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ABSTRACT 

Steroid hormones confer biological activity to effluents of wastewater treatment plants 

(WWTPs). The occurrence of estrogen and androgen hormones in addition to their biological 

effects in the environment have been widely studied and there is a growing consensus that 

mixtures of steroid hormones; albeit at low ng L-1 concentrations, lead to endocrine disruption in 

some aquatic organisms. These mixtures may also be influenced by the contributions of synthetic 

estrogens and androgens, which may display either additive or antagonistic activity.  

In order to measure the ability of a single compound, or complex mixture to influence the 

function of estrogenic or androgenic signaling pathways bioassays are used. Most commonly, 

these tests are in vitro and may quantify the ability of a compound to bind and/or (in) activate the 

steroid receptors.  Two commonly used bioassays for estrogenicity detection are the Yeast 

Estrogen Screen (YES) and the E-Screen assay. The Yeast Androgen Screen (YAS) is commonly 

used to measure androgenic activity. The yeast (Saccharomyces cerevisiae) are genetically 

transformed and express either the human Estrogen Receptor (ER) or Androgen Receptor (AR), 

and contain Estrogen or Androgen Responsive Elements (ERE/ARE) and Lac Z reporting 

plasmids. Once the receptors become activated, β-Galactosidase is secreted into the assay medium 

and the level of β-Galactosidase secretion relates to the estrogenicity or androgenicity of the 

sample tested.  

Due to its simplicity and the moderately fast assay time, the YES and YAS are commonly 

used assays in the analysis of complex mixtures to identify the major contributors to both 

estrogenic and (anti)-androgenic activity in environmental water. The effect directed approach 

combines both chemical methods and bioassays in a chemical fractionation scheme that is 

directed by the bioassays. In order to confirm the identity of the key contributors, it is important 

to compare the biological activities that are calculated from the concentrations of the identified 
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hormones (given their individual biological responses) and the total biological activity measured 

through the use of bioassays, Equation 1.  

                                                                             (1) 

where Cn is the concentration of the nth mixture constituent, RP is the relative (estrogenic or 

androgenic) potential of the nth mixture constituent as determined in the bioassay, and IEQ is the 

estimated total induction equivalent concentration of the mixture by chemical methods. Cs and 

RPs represents the concentration and relative potential of a standard compound respectively. 

Agreement between the chemically and biologically derived IEQs means that the major 

contributors to the biological effect have been successfully identified. However, the biological 

assays measure the contribution of additive, antagonistic and synergistic activity in the mixture; 

therefore, the biologically derived IEQs represent the net biological activity. Chemical methods 

are unable to predict these interactions and as such the result of the concentration addition (CA) 

approach (Equation 1) is often inconclusive and suggestive of interacting components.  An 

interaction model that can estimate the net biological activity of a mixture from the concentrations 

of individual mixture constituents (chemical methods) is thus necessary. 

An interaction model that combines both the relative potential as well as the interaction 

index in a parameter called aRP was developed. The aRP is defined by Equation 2 and is used 

similarly to the CA approach, Equation 3. 

 

                                                                                                                                  (2) 

                                                                       (3) 

  

The aRP can be calculated for any nth mixture constituent by measuring the degree to 

which the mixture components altered the activity of the standard and assessing those changes as 

a function of mixture ratios. The interaction method was validated using a mixture of testosterone, 



	   	  

iv	  

with two anti- androgens, di-n-butyl phthalate, and bisphenol A in the YAS. Mixtures of 17β-

estradiol, estriol, 17α-dihydroequilin and di-n-butyl phthalate were evaluated in the YES assay. 

Using Equation 3 the net estrogenic and androgenic activity of the mixtures was estimated. There 

was a significant improvement over the CA based approach in Equation 1. Overall, in 24 out of 

32 mixtures tested there was no significant difference between the aRP and observed responses. 

Large percent errors were observed in the CA model, particularly when the proportion of 

antagonists was high as the CA model tended to over-predict the responses. On the contrary, only 

two aRP model predictions exceeded 50% error. Risk assessors should use the CA model with 

caution as it could over-predict biological responses and an alternative approach such as the aRP 

model could be used. In this regard, a database of aRP values for identified 

antagonistic/synergistic compounds could be assembled and estimations of biological activity 

could be made using these aRP values.  The aRP interaction model could also be used to provide 

fundamental understanding to the behavior of the constituents in a complex mixture. 

