapidly expanding in both number and variety, raising the 

need for the development of a comprehensive EDC profiling technique that is capable of 

analyzing many EDC types in a variety of biological and environmental samples.  

Current methods to characterize EDCs are often limited in scope, since only compounds of 

similar chromatographic properties are analyzed. The recent trend in the analysis of EDCs has 

been to combine chromatographic techniques for detection with bioassays to measure hormonal 

activity.335 A comprehensive EDC profile, coupled with a bioassay, would provide the ability to 

examine EDCs and EDC-induced responses on a wider scope. The utility of gas 

chromatography/mass spectrometry (GC/MS) has been well-reported for the characterization of 

EDCs due its amenability to many chemical functionalities, including phthalates,101, 129, 137  

pesticides,101, 116, 129, 131, 136, 137 and polycyclic aromatic hydrocarbons.116 However, the analysis of 

non-amenable GC compounds, such as bisphenol A,106, 114, 121, 122, 124, 139, 214, 216, 220, 285 

alkylphenols,106, 114, 121, 122, 124, 139, 214, 216, 220, 285 natural and synthetic steroids,106, 114, 121, 122, 124, 139, 

214, 216, 220, 285 and polar byproducts of many non-polar EDCs,129 requires time-consuming 

derivatization procedures to achieve adequate sensitivity. For the analysis of a mixture of many 

EDC types, traditional GC/MS analysis often needs to be supplemented by extra derivatization129 

or additional liquid chromatography/mass spectrometry (LC/MS) procedures116, 136 for the 

inclusion of polar EDCs. LC/MS has been a desirable alternative for the detection of many of 

these polar EDC classes107, 111, 112, 116, 117, 133, 136, 139, 141, 213 because it avoids the tedious 

derivatization procedures. However, the chromatographic resolving power of LC is generally 

inferior to GC, thus the comprehensive profiling of a wide polarity range of EDCs in one 
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chromatographic run is a challenge. To our knowledge, there are no comprehensive methods 

which take advantage of the superior chromatographic separation provided by GC for the 

analysis of both GC-ready and derivatization-required EDCs in a single chromatographic 

analysis. 

Although the coupling of GC/MS with derivatization chemistry can be time-consuming 

and laborious, it provides additional selectivity and expands the range of compounds that can 

now be separated and characterized in a single injection. The most common derivatization 

technique for the analysis of non-amenable EDCs is silylation, which typically employs either 

N,O-bis-(trimethylsilyl)-trifluoroacetamide (BSTFA) or N-methyl-N-trimethylsilyl-

trifluoroacetamide (MSTFA). The silyl derivatization reaction replaces active hydroxyl groups 

with a less polar TMS group. In the literature, most silyl derivatization methods require reaction 

conditions ranging between 60 – 75 °C and 15 – 180 minutes.106, 114, 121, 122, 124, 129, 216, 220, 285 The 

laborious and time-consuming derivatization procedures are often considered a hindrance; 

however, little effort has been placed on developing methods that reduce the analysis time or 

improve reaction conditions. The novel use of microwave heating, specifically, microwave-

accelerated derivatization (MAD), has been recently used to derivatize steroids,287, 288 

alcohols,326  and amino acids,289 while providing comparable results to block heating methods 

with a drastic reduction in analysis time.  

In this study, we report the development of a simple, effective, and rapid derivatization 

method that provides for the comprehensive profiling of EDCs. Although there exist various 

methods that can employ GC/MS (without / with chemical derivatization) and LC/MS for the 

analysis of multiple EDC types, to our knowledge little effort has been focused on developing a 

method for the comprehensive analysis of EDCs of a wide range of polarities in a single 
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chromatographic analysis. This comprehensive EDC method combines the superior profiling 

capabilities of GC/MS with a standard silyl derivatization reaction. This novel method was 

developed to be inclusive of a diverse spectrum of endogenous EDCs in environmental matrices. 

Both thermal and microwave heating derivatization methods were effective for the 

characterization of 33 EDCs of various chemical and biological properties. The examination 

investigated the increase in sensitivity achieved by derivatization, the decrease in analysis time 

using microwave heating, and the effectiveness of the comprehensive method at various 

concentrations. This comprehensive EDC method was then used in a pilot-study to detect spiked 

EDCs in surface water from Lake Apopka (Florida). The pilot-study was followed by an initial 

analysis of unspiked Lake Apopka water. 

Experimental Section 

Chemicals and Solutions 

The suspected endocrine disrupting chemicals examined were purchased from three 

sources; p,p’-DDT, p,p’-DDD, p,p’-DDE, p,p’-DDA, p,p’-methoxychlor, dicofol, dieldrin, 

endrin, heptachlor, heptachlor epoxide, lindane, dibutyl phthalate, α-endosulfan, trifluralin, 

kepone, atrazine, alachlor, and diethyl phthalate (acquired from EPA, Research Triangle Park, 

NC); anthracene, vinclozolin, bisphenol A, 17-β-estradiol (E2), estrone (E1), diethylstilbestrol 

(DES), ethinylestradiol (EE2), progesterone, 2,4-dichlorophenol, coumestrol, 4-octylphenol, 4-

nonylphenol, triclosan and 1,1,1-trichloro-2,2-bis(4-hydroxyphenyl)ethane (HPTE) (acquired 

from Sigma Aldrich, St. Louis, MO); and resorcinol and benzophenone (acquired from Fisher 

Scientific, Fair Lawn, NJ). The EDCs were prepared individually in analytical grade methanol 

(Fisher Scientific) and added to the comprehensive mixture at a concentration of 5 μg mL-1. The 

solutions were stored at –20 °C. The purity grades of all EDCs involved in this study were 
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labeled at 98% or higher, except kepone (89%), endrin (83%), and dibutyl phthalate (80%). 

Chrysene-d12 was added (5 μg mL-1, 98% D, Sigma Aldrich) to the mixture as the surrogate. The 

surrogate was not added to measure the absolute derivatization efficiency; rather it was used to 

measure the derivatization efficiency pertaining to various changes in the derivatization 

parameters. Chrysene-d12 was chosen because it is both derivatization and microwave inactive. 

The relative response factor (RRF) values were calculated by dividing the area of each EDC 

product by the area of chrysene-d12. The comprehensive EDC mixture (all components above) 

was analyzed with and without derivatization procedures, with the evaluation centered on the 

enhancement and precision of the data.  

Derivatization Setup 

The comprehensive EDC mixture was added (200 μL, 5 μg mL-1) to standard 4 mL glass 

vials and blown down with ultra high purity nitrogen. The derivatization reagents were then 

added to the EDC residue. The derivatization reagent used for the analyses was derivatization-

grade N,O-bis-(trimethylsilyl)-trifluoroacetamide (BSTFA) with 1% trimethylchlorosilane 

(TMCS) (Supelco, Bellefonte, PA). The derivatization reactions (described further below) were 

performed for both the thermal and microwave methods. Post-derivatization, the vials were 

blown down with ultra high purity nitrogen and the resulting residues were reconstituted with 

isooctane (99%, Fisher Scientific) and subsequently injected onto the GC. Reconstitution with 

isooctane helped eliminate silyl reagent noise at lower temperature levels, allowing improved 

examination of low-volatile EDCs. The derivatization analyses in this experiment were all run in 

triplicate. 
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Block heating 

Block heating was examined to evaluate derivatization and its ability to expand the number 

of compounds separated and detected in comparison to methods that do not apply derivatization. 

