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Estrogens are an environmental concern because low ng L"
1

concentrations in water

can adversely affect aquatic vertebrate species by disrupting the normal function of their

endocrine systems. There is a critical need to accurately measure the concentrations of

estrogens in dairy wastes—a potential source of estrogens to waterways. At present,

however, there is a lack of suitable analytical techniques for measuring estrogens in dairy

wastes and waste-impacted water resources. Therefore, the objective of this research was

to develop methods to measure estrogens including estrone, 1 7a-estradiol, 1 713-estradiol,

and estriol in flushed dairy manure wastewater (FDMW) and in surface and groundwater.

Enzyme immunoassay and gas chromatography-mass spectrometry (GC-MS)

analytical methods for the measurement of estrogens were studied. Analysis of 17B-

estradiol by three immunoassays revealed that matrix effects significantly affected the

accuracy of one or all of the immunoassays. An extensive sample preparation method

involving chromatographic purification was deemed necessary so that estrogens could be

vi



measured by GC-MS. A new method was developed that enabled low ng L'

measurements of estrogens in FDMW. Three estrogens were measured in FDMW:

estrone, 1 7a-estradiol, and 17B-estradiol. Estriol was not detected in FDMW.

To address concerns regarding possible contamination of surface and groundwater

at a dairy, the new method was adapted for water samples and a survey experiment was

conducted. During method development, it was found that interference affected the GC-

MS quantification of estrogens in water samples. However, the sample preparation

method appeared promising because, after accounting for interference, excellent

extraction recoveries were observed. Measurable concentrations of 1 7a-estradiol, 1 7B-

estradiol, or estriol were not found in surface or groundwater at the dairy. Some estrone

was detected in surface water that was directly impacted by cattle. However, a similar

concentration of estrone was also measured in groundwater from a non-impacted

location. Further refinement and validation of the method is needed for more conclusive

studies of estrogens in manure-impacted water.
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CHAPTER 1

INTRODUCTION

Livestock manure contains appreciable amounts of natural steroidal estrogen

hormones, particularly estradiol, estrone, and estriol, that can potentially contaminate

surface and groundwater resources (1-8). Estrogen contamination of water is a concern

because low part per trillion (10 to 100 ng L"
1

) concentrations of these chemicals can

adversely affect the reproductive biology of aquatic wildlife such as fish, frogs, and

turtles by disrupting the normal function of their endocrine systems (9,10). For example,

concentrations of 1 76-estradiol or estrone in water >30 ng L"
1

for 21 days induced

vitellogenin (an egg yolk precursor protein that is normally produced only by adult

females) synthesis and abnormal testicular growth in male fathead minnows (Pimephales

promelas) (11,12).

Few researchers have measured the impact of manure-borne estrogens on fish and

wildlife, but Irwin et al. (13) studied the concentrations of 1 7B-estradiol in farm ponds

impacted by beef cattle runoff and the effect of estradiol on vitellogenin production in

painted turtles (Chrysemys picta). 1 7B-Estradiol concentrations in the ponds ranged from

<1 to 7 ng L" . Juvenile and male turtles did not synthesize vitellogenin during 28 d of

exposure, but female turtles collected from the runoff-impacted ponds had significantly

greater concentrations of vitellogenin than female turtles from nonimpacted (control)

ponds.

Clearly, it is important to have accurate information about the occurrence of

estrogens in dairy wastes so that any estrogen contamination of surface and groundwater

1



resources can be prevented or minimized. At present, however, there is a lack of suitable

analytical techniques for studying the occurrence and fate of estrogens in livestock wastes

and impacted waterways. Therefore, the objective of this research was to develop

methods for the measurement of estrone, 1 7a-estradiol, 1 7B-estradiol, and estriol in

flushed dairy manure wastewater (FDMW) and surface and groundwater.

The subsequent chapters presented in this dissertation were prepared as individual

manuscripts. In this chapter, the research problem and objective were identified. Chapter

2 is a literature review of the physicochemical properties of steroidal estrogens, analytical

methods, livestock excretion, and the fate ofmanure-borne estrogens in the environment.

In chapter 3, some limitations of enzyme immunoassay for measuring 1 7B-estradiol in

FDMW are described. Chapter 4 details a new sample preparation method that enabled

the measurement of estrogens in FDMW by GC-MS. The new method was modified in

chapter 5 and used for a preliminary survey of estrogens in surface and groundwater at a

dairy farm. Chapter 6 provides a summary and conclusions of the results presented in the

previous chapters.



CHAPTER 2

LITERATURE REVIEW

The objective of this chapter is to assess the current state of science regarding

estrogen physicochemical properties, analytical methods, livestock excretion, and the

biogeochemical fate of manure-borne estrogens in the environment for the purpose of

identifying priority research needs. The scope of this review is limited to the natural

estrogen steroids estradiol, estrone, estriol, and their conjugated metabolites. The trivial

names and systematic nomenclature for the main chemical compounds that are described

in this text are as follows: 1 7a-estradiol (1, 3, 5(10)-estratrien-3, 17a-diol), 1 7B-estradiol

(1, 3, 5(10)-estratrien-3, 17B-diol), estrone (1, 3, 5(10)- estratrien-3-ol-17-one), estriol (1,

3, 5(10)- estratrien-3, 16a, 178-triol).

Structure and Physicochemical Properties

Estradiol, estrone, estriol, and other natural steroidal estrogens contain an aromatic

A-ring as a distinctive part of their tetracyclic molecular framework (Figure 1) (14,15).

Key structural differences arise in the D-ring structure owing to the type and

stereochemical arrangement of functional groups at the C-16 and C-17 positions.

Estradiol can have either a hydroxyl group at C-17 that points downward from the

molecule (a configuration) or a hydroxyl group that projects upward from the molecule

(B configuration). Estrone differs from estradiol because there is a carbonyl group at C-17

rather than a hydroxyl. Estriol features hydroxyl groups at both the C-16 and C-17

position and, thus, has four epimers. Conjugated estrogens are analogous in structure to

3
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Estriol

Figure 2-1. Molecular structures of estradiol, estrone, and estriol. The letters and

numbers indicate the ring assignments and carbon numbers, respectively.
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estradiol, estrone, or estriol, except that a sulfate and/or glucuronide group is substituted

at the C-3 and/or C-17 positions of the parent compound (e.g., 17fl-estradiol-3-sulfate,

17B-estradiol-17-sulfate, 17B-estradiol-3,17-disulfate). An in-depth description of the

electronic structure, crystal geometry, and spectral characteristics of the different

estrogens is beyond the scope of this review but is available in Salole (16) and Kubli-

Garfias (17).

The physicochemical properties of estradiol, estrone, and estriol are given in Table

1 . Tabak et al. (18) reported that the solubility of 1 713-estradiol, estrone, and estriol, in

water was 13.3 mg L"
1

, 12.4 mg L"\ and 13.3 mg L"
1

,
respectively. The temperature

associated with the solubility data was not provided. Considerably lower aqueous

solubility estimates were reported by Hurwitz and Liu (19). They determined that the

solubility of 1 7a-estradiol, estrone , and estriol at 25° C was 3.9 mg L"
1

, 0.8 mg L"\ and

3.2 mg L"
1

,
respectively. A mid-range value was reported by Batra (20), who reported

that the solubility of 1 76-estradiol at 23-24° C was 7.0 mg L*
1

. Estradiol solubility

doubled, however, when progesterone was added into the solution. This result suggests a

mutual effect of other substances on the solubility of estradiol. Similar results were found

by Hahnel (21), who reported enhanced solubility of 1 76-estradiol in phosphate buffer in

the presence of some amino acids such as arginine, aspartic acid, glutamic acid, lysine,

tryptophan, tyrosine, proline, and histidine. The aqueous solubility of estrogens can also

be greatly enhanced by surfactants like Tween 20, polysorbate 40,

tetradecyltrimethylammonium bromide, and sodium dodecyl sulfate (22-24). For

instance, Blomquist and Sjoblom (23) solubilized -150 mg L"
1

and -300 mg L"
1

of

estradiol and estrone, respectively, in a 0.08 M aqueous solution ofTween 20 (at 20°C).



The solubility of unconjugated estrogens has also been measured in various organic

solvents. Estradiol and estrone are more soluble in polar solvents such as acetone than

nonpolar solvents such as hexane (25-27). Ruchelman and Haines (26) reported that 176-

estradiol and estrone solubilty in acetone (at 30°C) was about 89 g L"
1

and 17 g L"

,

respectively. Information about the distribution of estrogens between immiscible solvents

such as ether and water is provided by Mather (28).

Literature values for the log octanol-water coefficients (log KoW) of estrogens range

from 3.1 to 4.0 for 17B-estradiol, 3.1 to 3.4 for estrone, and 2.6 to 2.8 for estriol (29-31).

The coefficients suggest that estradiol and estrone are about equally hydrophobic and that

estriol is the least hydrophobic of this group. In a more general way, these numbers

indicate that the steroidal estrogens are moderately hydrophobic compounds. The

practical usefulness of log K<,w as it relates to the prediction or modeling of the

partitioning of estrogens between solid and liquid phases in the environment has not been

extensively studied. However, Furhacker et al. (32) concluded that octanol-water

partition coefficients were not useful to predict the behavior of 176-estradiol at

environmentally relevant concentrations since 95% of added 1 7B-estradiol (spiked to 50

ng L"
1

) remained in an aqueous phase after a 24h equilibration period with 128 mg L"
1

suspended solids from a wastewater treatment plant. Conversely, however, Lai et al. (29)

found the coefficients useful for predicting estrogen sorption to sediments in river and

estuarine systems.

Hurwitz and Liu (19) determined the ionization constants (pKa values) of 17a-

estradiol, estrone, and estriol to be -10.5, 10.3, and 10.4, respectively. Slightly greater

pKa values for 1 7B-estradiol (10.7) and estrone (10.8) were reported by Lewis and



Table 2-1. Selected physicochemical properties of steroidal estrogens-

Property Estradiol Estrone Estriol Reference

Formula C18H24O2 C18H22O2 C18H24O3

MW(gmor') 272.4 270.4 288.4 (29)

SwtmgL-
1

) 3.9—13.3 0.8—12.4 3.2—13.3 (18-20)

VP (Pa) 3xl0"8 3xl0"8 9xl0"
13

(29,30)

logKow 3.1—4.0 3.1—3.4 2.6—2.8 (29-31)

pKa
10.5—10.7 10.3—10.8 10.4 (19,33)

MW, molecular weight; Sw ,
solubility in water; VP, vapor pressure; K™, octanol-water

partition coefficient; Ka , acid ionization constant.

Archer (33). These values indicate that estrogens are weak acids and that ionized species

would not be expected under normal environmental pH conditions.

The vapor pressures of the natural estrogens are in the range of 9 x 10" to 3 x 10"

Pa (29,30). These numbers indicate that the volatilization of estrogens is negligible and

that gaseous measurements of estrogens are not needed for experimental mass balance.

Therefore, studies of the environmental fate of estrogen steroids can be limited to their

behavior in terrestrial and aquatic systems.

Physicochemical data for conjugated estrogens were not found in the literature.

However, estrogen conjugates likely have much greater aqueous solubility than

unconjugated estrogens due to their polar glucuronide or sulfate functional groups.

Analytical Overview

The accurate determination of steroidal estrogen hormones in complex matrices

like manure, wastewater, soil, and water is a difficult and expensive task that requires the

skillful application of highly sensitive and selective analytical procedures. Some reviews

are available regarding chemical analysis of estrogens in biological and environmental

matrices (34). The following information is a summary of the major sample preparation
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steps that are normally involved for the analysis of estrogens and provides some

information about the sensitivity of the major quantification techniques.

Sample Preservation and Handling

Sample preservation is critical to avoid losses of estrogens via chemical or

microbial transformations (35-40). Several authors have used cold storage, i.e.,

refrigeration at 4° C or freezing at -20° C for preservation (3,41-46). Raman et al. (6)

reported that, in addition to cold storage (5° C), acidification with H2S04 to pH ~2 was

also needed to preserve estrogens in dairy waste samples. Alternatively, Terio et al. (45)

found that fecal samples could be stored in 95% ethanol for up to 14 d at room

temperature without significant estrogen losses. Baronti et al. (47) compared the stability

of estrogens in bottled river samples without the addition of a preservative agent, the

storage of samples with formaldehyde (1%), and the storage of estrogens on Carbograph

solid phase extraction (SPE) sorbent. They found severe losses of estrogens during 7 days

of storage at 4° C when no preservatives were added to river water samples.

Formaldehyde prolonged estrogen stability for up to 28 d, but the best strategy for

avoiding estrogen degradation was passing the river water samples through the

Carbograph sorbent, then washing the cartridge with methanol to eliminate bacterial

contamination and storing the device at -18° C. Using this procedure, they demonstrated

that 89% of 17B-estradiol, 93% of estrone, and 92% of the estriol that was added into the

samples could be recovered from the cartridges after 60 d of storage.

Care must also be taken to avoid losses of estrogens due to sorption onto

laboratory equipment, "creepage" phenomena, and decomposition by exposure to air.

Jurgens et al. (48) measured the sorption of 1 7B-estradiol to glass,

polytetrafluoroethylene (PTFE), polycarbonate, and polypropylene containers. Glass and
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PTFE containers sorbed less than 1% of 1 7B-estradiol, from solution (concentration not

specified) after 2 days of equilibration. The greatest sorption of 1 76-estradiol (4%)

occurred on polypropylene tubes. Batra (20) found that glassfibre filters sorbed much less

1713-estradiol (3%) than membrane filters (24%). Kushinsky and Anderson (49) reported

significant losses of estrogens from samples that were stored in glass vials as a result of

creepage along vessel walls and subsequent chemical decomposition by air into more

polar compounds. Glassware silanization was effective in reducing the creepage problem

and was later recommended by Cohen et al. (50), Fotsis and Adlercreutz (51), and

Jarvenpaa et al. (52) for preparing urine samples for estrogen analysis. Significant losses

of estrogens as a result of exposure to air was also found by Coyotupa et al. (53), Doerr

(54) and Kushinsky (55) during thin-layer chromatography separations with silica gel.

Hydrolysis of Conjugates

Several methods (enzyme hydrolysis, acid solvolysis, methanolysis, and

ammonolysis) are reported in the literature for hydrolyzing estrogen conjugates, but

complete deconjugation is rare (18,56-59). A few researchers have compared the

effectiveness of different hydrolysis methods (56,59-61). For example, Bain et al. (56)

showed that ammonolysis (anhydrous liquid ammonia, -35° C, 1 M HC1 pH 2) gave very

efficient recoveries of estradiol-3,17-disulfate compared with acid solvolysis (2 x 10~6 M

sulfurinc acid in ethyl acetate, 30° C, 18 h) or enzyme hydrolysis (B-

glucuronidase/arylsulfatase 37° C, 24 h), with a net hydrolysis of 89, 11, and 1%,

respectively. Generally, enzyme hydrolysis is preferred to acid hydrolyis due to the

possibility of steroid degradation via dehydration of the hydroxl group at the C-17

position (62,63). However, enzyme hydrolyis can be inhibited by substances in urine

(51,57). Furthermore, endogenous bacteria in non-sterile samples like manure may
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reduce the effectiveness of the added enzymes or result in degradation of the liberated

unconjugated estrogens during the long incubations (e.g., 24 h) required for hydrolysis.