Block heating also served as a reference for the evaluation of the use of microwave 

derivatization. The thermal derivatization reactions were performed using a Thermolyne Type 

16500 Dri-bath block heater. The time and temperature for the block derivatization experiments 

were 30 min and 70 °C.  

Microwave heating 

Microwave heating was examined as a more efficient heating approach to reduce analysis 

time in comparison to block heating. Microwave derivatization was performed in a 1000–W 

domestic Half-Time microwave/convection oven (Apollo Worldwide, Palm Beach, Fl). The 

power levels analyzed were 500 and 900 W. The irradiation time for both power levels was one 

minute.  

Gas Chromatography/Mass Spectrometry 

The GC/MS instrument used was a ThermoFinnigan (San Jose, CA) Trace GC 2000 

quadrupole ion trap mass spectrometer with an Autosampler AS3000. The data acquisition 

software used was Xcalibur 1.4. The column employed was an SLB-5ms capillary column 

(Supelco) with the dimensions of 30 m x 0.25 mm x 0.25 μm film thickness. The temperature 

program started at 70 °C and was held at this temperature for three minutes. The temperature 

program was then increased to 150 °C at a rate of 15 °C min-1, followed by an increase to 250 °C 

at a rate of 7 °C min-1. The temperature program concluded by ramping at 5 °C min-1 to 300 °C 

and subsequently held for two minutes. The carrier gas was ultra high purity helium (99.99%) at 

a flow rate of 1 mL min-1. The transfer line, ion source and injection port temperatures were 275, 

200 and 280 °C, respectively. Splitless injection (2 μL) was performed with a split flow of 50 
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mL min-1 (split flow ratio of 10). The MS was turned on at seven minutes and was run in positive 

full scan mode (approximately 1000 amu sec-1), m/z 50-600, with electron ionization. The 

retention times (tr) used for identification and the ions used for quantification of each EDC 

product and the surrogate can be found in Tables 5-1 (underivatized) and 5-2 (derivatized).  

Semi-Quantitative Calibration 

The calibration study was performed to elucidate the effectiveness of the comprehensive 

EDC profile at various concentrations. Standard EDC solutions were prepared in triplicate at 5, 

1, 0.5, 0.1 and 0.05 μg mL-1. Two separate calibration analyses were performed, each containing 

all of the EDCs in the study and the surrogate chrysene-d12 (added to each EDC solution at a 

concentration of 0.5 μg mL-1). Calibration 1 was performed to determine the detection limit of 

the EDCs without any derivatization reagent added. Calibration 1 analysis was achieved by 

reconstituting the EDC residue with isooctane. Calibration 2 was performed to measure the 

detection limit on two levels: the derivatization-required compounds and the GC-ready 

compounds in the presence of derivatization reagent. Calibration 2 was achieved by 

reconstituting the EDC mixture with derivatization reagent, followed by performing the 

derivatization reaction (microwave – 900 W for 1 minute). Post-reaction, the solution was blown 

down with nitrogen and reconstituted with isooctane. Blank solutions in methanol (with and 

without chrysene-d12) were evaluated with and without derivatizing reagent. The blank solutions 

were reconstituted with isooctane prior to GC analysis and were run in triplicate. The semi-

quantitative calibration was performed by approximating the effective concentration ranges 

(peaks observed with signal to noise ratio (S/N) > 10) of the EDCs analyzed with the 

comprehensive profiling method. The detection limit levels were selected based on finding an 

appropriate concentration to detect as many EDCs as possible. The method was not designed as a 
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single component assay, thus some EDCs may have much lower detection limits when run 

individually. Here, we focused on obtaining the best detection limits for a comprehensive list of 

EDCs (both polar and non-polar) in a single analysis.  

Pilot-Study for Water Analysis  

Surface water was collected from various locations at Lake Apopka (Florida) and was 

stored at –20 °C. Lake Apopka was selected because of its high level of contamination and 

turbidity. The EDC mixture was spiked in the Lake Apopka water samples at a concentration of 

0.1 μg mL-1. Due to the high turbidity of the water samples, solid-phase extraction was 

necessary. The water sample was loaded (3 mL) onto a Strata C-18E cartridge (Phenomenex, 

Torrance, CA), which had been preconditioned with ethyl acetate (2 mL), acetonitrile (2 mL), 

and deionized water (2 mL). Post sample loading, the cartridge was dried for 15 minutes. The 

EDCs were eluted with ethyl acetate (1 mL). The resulting extract was blown down at room 

temperature with nitrogen using a PrepSep vacuum manifold (Fisher Scientific). BSTFA with 

1% TMCS was added to the residue (200 μL) and reacted in the microwave for 1 min at 900 W. 

The derivatized sample was then blown down, reconstituted in isooctane, and subsequently 

injected into the GC.  

The analysis of unspiked Lake Apopka water was performed using the liquid-liquid 

cartridge extraction (LLCE) method previously described in Chapter 2. After the sample was 

loaded onto the LLCE cartridge, 2 mL of methyl tert-butyl ether was added to each cartridge for 

elution of the EDCs. No filtration step was required. The sample was then evaporated to dryness 

and reconstituted prior to GC/MS analysis. 
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Results and Discussion 

Characterization of Potential EDC Compounds 

Non-polar EDCs, including some pesticides, phthalates and polycyclic aromatic 

hydrocarbons, pose no analytical difficulty using GC/MS due to their volatility and thermal 

stability; therefore, the key for the development of a comprehensive EDC profile was to expand 

the range of compounds amenable to GC/MS by incorporating more polar EDCs, including 

alkylphenols, bisphenol A, steroids, and non-polar EDC by-products, by employing silyl 

derivatization. The comprehensive method permits a profile of both non-polar and polar EDCs in 

a single analysis. The success of the comprehensive method was evaluated on two levels: (1) the 

derivatization reaction not affecting the GC-ready compounds, and (2) the derivatization method 

providing effective derivatization of the polar EDCs. Although BSTFA with 1% TMCS was used 

in this analysis, it was also found that other silylating reagents, such as MSTFA, were also 

efficient for derivatization of the comprehensive EDC mixture.  

Comprehensive EDC Profile 

Figure 5-1 shows three chromatograms reflecting variation in the EDC mixture (each at a 

concentration of 5 μg mL-1): (a) no derivatization reaction, (b) after thermal derivatization (70 °C 

– 30 min), and (c) after microwave derivatization (900 W for 1 min). Chromatogram (a) 

demonstrates the successful separation of all the GC-ready (non-polar) EDCs (peaks 1-5, 7, 9-14, 

16, 18-22, 24-26, and 30) and many of the polar EDCs underivatized (peaks 6, 8, 15, 17, 23, 27-

29). The underivatized polar EDCs, which typically require derivatization for characterization by 

GC/MS, are present due to the high concentration used in this analysis. Chromatograms (b) and 

(c) illustrate the separation achieved of the EDC profile after the derivatization reaction was 

employed. As shown in both chromatograms (b) and (c), the separation of the 21 GC-ready 

EDCs was not affected by the derivatization reaction. Furthermore, the polar EDCs (peaks 6, 8, 
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15, 17, 23, 27, 28, and 29 in chromatogram (a)) were derivatized and separated effectively and in 

most cases with an increase in sensitivity (peaks A-C, E-I, and K-N). The comprehensive method 

with derivatization extended the polarity range of compounds separated by also characterizing 

derivatized HPTE and p,p’-DDA (peaks D and J), which were not detected in Figure 5-1. The 

method also characterized derivatized coumestrol (tr > 28 min) and resorcinol (tr < 12 min) but 

are not shown in the figure. The chromatograms from both the thermal and microwave 

derivatization reactions were comparable, demonstrating a significant reduction in analysis time 

with no loss of derivatized EDCs by employing microwave heating.  