Tang and Crone (59) reported a methanolysis deconjugation method that avoids

some of the problems associated with acid or enzyme hydrolysis. Finlay-Moore et al. (3)

attempted the methanolysis procedure to measure conjugates in poultry manure-impacted

runoff water. With pure solutions, estradiol-3 -sulfate and estradiol- 17-fl-glucuronide were

cleaved, but estradiol-3, 17-disulfate was not. Methanolysis proved unsuccessful for

runoff samples, however, since measured values increased <150% in some cases and

decreased <63% in other samples.

Extraction

The extraction of unconjugated estrogens from solid samples like soils, sediments,

and lyophilized manure has been accomplished with a variety of solvents including

ethanol, methanol, acetone, ethyl acetate, ether, chloroform, and toluene (3,45,64-67).

Sequential extractions with methanol, acetone, or ethyl acetate gave high extraction

efficiencies (70 to 103%) for both soils and sediments (64,67).

Some researchers have reported the use of deionized water, phosphate buffer, or

aqueous solutions ofNaCl to accomplish the extraction step, but reported no extraction

recovery percentages of spikes to the matrix (1,5,41,68). Thus, it is not known if aqueous

solvents are effective extractants for estrogens. Based on the low aqueous solubility and

moderate hydrophobicity of estrogens, it seems doubtful that water or salt solutions

would be effective extractants.

Liquid-liquid extraction (LLE) is a traditional approach for the extraction of

estrogens and other steroids from aqueous suspensions and fluids. Raman et al. (6) used

LLE with ether for the extraction of estrogens from dairy waste. Details regarding the
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recovery of fortified samples were not reported, but using a similar approach involving

LLE with ether, Vos et al. (46) reported recovery percentages of 86, 85, and 72% for 17B-

estradiol, estrone, and estriol, respectively, from swine fecal suspensions. Lai et al. (29)

used dichloromethane for LLE of estrogens from surface water. Recoveries of added 17B-

estradiol, estrone, and estriol (0.1 ug mL"
1

) were about 82, 83, and 81%, respectively.

Tabak and Bunch (69) used chloroform for LLE of estrogens from culture media and

reported a recovery percentage of 97% to 100%.

During the last several years, solid-phase extraction (SPE) has become more widely

used than LLE for separating estrogens from aqueous samples. The most popular

sorbents used in both column and disk SPE formats contain octadecylsilica (CI 8),

polymeries like styrene divinylbenzene (SDB), graphitized carbon black (GCB), or some

combination of functionalities (47,67, 70-80). Most studies using SPE for estrogen

extraction from wastewater have reported better than 80% recovery of estrogens (81).

Theoretical and practical information regarding the optimum sample processing

conditions for the solid-phase extraction of estrogens can be found in Hennion (82),

Lopez de Alda and Barcelo (67), and Seibert and Poole (77). In addition to extraction,

SPE is also used for sample purification (more details below).

Sample Purification

Ideally, the primary extraction step— accomplished by liquid or SPE—yields a

sample that is sufficiently pure for analysis. In reality, however, the extracts of manure,

soil, and natural water contain an abundant and diverse array of organic and inorganic

substances that can interfere with estrogen quantification (6,67, 73). Therefore, an

advanced sample purification (clean-up) technique should be considered mandatory. The

degree of sample purification that is needed will depend on the complexity of the sample
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matrix involved, the analytical accuracy and sensitivity desired, and practical

considerations like the amount of time, money, and effort required to validate the

purification technique.

Solid-phase extraction (SPE) is an effective and practical purification technique and

a has generally replaced traditional separation techniques like solvent partitioning, paper

chromatography, and thin-layer chromatography for purification of complex biological

samples (18,82-86). Some researchers use SPE in combination with high-performance

liquid chromatography (HPLC) for a very rigorous sample purification prior to analysis.

For example, Snyder et al. (78) used SDB SPE for extracting 1 7B-estradiol from

wastewater effluent and surface water. The SDB extract was purified using normal-phase

HPLC for fractionation prior to analyis by radioimmunoassay (RIA). Similarly, Huang

and Sedlak (73) extracted 1 7B-estradiol from municipal wastewater effluent and surface

water by SPE with CI 8. The CI 8 eluant was further fractionated by HPLC to remove

organic matter from the samples prior to estrogen analysis.

Quantification

Colorimetric and fluorometric methods were once used extensively for the

measurement of estrogens in urine and feces (87-97). Unfortunately, many interferences

were often noted with the color reactions, and tedious sample preparations were

necessary to achieve reliable data (98). Chromatographic purification of the samples

resolved some issues regarding sensitivity, but the extensive manipulation of the samples

often resulted in high losses of the analytes (95,99,100). For example, Mathur and

Common (95) reported that the smallest amount of 1 76-estradiol that could be measured

was 0.7 ug 24 h"
1

for duplicate determinations of urine extracts from chickens after
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separation by TLC on Silica Gel G (Merck) and measurement by colorimetry. However,

the average percentage recovery of added 1 7B-estradiol was only about 35%.

Gas chromatography (GC) techniques gradually replaced colorimetric methods

for the analysis of estrogens during the mid 1960's. Jones and Erb (101) used gas-liquid

chromatography (GLC) coupled with a flame ionization (FI) detector system for the

analysis of estrogens in livestock urine. The minimum amounts of estradiol and estrone

that could be quantified with their system were 0.01 ug and 0.05 ug, respectively. Tang et

al. (102) used GC-FI to characterize the urinary estrogen metabolites of the domestic

chicken; the smallest amount of an estrogen that could be detected was 0.3 ug. Tabak et

al. (18) used GLC to provide some of the first information about the persistence of

estrogens in municipal treatment plants, but did not clearly state the detection limits

associated with their procedure.

Today, a number ofGC and LC mass spectrometry (MS) and tandem mass

spectrometry (MS-MS) methods have been proposed for the analysis of estrogens in

sewage, sewage effluent, and water samples (47,67, 78-80,103-107). These techniques

may be useful, if not directly applicable, for the quantification of estrogens in livestock

wastes and waste-impacted soils and waterways. The sensitivity of the GC-MS or LC-

MS analysis of environmental matrices depends on the equipment used, the origin of the

sample tested, and the degree of sample purification for removing interferences from the

matrix. For example, Spengler et al. (79) reported GC-MS detection limits ranging from

0.4 to 0.7 ng L"
1

for estrogens in sewage effluent samples that were extracted using C18

SPE and then purified using silica gel. Raman et al. (6) reported GC-MS detection limits

for ether extracts of dairy manure (no clean-up) of about 10 ug L"\ Lower detection
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limits have been reported using tandem mass spectrometry (MS-MS) and other

sophisticated detectors. Fine et al. (103) developed a method for quantifying estrogens in

groundwater and swine lagoon wastes. Estrogens were extracted and purified using a

Supelco Oasis HLB cartridge. They reported a limit of quantitation of 1 and 40 ng L"
1

in

groundwater and swine wastes, respectively. Huang and Sedlak (75) reported GC-MS-

MS detection limits in the range of 0.2 to 0.4 ng L"
1

for the analysis of HPLC-purified

wastewater effluent samples. Ternes et al. (80) achieved GC-MS-MS detection limits of

0.5 ng L"
1

for surface water, and 1 ng L"
1

for raw and treated sewage, samples purified

using silica gel. Kuch and Ballschmiter (75) determined estrogens in surface and drinking

water by HRGC-NCI-MS (high resolution gas chromatography with negative chemical

ionization mass spectrometric detection in the selective ion mode). They reported

detection limits of 0.05 ng L"
1

and 0.2 ng L"
1

for estrogens in drinking water and sewage

effluent, respectively. Similar work by Nakamura et al. (108) using GC-NCI-MS for the

analysis of river water samples reported detection limits of 0.1 to 0.3 ng L"

.

Liquid chromatography systems equipped with MS, MS-MS, or other sophisticated

detectors are also used for estrogen analysis (81,109). However, a significant limitation

of the LC-MS or LC-MS-MS systems for analyzing manure samples is the potential for

ion suppression due to sample matrix effects (705). Nevertheless, excellent detection

limits have been reported in a variety of environmental samples. Ferguson et al. (110)

reported detection limits of 0.1 ng L"
1

for estrone and 0.2 ng L"
1

for 1 7B-estradiol, using

HPLC with electrospray MS detection for the analysis of sewage effluent. Baronti et al.

(47) used LC-ESI-MS-MS (LC coupled with negative turbo ion spray tandem mass

spectrometry in selected reaction monitoring mode) to monitor estrogens in sewage
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treatment plants and river water. The limits of quantification ranged from 0.01 ng L"
1

for

estrone in river water to 0.6 ng L"
1

for both estradiol and estriol in sewage influent. Lopez

de Alda and Barcelo (104) reported detection limits of 10, 10, and 15 ng L"
1

for estriol,

estradiol, and estrone, respectively, using LC with a diode array detection system (DAD)

for the analysis of drinking water. However, for samples obtained from highly polluted

surface water and sewage effluent, accurate quantification was possible only at

concentrations >200 ng L"
1

due to the inherent complexity of the samples that were

analyzed and the lack of an extensive purification protocol. Matsumoto et al. (Ill)

derivatized estrogens using a B-diketonate europium chelate and used HPLC with a time-

resolved flourimetric detection system for the analysis of river water samples. The signal

for estriol could not be resolved due to the matrix effects of the river water samples, but

they reported a detection limit of 1.6 ng L"
1

for both 1 7B-estradiol and estrone.

Immunoassay methods of quantification are attractive alternatives to the

aforementioned chromatographic techniques because equipment costs are relatively low,

few specialized skills are needed by the analyst to perform the assay, and low detection

limits can be achieved. However, the accuracy and reliability of the immunoassay

system can be compromised by interferences due to cross reactivity, enzyme inhibition,

matrix effects (pH, ionic strength), endogenous enzymes, and chromagens (112-115).

Once the interfering compounds are removed from the samples, however, some

immunoassay techniques can provide results that are comparable with those obtained by

GC-MS-MS (73).

Estrogens can also be measured using in vitro or in vivo biological assays.

However, bioassay quantitation methods are fundamentally different than the



abovementioned chemical methods of quantitation since they measure total estrogenic

activity via a biological response. By convention, bioassay systems are calibrated with

17B-estradiol (the most potent of the natural estrogens) and the measured response is

reported as estradiol equivalent units, or some other relative term.

Popular in vitro methods for environmental analysis include yeast-based screening

assays, recombinant receptor-reporter assays, cell proliferation assays, and receptor

binding assays (74, 76,116-122). In vitro bioassays are widely used for detecting the

estrogenic activity of environmental samples, but some samples may contain substances

such as humic acids, pesticides, and antibiotics that interfere with the analysis (123). For

example, Raman et al. (6) found that concentrated extracts of dairy waste were toxic to

the Saccharomyces cerevisiae strain of yeast used in the YES (yeast estrogen screen)

assay. Burnison et al. (124) reported a method for identifying estrogenic substances in

hog manure and manure-impacted tile drainage water with the YES bioassay and rainbow

trout estrogen receptor assays. In addition to 1 713-estradiol and estrone, they found that

equol (a phytoestrogen) was a significant source of estrogenicity in hog manure. The

detection limits associated with in vitro bioassays vary. Murk et al. (76) compared an

estrogen receptor binding assay (rat uterus cytosol containing an estrogen receptor) with

YES assay and the ER-CALUX (estrogen receptor-mediated luciferase reporter gene)

assay for measuring estrogenic potency of wastewater and surface water extracts. All

three assays detected estrogenicity, but the detection limits for 1 7B-estradiol differed

between methods; ER-binding assay =1000 pM» YES = 10 pM >ER-CALUX = 0.5

pM, respectively. Korner et al. (74) reported a detection limit of 0.3 ng estradiol L"
1

for
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an E-screen assay (proliferation assay ofhuman estrogen receptor-positive MCF-7 breast

cancer cells) used to detect estrogenic chemicals in municipal sewage treatment works.

In vivo methods provide more comprehensive information than in vitro tests

about the ability of an estrogenic substance to induce a physiological response. Rodent

uterotrophic assays have served as the standard in vivo estrogen analysis for many years

(125-128). The utility of rodent assays for routine environmental analysis is limited, but

the estrogenic activity of cow feces and poultry excreta has been measured using the

approach (129,130). More recently, a variety of fish, reptile, and amphibian bioassays

have been developed for monitoring the in vivo exposure of aquatic organisms to

estrogenic substances (131-137). Vitellogenin production in fish has been widely used as

a biomarker for the evaluation of estrogenic activity in municipal wastewater effluent

(138-141).

Livestock Excretion

Steroidal estrogen hormones are excreted to the environment in the urine and feces

of all species, sexes, and classes of farm animals (142). However, different estrogens are

associated with different livestock species. Cattle (Bos taurus) excrete >90% of estrogens

as 17a-estradiol, 1 7B-estradiol, and estrone as free and conjugated metabolites (43,143-

147). The 1 7a-estradiol epimer is much more prevalent than 1 7B-estradiol. Conversely,

17a-estradiol rarely occurs in the excreta of swine (Sus scrofa), or poultry (Gallus

domesticus) (58,148,149). They excrete 1 7fi-estradiol, estrone, and estriol plus

conjugates (58). The a and B stereochemical distinction of estradiol might be useful for

identifying the livestock species contributing to waterway contamination (cattle vs

poultry or swine), but this possibility has not been studied.
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Different species also excrete estrogens by different routes. Radiotracer studies

showed that cattle excrete estrogens mostly in feces (58%), whereas swine and poultry

excrete estrogens mostly in urine (96% and 69%, respectively) (145,148,150). However,

these ratios change during pregnancy (144). Since urine and feces are not usually handled

separately in commercial animal production systems, the route of excretion would not

appear to be an important environmental consideration (142). However, urinary estrogens

are mostly conjugates, whereas fecal estrogens are excreted as unconjugated "free"

steroids (150). At present, the environmental significance of conjugated vs. unconjugated

estrogens is debatable due to a lack of information regarding conjugate fate (discussed

later).

Estimates, calculated from literature values, of the estrogen excretion rates of cattle,

swine, and poultry are given in Tables 2, 3, and 4, respectively. The various studies of

urinary and fecal estrogen excretion were originally intended for describing the patterns

of hormonal changes that occur during estrus and pregnancy with the practical purpose of

establishing calibrated tests that could be used for fertility control or diagnosing

pregnancy (42-44,46,65,92,93,100,144,146,151-153). The usefulness of the data for

environmental purposes is limited because the data represent only sexually mature,

female animals from a few breeds. Several factors (e.g., age, mass, diet, season, health

status, circadian variation) may contribute to excretion rates and are not easily accounted

for (152). Furthermore, few data were found which address estrogen excretion by

sexually immature, sexually modified (ovariectomized, castrated), or male animals

(154,155). The contribution of estrogens from these animals needs to be better resolved.

Another criticism of the excretion data is that ambiguous quantification methods
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Table 2-2. Estimated rates of fecal and urinary estrogen excretion from cows.

Reproductive Stage

fecal excretion

non-pregnant

non-pregnant

0-80 d pregnant

0-84 d pregnant

80-210 d pregnant

140-200 d pregnant

210-240 d pregnant

urinary excretion

non-pregnant

55-81 d pregnant

101-123 d pregnant

1 1 1 d pregnant

107-145 d pregnant

165-175 d pregnant

205-209 d pregnant

250-254 d pregnant

271-285 d pregnant

t LAM- live animal mass; calculations based on typical animal weight of: 640 kg for

dairy (157);% 1 1% 1 7a-estradiol cross-reactivity;§ 32% 1 7a-estradiol cross reactivity; N
- number of animals, nd - no data, El - Estrone, E2 - Estradiol, E3 - Estriol, RIA-
radioimmunoassay, FL- fluorimetry.