Non-Derivatized EDCs 

Figure 5-2 shows the RRF values for the GC-ready (non-polar) EDCs (each at a 

concentration of 5 μg mL-1). Figure 5-2 shows little difference between the RRF values obtained 

when derivatization was employed (either by block or microwave heating) and those obtained 

with no derivatization. It was anticipated that dicofol, which has a hydroxyl group, would need 

derivatization to make it through the GC, but it was found predominantly in the underivatized 

form. Figure 5-2 also shows a reduced RRF value for diethyl phthalate when derivatizing reagent 

is added. The inset in Figure 5-2 shows that when derivatization is applied, the ester group of the 

diethyl phthalate reacts with the derivatization reagent to form an alternate derivatization 

product, mono-tms-diethyl phthalate. Alternate derivatization products, or artifacts, are the result 

of the formation of partial derivatives due to excessive reaction conditions or side reactions. The 

comprehensive method attempted to minimize artifacts such as mono-tms-diethyl phthalate.  

Derivatized Steroid EDCs 

Figure 5-3 shows the RRF values for the steroid EDCs (each at a concentration of 5 μg 

mL-1), which typically require derivatization for GC/MS analysis. The RRF values for the target 
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derivatized steroids (di-TMS-DES, mono-TMS-E1, di-TMS-E2, mono-TMS-EE2) were 

approximately ten times larger than the RRF values for all of the underivatized steroids 

examined (M+.), which illustrates the value of derivatization in providing greater sensitivity. The 

RRF value for di-TMS-EE2 (the complete derivatization product) was lower than the RRF value 

for the underivatized species. Under the current derivatization conditions examined in this study, 

the mono-derivative of EE2 (mono-TMS-EE2) was favored and had the highest RRF values. The 

RRF value for progesterone, which doesn’t require derivatization to make it through the GC, is 

much higher than the mono-TMS-progesterone, which indicates that the derivatization method 

does not promote the formation of this artifact. Diethylstilbestrol (DES) had two isomeric peaks 

for each derivative (mono- and di-) formed; they were summed to represent total DES products. 

Di-TMS-DES was found to be the predominant derivatization product of DES. 

Other Hydroxylated EDCs 

Figure 5-4 shows the RRF values for the non-steroidal EDCs which required derivatization 

(each at a concentration of 5 μg mL-1), including the alkylphenols, bisphenol A and polar by-

products. The two polar by-products studied in this analysis were HPTE and p,p’-DDA, 

byproducts of p,p’-methoxychlor and p,p’-DDT, respectively. Derivatization was necessary for 

these polar EDCs, as the underivatized species was either not detected or much lower than the 

derivatized species under the GC/MS conditions in this analysis. 2,4-dichlorophenol was not 

detected using the current method, and thus was not included in the Figure 5-4.  

Microwave Derivatization 

The RRF values for the derivatized EDCs were typically the lowest using the microwave 

heating at 500 W for one minute. However, microwave heating at 900 W for one minute was 

better or comparable to the thermal heating method at 70 °C for 30 minutes for all the EDCs 
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derivatized (as shown in Figures 5-3 and 5-4). No distinct disadvantage was apparent for the 

derivatization of the EDC mixture with microwave heating.  

Semi-Quantitative Calibration Analysis 

A series of semi-quantitative experiments were performed to estimate the potential 

detection limits of the polar and non-polar EDCs using the comprehensive profiling method. The 

approximate detection limits (in ppb, shown in Table 5-3) were estimated by observing peaks 

with S/N greater than 10. With the addition of derivatization reagent, some of the GC-ready 

EDCs experienced poorer detection limits (dicofol, dieldrin, heptachlor, α-endosulfan, 

vinclozolin, trifluralin, heptachlor epoxide, benzophenone and diethyl phthalate). The decrease in 

approximate detection limits for these compounds was likely due to an increase in background 

noise and/or a decrease in signal due to unwanted partial derivatization of derivatization 

susceptible functional groups. 

The application of derivatization reagent does sacrifice the detection limit of some GC-

ready EDCs; however, the tradeoff comes with a gain in the number of components analyzed in a 

single analysis. The focus was toward a single method for screening EDCs (both polar and non-

polar) using the comprehensive list. This method may be the most effective for analyzing smaller 

subsets, for example, the analysis of DDT and its polar degradation products (such as DDA) in a 

single analysis. Previous analyses for this subset (and for similar mixtures of polar and non-polar 

EDC subsets) have required separate analyses for both polar types.116, 136 

The rest of the GC-ready EDCs were not affected by the derivatization reagent and were 

detected well below 0.05 μg mL-1 (0.05 μg mL-1 was the lowest concentration level examined in 

this study). The detection limits for all of the derivatized polar EDCs were much lower than 

those for the underivatized species. The polar EDCs di-tms-coumestrol, mono-tms-DDA, di-tms-
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resorcinol, and mono-tms-ethinylestradiol were the only derivatized species which did not yield 

estimated detection limits below 0.05 μg mL-1. 

Spiked Water Analysis 

Figure 5-5 displays a chromatogram of the EDC mixture spiked into a water sample from 

Lake Apopka. Although measurable levels of some native EDCs were detected in the water, the 

focus of this pilot-study was to demonstrate and evaluate the effectiveness of the comprehensive 

method for the characterization of EDCs exhibiting a wide range of polarities. Even with the 

high turbidity, the use of solid-phase extraction allowed the characterization of most of the EDCs 

in this study at a concentration of 0.1 μg mL-1. As shown in Figure 5-5, many of the GC-ready 

(peaks 1-5, 7, 9-14, 18, 21, 24, 25, 30) and derivatization-required (peaks A-F, H, J-N) EDCs 

were successfully detected using the comprehensive method. Although intended as a screening 

method, the percent recovery of the spiked Lake Apopka water (0.1 μg mL-1) was performed by 

using a semi-quantitative calibration plot (0.05 – 5000 μg mL-1). The average percent recovery 

was above 90% for 13 out of the 25 EDCs in the spiked water. Since the comprehensive list 

covers a variety of EDC species (with different polarities), the remaining 12 EDCs had 

recoveries between 25 and 90%. The EDCs used for the recovery study are shown in Figure 5-5. 

The underivatized species of the polar EDCs were not found at this concentration. 

Lake Apopka Water 

In 1980, Lake Apopka experienced a large spill of dicofol and DDT.37, 62, 72, 73 To date, 

Lake Apopka has also been noted to contain several other potential EDCs, including trans-

nonachlor,37 DDE,37, 52 dieldrin,52, 70 aldrin,52 DDD,52 toxaphene,52 and several others.62, 75 The 

analysis of unspiked Lake Apopka water (FWL1874) using the LLCE method from Chapter 2 

allowed the detection of eight indigenous EDCs: p,p’-DDT, dieldrin, aldrin, endrin, endrin 
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ketone, heptachlor, lindane, and DEET. A chromatogram showing the detected EDCs (except 

DEET) is shown in Figure 5-6. This analysis not only suggests further work is needed to improve 

the characterization of Lake Apopka water but also indicates a need for improved clean up 

methods for water contamination. In addition, several studies report elevated serum and egg 

concentrations of EDCs, like DDE, in alligators living in Lake Apopka.37, 70, 72, 292 Thus, future 

analyses will also include an investigation of EDCs found in the serum of alligators living in 

Lake Apopka. 

Conclusion 

The presence of multiple EDC types in biological and environmental samples has pushed 

the need for analytical methods that expand the polarity range of compounds able to be analyzed 

in a single analysis. Here it was demonstrated that the superior profiling capabilities of GC/MS 

with a standard silyl derivatization reaction for the development of a comprehensive EDC profile 

is capable of analyzing not only compounds traditionally amenable to GC, but also those 

compounds that require derivatization. Microwave derivatization provided comparable results to 

the thermal derivatization method with a significant decrease in analysis time. The 

comprehensive EDC method was evaluated semi-quantitatively at several concentrations to 

explore the effective concentration ranges for each EDC. Finally, the comprehensive EDC 

profile was effective in detecting several polar and non-polar EDCs in a spiked water sample. 

Future analyses will examine and compare native EDC species detected from both Lake Apopka 

and reference lakes. 
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Table 5-1.  Characteristic ions for the underivatized endocrine disrupting compounds (EDCs) 
Name MW Function    Underivatized Ions (m/z) tr 
Coumestrol 268.2 Phytoestrogen - - ND 
p,p'-DDA 281.1 DDD Metabolite - - ND 

HPTE 317.5 
Methoxychlor 
Degradation - - ND 

2,4-
Dichlorophenol 163.0 Pesticide Intermediate 63 162 7.29 
Resorcinol 110.1 Plasticizer 82 110 8.46 
Diethyl Phthalate 222.2 Plasticizer 149 177† 12.05 
Benzophenone 182.2 Plastic 77 182 12.73 
Trifluralin 335.3 Pesticide 264 306† 13.01 
Atrazine 215.6 Herbicide 200 215 14.18 
Lindane 290.8 Insecticide 181 219† 14.24 
4-Octylphenol 206.3 Surfactant 107 206 14.40 
Anthracene 178.2 PAH 152 178 15.02 
4-Nonylphenol 220.3 Surfactant 107 220 15.80 
Vinclozolin 286.1 Fungicide 178 286 16.02 
Alachlor 269.7 Herbicide 160 188† 16.14 
Heptachlor 373.3 Insecticide 272 371† 16.37 
Dibutyl Phthalate 278.3 Plasticizer 149 278 16.88 
Dicofol 370.4 Pesticide 139 251† 17.61 
Heptachlor 
Epoxide 389.3 Heptachlor Metabolite 353 355† 18.34 
Triclosan 289.5 Antibacterial Agent 218 289 18.96 
α-Endosulfan 406.9 Insecticide 195 241† 19.33 
Bisphenol A 228.3 Plastics 213 228 19.77 
p,p'-DDE 318.0 DDT Degradation 246 318 19.87 
Dieldrin 380.9 Insecticide 79 263† 20.05 
Endrin 380.9 Insecticide 281 317† 20.60 
p,p'-DDD 320.0 DDT Degradation 165 235† 20.98 
Kepone 490.6 Insecticide 237 272† 21.57 
Diethylstilbestrol 268.3 Synthetic Estrogen 145 268 21.78 
p,p'-DDT 354.4 Pesticide 165 235† 21.97 
Chrysene-d12 240.3 Surrogate (IS) 240 241 23.36 
p,p'-Methoxychlor 345.6 Insecticide 227 228† 23.43 
Estrone 270.3 Natural Estrogen 185 270 25.36 
17β-Estradiol 272.3 Natural Estrogen 213 272 25.57 
Ethinylestradiol 296.4 Synthetic Estrogen 213 296 26.37 
Progesterone 314.4 Natural Progestogen 124 314 27.80 

tr = average (n=3) retention time in minutes. ND = not detected. Column 1 = base peak ions. 
Column 2 = the molecular ion (except if not present†). 
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Table 5-2.  Characteristic ions for the derivatized endocrine disrupting compounds (EDCs) 

Name 
  Mono-TMS Ions        
(m/z) tr 

     Di-TMS Ions 
(m/z) tr 

p,p'-DDA 200 337 19.98 - - ND 
Dicofol 73 323 23.20 - - NA 
Bisphenol A - - ND 357 372 20.17 
Coumestrol - - ND 207 412 30.29 
4-Nonylphenol 179 292 16.41 - - NA 
4-Octylphenol 179 278 15.07 - - NA 
2,4-
Dichlorophenol 219 235 9.42 - - NA 
HPTE 343 390 24.58 - - ND 
Resorcinol 167 182 9.13 239 254 9.50 
Triclosan 200 362 19.17 - - NA 
17β-Estradiol 244 344 ND 285 416 25.73 
Estrone 257 342 25.34 399 414 ND 
Ethinylestradiol 285 368 26.38 425 440 27.09 
Diethylstilbestrol 311 340 20.85/21.84 217 412 20.65/21.88
Progesterone 371 386 27.48 - - ND 
Chrysene-d12 - - NA - - NA 

tr = average (n=3) retention time in minutes. ND = not detected. NA = not applicable. Column 1 
= base peak ions. Column 2 = the molecular ion. 
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Table 5-3.  Approximate detection limits using comprehensive EDC method 

 No Reagent 
With 
Reagent   No Reagent 

With 
Reagent  

Non-polar EDCs (ppb) (ppb) R2 Value Polar EDCs (ppb) (ppb) R2 Value 
p,p'-DDE < 50 < 50 0.9998 p,p'-DDA ND 100†  
p,p'-DDT < 50 < 50 0.9981 Bisphenol A 100-500 < 50‡ 0.9984 
p,p'-DDD < 50 < 50 0.9986 Resorcinol ND 100‡  
Dicofol 50 100-500  4-Nonylphenol 100 < 50† 0.9992 
p,p'-Methoxychlor 500 500  4-Octylphenol 100 < 50† 0.9997 
Dieldrin 50 500  HPTE ND < 50† 0.9948 
Endrin 500 500  Triclosan 500 < 50† 0.9991 
Heptachlor 100 100-500  17β-Estradiol 1000-5000 < 50‡ 0.9983 
Heptachlor 
Epoxide < 50 50-100  Estrone 500 < 50† 0.9996 
Lindane < 50 < 50 0.9953 Ethinylestradiol 500-1000 100†  
Dibutyl Phthalate < 50 < 50 0.9996 Diethylstilbestrol 5000 < 50‡ 0.9962 
α-Endosulfan 50-100 500  Coumestrol ND 500‡  
Anthracene < 50 50 0.9951 
Vinclozolin < 50 50-100  
Trifluralin < 50 50-100  
Kepone 500-1000 1000  
Atrazine < 50 < 50 0.9977 
Benzophenone < 50 100-500  
Alachlor < 50 < 50 0.9982 
Diethyl Phthalate < 50 50-100  
Progesterone 100-500 100-500    