N
Excretion Rate/

lOOOkgLAMf
Estrogens

Measured Method Reference

(ugd"
1

)

21 600±200 E2a RIA (43)

7 400±10 El E2a* E2B RIA (65)

10 300±nd El,E2a,E2p RIA (144)

7 400±20 El,E2a*,E2p RIA (65)

10 1500±nd El,E2a,E2p RIA (144)

7 11400±1200 El,E2at,E2p RIA (65)

10 5400±nd El,E2a,E2p RIA (144)

7 500±40 El,E2a§,E2B RIA (147)

5 700±60 El,E2a§,E2B RIA (147)

13 14400±nd El,E2a,E2B,E3 FL (83)

3 34300±nd El,E2a,E2B,E3 FL (156)

4 3400±1200 El,E2a§,E2B RIA (147)

5 28800±nd El,E2a,E2B,E3 FL (83)

4 22300±2500 El,E2a§,E2B RIA (147)

5 86800±28000 El,E2a,E2B,E3 FL (83)

13 163000±20000 El,E2a,E2B,E3 FL (83)

were used. As mentioned previously, colorimetric procedures lack sensitivity and

selectivity for estrogens (98) and the enzyme immunoassay and radioimmunassay

methods can suffer from false-positive interferences due to endogenous enzymes, matrix

effects, and chromagens (114,115). Furthermore, complete estrogen profiles were rarely

determined by any of the researchers. Thus, the data appear to be of insufficient quality

for accurately calculating the total mass flux of estrogens to the environment from whole

populations of cattle, swine, or poultry. Other researchers have not been so apprehensive.

Lange et al. (158) calculated estrogen excretion for various livestock species. They

reported that cattle, pigs, and chickens contribute 45, 0.8, and 2.7 Mg estrogens yr"
1

,

respectively, in the United States.
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Table 2-3. Estimated rates of fecal and urinary estrogen excretion from sows.

Excretion Rate/ Estrogens Method

Reproductive Stage N 1000 kg LAMf Measured Reference

fecal excretion (ugd-)

non-pregnant 4 800±nd E1,E2B,E3 RIA (159)

non-pregnant 69 100±70 El EIA (46)

non-pregnant 6 600±250 El ?,E2a,E2fl,E3 RIA (42)

non-pregnant 27 900±nd not specified RIA (44)

14-34 d pregnant 6 1500±nd E1,E2B,E3 RIA (159)

25-33 d pregnant 466 1000±680 El EIA (46)

0-35 d pregnant 30 1600±nd El\E2a,E2B,E3 RIA (42)

urinary excretion

non-pregnant 4 600±350 El FL (93)

non-pregnant 2 500±600 El FL (100)

non-pregnant 2 400±300 El FL (92)

0-42 d pregnant 2 4400±6200 El CL (160)

42-77 d pregnant 2 5000±6200 El CL (160)

77-105 d pregnant 2 108000± 106000 El CL (160)

t LAM- live animal mass; calculations based on typical animal weight of 61 kg for

swine (157);% 122% estrone, 30% 1 7a-estradiol, 100% 1713-estradiol, 64% estriol cross

reactivity, N - number of animals, nd - no data, El - Estrone, E2 - Estradiol, E3 -

Estriol. RIA- radioimmunoassay, EIA- enzyme immunoassay, FL- fluorimetry, CL-
colorimetry.

Table 2-4. Estimated rates of urinary estrogen excretion from non-laying and laying hen

chickens.

Excretion Rate/ Estrogens Method

Reproductive Stage N 1000 kgLAMt Measured Reference

(ugd"
1

)

non-laying 3 600±30 El CL (90)

non-laying 1 500±nd E1,E3 CL (96)

non-laying 1 400±20 El CL (90)

non-laying 2 1400±550 E1.E2B CL (95)

non-laying 2 900±nd E1,E3 CL (96)

laying 1 1600±nd E1,E2B FL (89)

laying 1 2100±80 El CL (90)

laying 1 2700±130 E1,E3 CL (96)

laying 1 1400±50 El CL (90)

laying 2 3500±430 El,E2p CL (95)

laying 3 1600±nd E1,E3 CL (96)

t LAM- live animal mass; calculations based on typical animal weight of 1 .8 kg for

layers (757);N - number of animals, nd - no data, El - Estrone, E2 - Estradiol, E3 -

Estriol, CL- colorimetry, FL- fluorimetry.
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Another way of estimating the risk posed by manure-borne estrogens is to measure

the concentrations of estrogens in livestock wastes that are land-applied as soil

amendments. This approach takes into consideration the degradation of estrogens during

storage and accounts for losses associated with manure handling and treatment practices.

However, extensive surveys of different animal production systems are required to

establish approximate ranges of estrogens in livestock wastes. Few studies have

characterized the estrogen profile of cattle, swine, or poultry wastes (Table 5).

Concentrations of 17B-estradiol in various dairy, swine, and poultry wastes range from

below detectable limits (BDL) to 239±30 ug kg"
1

, BDL to 1215±275 ug kg"
1

, and 33±12

to 904 ug kg"
1

,
respectively (3-6,161). More characterization data are needed to determine

which type of livestock wastes are most estrogenic and ifmanure treatment strategies are

needed to reduce estrogen concentrations to environmentally acceptable levels.

Environmental Fate

Conjugate Hydrolysis

The fate of estrogen conjugates is not clearly known. It is often assumed that

common fecal microorganisms such as Eschericia coli are capable of hydrolyzing

estrogen conjugates via glucuronidase and sulfatase enzymes to unconjugated forms (72).

This assumption appears valid for estrogen glucuronides but is questionable for estrogen

sulfates since measurable concentrations (ng L"
1

) of these conjugates have been reported

in sewers, sewage treatment works, and river water (46,162-164). D'Ascenzo et al. (163)

demonstrated that estrogen sulfates are slowly hydrolyzed in septic tank wastewater.

After a 10 h lag-phase, half-lives of estradiol-3-sulfate and estrone-3 -sulfate were

approximately 2.5 d at 20° C. Estriol-3-sulfate was more stable, with a lag-phase of 70 h

and half-life of 5 d.
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Few studies have evaluated the stability of conjugated estrogens in manure. Vos

(159) incubated
3
H-estrone-sulfate and

3
H-estrone-glucuronide with sow feces <30 min at

20°C. Estrone glucuronide was rapidly deconjugated (90% in 30 min) in the fecal

suspension, but estrone sulfate was not hydrolyzed. Raman et al. (6) incubated dairy

waste with Helix pomatia glucuronidase-sulfatase to hydrolyze conjugated estrogens. No

differences in free estrogen concentrations were found between hydrolyzed and non-

hydrolyzed samples. These results suggested that estrogen sulfates were not present in the

dairy waste (6), but it is not clear if the limitations of the enzyme hydrolysis (discussed

previously) was considered in their assessment.

Degradation of Unconjugated Estrogens

The biodegradation and transformation of unconjugated estrogens has been studied

in soil, water, and manure for several years. In 1947, Turfitt (166) examined the

biodegradation of 1 7a-estradiol and estrone using 355 different cultures of bacteria

isolated from five different soil types. No culturable bacteria were found in loam, marl, or

alkaline peat soils that could metabolize estradiol. However, one Proactinomyces spp.

was isolated from an acid sand and two strains were found in arable soil that could use

estradiol as a carbon source. Estrone was degradable by one species ofProactinomyces

spp. in the arable soil, but no degradation was observed with organisms from the other

four soils.

Stumm-Zollinger and Fair (167) reported that bacteria (Pseudomonas) living in

soils and wastewater can use natural estrogens as carbon sources. When high

concentrations (300 mg L"
1

) of both estradiol and estrone were provided in the growth

medium, substrate elimination was only 10 to 15% during 2 wk of incubation. However,

when estrogen concentrations were reduced to 20 mg L"
1

(near solubility limits),
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estrogens disappeared within 10 d and there was no evidence of steroid-like metabolites

remaining in the culture solution. Tabak and Bunch (69) evaluated activated sewage

sludge, primary settled sewage, and soil as sources of microorganisms capable of

degrading estrogens. Activated sludge and soil were better sources of estrogen

decomposers than the primary settled sewage. Additional experiments by Tabak and

Bunch (69) using activated sludge as an innoculum showed that 86 to 100% of estrogens

were eliminated from the culture solution within 4 wk of incubation.

Recently, Colucci et al. (64) studied the dissipation (decrease in extractable/

bioavailable concentrations and mineralization) of
14
C-17B-estradiol in loam, sandy loam,

and silt loam soils from Canada. The biological activity (determined by a yeast assay) of

estradiol was rapidly dissipated in all soils, and 1 7B-estradiol was rapidly converted to

estrone. The accumulation of estrone in the loam soil was maximal at 6 h, but was

undetectable thereafter. In the silt loam and sandy loam soils, however, estrone was

detectable for 3 months. Autoclaving the soils did not prevent the oxidation of estradiol

to estrone. This result suggests that either there was an incomplete sterilization of the soil,

the enzyme responsible for estradiol transformation survived autoclaving, or that

estradiol oxidation can proceed abiotically. The mineralization (cleavage of the phenolic

ring) of the estradiol in the soils tested was relatively slow compared with the rates of

dissipation; only 12 to 17% of added
I4
C-17B-estradiol was evolved as

14C02 after 3

months of incubation at 30°C. The highest rates of mineralization were observed in the

sandy loam soil and the lowest rates were observed in the silt loam soil. A comparison of

soil pH, organic matter content, and texture did not reveal any consistent effect of these

soil properties. When the soil temperature was increased from 4 to 37°C, mineralization
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in the loam soil increased from 4 to 15% after 61 days of incubation. Mineralization also

increased from <1 to 20% after 73 d of incubation when the moisture content of the sandy

loam soil was increased from air-dry to 15%. However, when moisture content of the

same soil was increased to field capacity (24%), the amount of estradiol mineralized

decreased sharply to 8%. The authors concluded that estrogens are biodegradable in soils

by ubiquitous microorganisms that require no prior adaptation (64).

Rapid biodegradation of estrogens in river water was reported by Jurgens et al.

(168). The half-lives of estradiol and estrone at 20° C ranged from 0.2 to 9 d and from 0.1

to 1 1 d, respectively. No significant losses of estradiol were found in sterile controls. Lai

et al. (169) reported that common freshwater algae (Chlorella vulgaris) are capable of

oxidizing 1 76-estradiol to estrone.

Jarvenpaa et al. (37) found that aerobic and anaerobic microflora isolated from the

human intestinal tract and human feces were capable of transforming estrogens during 24

to 72 h incubation. Alcaligenesfaecalis, Pseudomonas aeruginosa, Staphylococcus

aureus, and Mycobacterium smegmatis, converted estradiol to estrone, and vice versa.

Streptococcusfaecalis ( four strains) oxidized estradiol to estrone, and one strain

transformed estrone to 1 6<x-hydroxyestrone. Bacteroidesfragilis reduced estrone to

estradiol, but also converted estrone to 16a-hydroxyestrone. Staphylococcus aureus and

M. smegmatis reduced 16a-hydroxyestrone to estriol. Candida albicans, Enterobacter

cloacae, E. coli (two strains), Klebsiella pneumoniae, Proteus mirabilis, and Proteus

vulgaris were unable to metabolize estrone, estradiol, or 1 6ot-hydroxyestrone to any other

products (37).
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Shore et al. (165) incubated broiler litter for 1 week at different pH values, with and

without the addition of antibiotics (penicillin/streptomycin), and found significant

reductions in estrogen concentrations at pH 5 and 7, but no change at pH 1 or 12. When

antibiotics were added to the litter, estrogens persisted. Schlenker et al. (7 70) studied the

degradation of estrogens in cattle feces by incubating manure samples for 12 weeks at 20

to 23 °C. The median concentrations of total estrogens extracted from the manure were

unchanged for 9 weeks, but were reduced by 80% after 12 weeks. Schlenker et al. (1 71)

tested E. coli and Clostridium perfringens for their ability to degrade fecal estrone in cow

manure. The E. coli had no effect on estrone concentrations, but the C. perfringens

reduced the average concentration of estrone from -16 ug L"
1

to ~1 1 ug L"
1

during the 48

h incubation. Schlenker et al. (1 72) evaluated the influence of temperature on the

stability of estrogens in the feces of cows. At 5°C, the median concentrations of total

estrogens extracted from the manure fell below initial concentrations after 12 weeks of

incubation. At 30°C, however, estrogen was almost completely eliminated from the

samples within 3 weeks. Similar studies of estrogen degradation in dairy cattle manure

were done by Raman et al. (<5). Press cake samples were spiked with 1 713-estradiol and

incubated at temperatures ranging from 5 to 50°C. The effects of acidification on

estrogen transformation and degradation during sample storage were also evaluated. At

all temperatures, estradiol concentrations rapidly declined during the first 24 hours of

incubation, and estrone accumulated. Total estrogen removal rates followed the pattern of

estrone degradation, and these data were fitted to a first-order decay model. Rate

constants increased from -0.03 d"
1

at 5°C to -0.12 d"
1

at 50°C. Acidification to pH 2

reduced rates of estrogen transformations at both 5 and 30°C, but a 15 and 31% loss,
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respectively, of total estrogen was still observed when samples were stored for 7 days.

The authors speculated that Cornybacterium spp. were partially responsible for the

estrogen transformations in their study (6).

Based on the data available, it appears that estrogens are biodegraded in the

environment by many different types of microorganisms. Few degradation mechanisms

have been proposed, but the oxidation of estradiol (C-17 alcohol) to estrone (C-17

ketone) is frequently reported {6,29,30,64,162). It can be hypothesized that the reaction is

catalyzed by bacterial or fungal dehydrogenases (1 73-1 76). Further degradation of

estrone may involve C-2 or C-4 hydroxylation of the phenolic A-ring and subsequent ring

cleavage and/or C-16 hydroxylation of the D-ring (37,38,177). The phenoloxidase group

of enzymes (e.g., laccase, tyrosinase, and peroxidase) that are produced by bacteria,

white-rot fungi, and plants might be critical for the degradation process (178-180). If so,

the phenolic estrogens may be oxidized to quinones, which may polymerize into humus-

like macromolecules (39,181-192). Recently, Suzuki et al. (193) reported that

ligninolytic enzymes (manganese peroxidase and the laccase-mediator system with 1-

hydroxybenzotriazole as mediator) removed >80% the estrogenic activity of 1 76-

estradiol during a 1 h laboratory incubation.

If estrogens behave like other phenolic compounds in the environment, they may

also oxidize abiotically. For example, Lehmann et al. (194) demonstrated that the

oxidation of phenolic acids in soils can be coupled with the reduction of Fe and Mn

oxides. The catalytic effects ofMn (IV), Fe(III), aluminum, and silicon oxides on the

formation of phenolic polymers in soils was studied by Shindo and Huang (195). Mn

oxides caused phenolic compounds to be converted to humic acid with a high degree of
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humication via oxidative polymerization. Mn oxide reduction is an important mechanism

in the oxidation of phenols in aquatic systems (196). No literature was identified which

have specifically examined the role ofMn in the environmental fate of estrogens.