† Mono-TMS species, ‡ Di-TMS species. The concentrations investigated were 50, 100, 500, 1000, and 5000 ppb. R2 values are 
presented for the analytes which were detected (after derivatization) over all five concentrations. Concentrations below 50 ppb were 
not investigated in this study. SPE was not included in calibration study. 
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Figure 5-1.  Chromatograms of comprehensive EDC profile with (a) no derivatization, (b) derivatization using block heating of 70 ºC 

for 30 minutes, and (c) derivatization using microwave heating 900 watts for 1 minute. 1 = diethyl phthalate, 2 = 
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benzophenone, 3 = trifluralin, 4 = atrazine, 5 = lindane, 6 = 4-octylphenol, 7 = anthracene, 8 = 4-nonylphenol, 9 = 
vinclozolin, 10 = alachlor, 11 = heptachlor, 12 = dibutyl phthalate, 13 = dicofol, 14 = heptachlor epoxide, 15 = triclosan, 16 
= α-endosulfan, 17 = bisphenol A, 18 = p,p’-DDE, 19 = dieldrin, 20 = endrin, 21 = p,p’-DDD, 22 = kepone, 23 = 
diethylstilbestrol (DES), 24 = p,p’-DDT, 25 = chrysene-d12, 26 = p,p’-methoxychlor, 27 = estrone, 28 = 17β-estradiol, 29 = 
ethinylestradiol, 30 = progesterone. A = mono-tms-4-octylphenol, B = mono-tms-4-nonylphenol, C = mono-tms-triclosan, 
D = mono-tms-p,p’-DDA, E = di-tms-bisphenol A, F = di-tms-DES-1, G = mono-tms-DES-1, H = di-tms-DES-2, I = 
mono-tms-DES-2, J = mono-tms-HPTE, K = mono-tms-estrone, L = di-tms-17β-estradiol, M = mono-tms-ethinylestradiol, 
N = di-tms-ethinylestradiol. Mono-tms-resorcinol (tr < 12 min) and di-tms-coumestrol (tr > 28 min) not shown in figure. 
Peak labeled X = phthalate contaminant.  
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Figure 5-2.  Relative response factors (RRFs) for the underivatized (GC-ready) EDCs in the comprehensive profile with and without 

the presence of derivatizing reagent (each at a concentration of 5 μg mL-1). The inset displays an unwanted derivatization 
product of the ester group of diethyl phthalate. Error bars represent the standard deviation of the mean (n=3). 
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Figure 5-3.  Relative response factors (RRFs) for the derivatized steroids with and without derivatization (each at a concentration of 5 

μg mL-1). No derivatization = detected underivatized species, Derivatization = block and microwave heating – detected 
mono/di-tms species. Thermal derivatization was performed at 70 °C for 30 min, microwave 1 and microwave 2 
derivatization methods were performed at 500W and 900W for 1 minute, respectively. Error bars represent the standard 
deviation of the mean (n=3).  
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Figure 5-4.  Relative response factors (RRFs) for the other derivatized polar EDCs with and without derivatization (each at a 

concentration of 5 μg mL-1). No derivatization = detected underivatized species, Derivatization = block and microwave 
heating – detected mono/di-tms species. Thermal derivatization was performed at 70 °C for 30 min, microwave 1 and 
microwave 2 derivatization methods were performed at 500W and 900W for 1 minute, respectively. Error bars represent 
the standard deviation of the mean (n=3).  
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Figure 5-5.  Chromatogram of 100 ppb (0.1 μg mL-1) EDC mixture spiked in extracted Lake Apopka water. The EDCs detected were: 

1 = diethyl phthalate, 2 = benzophenone, 3 = trifluralin, 4 = atrazine, 5 = lindane, 6 = 4-octylphenol, 7 = anthracene, 9 = 
vinclozolin, 10 = alachlor, 11 = heptachlor, 12 = dibutyl phthalate, 13 = dicofol, 14 = heptachlor epoxide, 18 = p,p’-DDE, 
21 = p,p’-DDD, 24 = p,p’-DDT, 25 = chrysene-d12, 30 = progesterone. A = mono-tms-4-octylphenol, B = mono-tms-4-
nonylphenol, C = mono-tms-triclosan, D = mono-tms-p,p’-DDA, E = di-tms-bisphenol A, F = di-tms-DES-1, H = di-tms-
DES-2, J = mono-tms-HPTE, K = mono-tms-estrone, L = di-tms-17β-estradiol, M = mono-tms-ethinylestradiol, N = di-
tms-ethinylestradiol. Mono-tms-resorcinol (tr < 12 min) is not shown in figure. 
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Figure 5-6.  Chromatogram of several potential EDCs found in Lake Apopka water (FWL1874). The DDT detected was p,p’-DDT. 
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CHAPTER 6 
INVESTIGATION OF ESTROGENS IN ALLIGATOR PLASMA BY GAS 

CHROMATOGRAPHY/MASS SPECTROMETRY (GC/MS) COUPLED WITH SOLID-
PHASE MICROEXTRACTION ON-FIBER DERIVATIZATION (SPME-OFD) 

Introduction 

Hormones produced by the endocrine system play important roles regulating physiological 

functions, such as growth, development, and reproduction. Given the important roles that 

steroids play during embryonic development, puberty, reproductive cyclicity, immune system 

upkeep and stress response,1, 2, 336 there is a fundamental need to develop methods to increase the 

understanding of these steroid pathways. Steroids, both natural and synthetic, have been used to 

enhance athletic performance,2, 83-85 improve livestock quality,159-165 and control reproductive 

processes.86, 91 Furthermore, the endogenous profile of steroids has also served as a biomarker for 

endocrine disorders, from either natural occurrences6, 154, 187, 188, 190, 195, 199-203 or exposure to 

anthropogenic contaminants.70 With the ever-expanding knowledge base of known and unknown 

steroid pathways and responses, new methods for the characterization of steroids are becoming 

increasingly imperative. To date, no method exists for the characterization of all relevant steroids 

in a single analysis; however, several methods have been applied for the analysis of related 

subsets of steroids, including immunoassay (IA) based techniques, liquid chromatography/mass 

spectrometry (LC/MS), and gas chromatography/mass spectrometry (GC/MS).  

Steroid Analysis by IA-Based Techniques 

IA based techniques, such as radio- (RIA), enzyme- (EIA), and enzyme-linked-

immunoassay (ELISA), have been used frequently to detect specific steroids in biological 

samples. These techniques are based on the ability to measure the binding of specific antibodies 

(proteins) to specific antigens (steroids).181 Thus, IA-based methods have high sensitivity 

(detection at concentrations as low as pg mL-1).174 However, steroids with similar chemical 
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strcutures have shown the ability to interfere with the assays and produce false positives. Along 

with cross reactivity, IA-based techniques also suffer from the limited availability of antibodies 

and the fact for the investigation of multiple steroids, separate assays have to performed for each 

one.6, 182-186 

Steroid Analysis by Liquid Chromatography/Tandem Mass Spectrometry (LC/MS/MS) 

LC/MS has been the most commonly used technique for the detection of steroids and has 

been used to detect steroids at levels as low as ng mL-1 in biological samples (with MS/MS).98 

The wide application of LC/MS for steroid analysis arises from its ability to avoid extra tedious 

sample preparation strategies, such as derivatization.85, 150, 166-169, 171 Practical LC/MS analysis 

typically has a lower separative power in comparison to capillary GC, as determined by a lower 

peak capacity.172 LC/MS analysis also suffers from an inability to separate the entire range of 

polarities in one LC separation, which is possible by GC/MS after derivatization. In addition, 

since separation by LC/MS has often been restricted to characterizing small sub-classes of 

chemically related steroids due to their inter- and intra-class chemical differences, compatibility 

issues often arise between the steroids, column, and mobile phase setup, consequentially 

requiring prohibitively long methods (>30 min.) to profile across classes. Furthermore, LC is 

typically coupled to either electrospray (ESI) or atmospheric-pressure chemical (APCI) 

ionization mechanisms, with each ionization method working more efficiently at opposite ends 

of the polarity spectrum.6, 185, 193, 194 ESI typically is best-suited for polar steroids (such as 17β-

estradiol) while APCI is suited for the analysis of low to mid-polar steroids (such as 

progesterone).  

Steroid Analysis by Gas Chromatography/Mass Spectrometry (GC/MS) 

GC/MS has been the most effective technique for the comprehensive analysis of steroids in 

biological samples due to its high chromatographic resolving power and extensive spectral 
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libraries.172, 188, 245 However, most steroids require chemical derivatization to improve their 

volatility and thermal stability. Derivatization, although considered time-consuming and 

tedious,119 can be implemented to expand the range of compounds amenable in a single analysis. 

In addition to optimized derivatization procedures, the GC/MS analysis of steroids from 

biological samples typically requires sample extraction.  

Analysis of Steroid by Solid-Phase Microextraction with On-Fiber Derivatization (SPME-
OFD) 

The successful analysis of steroids by GC/MS is strongly dictated by the effectiveness of 

the sample preparation procedures employed prior to injection. An important procedure often 

required for the analysis of steroids in plasma is extraction. The most common extraction 

technique is solid-phase extraction (SPE), which involves the retention of an analyte on a sorbent 

packing inside an extraction cartridge, followed by an elution step.260 Although extraction by 

SPE is often considered the ideal strategy, it can suffer from cartridge plugging and sample loss 

during required offline derivatization steps. An interesting alternative to SPE is solid-phase 

microextraction (SPME). SPME, employing a polyacrylate fiber, can routinely extract and 

preconcentrate steroids on the fiber.104, 222, 241, 242, 270 These methods typically employ on-fiber 

derivatization (OFD), which aids in increasing the GC amenability of the extracted compounds. 

SPME-OFD is also noted for its simplicity and its ability to form single derivatized species.241, 

242, 270  

In this study, changes in the estrogen cascade of E2-injected alligators were examined 

using GC/MS coupled with SPME-OFD. Innovative techniques designed to improve the 

extraction of steroids from plasma by SPME-OFD were also examined. The developed SPME-

OFD method was capable of characterizing the endogenous estrogens, (α and β) E2 and estrone 

(E1), along with several other steroids. A comparison of the concentrations obtained using the 
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developed SPME-OFD method was compared to values obtained using an RIA method. The 

presence of the endogenous steroids was also confirmed by LC/MS/MS. 

Experimental Section 

Steroid Standards 

Standards of the steroids: testosterone (T), androstenedione (AE), 5-β-dihydrotestosterone 

(DHT), 17-β-estradiol (E2), estrone (E1), progesterone (P), and pregnenolone (PREG) were 

obtained from Sigma-Aldrich (St. Louis, MO). The internal standard, estradiol-17β-acetate (E2-

Ac) was also acquired from Sigma. The solvents used were all HPLC-grade solvents (water and 

methyl tert-butyl ether) and were obtained from Fischer Scientific (Fair Lawn, NJ). The steroid 

solutions were prepared at various concentrations from a stock solution made at a concentration 

of 100 mg L-1. The derivatizing reagent was N-methyl-N-trimethylsilyl-trifluoroacetamide 

(MSTFA) (Pierce, Rockford, IL). 

Liquid Chromatography/Tandem Mass Spectrometry (LC/MS/MS) 

The LC/MS/MS analysis was performed on a ThermoFinnigan LCQ quadrupole ion trap 

mass spectrometer. The column employed was a Luna C18 packed-particulate column (with the 

dimensions of 250 mm x 4.6 mm i.d. and a 5 μm particle size) The sample was loaded onto the 

column by a Paradigm MS4 Magic autosampler. The autosampler was set to inject 20-μL of 

sample. The APCI and tandem mass spectrometric (MS/MS) parameters were followed 

according to previous work.337 The MS/MS analysis of the estrogens was performed using the 

[M−H2O+H]+ precursor ion, along with another characteristic ion obtained from examining 

standard solutions. 

Solid-Phase Microextraction with On-Fiber Derivatization (SPME-OFD) 

Prior to the extraction by SPME, a liquid-liquid extraction step was implemented to clean 

up the sample. The plasma was added to a vial, followed by 2 mL of MTBE. The plasma/MTBE 
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mixture was vortexed for 45 seconds. The sample was then put into a freezer (- 20 °C). After 

approximately one hour, the top layer was removed and added to another vial. The LLE extract 

was then evaporated with UHP-nitrogen and reconstituted with analytical grade water. The 

sample was then sonicated for 1 minute and extracted using a SPME fiber coated with an 85 μm 

polyacrylate (PA) phase (Supelco, Bellefonte, PA). Direct-immersion-SPME was performed by 

exposing the PA fiber into the plasma extract for 30 minutes at room temperature. Extraction was 

facilitated by the use of a magnetic stir bar. Post-extraction, the fiber was head-space derivatized 

in a vial containing 50 μL of MSTFA heated in a water bath at 55 °C. The PA fiber was exposed 

to the derivatization reagent vapor for 30 minutes. The fiber was then injected into the GC, and 

the analytes were desorbed from the fiber in the injection port for five minutes. The internal 

standard employed was 17-β-E2-Ac (at a concentration of 100 ng L-1) and was derivatized on the 

fiber. The standard calibration curve was performed (by SPME-OFD, as previously described) 

with steroid standards spiked into water at concentrations of 0.2, 0.7, 2, 20, 100, 200, and 875 ng 

mL-1. 

Gas Chromatography/Mass Spectrometry (GC/MS) 

GC/MS analysis of plasma extract was performed using a ThermoFinnigan Trace GC 2000 

gas chromatograph/quadrupole ion trap mass spectrometer, equipped with an AS3000 

Autosampler (San Jose, CA) and Xcalibur 1.4 data acquisition software. An SLB-5ms capillary 

column (Supelco, Bellefonte, PA) with dimensions of 30 m x 0.25 mm x 0.25 μm (film 

thickness), was utilized for the separation of components in the Trace GC. The ion source and 

transfer line temperatures were set to 200 °C and 300 °C, respectively. Splitless injection was 

employed at a temperature of 280 °C and a split flow of 50 mL min-1. The carrier gas, ultra-high-

purity (UHP) helium (99.99%), was used at a flow rate of 1 mL min-1. For the analysis of 
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derivatized extracts by GC/MS, a temperature program was employed at an initial temperature of 

120 °C (2 minutes). The temperature ramp then increased to 250 °C at 15 °C min-1. After a 

temperature of 250 °C was reached, the ramp increased to 300 °C at 5 °C min-1 and was held for 

5 minutes.  

Analysis of E2-Injected Alligator Plasma  

The eleven alligators used in the study were injected with E2 at a concentration of 2270 

μg/kg every 2 days. The injections were administered for 10 days. The samples analyzed in this 

study were from the 10th day (last day of plasma collection). More information on the alligators 

(sex, origin, and label) is shown in Table 6-1. The concentrations calculated by the RIA method 

were performed by graduate students in the Guillette research group in the Department of 

Zoology. 

Results and Discussion 

Overall SPME-OFD GC/MS Procedure 

Due to the high viscosity of the alligator plasma samples, SPE methods could not be used 

to extract the estrogens from the plasma because of severe cartridge clogging. Futhermore, the 

high abundance of proteins created difficulties for traditional SPME methods, as proteins tend to 

interrupt the fiber phase. Thus, a method to circumvent the high abundance of proteins was 

created. The implementation of a LLE method (using MTBE) prior to SPME enabled the 

extraction of the free estrogens without protein disruption. 