Sorption and Mobility

Estrogens are nonvolatile, slightly hydrophobic compounds that do not ionize at

normal environmental pH, and should be extensively sorbed by aquatic sediments and

soils. Holthaus et al. (31) studied the sorption of 1 713-estradiol to river sediments. They

reported sorption coefficients (K<j) that ranged from 4 to 74 L kg"
1

for bed sediments and

from 21 to 122 L kg"
1

for suspended sediments. Casey et al. (197) reported that
14
C-17B-

estradiol is strongly sorbed by soils. Sorption coefficients (K<0 ranged from 86 to 6670 L

kg"
1

as determined by batch equilibrium studies with four Mollisols. Positive correlations

were found between estradiol sorption and silt content (r
2
=0.92) and organic carbon

(r
2
=0.62). Column experiments demonstrated that estradiol is not easily leached through

the soil. Lee et al. (198) reported that hydrophobic partitioning is the dominant

mechanism for the sorption of 1 713-estradiol and estradiol metabolites to soil. They

reported that Kd values in two soils ranged from -3.6 to 83 L kg"
1

, but Log Koc values

were -3.2 and 3.5, respectively (198). Colucci et al. (64) also reported a strong retention

of estrogens to soil particles. Within 3 days of contact between
14
C-estradiol and loam,

sandy loam, and silt loam soils, 91, 70, and 56% of the radioactivity, respectively, were

nonextractable from the soils using ethyl acetate or acetone. Variations in soil properties

(soil pH 5.8 to 7.4, organic matter 0.8 to 3.2%) were not consistently related to sorption

capacity. However, when soils were autoclaved, the amount of extractable radioactivity

remained constant for several days. Their results suggested that the formation of

nonextractable (bound) residues in the soils was microbially mediated (64). Colucci and
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Topp {199) concluded that estrogen dissipation via the formation of soil-bound residues

greatly reduces the risk of contamination of water adjacent to agricultural soils treated

with municipal biosolids or livestock wastes.

Though laboratory-based experiments have suggested that
14C estrogens are rapidly

sorbed by soil particles, it should be recognized that sorption was evaluated without

additions of manure. The information thus gained does not allow assessment of the

effects of the chemical, physical, and microbiological changes that can occur in a soil

following a manure application. It can be speculated that natural surfactants and colloids

might increase the mobility of estrogens in soils and together with erosion and

preferential flow mechanisms could lead to the transport of manure-borne estrogens to

waterways.

Occurrence in Manure-Impacted Water

Field studies with manure have demonstrated that estrogens are sufficiently mobile

to impact surface and groundwater quality. For example, Shore et al. (8) surveyed

estrogen (17B-estradiol plus estrone) concentrations in a few small streams, an irrigation

pond, and a farm well impacted by the land application of poultry litter (no estrogen

concentrations reported or application rates specified). Estrogen concentrations in the

streams increased from <0.5 ng L"
1

to 5 ng L"
1

following poultry litter application,

whereas concentrations in the pond decreased from 23 to 5 ng L"
1

during the study period

(9 months). Low concentrations (< 0.1 ng L"
1

) of estrogens were found in the well water

samples.

Nichols et al. (4) tested the hypothesis that land-applied poultry litter contributes

17B-estradiol to runoff water. They reported that the water-soluble 1713-estradiol contents

of normal and alum treated litter were 133 and 102 ug kg"
1

(dry-weight basis),
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respectively. Estradiol concentrations in the runoff water increased with litter application

rate (1.76 to 7.05 Mg ha"
1

) for both untreated and aluminum sulfate treated amendments.

A maximum concentration of 1280 ng estradiol L"
1

was detected in first-storm runoff

water from plots amended with normal poultry litter. Aluminum sulfate treatment of the

litter significantly reduced 1 7B-estradiol concentrations in first-storm runoffby 42%,

presumably due to the flocculation of soluble organic compounds with aluminum. An

additional study by these authors compared the effectiveness of varying lengths of grass

filter strips to help reduce concentrations of 1 76-estradiol in runoff water from fescue-

applied poultry litter (5). The water-extractable 1 7B-estradiol concentration of the litter

sample was 904 ug kg"
1

. The litter application rate of 5 Mg ha"
1

was consistent with the

recommendation for tall fescue in Arkansas. Concentrations of 1 713-estradiol in runoff

from plots without a grass filter (controls) averaged 3500 ng L . Compared with the

control plots, estradiol concentrations were reduced by 58, 81, and 94% after transport

through 6.1, 12.2, and 18.3 m long grass filters, respectively. Bushee et al. (/),

investigated runoff concentrations of 1 7B-estradiol from plots amended with horse

bedding or municipal sludge. The horse bedding and municipal sludge contained 35 ug

kg"
1

and 5 ng kg"
1

(author did not indicate wet or dry-weight basis) of 1 713-estradiol,

respectively. The horse bedding was applied to fescue grass plots at a rate of 9.1 Mg ha"
1

and the sludge at a rate of 7.7 Mg ha"
1

. The cumulative transport of estradiol from the

plots after 30 min. of simulated rainfall was 70 and 12 mg ha"
1

for horse bedding and

municipal sludge, respectively. In contrast to the findings of Nichols et al. (4), alum

treatment of either material did not significantly reduce estradiol losses.
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Finlay-Moore et al. (3) measured 176-estradiol concentrations in runoff and soil

from grazed and ungrazed pastures fertilized with broiler litter. The ethyl acetate

extractable concentrations of 1 7B-estradiol in three poultry litter samples ranged from 20

to 35 ug kg (dry weight basis). After litter was applied, concentrations of 176-estradiol in

runoffwere 20 to 2530 ng L"
1

,
depending on litter application rate and time between

application and runoff. High background estradiol concentrations were found in runoff,

ranging from 50 to 150 ng L*
1

. Prior to the addition of litter, the concentration of 176-

estradiol in the soil was -55 ng kg"
1

.
Immediately following the application of litter,

elevated levels of 1 7B-estradiol were detected (<675 ng kg"
1

). The high concentrations

did not persist in surface (upper 2.5 cm) soil for more than a few weeks. No samples

were collected from lower soil depths, so leaching of estradiol into the soil profile or

degradation in the soil could not be determined. There were no significant effects of

grazing cattle on the concentrations of 1 7B-estradiol in the runoff (3).

Dyer et al. (2) measured 1 7B-estradiol concentrations in runoff from bermudagrass

plots fertilized with liquid dairy manure. They applied manure containing 3300 ng L"
1

(wet weight basis) of 1 7B-estradiol to plots at rates equivalent to 0, 65, and 142 kg N ha"
1

.

Runoff samples were collected from the plots following natural rainfall events (rainfall

dates or amounts not reported). Estradiol concentrations from control plots ranged from

below detectable limits (1.6 ng L"
1

) to 2.1 ng L"
1

. At the highest rate ofmanure

application, estradiol concentrations reached 41 ng L"
1

, but decreased steadily to

background (control) concentrations by the end of the study (3 months). These results

suggested that N-based application rates of dairy manure could potentially increase 176-

estradiol concentrations in runoff.
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Nationwide reconnaissance data by the U.S. Geological Survey showed estradiol

and estrone concentrations <200 and <1 12 ng L"\ respectively, in a network of 139

streams in 30 states impacted by animal wastes (200). Peterson et al. (201) sampled five

springs from the mantled karst aquifer system of northwest Arkansas (a major poultry

and cattle production region) for fecal coliforms and 1 713-estradiol. Concentrations of

1 7B-estradiol ranged from 6 to 66 ng L"
1

. At all locations, there was a positive correlation

between estradiol concentrations and the concentrations of both fecal coliform (r
2
ranging

from 0.49 to 0.86) and E. coli (r
2
ranging from 0.40 to 0.88), suggesting that estradiol and

bacteria were moving through the aquifer system in a similar fashion. The authors

concluded that estradiol of livestock origin was directly affecting the groundwater quality

of the springs.

The concentrations of 1 7B-estradiol reported in the abovementioned studies of

surface and groundwater warrant careful attention due to the previously stated 10—100

ng L"
1

range of biological significance for aquatic organisms. It should be noted that, all

of the field studies, except for Kolpin et al. (200), determined 1 7B-estradiol using

immunoassay. The authors provided few quality control details (besides manufacturer's

statements) regarding the sensitivity, accuracy, precision, and reliability of the analytical

methods used. As previously stated, immunoassays can be affected by a number of

interferences, especially when chromatographic purification is not performed. Surface

water is known to contain natural organic matter that can interfere with immunoassays in

a manner that causes false positive signals (73). Therefore, the reported runoff

concentrations may be overestimated. If not, the contamination of surface and

groundwater by manure was probably worse than predicted by the evaluation of 17B-
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estradiol alone due to the unmeasured contribution of estrone and other estrogens. In

either case, the validation of immunoassay results by the use ofnonambiguous

quantification methods such as LC-MS or GC-MS would add credibility to the measured

estrogen concentrations.

Synthesis

Estrogen contamination of the environment is of concern because there is evidence

that low part per trillion (10—100 ng L"
1

) concentrations of these chemicals can

adversely affect the reproductive biology of vertebrate species by disrupting the normal

function of their endocrine systems. Livestock wastes are a potential source of estrogens

to the environment via direct excretion in urine and feces or via land-application of

manure. At this time, insufficient characterization data exist to quantify the potential

mass flux of estrogens to the environment from livestock populations or manure. Based

on the low water solubility and hydrophobic properties of estradiol, estrone, and estriol,

sorption to organic matter and subsequent transformation and biodegradation pathways

are likely removal mechanisms for these compounds. Laboratory-based studies with

estrogens added in pure chemical form have generally supported a rapid dissipation

hypothesis. However, field studies with land-applied manure have not strictly followed

these principles. Significant concentrations of 1 713-estradiol have been noted in manure,

manure-impacted soil, manure-impacted runoff, and manure-impacted groundwater.

There are several issues that need to be addressed regarding the lack of agreement

between laboratory and field studies. First, the laboratory studies of sorption and

persistence have tested these parameters by the addition of estrogens into the soil and

water systems without additions of manure. The information thus gained does not allow

assessment of the possible effects of the profound chemical, physical, and
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microbiological changes that can occur in a soil following a manure application.

Estrogens in manure may be bound to the organic substances in a way that protects them

from degradation. Hydrophobic estrogens may also sorb to hydrophobic parts of organic

molecules that are otherwise hydrophilic (natural surfactants) or be associated with

colloidal fractions. Preferential flow of water through the soil may also increase estrogen

transport. Perhaps these (or other) mechanisms can account for the apparent mobility of

estrogens in soils and their presence in waterways.

Conversely, the field studies have frequently used immunoassay techniques to

quantify the concentrations of estrogens in the manure, soil, and water samples.

Unfortunately, few details have been provided by any of the authors regarding the

sensitivity, accuracy, and reliability of the analytical methods used and no specific

purification protocols have been specified prior to the quantification step. Based on the

various types of interferences that can occur with immunoassays, the methods may have

overestimated the hormone concentrations. On the other hand, if the immunoassay

results are accurate, then it seems likely that the contamination of the surface and

groundwater was probably worse than predicted by the evaluation of 1 7fi-estradiol alone

due to the unmeasured contribution of other estrogens in the samples. The validation of

immunassay results by the use of additional quantification techniques like LC-MS or GC-

MS would add credibility to the measured hormone concentrations. In vitro methods like

the YES assay might be useful for the estimation of estrogenicity, but these techniques

should be extensively validated to ensure that soil, manure, and water samples do not

contain cytotoxins, endogenous enzymes, or other substances that can interfere with the

quantification.
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Critical Research Needs

In light of the information presented in this review, a number of research priorities

can be suggested: (i) There is a critical need to use standardized methods for the analysis

of estrogens in manure, soil, and water. Juridical proof of estrogen contamination will

require LC-MS or GC-MS quantification methods, (ii) More national, state, and local

surveys of manure-impacted surface and groundwater resources need to be conducted to

determine if estrogen contamination is a widespread phenomenon or is localized to

intensive livestock production areas. Other water quality indicators (e.g., fecal coliforms,

nitrates, phosphorus) should also be measured during these surveys so that maximum

information can be gained about any estrogen pollution attributable to manure. Wildlife

exposed to estrogen-contaminated waterways and/or test organisms should be studied for

evidence of reproductive abnormalities, (iii) More information is needed about the types

and amounts of estrogens that exist in fresh livestock excreta (urine and feces) and

manure. Characterization experiments should be broad in scope to reflect a wide range of

livestock production techniques and manure handling and storage practices. Better

estimates of the total mass flux of estrogens to the environment could therefore be made,

(iv) More work needs to be done regarding the fate of conjugated (especially estrogen

sulfates) and unconjugated estrogens in manure, soil, and water. The rates of

deconjugation reactions, the oxidation/reduction relationship between estradiol and

estrone, and the kinetics of biodegradation should be measured in the various matrices.

Experiments that reveal the influence of temperature, moisture, pH, and microbial

activity would also improve knowledge of estrogen persistence under various

environmental conditions. Ideally, the specific enzyme(s) and/or soil mineral(s)

participating in estrogen transformation and mineralization reactions should be identified
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so that degradation and sorption mechanisms can be proposed. Partitioning experiments

need to identify the surfaces responsible for estrogen sorption (organic matter, Fe and Al

oxides, etc.) and the chemical conditions (pH, salinity, etc.) that enhance binding of

estrogens to solid phases in manure, soils, and aquatic systems. Desorption kinetics and

aging phenomena should also be evaluated because estrogens may form nonextractable

(bound) residues in soils. More field and laboratory studies are needed to determine the

mechanisms of estrogen transport (surface runoff vs. leaching) to waterways, (v)

Besides estrogens, other hormonally active agents in manure (e.g., androgens, gestagens,

growth promoters, antibiotics, phytoestrogens) need to be characterized and studied.

Ultimately, it may be necessary to develop cost-effective manure treatment strategies to

reduce or eliminate manure-borne endocrine disruption hazards.



CHAPTER 3

COMPARISON OF THREE ENZYME IMMUNOASSAYS FOR MEASURING 176-

ESTRADIOL IN FLUSHED DAIRY MANURE WASTEWATER

Introduction

Dairy farms in the United States generate -21.5 million metric tons of recoverable

manure solids each year that must be managed in a way that does not adversely impact

the environment (202). Typically, dairy wastes are applied to nearby pasture and

croplands as soil amendments because they contain various plant nutrients, including N,

P, and K. However, recent literature indicates that agricultural drainage waters may

become contaminated with natural steroidal estrogen hormones such as 1 7B-estradiol

when livestock wastes are land applied (1-5,8).

Estrogen contamination of waterways is a concern because low concentrations

(10—100 ng L"
1

) of these chemicals in water can adversely affect the reproductive

biology of vertebrate species such as fish, turtles and frogs by disrupting the normal

function of their endocrine systems (9-13). For example, 1 7B-estradiol concentrations

>30 ng L"
1

induced vitellogenin (an egg yolk precursor protein that is normally produced

only by adult females) synthesis and abnormal testicular growth in male fathead minnows

(Pimephales promelas) after 21 days of laboratory exposure (12). However, research

evaluating the in situ effects of manure-borne estrogens on wildlife is limited. Irwin et al.

(13) reported that vitellogenin production by female painted turtles (Chrysemys picta) in

ponds was significantly affected by estrogens in beef cattle runoff compared with turtles

in ponds unexposed to beef cattle runoff.

37
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Clearly, it is important to have accurate information about the occurrence of

estrogens in manure so that any estrogen contamination of waterways resulting from

dairy waste disposal can be prevented or minimized. Estrogen characterization of dairy

wastes is not a trivial task, however, due to the low concentrations that must be measured,

the difficulties associated with extracting estrogens from manure, the chemical

complexity of the resulting extract matrix, and the potential for degradation losses to

occur during sample storage (6). A variety of quantitative enzyme immunoassays (EIA)

have been used for the determination of 1 7fi-estradiol in manure-impacted surface and

groundwater and in livestock wastes (1,3,4,201). The popularity ofEIA for 1713-estradiol

analysis is attributable to widespread commercial availability, ease of use, pg mL"
1

detection limits, and a lack of alternative quantitation methods. However, a variety of

interferences arising from poor standardization, cross reactivity, and matrix effects

associated with protein binding, humic substances, and endogenous enzymes and

chromagens, can adversely affect the quality (accuracy, precision, reproducibility) of the

data generated (73,112-114). Thus, depending on sample complexity and EIA reagents,

antibodies, and protocol, a potential exists for different EIA systems to yield dissimilar

and/or inaccurate results. The objective of this study was to determine if three different

commercially available 1713-estradiol EIAs yielded similar estimates of the endogenous

concentration of 1 7J3-estradiol in flushed dairy manure wastewater.

Materials and Methods

Sample Collection

Many dairies use hydraulic flushing for manure management, followed by primary

treatment (mechanical screening or sedimentation, or both) to remove coarse solids. The

liquid fraction of flushed dairy manure after settleable solids are removed is referred to as
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flushed dairy manure wastewater (FDMW) (203). A bulk grab sample (1 L) ofFDMW

was collected from the University of Florida Dairy Research Unit located at Hague, FL

and was transported to the laboratory in less than 1 h for liquid-liquid ether extraction.

Two weeks later, a second 1 L sample ofFDMW was collected and processed in a

similar manner. The total solids content of these samples was determined by a standard

method (204). The first and second FDMW samples contained an average of 0.57 and

0.62% total solids, respectively.

Ether Extraction

For each wastewater sample, four 20-mL aliquots ofFDMW were poured into

separate 50 mL glass centrifuge tubes. Twenty mL of pesticide grade ethyl ether (Fisher

Scientific, Pittsburgh, PA) was added to each tube for extraction of 1713-estradiol. Liquid-

liquid extraction with ether was used for sample preparation because it is a traditional

solvent of choice for steroid extraction from biological samples; ether extraction is

recommended for sample purification by the EIA manufacturers used in this study, and it

has been used previously for extraction and purification of dairy waste samples for EIA

analysis (6).

The tubes were shaken horizontally for 2 h followed by centrifugation at 500 g for

5 min to facilitate layer separation. Three 4 mL aliquots (one for each assay) of the ether

extract were subsampled from each tube and placed into separate 5 mL evaporation

flasks. The ether was evaporated to dryness at 40°C under N2. The dried sample was

immediately reconstituted in 1 mL of bulk assay buffer that was purchased from each

immunoassay manufacturer. The reconstituted samples were individually sonicated for

~1 min. to enhance solubilization in the assay buffer. The samples were poured into 1.5
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mL micro centrifuge tubes, capped tightly, and stored overnight at -20 °C prior to

immunoassay analysis.

Immunoassay Description

Enzyme immunoassay kits for the quantitative determination of 1713-estradiol were

purchased from Assay Design, Inc. (cat. no. 900-008; Ann Arbor, MI), Diagnostics

Systems Laboratories, Inc. (cat. no. DSL- 10-4300; Webster, TX), and Immuno-

Biological Laboratories, Inc. (cat. no. RE 52041; Minneapolis, MN). The immunoassay

kits were designated Al, A2, and A3, respectively. The Al immunoassay (catalog no.

900-008) was selected because it has been used previously for the quantification of 1713-

estradiol in dairy wastes (6). The A2 and A3 immunoassays were selected based on their

use of rabbit polyclonal antibodies (RPA), and the competitive assay principle, and a low

cross reactivity with other steroids (Table 1).

Each of the EIAs used in this study were based on the competitive binding

principle, whereby 1 76-estradiol and a fixed amount of enzyme labeled-estradiol compete

for RPA binding sites. However, the A2 and A3 assays use RPAs that are directly coated

onto the microplate wells, whereas the Al microplate wells are coated with goat anti-

rabbit IgG to capture the 1 7B-estradiol-RPA complex. The alkaline phosphatase,

streptavidin-horseradish peroxidase, and horseradish peroxidase enzyme tracers used by

Al, A2, and A3, respectively, represent commonly-used enzyme reagents for estrogen

immunoassay (Table 1) (159,205-207). As shown in Table 1, each immunoassay has low

(<5%) cross reactivity with other estrogen steroids.
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Table 3-1. Description and cross reactivity of three enzyme immunoassay systems used

for measuring 1 713-estradiol in flushed dairy manure wastewater.

Description A 1Al ATAZ

Assay principle Competitive Competitive ^ompeuuve

1/U-bstradiol antibody rabbit polyclonal rabbit polyclonal rauDii polyclonal

Matrix TDC+
1 DOT Serum Serum

Conjugate/Enzyme E2-ALP E2-Biotin/SHRP b2-HKr

Substrate
X TT\T\p-NPP TMB I MB

Range (pg mL"
1

)
0-30,000

A H AAA0-6,000 A O AAA
U-z,UUL)

MDL (pg mL )

'ia29 / 1 u

Precision (CV%) 9 4 4

Cross-reactivity (%)
17B-Estradiol 100 100 100

1 7a-Estradiol 0.1 0.3 0.3

Estrone 4.6 1.4 2.1

Estriol 0.5 1.1 1.5

tTBS, Tris-buffered saline containing proteins and detergents and sodium azide as a

preservative; E2, 1 713-estradiol; ALP, alkaline phosphatase; SHRP, streptavidin

horseradish peroxidase; HRP, horseradish peroxidase; p-NPP, p-nitrophenol phosphate;

TMB, tetramethylbenzidine; MDL, minimum detection limit.

Immunoassay Analysis

Each assay was performed according to the manufacturer's instructions. All

standards and samples were assayed in duplicate and an average value was used to

generate standard curves and interpolate unknown sample concentrations. Microplate

washing was performed with an ELx50/8 strip washer (Bio-Tek Instruments, Inc.,

Winooski, VT) using the wash buffer reagents provided by each company. The

absorbance values of each well were measured using an FL 600 microplate reader (Bio-

Tek Instruments, Inc.). A four-parameter logistic equation was used for all calibration

curves (208).

Immunoassay performance characteristics including sensitivity, standardization,

precision, and recovery of diluted and spiked samples were evaluated on both days of

wastewater analysis. Sensitivity is defined as the lowest measurable concentration of 1713-
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estradiol that can be distinguished from the respective 0 pg mL"
1

calibrator (95%

confidence interval) associated with each EIA {209). Sensitivity was calculated for each

EIA by interpolation of the mean of eight replicate samples of the respective 0 pg mL"
1

calibrator minus two standard deviations.

Standardization accuracy refers to the ability of each EIA to yield a correct

measurement of 1 7B-estradiol for a known standard concentration. Standardization

accuracy was evaluated at three concentrations (1500, 750, and 375 pg mL"
1

) by diluting

a 300,000 pg 17B-estradiol mL"
1

buffer solution (Assay Design Inc., Ann Arbor, MI),

with the respective 0 pg mL"
1

calibrator of each EIA. Three concentrations were

measured to ensure accurate recovery at different interpolation points along the

calibration curve. A recovery percentage for each standard concentration was calculated

by dividing the measured sample concentration by the known sample concentration and

multiplying the result by 100. The three resulting values were averaged to express EIA

standardization accuracy.

Intra-assay precision refers to the within-run reproducibility of the 1 713-estradiol

signal that is produced for a particular sample in an EIA. Precision was evaluated by

calculating the percent coefficient of variation (CV%) observed between duplicate

measurements corresponding to the four neat wastewater samples. The four resulting

CV% values were averaged to express precision.

Recovery of diluted and spiked samples is a gauge of the linear relationship

between 1 7B-estradiol measured in diluted or spiked samples relative to the neat samples.

Dilution recovery was measured by diluting each of the four neat wastewater samples

with an equal volume of the respective 0 pg mL"
1

calibrator of each assay. Spiked
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recovery was measured by spiking the neat wastewater samples with an equal volume of

the second greatest respective 1 713-estradiol calibrator from each EIA (i.e. Al, 7500 pg

mL"
1

; A2, 2000 pg ml/
1

; A3, 1000 pg mL"
1

). The second greatest calibrators were used

for spiking to ensure that the resulting spiked sample concentrations would be

interpolated from the mid-portion of the calibration curve of each assay. Dilution and

spiked recovery was expressed as a percentage by dividing the measured concentration of

the diluted or spiked sample by the theoretically expected concentration of the diluted or

spiked sample, and the result was multiplied by 100.

Data Analysis

The experimental design was a two-way factorial (three immunoassay methods X

two FDMW samples) with four replications. Experimental data were analyzed using the

General Linear Model program of SAS with a separation of sample means by Duncan's

multiple range test (210).

Results and Discussion

A summary of the immunoassay performance characteristics from each FDMW

analysis is shown in Table 2. The measured sensitivity data corresponding to the first

wastewater sample were similar to or better than the manufacturer's data for each EIA.

However, the sensitivity data corresponding to the second analysis were three to four

times larger for each assay. The average EIA sensitivity for both analyses was 62, 14, and

26 pg mL"
1

, for the Al, A2, and A3 assays, respectively. The sensitivity data demonstrate

the exceptionally low 1 713-estradiol concentrations that can be measured using EIA.

Recovery data shown in Table 2 demonstrates that the Al and A2 assays were

relatively well standardized for both analyses. The calibration of the A3 assay appeared

to be somewhat less accurate for each individual analysis since it overestimated by 36%
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and underestimated by 25%, respectively, the standard concentrations for the first and

second analysis. Overall, however, the average recovery for both analyses was 105, 98,

and 106% for the Al, A2, and A3 immunoassays, respectively. Therefore, it seems that

each of the ELAs was reasonably well standardized.

Each assay also showed a high degree of intra-assay precision between duplicate

samples. The CV% for both analyses averaged 8, 7, and 9%, respectively, for the Al, A2,

and A3 assays. The low CV% values indicate that the chemical reactions involved in

generating the 1 7fl-estradiol signals for each ELA were highly reproducible within the

analytical run.

Table 3-2. Summary of performance data for analysis of two flushed dairy manure

wastewater samples by three different immunoassays.

Performance characteristic FDMW n Al A2 A3

Sensitivity (pg mL 1 8 25 7 10

2 8 98 20 41

Standardization accuracy (%) 1 3 102 88 136

2 3 108 108 75

Precision of replicate samples (CV%) 1 4 13 9 11

2 4 3 4 7

Recovery of diluted samples (%) 1 4 92 109 124

2 4 66 128 124

Recovery of spiked samples (%) 1 4 88 101 96

2 4 96 89 85

n= number of samples; CV= coefficient of variation

Recovery of diluted samples ranged from 66 to 128%, depending on the ELA and

day of analysis (Table 2). The recovery of diluted samples for both analyses averaged 79,

119, and 124%, respectively, for the Al, A2, and A3 assays. In contrast to diluted

samples, recovery improved markedly when the neat samples were spiked with 1 7B-

estradiol. Recovery of the spiked samples averaged 92, 95, and 91%, respectively, for the

Al, A2, and A3 immunoassays. Overall, the recovery of diluted and spiked samples
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demonstrated a reasonably linear recovery of 1 713-estradiol at the different interpolation

points evaluated from the standard curve.

Although some minor differences were encountered between assays regarding

standardization accuracy, intra-assay precision, and recovery of diluted and spiked

samples, the measured concentration of 1 7fl-estradiol in both sets ofFDMW samples

differed according to the EIA used (Fig. 1). The Al assay consistently measured the

greatest 1 713-estradiol concentrations and the A2 assay measured the lowest.

Because no differences were observed between EIAs when a pure solution of 1713-

estradiol was analyzed (standardization accuracy) (Table 2), the apparent difference

between assays suggests that an interference affected 1 713-estradiol quantitation in

FDMW samples in one or more of the EIAs. A known source of interference with the

EIAs is the presence of other steroidal estrogens that are listed as crossreactants in Table

1 . It was noticed that the apparent concentrations of 1 7B-estradiol in the wastewater

followed in the same qualitative order (A1>A3>A2) as the reported estrone cross

reactivity of the different assays. Consequently, estrone was a suspected source of bias

between assays. Hence, we measured estrone with an estrone EIA (catalog no. DB 520

51; Immuno-Biological Laboratories, Inc., Minneapolis, MN). Similar estrone EIAs were

not available from the other companies for comparison. Estrone concentrations were 562

and 781 ng L"
1

in the first and second wastewater samples, respectively. Based on the

cross reactivity data shown in Table 1 , estrone in the first wastewater sample would have

contributed -26, 8, and 12 ng L"
1

of 1 713-estradiol signal to the Al, A2, and A3 assays,

respectively. Likewise, estrone in the second set of wastewater samples would have

contributed -36, 1 1, and 16 ng L"
1

to the 1 713-estradiol signal. If the estrone cross-
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1000

A1 A2 A3

Figure 3-1. Apparent concentration of 1 7B-estradiol in flushed dairy manure wastewater

(FDMW) samples measured by three immunoassays. Different letters (a,b)

indicate a significant difference (a = 0.05) between sample means. Error bars

denote standard error of the mean.



47

reactivity data provided by the manufacturers are correct and the EIA measured estrone

concentrations are accurate, the large differences observed between assays do not appear

to be caused by estrone cross-reactivity.

Other types of matrix interferences that are known to affect the quality of EIA data

are often associated with coextracted humic substances. For example, Huang and Sedlak

(73) demonstrated that certain types ofhumic substances extracted from surface water

could give positive signals during 1 713-estradiol EIA. Presumably, the humic substances

cross-react with the 1 713-estradiol antibody or adsorb to the estradiol enzyme conjugate in

a manner that inhibits the competitive antibody binding and thus give a false-positive

EIA signal. On the other hand, humic substances may cause false-negative EIA signals if

they inhibit the competitive binding of 1 713-estradiol to the antibody binding sites.

Ideally, the lack of agreement between immunoassays could be reconciled with a

more conclusive measurement technique like gas chromatography-mass spectrometry

(GC-MS) to determine which assay provided the most accurate measurement of 1 713-

estradiol in FDMW. Unfortunately, GC-MS quantification was not possible with these

wastewater samples due to the extraordinary sample complexity associated with the ether

extracts and because the ng L"
1

sample concentrations are several orders of magnitude

lower than the detection limits (—10 jag L"
1

) associated with the only published method

for the GC-MS analysis of dairy wastes (6). A similar problem was reported by Raman et

al. (6) who tried to compare the endogenous concentration of 1 713-estradiol in press cake

dairy solids measured by the Al EIA and GC-MS. Endogenous 1 713-estradiol could not

be measured by GC-MS due to the relatively poor detection limits. However, when 1 713-

estradiol was spiked into the press-cake samples, the Al EIA and GC-MS methods
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information regarding bias of the Al assay because an interference, if present, would

have been greatly masked by dilution of the spiked samples.