SPME-OFD GC/MS Calibration 

The calculated concentrations of 17β-E2 (with RSD) for all eleven alligators using both the 

SPME-OFD (with GC/MS) and the RIA method are shown in Table 6-1. The calibration curves 

for both E1 and 17β-E2 are shown in Figures 6-1 and 6-2. In all cases, the average concentrations 

calculated using the GC/MS method was below the RIA method (except for animal 3.4). The 
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difference in calculated E2 concentrations between both methods may be due to several factors. 

First, the SPME-OFD extraction method was initially designed to extract in the low ng mL-1 

concentration range. Upon the initial analysis of pooled E2 plasma, it was discovered that the 

calculated concentrations of the E2 plasma were outside of the calibration curve (a result also 

experienced by the Guillette group when performing the RIA). At higher concentrations, it was 

determined that the fiber and analyte reach a saturation point in which the extraction of the 

highly concentrated analyte is no longer linear. To correct for the high concentration levels, the 

LLE plasma extract was diluted by a factor of ten. Unfortunately, the internal standard (17β-E2-

Ac) was added prior to LLE but after the sample dilution. Thus, some error could be a result of 

the dilution of the internal standard since its linearity was not examined (although the internal 

standard had peak area ratios with an RSD of approximately 10%). 

Differences Between RIA and GC/MS (with SPME-OFD) 

Other factors which may have contributed to the difference in concentration of E2 between 

the RIA and GC/MS methods could involve the inefficiency of extraction associated with the 

LLE method (MTBE). In previous work, the extraction by MTBE had high relative extraction 

efficiencies for the estrogens, but had a high propagation of error. Furthermore, crucial 

differences in sample treatment between the two methods (RIA, GC/MS) could account for some 

of the differences in concentration levels.  

A protein precipitation method was investigated, employing acetontrile (3:1 to plasma); 

however, the resultant extract was not clean enough for SPME analysis.  

A benefit of employing GC/MS with SPME-OFD is the collection of additional 

information. GC/MS analysis also provided the ability to calculate concentrations of 17β-E2 and 

E1. In addition, the analysis also allowed for the detection of 17α-E2, cholesterol, vitamin E, and 
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several fatty acids. The chromatogram in Figure 6-3 shows all of the steroids (and IS) separated 

by the SPME-OFD GC/MS method. Analysis of the plasma sample by RIA only provided 

information on the E2 concentrations (additional analyses are required for information on other 

analytes). 

Confirmation with LC/MS/MS Analysis 

Since most steroids are low to mid-polar, APCI was the best-suited ionization strategy for 

the analysis of steroids over a wider range of polarities. The analysis of E2-injected alligator 

plasma by LC/MS/MS was capable of detecting both α and β-E2 and E1. The LC/MS/MS 

method also detected estriol (E3) in several of the samples. A chromatogram and mass spectrum 

of E2 detected in E2-injected alligator plasma is shown in Figure 6-4. 

17α-E2 

The method developed with SPME-OFD potentially identified the endogenous estrogen, 

17α-E2. Although there have been a few reports which describe 17α-E2 and its medicinal 

applications,338, 339 the role of 17α-E2 in the body is currently unknown.338, 340 During the 

examination of the E2-injected alligators, two chromatographic peaks were observed for the 

characteristic ions of di-TMS-E2 (416 and 285). The additional peak was not observed during the 

analysis of normal alligator and human plasma. The potential α-E2 has a nearly identical mass 

spectrum (as shown in Figure 6-4) but with a distinctly different retention time (di-TMS-17α-E2 

25.09 minutes and di-TMS-17β-E2 25.60 minutes). The 17-α-E2 chromatographic peak is in low 

abundance in comparison to the 17-β-E2 peak, as 17-α-E2/17β-E2 is typically about 1.5% (shown 

in Table 6-2). Estradiol is relatively easy to derivatize (at both hydroxyl positions, and since 

estradiol typically only exists as an α and β hydroxyl at the 17-position, it is reasonable to 
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assume that the other peak is 17-α-E2. Further analysis using 17-α-E2 standards need to be 

performed for complete verification.  

Conclusion 

In this study, the developed SPME-OFD method demonstrated the capability of 

characterizing endogenous steroids in alligator plasma. Although extra sample preparation 

procedures were required (additional LLE), it was able to detect several estrogens in a single 

analysis. Moreover, with the addition of the sample dilution step (post-LLE), multiple SPME-

OFD analyses of the same sample could be performed.  

The investigation of changes in the estrogen cascade, in response to an E2-injection, not 

only provided information on the clearance of E2, but it also provided information about how 

other steroids can be affected. The extremely high level of estrogens in the alligators indicates a 

slow clearance of the steroids upon stimulation.  

The next stage of the analysis will involve characterizing the plasma extracts for the eleven 

alligators over the other nine days of the study. In addition, future work will involve an 

examination of sample stability. Plasma samples from the same aliquot will be analyzed by both 

labs and the resulting E2 concentrations will be compared. Future work will also involve the 

improvement of the sample preparation steps used prior to SPME. 
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Table 6-1.  Estimated concentration levels (in ppb) for the E2-injected alligators using both RIA and GC/MS (with SPME-OFD) 
methods. 

Animal Lake Year Collected Sex E2 RIA E2 GC/MS E1 GC/MS 

1.1 Apopka 2002 Female 637 540 ± 65 5.0 ± 0.2 

1.2 Apopka 2002 Male 643 461 ± 28 4.5 ± 1.2 

1.3 Woodruff 2002 Male 801* 604 ± 66 6.3 ± 0.9 

2.1 Apopka 2002 Female 960* 469 ± 42 4.8 ± 0.8 

2.2 Apopka 2003 Female 1084* 448 ± 27 2.8 ± 0.4 

2.3 Apopka 2003 Male 626 438 ± 18 5.9 ± 1.3 

2.4 Woodruff 2003 Male 764 549 ± 16 6.5 ± 1.1 

3.1 Apopka 2002 Female 880* 455 ± 41 7.1 ± 4.0 

3.2 Apopka 2001 Male 612 563 ± 84 7.8 ± 1.6 

3.3 Woodruff 2002 Male 641 594 ± 77 5.2 ± 0.4 

3.4 Unknown Unknown Female 630 630 ± 82 5.6 ± 1.5  
The values with the * indicate that the concentration was outside of the standard curve used to determine the concentration. The 
concentrations are reported ± the relative standard deviation (RSD, in ppb). 
 
 
 
 
 
 
 



 

 

169 

Table 6-2.  Estimated percentage of α-E2 in comparison to the β-E2 in the E2-injected alligators using GC/MS coupled with SPME-
OFD 

Animal Lake Year Collected Sex αE2/βE2 

1.1 Apopka 2002 Female 1.4% 

1.2 Apopka 2002 Male 1.2% 

1.3 Woodruff 2002 Male 1.7% 

2.1 Apopka 2002 Female 2.1% 

2.2 Apopka 2003 Female 1.5% 

2.3 Apopka 2003 Male 1.2% 

2.4 Woodruff 2003 Male 1.9% 

3.1 Apopka 2002 Female 0.7% 

3.2 Apopka 2001 Male 1.9% 

3.3 Woodruff 2002 Male 1.9% 

3.4 Unknown Unknown Female 1.7% 
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Figure 6-1.  Calibration curve for E1 using the SPME-OFD method with GC/MS. The corresponding RSD values are also present for 
each concentration level. 