Conclusions

Ether extraction and quantitation by EIA is a convenient method for measuring

estrogens in FDMW. Although no differences were observed between EIAs when a pure

solution of 17B-estradiol was analyzed, three EIAs gave different 1 715-estradiol results for

the same wastewater samples. The differences are most likely caused by one or more

matrix interferences associated with coextracted humic substances in the sample. The

poor quality of the ether extracts and low concentrations of 1 7B-estradiol in the

wastewater prevented GC-MS quantitation and therefore it is not known which of the

three EIAs yielded the most accurate measurement of 17B-estradiol. Based on the large

differences observed between EIAs in this study, caution should be observed when

interpreting the biological significance or ecological risk of 1715-estradiol concentrations

in livestock wastes when measured by EIA. Immunoassays are potentially valuable tools

for the rapid screening of environmental samples. However, a better understanding of the

artifacts and interferences associated with highly complex and variable livestock waste

matrices are clearly needed. Future research should develop better extraction and/or

purification techniques so that 1 7B-estradiol and other estrogens can be measured in

FDMW by more conclusive techniques like GC-MS or liquid chromatography-mass

spectrometry (LC-MS) and to ensure that immunoassay results are accurate.
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DETERMINATION OF STEROIDAL ESTROGENS IN FLUSHED DAIRY MANURE
WASTEWATER BY GC-MS AND COMPARISON WITH IMMUNOASSAY

Introduction

Livestock manure contains appreciable amounts of natural steroidal estrogen

hormones, such as estradiol, estrone, and estriol, that can potentially contaminate surface

and groundwater (1-8). Estrogen contamination of water resources is a concern because

low part per trillion concentrations (10 to 100 ng L"
1

) of these chemicals can adversely

affect the reproductive biology of aquatic vertebrates such as fish, turtles, and frogs, by

disrupting the normal function of their endocrine systems (9-13,139).

The ecological hazards, if any, posed by steroidal estrogens resulting from dairy

production is not clearly known. Nevertheless, based on the amount of estrogens excreted

in urine and feces, Lange et al. (158) estimated that pregnant and cycling cows are

responsible for about 90% of the steroidal estrogen input to the environment by domestic

livestock in the United States and Europe. Therefore, it is critically important to know the

types and amounts of steroidal estrogens that occur in dairy wastes so that any potential

endocrine disruption risks can be minimized or avoided.

Gauging the steroidal estrogen profile of dairy manure or any type of livestock

waste is not a trivial task, however, due to the low concentrations that must be measured,

the difficulties associated with extracting estrogens from manure, the chemical

complexity of the resulting extract matrix, and the potential for degradation losses to

occur during sample storage (6). Fluorometric, immunoassay, and chromatographic

49
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methods have been used for the quantification of estrogens in dairy wastes

{6,83,144,147). Of these techniques, immunoassay is the most popular method of

determination owing to the widespread commercial availability of estrogen immunoassay

kits, ease of use, pg mL"
1

detection limits, and a general lack of sensitive

chromatographic quantitation methods. The advantages ofEIA can be offset, however, if

their accuracy and reliability is compromised by interferences resulting from cross

reactivity, enzyme inhibition, matrix effects (pH, ionic strength, humic substances),

endogenous enzymes, and chromagens (73,112-115,211). Interferences associated with

the immunoassay analysis of 1 7B-estradiol in environmental samples is largely

uninvestigated, but Chapter 3 showed that the measured concentrations of 17B-estradiol

in flushed dairy manure (FDMW) differed according to the brand of enzyme

immunoassay (EIA) used for quantitation. The differences appeared to be caused by

matrix interference, but could not be resolved due to lack of a sensitive chromatographic

procedure for comparison.

Few GC-MS or liquid chromatography-mass spectrometry (LC-MS) based methods

have been proposed for measuring estrogens in livestock wastes (6,103). To my

knowledge, only one GC-MS method has been published for quantifying estrogens in

dairy wastes (<5). The sample preparation involved liquid-liquid ether extraction of the

dairy waste sample followed by BSTFA [N, 0-bis(Trimethylsilyl)fluoroacetamide]

derivatization and GC-MS analysis. Unfortunately, the detection limits (-10 |xg L"
1

) for

estrogens associated with the method ofRaman et al. (6) is poor relative to the

endogenous concentrations of steroidal estrogens (ng L"
1

) found in FDMW (Chapter 3).
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To better understand the types and amounts of steroidal estrogens existing in

FDMW and to reveal any potential limitations of EIA, a highly sensitive and reliable

analytical procedure is needed. The objective of this study was to develop a method that

allows measurement of 17a-estradiol, 1 7B-estradiol, estrone, and estriol in FDMW by

GC-MS. The concentrations of 1 7fl-estradiol measured by GC-MS were compared with

17B-estradiol concentrations measured by two commercially-available EIAs.

Materials and Methods

Chemicals and Reagents

Estrone, 1 7a-estradiol, 1 7Ii-estradiol, and estriol were purchased from Sigm-

Aldrich (St. Louis, MO). Methanol (HPLC-grade), methylene chloride (HPLC-grade),

acetone (Optima grade), water (HPLC-grade), and formic acid (ACS-grade) were

purchased from Fisher Scientific (Pittsburgh, PA). Sample reservoirs (75 mL), filtration

frits (-20 um), 500 mg Carbograph (graphitized carbon) solid-phase extraction (SPE)

columns, 1000 mg CI 8 (octadecylsiloxane-bonded silica) high-flow SPE columns, and

nylon syringe filters (13 mm, 0.2 um) were purchased from Alltech Associates

(Deerfield, IL). Immediately prior to use, the Carbograph columns were conditioned

sequentially with 10 mL methylene chloride:methanol (80:20 v:v), 5 mL methanol, and

10 mL ofpH 2 water and the CI 8 columns were conditioned sequentially with 5 mL

acetone and 5 mL water.

Enzyme immunoassay kits for the quantitative determination of 1 76-estradiol were

purchased from Assay Design, Inc. (cat. no. 900-008; Ann Arbor, MI) and Diagnostics

Systems Laboratories, Inc. (cat. no. DSL- 10-4300; Webster, TX). The immunoassay kits

were designated Al and A2 respectively. Bulk assay buffer for sample reconstitution and

preparation of the assay calibration curve was included with the Al EIA kit. Bulk assay
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buffer (DSL 7401) was purchased from Diagnostics Systems Laboratories, Inc. for

sample reconstitution and preparation of the assay calibration curve.

Sample Collection

Many dairies use hydraulic flushing for manure management, followed by primary

treatment (mechanical screening or sedimentation, or both) to remove coarse solids. The

liquid fraction of flushed dairy manure after settleable solids are removed is referred to as

FDMW (203). A 1 L grab sample ofFDMW was collected on 5 consecutive days

(01/19/04 to 01/23/04) from the University of Florida Dairy Research Unit located at

Hague, FL and transported on ice in less than 1 h to the laboratory in Gainesville, FL and

immediately extracted. The total solids content of the FDMW sample collected each day

was determined by the methods ofAPHA (204). The total solids content of the FDMW

samples collected from each day was 0.79, 0.74, 1.04, 0.66, 1.31, and 0.91%,

respectively.

Liquid Extraction

Eight aliquots (40 mL each) of the bulk FDMW sample were subsampled into

separate 50 mL Teflon tubes and centrifuged at 15,000 g for 15 min to pelletize

suspended solids. The clarified supernatant was transferred into a 125 mL flask without

disturbing the pellet and set aside. Estrogens adsorbed to pelletized solids were extracted

with 10 mL methanol in a 40°C ultrasonic bath for 30 min. After centrifugation at 4,000

g for 15 min, the methanol extract was combined with the aqueous portion of the sample

and set aside. The pellet was extracted once more with 10 mL of methanol for 30 min in a

40°C ultrasonic bath, and after centrifuging 4,000 g for 15 min, the methanol extract was

added to the previous supernatant and mixed thoroughly.
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Solid-phase extraction efficiency was measured each day by spiking four of the

eight aqueous-methanol supernatants with 40 ng each of 17a-estradiol, 1 7B-estradiol,

estrone, and estriol from a 1000 ng mL"
1

stock solution prepared in acetone. An

additional set (n=4) of spikes (20, 40, 60, and 80 ng of 1 7a-estradiol, 1 76-estradiol,

estrone, and estriol) was included with FDMW 5 to assess the extraction efficiency at

different spiking levels. Spiking was done after centrifugation and methanol extraction to

minimize microbial degradation of the target analytes. Extraction efficiency was

calculated by dividing the measured concentration of estrogens in the spiked sample by

the theoretically expected concentration in spiked samples and the result was multiplied

by 100.

Solid-Phase Extraction

Estrogens were extracted from the nonspiked and spiked samples using Carbograph

solid-phase extraction {47,105,164,212,213). The samples were poured into fritted

reservoirs and passed through preconditioned Carbograph SPE columns. The samples

were percolated at 5 to 10 mL min"
1

through the columns with the aid of a vacuum. Once

the sample passed through, the flasks were rinsed with 50 mL of water and the rinse was

applied to the columns. After rinsing, the reservoir was removed and the Carbograph

column was washed sequentially with 5 mL of 75% methanol acidified with 100 mmol L"

1

formic acid and 5 mL of 75% methanol. The base/neutral fraction of retained organics

that included the target estrogens was eluted with 2 mL methanol and 15 mL of 80:20

(v:v) methylene chloride:methanol into 50 mL flasks. The captured eluant was heated at

70°C under a gentle stream ofN2 until the methylene chloride evaporated. After cooling,

50 mL of water was added to the residual methanol and mixed by swirling.
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Sample Purification

To improve sample purity, CI 8 SPE was performed. The aqueous-solvent sample

mixtures resulting from Carbograph extraction were poured into reservoirs and percolated

at 5 to 10 mL min"
1

through preconditioned CI 8 columns with the aid of vacuum. After

the samples passed through, the flasks were rinsed with 50 mL of water and the rinse was

applied to the CI 8 column. When the rinse passed through, vacuum was applied to the

columns for an additional -15 min to remove excess water. A nylon syringe filter was

attached to the bottom of each CI 8 column and estrogens were eluted with 4 mL of

acetone into preweighed sample vials. The final sample volumes were adjusted by

weighing to 4.0 mL acetone, capped tightly, and stored at -20°C prior to subsampling for

EIA and GC-MS analysis.

For EIA analysis, two 100 uL aliquots (one for each EIA) of acetone were removed

from the nonspiked FDMW sample vials and placed into separate 5 mL evaporation

flasks. The remaining non-spiked sample (3.8 mL) was immediately capped and stored at

-20°C until GC-MS analysis. The 1 00 uL acetone aliquots were evaporated to dryness at

70°C under N2. The dried sample was immediately reconstituted in 1 mL of the

appropriate EIA assay buffer. The reconstitued samples were individually sonicated for

~1 min. to enhance solubilization in the assay buffer. The samples were poured into 1.5

mL microcentrifuge tubes, capped tightly, and stored at -20 °C prior to EIA analysis.

Enzyme Immunoassay Description

The Al and A2 immunoassays were selected because they have been used

previously for the quantification of 1 713-estradiol in dairy wastes (Chapter 3) (<5). Both

immunoassays use rabbit polyclonal antibodies (RPA) and have less than 5% cross

reactivity with other natural steroidal estrogens (Table 1). Each assay uses the
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competitive binding principle, whereby 1 713-estradiol and a fixed amount of enzyme

labeled-estradiol compete for RPA binding sites. However, the A2 assay uses RPAs that

are directly coated onto the microplate wells, whereas the Al microplate wells are coated

with goat anti-rabbit IgG to capture the 1 7B-estradiol-RPA complex. The alkaline

phosphatase and streptavidin-horseradish peroxidase enzyme tracers used by Al and A2

assays respectively, are commonly-used enzyme reagents for estrogen immunoassay

(159,205-207).

Each assay was performed according to the manufacturer's instructions except that

calibration standards for the A2 EIA were prepared in the substitute buffer (DSL 7401)

instead of serum by diluting a known concentration of 1 713-estradiol to six concentrations.

All standards and samples were assayed in duplicate and an average value was used to

generate standard curves and interpolate unknown sample concentrations. Microplate

washing was performed with an ELx50/8 strip washer (Bio-Tek Instruments, Inc.,

Winooski, VT) with the wash buffer reagents provided in each kit. The absorbance values

of each well were measured using an FL 600 microplate reader (Bio-Tek Instruments,

Inc.). A four-parameter logistic equation was used for all standard calibration curves

(208).

Immunoassay performance characteristics including sensitivity, standardization,

precision, and recovery of diluted and spiked samples were evaluated on both days of

wastewater analysis. Sensitivity is defined as the lowest measurable concentration of 17B-

estradiol that can be distinguished from the respective 0 pg mL"
1

calibrator (95%

confidence interval) associated with each EIA (209). Sensitivity was calculated for each
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EIA by interpolation of the mean of eight replicate samples of the respective 0 pg ml/
1

calibrator minus two standard deviatons.

Standardization accuracy refers to the ability of each EIA to yield a correct

measurement of 1713-estradiol for a known standard concentration. Standardization

accuracy (external recovery %) was measured by preparing 2500, 1250, 625, and 312 pg

ml/
1

concentrations of 1 7B-estradiol in the appropriate buffer solution for each assay.

Four values were selected to ensure accurate recovery at different interpolation points

along the standard curve. Recovery percentage at each concentration was calculated by

dividing the measured sample concentration by the known sample concentration and

multiplying the result by 100. The four resulting values were averaged to express the

average percent recovery.

Intra-assay precision refers to the within-run reproducibility of the 1713-estradiol

signal that is produced for a particular sample in an EIA. Precision was evaluated by

calculating the percent coefficient of variation (CV%) observed between duplicate

measurements corresponding to the four neat wastewater samples from each day. The

twenty resulting CV% values were averaged to express precision.

Recovery of diluted samples is a gauge of the linear relationship between 1 713-

estradiol measured in diluted samples relative to the neat samples. Dilution recovery was

evaluated by diluting one of the neat sample concentrations from each of the five FDMW

with an equal volume of the appropriate buffer solution for each assay. Dilution recovery

was expressed as a percentage by dividing the measured concentration of the diluted

sample by the theoretically expected concentration of the diluted sample, and the result

was multiplied by 100.
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Table 4-1. Description and cross reactivity oftwo enzyme immunoassay systems used for

measuring 1 7fi-estradiol in flushed dairy manure wastewater extracts.

Al A2Description

Assay principle

17B-Estradiol antibody

Matrix

Conjugate/Enzyme

Substrate

Range (pg mL'
1

)

MDL (pgmL"
1

)

Precision (CV%)
Cross reactivity (%)

17B-Estradiol

17a-Estradiol

Estrone

Estriol

Competitive

rabbit polyclonal

TBSf
E2-ALP
p-NPP
0-30,000

29

9

100

0.1

4.6

0.5

Competitive

rabbit polyclonal

DSL 7401

E2-Biotin/SHRP

TMB
0-6,000

7

4

100

0.3

1.4

1.1

tTBS, Tris-buffered saline containing proteins and detergents and sodium azide as a

preservative; E2, 1 7B-estradiol; ALP, alkaline phosphatase; SHRP, streptavidin

horseradish peroxidase; p-NPP, p-nitrophenol phosphate; TMB, tetramethylbenzidine;

MDL, minimum detection limit.

GC-MS Analysis

The GC-MS analysis of estrone, 1 7a-estradiol, 1 715-estradiol, and estriol was

performed by the University of Florida Analytical Toxicology Core Laboratory (ATCL).

At the ATCL, an additional purification of the samples was performed using CI 8 SPE

and the target estrogens were derivatized overnight with BSTFA in dimethylformamide

for GC-MS analysis. The derivatized product was taken to dryness under N2,

reconstituted in 500 uL of acetonitrile, spiked with 10 uL of pyrelene (100 ng uL"
1

;

internal standard) and transferred to an amber vial for GC-MS (electron-impact

ionization; positive ions). Analyte quantitation was performed in single ion monitoring

mode (SIM) and was conducted against a five-point standard curve (1 to 500 ng) with a

correlation coefficient >0.995. The ions selected for quantitation of the trimethylsilyl

derivatives were m/z 416 for 1 7a-estradiol and 1 7B-estradiol, m/z 342 for estrone, and m/z
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504 for estriol. A full scan chromatogram of a FDMW sample is provided in Appendix

A.

Data Analysis

The experimental design comparing GC-MS and EIA was a two-way factorial

consisting of three analytical methods X five sampling times with four sample

replications. Experimental data were analyzed using the General Linear Model program

of SAS with a separation of sample means by Duncan's multiple range test (21 0).

Results and Discussion

Extraction Method Performance

Spiked recovery of 40 ng estrone, 1 7a-estradiol, 1 76-estradiol, and estriol averaged

101, 96, 125, and 99%, respectively (Table 2). As shown in Figure 1, the net amount of

each estrogen extracted from FDMW after spiking with 20, 40, 60, and 80 ng was linear

within the range evaluated. The method precision (RSD <12%) was also very good for all

the target analytes (Table 2). Overall, the spiked recovery experiment demonstrates that

Carbograph SPE and CI 8 purification is a reliable sample preparation method for the

sensitive determination of estrogens in FDMW by GC-MS.

Table 4-2. Average recovery of spiked estrogens from five samples ofFDMW.
FDMW Estrone 1 7a-estradiol 1 7fi-estradiol Estriol

recoveryf, % (RSD)

1 92(5) 96(6) 116(5) 90(9)

2 104(5) 105 (5) 134(8) 99(9)
3 105 (2) 93 (5) 121 (2) 109(5)

4 107(7) 94(10) 139(8) 107(10)

5 98(7) 94(9) 114(8) 90(12)

avg. 101 (5) 96 (7) 125 (6) 99 (9)

FDMW, flushed dairy manure wastewater; tMean values from four replicate samples.
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Figure 4-1. Net amount of estrone, 17a-estradiol, 1 7B-estradiol, and estriol extracted from

FDMW after spiking with 20, 40, 60, and 80 ng of target analytes.
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The Carbograph-C18 extraction and purification method used in this study

compares favorably with other research involving SPE of estrogens from environmental

matrices. For example, Baronti et a\.(47) reported >86% recovery of added 176-estradiol,

estrone, and estriol from sewage influent, sewage effluent, and river water when using

Carbograph SPE. Lee and Peart (106) reported >98% recovery of added 1 7B-estradiol,

estrone, and estriol from sewage effluent by CI 8 SPE.

GC-MS Analysis

The endogenous concentration of estrogens in five samples ofFDMW determined

by GC-MS is shown in Table 3. Estrone, 1 7a-estradiol, and 17B-estradiol concentrations

averaged 879, 2282, and 643 ng L"
1

,
respectively, but estriol was not detected during five

consecutive sampling days. The absence of estriol and large abundance of 1 7a-estradiol

relative to 176-estradiol and estrone is consistent with the estrogen excretion profile of

cattle (Bos Taurus) (144,146).

Table 4-3. Estrogen concentrations in five samples ofFDMW measured by GC-MS
(n=41

FDMW Estrone 1 7a-Estradiol 1713-estradiol Estriol

ng L 1 ± SE
1 2356 ±74 2036 ±92 711 ±52 BDL
2 467 ±66 1750 ±62 525 ±42 BDL
3 650 ±22 3270 ±99 957 ±22 BDL
4 370 ±46 21 14 ±98 351 ± 17 BDL
5 551 ± 50 2239 ± 160 672 ±32 BDL
FDMW, flushed dairy manure wastewater; SE, standard error of the mean; BDL, below

detectable limits.

It is difficult to compare in a meaningful way the estrogen concentrations in

FDMW with other types of dairy waste samples because FDMW is highly dilute.

However, compared with other low solids content dairy wastes such as from holding
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ponds, estrogen concentrations in FDMW appear to be less (161). For example, Williams

(161) reported GC-MS measured concentrations of estrone, 1 7<x-estradiol and 17B-

estradiol in dairy holding ponds averaged 7595, 5185, and 3350 ng L"
1

,
respectively. As

mentioned previously, however, the detection limits associated with the sample

preparation frequently hindered GC-MS quantification of estrogens and resulted in a high

frequency of "below detectable limits" reported in several dairy waste samples (6,161).

For example, 87 and 60% of samples collected from dairy holding ponds were below the

method detection limits for 1713-estradiol and estrone, respectively (161).

Immunoassay Performance

A summary of performance characteristics associated with the EIA analysis is

shown in Table 4. Sensitivity was similar between EIAs, but somewhat greater than the

estimated 29 pg mL"
1

and 7 pg mL"
1

data provided by the Al and A2 manufacturers,

respectively. No differences were observed between assays regarding the concentration

of a known standard solution. The concentration of the stock solution was also verified

by GC-MS. Therefore, the EIAs appeared to be well standardized with each other and to

the GC-MS. The A2 assay was generally more precise than the Al assay as evidenced by

a lower CV% between replicate sample measurements. Dilution recovery demonstrated

Table 4-4. A summary of performance data resulting from the analysis of flushed dairy

manure wastewater samples by two immunoassays.

Performance characteristic Al A2_

Sensitivity (pg mL"
1

) 53 51

Standardization accuracy, n=4 (%) 95 95

Precision of replicate samples, n=20 (CV%) 26 7

Recovery of diluted samples, n=5 (%) 85 125

n= number of samples; NA= not applicable; CV= coefficient of variation.
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reasonably accurate recovery of 1 7B-estradiol at two different interpolation points

evaluated from the standard curve. Overall, the performance data suggest that each assay

was accurately calibrated and worked properly.

Immunoassay and GC-MS Method Comparison

The measured concentration of 1713-estradiol in FDMW samples differed according

to the analytical method used and day of sample collection (Figure 2). Because no

differences were observed between the GC-MS and EIAs, or between EIAs when a pure

solution of 1713-estradiol was analyzed, it seems probable that humic substances

coextracted with the estrogens from the FDMW by Carbograph-C18 SPE interfered with

the EIA measurement of 1713-estradiol by exerting a variable matrix effect. The humic

substances appeared to cause imprecision in the Al assay and a general false-negative

bias in the A2 assay.

Other researchers have reported interference during 1 713-estradiol EIA associated

with humic substances. Huang and Sedlak (73) reported that certain types ofhumic

substances extracted from surface water interfered with 1 713-estradiol EIA. They

demonstrated humic substances crossreacted with the 1 713-estradiol antibody and caused a

false-positive 1713-estradiol signal. It should be noted, however, that Huang and Sedlak

(73) tested the crossreaction in the absence of 1 713-estradiol. Therefore, any bias that

might occur during the EIA analysis of surface water samples was not clearly established.

It can be speculated that coextracted humic substances in the sample might adsorb to the

1713-estradiol in the sample solutions, thereby reducing the availability of 1 713-estradiol

for binding to the anti-estradiol antibody and causing a false-negative EIA response.

Because the Carbograph-C18 SPE procedure extracts hydrophobic molecules, including
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Figure 4-2. Apparent concentration of 1 7B-estradiol in five flushed dairy manure

wastewater (FDMW) samples measured by GC-MS and two enzyme

immunoassays. The letters (a,b,c) indicate a significance difference (a = 0.05)

between analytical methods for a particular FDMW sample. Error bars denote

standard error of the mean.

1 715-estradiol (log KoW=3.1 to 4.0) (29-31), it seems reasonable that hydrophobic

interactions between 1 7B-estradiol and the coextracted humic substances might occur.

Based on the differences observed between EIAs and between ELAs and GC-MS in

this study, caution should be used when interpreting the biological significance or

ecological risk of 176-estradiol concentrations measured by ELA. Immunoassays are

potentially valuable tools for the rapid screening of environmental samples. However, a

better understanding of the artifacts and interferences associated with highly complex and

variable matrices associated with livestock wastes is clearly needed.
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Conclusions

A new sample preparation method involving liquid and solid-phase extraction was

developed for the measurement of estrone, 17a-estradiol, 1 713-estradiol, and estriol in

FDMW by GC-MS. Recovery of each estrogen was >90% as determined by spiking

experiments. Characterization of the estrogen profile ofFDMW revealed a large

abundance of 17a-estradiol relative to 1 7B-estradiol and estrone. Estriol was not detected

in FDMW. The concentration of 1 7B-estradiol measured in FDMW by GC-MS was

compared with measurements from two EIAs. The EIA and GC-MS data agreed poorly.

The unreliable 1 7B-estradiol concentrations reported by EIA appeared to be caused by

matrix interference. Future research involving quantitative EIA should use a GC-MS or

LC-MS validation program to ensure that immunoassay data are accurate.



CHAPTER 5

PRELIMINARY DETERMINATION OF STEROIDAL ESTROGENS IN SURFACE

AND GROUNDWATER AT A DAIRY BY GC-MS

Introduction

Livestock wastes are increasingly recognized as a source of endocrine disrupting

compounds such as natural steroidal estrogens (e.g., estrone, 17a-estradiol, 176-estradiol,

and estriol) to surface and groundwater resources (1-5,7,8). Estrogens are an

environmental concern because low part per trillion concentrations (10 to 100 ng L" ) in

water can adversely affect the reproductive biology of aquatic vertebrate species

including fish, frogs, and turtles (9-13,139). A number of studies have demonstrated the

sensitivity of fish to estrogen exposure. For example, Metcalfe et al. (139) reported that

Japanese medaka (Oryzias latipes) fish developed intersex (testis-ova) or suffered

complete sex reversal when exposed to either 1 7fi-estradiol (-10 ng L*
1

) or estrone (-10

ng L"
1

) in the laboratory. Panter et al. (11,12) reported that 176-estradiol concentrations in

water >30 ng L"
1

for 21 d can induce vitellogenin synthesis and abnormal testicular

growth in male fathead minnows (Pimephales promelas).

At present, little is known about the potential harm, if any, to fish and wildlife

caused by estrogens originating from livestock wastes. However, Irwin et al. (13)

reported that vitellogenin production by female painted turtles (Chrysemys picta) in

ponds was significantly affected by estrogens in beef cattle runoff compared with turtles

in ponds unexposed to beef cattle runoff. Although biological studies of estrogen

contamination of water resources by livestock wastes have not been widely investigated,

65
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some researchers have reported alarming concentrations of 176-estradiol in manure-

impacted surface and groundwater. For example, Nichols et al. (4) reported 176-estradiol

concentrations <1280 ng L'
1

in runoff from a poultry litter amended soil. Peterson et al.

(201) reported 1713-estradiol concentrations <66 ng L"
1

in five springs of northwest

Arkansas (a major poultry and cattle production region).

The potential contamination of water resources by steroidal estrogens originating

from livestock production facilities is an issue that warrants careful attention. However,

the accurate measurement of steroidal estrogens in environmental samples is a diffult task

due to the low ng L"
1

concentrations that must be measured and the chemical complexity

of samples resulting from the extraction of surface and groundwater (6,47,103). A

number of researchers have used enzyme-immunoassay (EIA) techniques to measure the

occurrence of 1 7fi-estradiol in manure-impacted waters (3,4,201,214). However, previous

work showed that EIA results can be inaccurate due to coextracted matrix interferences

(Chapter 3, Chapter 4). Even if EIA's can be validated, they are usually specific for a

single analyte such as 17B-estradiol. This is a limitation because other steroidal estrogens

such as estrone, 1 7a-estradiol, and estriol may also affect water quality. Therefore, more

conclusive measurement techniques such as gas chromatography-mass spectrometry

(GC-MS) or liquid chromatography-mass spectrometry (LC-MS) are preferable to EIA.

In Chapter 4, a new method was developed for the measurement of estrogens in flushed

dairy manure wastewater. The objective of this study was to determine if the procedure

could be adapted for the analysis of surface and groundwater, so a preliminary method

was developed and a survey experiment was performed.
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Materials and Methods

Chemicals and Reagents

Estrone, 17a-estradiol, 1 713-estradiol, and estriol were purchased from Sigm-

Aldrich (St. Louis, MO). Methanol (HPLC-grade), methylene chloride (HPLC-grade),

acetone (Optima grade), water (HPLC-grade), and formic acid (ACS-grade) were

purchased from Fisher Scientific (Pittsburgh, PA). Sample reservoirs (75 mL), filtration

frits (-20 p.m), 500 mg Carbograph (graphitized carbon) solid-phase extraction (SPE)

columns, 1000 mg CI 8 (octadecylsiloxane-bonded silica) high-flow SPE columns, and

nylon syringe filters (13 mm, 0.2 um) were purchased from Alltech Associates

(Deerfield, IL). Immediately prior to use, the Carbograph columns were conditioned

sequentially with 10 mL methylene chloride:methanol (80:20 v:v), 5 mL methanol, and

10 mmol L"
1 HC1 acidified water pH 2) and the CI 8 columns were conditioned

sequentially with 5 mL acetone and 5 mL water.

Sample Collection

Surface water and groundwater were collected from the University of Florida Dairy

Research Unit (DRU) located near Hague, FL. Sampling coordinates and chemical

characteristics of the water samples are provided in Appendix B. Bulk grab samples (4 L)

of surface water were collected on 1/29/04 from four locations designated SW1, SW2,

SW3, and SW4, respectively. Of the four sampling locations, only SW4 was directly

impacted by a small herd (-25) of grazing cattle that was not fenced from the stream. The

SW3 sampling location was less than 10 m from the pit that collected flushed dairy

manure wastewater. The SW2 location was ~1 km downstream from SW 3 and was

collected at the intersection of county road 237. The SW1 location was associated with

row crops and was also collected at the intersection of county road 237.
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Bulk grab samples (4 L) of groundwater were collected on 2/2/04 from four wells

less than 6 m deep that were designated GW1, GW2, GW3 and GW4, respectively. Of

the four groundwater sampling locations, the most likely to be directly contaminated was

GW4 because it was near the confinement facility and the flushed dairy manure

wastewater holding pit. The GW1 well should represent background groundwater

concentrations since it was near a wooded area that did not support cattle grazing or

receive land-application of manure. The GW2 well was associated with a sprayfield that

received regular applications ofFDMW. The GW3 well was associated with fallow land

that did not receive applications of dairy waste. After collection, all water samples were

transported on ice in less than 2 h to the laboratory in Gainesville, FL and extracted

immediately.

Filtration and Spiking

Bulk water samples were passed through a 20 um filter to remove suspended

particulate matter. Each filtered sample was subsampled (200 mL) four times into

separate 250 mL flasks. To measure extraction efficiency, four additional 200 mL

aliquots ofSW1 and GW1 were collected from the bulk filtered samples and spiked with

40 ng each of estrone, 17a-estradiol, 171i-estradiol, and estriol. Spiking was done after

filtration to minimize microbial degradation of the target analytes. Extraction efficiency

was calculated by dividing the measured estrogen concentration of the spiked sample by

the theoretically expected concentration in spiked samples and the result was multiplied

by 100.

To assess the potential GC-MS signal interference, four additional 200 mL aliquots

ofSW1 and GW1 were collected from the bulk filtered samples and processed

simultaneously. Extraction efficiency and the potential for GC-MS interference was also
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evaluated using HPLC water that was processed in the same manner as the surface and

groundwater samples.

Extraction

Estrogens were extracted from all water samples using Carbograph SPE columns

{47,105,164,212,213). The samples were percolated at a rate of 10 to 20 mL min"
1

through the Carbograph with the aid of vacuum. Once the sample passed through, the

flasks were rinsed with 50 mL of water and the rinse was applied to the columns. After

the rinsing, the Carbograph column was washed sequentially with 5 mL of 75% methanol

acidified with 100 mmol L"
1

formic acid and 5 mL of 75% methanol. The base/neutral

fraction of retained organics that included the target estrogens was eluted with 2 mL

methanol and 15 mL of 80:20 (v:v) methylene chloride:methanol into 50 mL flasks. The

captured eluant was heated at 70°C under a gentle stream ofN2 until the methylene

chloride evaporated. After cooling, 50 mL of water was added to the residual methanol

and mixed by swirling.