 
 
 
 
 
 
 
 



 

 

171 

Peak Area Ratio = 0.0061(conc) - 0.0325
R2 = 0.9987

0

1

2

3

4

5

6

0 100 200 300 400 500 600 700 800 900 1000

Concentration (ppb)

Pe
ak

 A
re

a 
R

at
io

ppb RSD
2 23%
20 10%
100 3%
200 7%
875 5%

Peak Area Ratio = 0.0061(conc) - 0.0325
R2 = 0.9987

0

1

2

3

4

5

6

0 100 200 300 400 500 600 700 800 900 1000

Concentration (ppb)

Pe
ak

 A
re

a 
R

at
io

ppb RSD
2 23%
20 10%
100 3%
200 7%
875 5%

 

Figure 6-2.  Calibration curve for 17β-E2 using the SPME-OFD method with GC/MS. The corresponding RSD values are also present 
for each concentration level. 
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Figure 6-3.  Chromatogram of endogenous steroids (and vitamin E) in the SPME-OFD extract of E2-injected alligator plasma. 
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Figure 6-4.  LC/MS/MS chromatogram and mass spectrum of E2 detected in E2-injected alligator plasma.  
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Figure 6-5.  Chromatogram and mass spectra for the two di-TMS-E2 peaks (α- and β-E2). Both α- and β-E2 were di-TMS-derivatized. 
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CHAPTER 7 
CONCLUSION AND FUTURE WORK 

Conclusions 

The underlying theme of this dissertation was to develop innovative methods for the 

characterization of endocrine disrupting compounds (EDCs) and steroids in environmental and 

biological samples, respectively. The developed methods were based upon the combination of 

optimized chromatographic methods with optimized sample preparation strategies. The 

developed method employed gas chromatography/mass spectrometry due to its superior 

chromatographic resolution and extensive spectral libraries. Novel extraction and derivatization 

strategies were explored to improve and extend the qualitative and quantitative information 

obtained in comparison to previous strategies. 

Several SPE cartridges were explored in their ability to extract analytes over a wide 

polarity range in a single extraction. Extraction with Oasis HLB cartridges had the best 

reproducibility; however, the LLCE cartridges typically had higher relative extraction 

efficiencies for the spiked steroids and EDCs in water. Furthermore, extraction using the LLCE 

method was simple and possessed the ability to extract a diverse mixture of analytes in a single 

analysis. 

The application of SPME and SPME-OFD for the analysis of steroids and EDCs exhibited 

great potential for the simultaneous extraction of both non-polar and polar compounds. The 

addition of OFD to SPME improved the amenability of the polar steroids/EDCs for GC/MS 

analysis and allowed the detection of these compounds as low as 0.2 ng mL-1 in spiked plasma. 

Optimization of derivatization strategies for the analysis of steroids by GC/MS was 

investigated by varying the experimental parameters (reagent, reaction time and reaction 

temperature) to determine the optimal conditions for steroids on an individual and 
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comprehensive level. Three methods of derivatization enhancement were also investigated: the 

use of sonication, the use of a microwave heating, and the addition of solvents to the reaction 

mixture. Microwave reactions (using a domestic microwave oven) were capable of increasing the 

derivatization yield (for all the silyl reagents) in one minute (compared to the thermal method 

performed for 30 minutes). The addition of solvent during the reaction also enhanced the 

deriviatization reaction, but only for BSTFA/TMCS and BSA. MSTFA reactions were not 

enhanced by the addition of solvent. 

Further examinations of the capabilities of microwave-accelerated derivatization (MAD) 

were performed using a laboratory synthesis microwave system. MAD using a synthesis 

microwave system was evaluated and compared to traditional thermal derivatization methods in 

terms of yield, reproducibility, and overall analysis time. Parameters affecting MAD, including 

reaction temperature, time, and power, were systematically optimized for several silyl reagents 

(BSTFA with TMCS, MSTFA, and BSA) and other derivatization procedures (MOX reagent and 

MTBSTFA). MSTFA was found to derivatize best with the microwave, as demonstrated by the 

enhanced relative response factors (RRFs). BSTFA with TMCS, on the other hand, did not 

couple as well, but RRF values improved significantly upon addition of polar solvents. The rapid 

(1 min) derivatization reactions associated with MAD had comparable RRFs for all reagents with 

those obtained with thermal heating (>30 min). Finally, the MAD methodology improved the 

derivatization of steroids in spiked plasma. This study highlights the best methods for analyzing 

a comprehensive variety of steroids, and also provides ideal strategies for the MAD of steroids 

on an individual and class level. 

The expanding list of EDCs has increased the need for the development of improved 

monitoring methods to evaluate their presence in the environment. Furthermore, the diverse 
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physiochemical properties of EDCs impose inherent analytical limitations and thus new 

comprehensive methods that can simultaneously analyze numerous EDCs in one 

chromatographic analysis would be a significant improvement over current EDC detection 

methods. Gas chromatography/mass spectrometry (GC/MS) offers promising profiling 

capabilities; however, many polar EDCs require derivatization for adequate detection. Hence, a 

novel method for the comprehensive profiling of EDCs that employs a silyl derivatization 

strategy to expand the polarity range of compounds able to be separated and detected in a single 

chromatographic analysis was developed. The comprehensive method successfully separated 

twenty-one GC-ready and twelve derivatization-required EDCs in one chromatographic analysis. 

Thermal and microwave derivatization methods were effective for the comprehensive EDC 

mixture, although the microwave derivatization often proved more effective in less analysis time. 

A pilot-study of surface water from Lake Apopka (Florida) demonstrated the potential of the 

comprehensive EDC profiling method. The characterization of water examined from Lake 

Apopka illustrated that not only were several EDCs present at relatively high concentrations, but 

several of the EDCs found are not currently used in agricultural practices. In particular, DDT 

was found at a very high concentration, as its detection was possible without any extraction.  

The developed SPME-OFD method clearly demonstrated the capability of monitoring 

endogenous steroids in alligator plasma. The monitoring of endogenous steroids helps provide a 

better understanding of the levels by which normal steroidogenesis can be altered. The detection 

of 17β-E2, 17α-E2, and E1 was demonstrated in the E2-injected alligator plasma. The 

concentration levels for 17-β-E2 obtained by GC/MS were typically lower than the values 

obtained using radioimmunoassay, like due to differences in sample treatment (between the RIA 

and GC/MS methods) and the inherent precision associated with the SPME-OFD method. 
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Future Work  

For the analysis of alligator plasma, further research is needed in the development of 

analytical methods capable of detecting steroids at lower concentrations. Several strategies to 

achieve this include the investigation of better extraction strategies prior to the derivatization and 

GC/MS analysis. In particular, for the improvement of the SPME OFD method, investigations 

into the application of different pH levels, salt concentrations, and extraction temperatures 

should be investigated as alternative means to reach equilibrium more efficiently (between the 

fiber and the analyte). In addition, several OFD parameters should be optimized, including the 

head-space volume and derivatization temperature. Beyond the optimization of SPME-OFD 

parameters, an effort to scale down both the overall analysis time and extra preparation 

procedures should be performed. 

The investigation of E2-injected alligators provided an example of how alligators respond 

to external stimulation. An investigation of steroid profiles of alligators from different lakes 

(contaminated vs. non contaminated lakes) should be performed to gain a better understanding of 

how EDCs can alter normal steroidogenesis for alligators in wildlife. In addition, an examination 

of alligators of different ages, sex and size would be helpful in the understanding in the 

differences by which EDCs can affect the endocrine system within a species.  
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