Sample Purification

To improve sample purity, CI 8 SPE was performed. The aqueous-solvent sample

mixtures resulting from Carbograph extraction were percolated at a rate of 5 to 10 mL

min"
1

through preconditioned CI 8 columns with the aid of vacuum. After the samples

passed through, the flasks were rinsed with 50 mL of water and the rinse was applied to

the CI 8 column. When the rinse passed through, vacuum was applied to the columns for

about 15 min to remove excess water. A nylon syringe filter was attached to the bottom

of each CI 8 column and estrogens were eluted with 4 mL of acetone into preweighed

sample vials. The final sample volumes were adjusted by weighing to 4.0 mL acetone,

capped tightly, and stored at -20°C prior to GC-MS analysis.
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GC-MS Analysis

The GC-MS analysis of estrone, 1 7a-estradiol, 1 7B-estradiol, and estriol was

performed by the University of Florida Analytical Toxicology Core Laboratory (ATCL).

At the ATCL, an additional purification of the samples was performed using C18 SPE

and the target estrogens were derivatized overnight with BSTFA in dimethylformamide

for GC-MS analysis. The derivatized product was taken to dryness under N2 ,

reconstituted in 500 uL of acetonitrile, spiked with 10 uL of pyrelene (100 ng uL'
1

;

internal standard) and transferred to an amber vial for GC-MS (electron-impact

ionization; positive ions). The four samples ofSW1 and four samples ofGW1 that were

designated for evaluating GC-MS interference were spiked with 40 ng each of estrone,

17a-estradiol, 1 7B-estradiol, and estriol. Interference of the GC-MS signal at the

particular spiking concentration was expressed as a recovery percentage by dividing the

measured estrogen concentration of the spiked sample by the theoretically expected

concentration in spiked samples and the result was multiplied by 100. Analyte

quantitation was performed in single ion monitoring mode (SIM) and was conducted

against a five-point standard curve (1 to 500 ng) with a correlation coefficient >0.995.

The ions selected for quantitation of the trimethylsilyl derivatives were m/z 416 for 17a-

estradiol and 1 76-estradiol, m/z 342 for estrone, and m/z 504 for estriol. A full scan

chromatogram of a surface and groundwater sample is provided in Appendix A.

Results and Discussion

Interference

A positive interference of the GC-MS signal was observed at the 40 ng spiking

level for each of the target estrogens in all types of water samples evaluated (Table 1).

The interference was particularly significant for estrone, ranging from 180 to 287%. The
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cause of the observed interference is unknown. However, considering that the problem

was noted in HPLC water as well as the surface and groundwater samples, it seems likely

that the problem was more of an instrumentation issue rather than a problem with sample

purity. It cannot be ruled out, however, that trace amounts of substances in the HPLC

water, solvents, or possibly from the glassware or SPE columns caused or contributed to

the signal interference. More work is needed to resolve the source of the interference and

to take steps towards eliminating the problem or make use of suitable calibration samples.

Table 5-1. Interference observed with the GC-MS analysis of spiked water samples.

Surface water Groundwater HPLC water

Analyte frecovery % RSD recovery % RSD recovery % RSD

Estrone

1 7a-estradiol

176-estradiol

Estriol

287

150

137

146

6

20

15

14

180

161

140

151

18

14

14

18

201

158

127

145

27

19

11

23

fMean values from four replicate samples; RSD, relative standard deviation.

Extraction Method Performance

In light of the interference observed for each of the signals associated with the

target analytes, the extraction efficiency has to be evaluated in a manner that takes into

account the contribution of the interference. Thus, to estimate extraction efficiency, the

recovery calculations were adjusted downward in proportion to the interference observed

for each target analyte in each matrix. The estimated recovery of estrogens spiked into

water samples was >77% for each target analyte (Table 2). Method precision was also

very good; RSD was <16% for all the target analytes. The spiked recovery experiment

demonstrated that Carbograph SPE and CI 8 purification is likely an efficient sample

preparation method for the GC-MS analysis of steroidal estrogens in surface and
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Table 5-2. Estimated recovery of estrogens added to water samples.

Surface water Groundwater HPLC water

Analyte trecovery% RSD recovery % RSD recovery % RSD

Estrone 99 9 88 7 92 5

17a-estradiol 100 10 90 12 94 8

176-estradiol 99 7 87 9 91 5

Estriol 98 9 77 16 85 8

fMean values from four replicate samples; RSD, relative standard deviation.

groundwater, but that more work needs to be done to resolve interference so that the

method can be validated. The extraction efficiency reported here compares favorably

with a number of reports involving SPE of estrogens from natural waters. For example,

Lagana et al (105) reported >82% recovery of added 1 713-estradiol, estrone, and estriol

from 1 L of both groundwater and river water.

Survey of Surface and Groundwater

Except for the surface water sample collected from the highly impacted site (SW4)

and the groundwater sample collected from the non-impacted location (GW1), estrogens

were either not detected or were below the limits of quantitation in the water samples.

Estrone measured 60 ng L"
1

in both the SW4 and GW1 samples. However, considering

the significant amount of interference that was observed with estrone, it seems likely that

the measured concentrations of estrone are inaccurate. If estrone was present in the

samples from the impacted site, concentrations were not larger than the concentrations

measured in the nonimpacted groundwater. Clearly, the survey of surface and

groundwater at the dairy suggests that manure-borne estrogens were not grossly affecting

the water quality at the time of sampling. This suggestion appeared true even for

locations where cows directly impacted the surface water. Refinement of the current

method and a more extensive survey of the waters at the dairy is needed to provide
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definitive proof of any estrogen contamination at the site investigated. However, the

result that no measurable estrogen concentrations were found in the surface or

groundwater water is consistent with previous research that has demonstrated rapid

dissipation of estrogens in soil, sediment, and water due to biodegradation and sorption

(64,168).

Few studies have measured estrogen concentrations in manure-impacted waters by

GC-MS for comparison with the current results. However, Fine et al. (103) measured

estrogens in groundwater monitoring wells at a few swine farms. They detected a

measurable amount of estrone (4.5 ng L"
1

) in only one groundwater sample that was

collected from a shallow well adjacent to a stock tank for watering cattle. The authors did

not clearly indicate if the contamination was due to leakage from swine lagoons or from

cattle excretion, but nevertheless, a small concentration of estrone was detected in the

groundwater. Kolpin et al. (200) reported estrogen concentrations <200 ng L"
1

in a

network of 139 streams in 30 states impacted by urban and livestock wastes. In general,

however, estrogens occurred infrequently in the majority of the samples tested. For

example, estrone, 1 7a-estradiol, 17B-estradiol, and estriol concentrations were reported in

only 7, 6, 10, and 21% of 70 stream water samples measured.

Conclusions

A method development and survey experiment was conducted for the purpose of

measuring estrogens in surface and groundwater by GC-MS. During method

development, it was found that interference affected GC-MS quantification of estrogens

in surface and groundwater. However, the sample preparation method used appeared

promising because, after accounting for interference, excellent extraction efficiencies

(>77%) with low RSD (16%) were observed. A survey of surface and groundwater at a
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dairy farm for estrogens revealed that estrone may have been present in stream water that

was directly impacted by cattle, but that estrone concentrations did not exceed the

concentration of estrone detected in a sample of groundwater from a non-impacted

location. Measurable amounts of 17a-estradiol, 1713-estradiol, or estriol were not found in

any of the water samples tested. Therefore, estrogens of livestock origin do not appear to

be grossly affecting the water quality at the dairy farm studied. Further refinement and

validation of the method is needed for more conclusive studies of estrogens in manure-

impacted surface and groundwater.



CHAPTER 6

SUMMARY AND CONCLUSIONS

The accurate measurement of steroidal estrogens in environmental matrices such

as flushed dairy manure wastewater (FDMW), surface water, and groundwater is a

difficult task. Liquid extraction of 1 713-estradiol from FDMW with ether and analysis by

three different enzyme immunoassays revealed that matrix interference significantly

affected the accuracy of one or all of the assays. The complexity of the ether extracts

prevented comparison of the immunoassay data with gas chromatography-mass

spectrometry (GC-MS). Based on the results, a more extensive sample preparation

method involving chromatographic purification was deemed necessary so that estrogens

could be measured by GC-MS.

A new method based on liquid and solid-phase extraction was developed that

enabled ng L"
1

measurements of four endogenous estrogen hormones (estrone, 17a-

estradiol, 1 713-estradiol, and estriol) in FDMW by GC-MS. Three estrogens were present

at measurable concentrations in FDMW including estrone, 1 7a-estradiol, and 176-

estradiol. The GC-MS measured concentrations were compared with the results oftwo

immunoassays. Neither immunoassay provided data that consistently agreed with GC-

MS. The poor agreement was attributed to matrix interference that appeared to be

associated with coextracted humic substances.

To address concerns regarding the possible estrogen contamination of surface and

ground water at a dairy, the new method was adapted for water samples and a survey

experiment was conducted. During method development, it was found that interference

75
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affected GC-MS quantification of estrogens in water samples. However, the sample

preparation method appeared promising because, after accounting for interference,

excellent extraction recoveries were observed. Measurable concentrations of 17a-

estradiol, 1713-estradiol, or estriol were not found in surface or groundwater at the dairy.

Some estrone was detected in stream water that was directly impacted by cows. However,

a similar concentration of estrone was also measured in groundwater from a non-

impacted location. Further refinement and validation of the method is needed for more

conclusive studies of estrogens in manure-impacted water.

In conclusion, this study addressed three areas of critical research needs: 1) the

development and validation of a sensitive and flexible method for measuring estrogens in

dairy wastes by GC-MS, 2) the characterization of the estrogen profile of a particular

type of dairy waste (e.g., FDMW), and 3) method development for the analysis of

estrogens in dairy waste-impacted surface and groundwater. Future research should work

towards standardization of sample preparation and analytical methods for measuring

estrogens in environmental matrices. If immunoassays are to be used for measuring

estrogens in environmental samples, then more work needs to be done to resolve

interferences from humic substances to ensure that the results are valid. Future research

should also include the measurement of the glucuronide and sulfate conjugates of

estrogens. The sample preparation method developed in this study should be adaptable to

conjugated estrogens, except that a hydrolysis procedure is required prior to GC-MS

analysis. Many types of dairy wastes (e.g., separated solids, holding ponds,

anaerobically-digested FDMW) need to be characterized so that estrogen concentrations

associated with manure handling and storage practices can be evaluated. The sample



77

preparation method used in this study should be adaptable to the analysis of other dairy

waste samples. More extensive surveys of impacted and nonimpacted surface and

groundwater resources are needed to determine if manure-borne estrogens affect water

quality or adversely affect exposed organisms. The incorporation of bioassay methods in

water quality surveys and/or studies offish and wildlife collected from manure-impacted

sites may help determine if estrogen contamination ofwaterways is a biological or

ecological concern. Future experiments should be designed to evaluate the degradation

and sorption of estrogens in manure, soil, and water. Again, the methods developed in

this study should provide a solid foundation for these future research endeavors.



APPENDIX A
GC-MS CHROMATOGRAMS

280000

260000

240000

220000

200000

180000

0
O
C 160000

o
§ 140000

120000

100000

80000

60000

40000

20000

r

. I
i i

I I I
|

, I" I '

.
'

)

'!'
, i .

i

TTT-T-j ii.. v , n , . . .
!

. . i
(

. i I .

!
. . i c

| I I . i
| I I .

!
I I I I

|

i i i
|

i i

7.00 BOO 9.00 10.00 11.00 12.00 13.00 14.00 15.00 16.00 17.00 18.00 19.00 20.00 21.00

Time (minutes)

Figure A-l. GC-MS (full scan) chromatogram of the 25 ng calibration standard.

78



79

480000|

o
c
03

T3
C

<

440000

«C'JD0

380000

36COO0

340000

320000

300000

280000

260000

240000

220000

200000

180000

IfiOOOO

140000

120000

100000

8O0O0

60000

40000

20000

0
'00 8 00 BOO 10*00 11 00 1200 IlioO t5T*5SZ 1«!00 17!00 18.00 1«!oO 20M 2100

Time (minutes)

Figure A-2. GC-MS (full scan) chromatogram of a non-spiked flushed dairy manure

wastewater sample.



80

600000

650000

600000

450000

400000

350000

300000

250000

200000

150000

100000

50000

O '
i i i

i

<
—

1
'

i

-
'

1 '
'I

I I
I
I'M I II I I || II I I

|

7.00 8.00 9.00 10.00 11.00 12.00 13.00 U.00 1Si00 1&00 17jX> 1100 19.00 20.00 21.00

Time (minutes)

Figure A-3. GC-MS (full scan) chromatogram of a non-spiked HPLC water sample.



81

460000

460000

440000

420000

400000

380000

360000

340000

320000

300000

280000

260000

240000

220000

200000

180000

160000

140000

120000

100000

80000

60000

40000

20000

0 I I
I

I I . I ' " '
I
" " i

1 ' ' ' '
I
" ' '

I |
' i l

|
T->TT-»-| V I > l f*-F

7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 16 00 17.00 18.00 19.00 20.00 21.00

Time (minutes)

Figure A-4. GC-MS (full scan) chromatogram of a non-spiked groundwater (GW1)
sample.



82

CD
O
c
COo
c
=3

X)
<

480000

460000

440000

420000

400000

330000

360000

340000

320000

300000

280000

260000

240000

220000

200000

180000

160000

140000

120000

100000

80000

60000

40000

20000

0'-
i

1 1
i

i i i i
i

1 1 1 '
I i

. . . M i i i i
i

i i i i

!
i V ' ' 1 1 7 1 r

'T '

7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 16.00 17 00 18.00 19.00 20.00 21 00

Time (minutes)

Figure A-5. GC-MS (full scan) chromatogram of a non-spiked surface water (SW1)

sample.



APPENDIX B
SAMPLING LOCATIONS AND WATER CHARACTERISTICS

Table B-l. Coordinates of the surface and groundwater sampling locations.

Latitude Longitude

SW1 N 29° 46.505' W 82° 25.294'

SW2 N 29° 46.669' W 82° 25.298'

SW3 N29° 46.816' W 82° 24.959'

SW4 N29° 48.014' W 82° 24.939'

GW1 N29° 46.253' W 82° 24.668'

GW2 N29° 47.395' W 82° 25.223'

GW3 N29° 47.321' W 82° 25.588'

GW4 N29° 46.845' W 82° 24.932'

SW, surface water; GW, groundwater.

Table B-2. Selected chemical characteristics of surface and groundwater sampled at the

University of Florida Dairy Research Unit.

pH EC TOC P04-P NH4-N NO3-N

uS cm'
1 mg L-'

SW1 8.02 522 31.18 4.77 8.44 0.07

SW2 8.50 335 13.83 0.30 0.04 4.08

SW3 8.32 370 15.36 0.47 3.58 1.28

SW4 7.60 394 48.72 1.13 39.41 <0.03

GW1 7.34 195 5.82 <0.03 0.05 O.03

GW2 7.17 356 3.47 O.03 0.08 1.61

GW3 7.21 160 2.79 0.39 <0.03 4.53

GW4 8.06 257 2.39 O.03 0.08 0.24

EC, electrical conductivity; TOC, total organic carbon; SW, surface water; GW,
groundwat er.
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Figure B-l. Map of surface water (SWo) and groundwater (GW») sampling locations

the University of Florida Dairy Research Unit.
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