 
 Although the interaction model presented may account for possible deviations from 

additivity in environmental mixtures, predictions of mixture effects may be complicated by matrix 

interferences. In this regard, a sensitive bioassay; such as the E-Screen, which is capable of 

detecting concentrations as low as 0.27 ng L-1 of 17β-estradiol equivalents is beneficial. However, 

one major drawback to the E-Screen assay is the 6-day analysis time. In order to maintain the 

sensitivity of the assay and reduce the analysis time, Fourier Transform Infra-red Imaging 

Spectroscopy (FT-IRIS) was used to probe the bio-molecular level events that occur in single 

cells prior to a detectable response in cellular proliferation.  The investigation revealed that 

changes occur on the sub-cellular level at 48-hours after incubation which are comparable to the 6 

day E-Screen responses (Pearson R = 0.978). The FT-IRIS response appears to be due to the 
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increase in mucins which are known to play a role in cellular signaling and proliferation. The 

EC50 values for the E-screen and FT-IRIS assay were 2.29 and 2.56 ppt respectively, indicating 

that the molecular changes, which are observed at the single cell level using FT-IRIS, are 

reflective of physiological changes that are observed as the cell population responds to 17ß-

estradiol. The study indicates that sophisticated imaging and microscopy techniques such as FT-

IRIS may play a role in environmental bio-analytical methods. 
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CHAPTER 1 

ENDOCRINE DISRUPTING CONTAMINANTS IN THE ENVIRONMENT AND THE 

RELEVANCE OF MIXTURES 

1.1 Introduction 

The realization that anthropogenic compounds can interact and interfere with the normal 

function of the endocrine system began in the mid 1900’s1. One of the first and most notable 

reports on the impacts of endocrine disrupting compounds (EDCs) on reproductive development 

in wildlife was presented by Rachel Carson in her 1962 book called book ‘Silent Spring’2, 3. In the 

book, Carson documents the thinning of eggshells, and the subsequent decline in the bird 

populations as a result of exposure to DDT (a widely used pesticide at that time) that mimicked 

the activity of natural estrogens and altered the sensitive balance in the endocrine system. The 

estrogenic effects of DDT have since been documented3, 4. Similar interferences to the endocrine 

system have been observed in many different forms of wildlife, with implications for the effect on 

humans5-7. Very recently, growing concerns over the intersex condition in fish, together with the 

rapid advancement in analytical methods for detecting very low concentrations of pollutants have 

spurred vast efforts towards identifying the major endocrine disrupting agents in the environment. 

However, given the complexity of the issue at hand, these identification strategies tend to be 

challenging, and several fundamental questions often arise. Pertinent issues such as environmental 

fate and transport, mixture interactions, low concentration effects and whole organism responses 

may present themselves. Therefore, the intersection of environmental engineering, chemistry, 

biology and toxicology becomes necessary for a holistic approach to solving the problems posed 
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by endocrine disruption.  This multi-disciplinary approach presents a unique challenge to the 

issue of pharmaceuticals in the environment. 

The main objective of this chapter is to review the history of endocrine disruption in the 

environment and put the scientific findings into prospective with the objective of identifying 

future research needs. In order to gain scope of the problem at hand, the discussion will describe 

the fate and transport of endocrine disrupters in both natural and engineered systems with the aim 

of assessing the removal of endocrine disrupting effects. It is hoped that the reader will appreciate 

the complexity of the task that is being addressed and the importance of answering fundamental 

questions regarding chemical interactions. 

 

1.2 The environmental relevance of the steroid hormones 

 Steroid hormones are released into the environment and potentially cause adverse effects. 

Of these hormones, estrogens and androgens have been widely investigated. However, the 

glucocorticoids, mineralocorticoids, and progestogens are also a cause of environmental concern. 

An understanding of the physiological role of these compounds is necessary in order to anticipate 

some of the biological effects that they can trigger in the environment. The following briefly 

discusses their natural function in living organisms as well as gives some insight into their 

occurrence and effects in the environment. 

1.2.1 Estrogens - Estrogens are hormones that are involved in the development and function of 

female reproductive system. They are particularly involved in regulation and maintenance of the 

menstrual cycle, pregnancy and lactation. Some environmental contaminants are able to influence 
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the normal function of estrogen specific responses such as estrogen receptor activation. Such 

contaminants, which are not naturally produced by the organism but cause these effects are said to 

be estrogenic. Natural estrogens include 17β-estradiol, estrone, and estriol. However, one of the 

most potent estrogens (ethinyestradiol) is of synthetic origin and has a higher potency than 

endogenous estradiol. Ethinylestradiol (EE2) was designed such that it bound strongly to the 

estrogen receptor and regulated its activity, a key function of its use in the contraceptive pill8. 

Although the biological activity of EE2 may be anticipated by its physiological role, that of other 

xenoestrogens such as nonylphenol and bisphenol A were not expected. Several studies have 

highlighted the potential adverse effects of bisphenol A in vitro and in vivo.  Additionally, due to 

the ability of the estrogen receptor to accommodate and be activated by compounds of varying 

structures, the occurrence of xenoestrogens is high, and the predictability of estrogenic activity 

based on chemical structure is low9. As such, rapid biological screening methods, or bioassays, 

have been developed to assess the potential for a chemical to display estrogenic activity either as   

single chemical or in a complex mixture. The most commonly detected estrogen hormones in 

effluents are 17β-estradiol (E2), and estrone (E1) with concentrations of 0.4-4.3 ngL-1 and 0.4-12. 

ngL-1 respectively10. In a 2003 study by Williams et al.10, ethinylestradiol was sporadically 

detected in effluent at 0.8- 2.8 ngL-1 and was detected in 21 out of 135 river water samples at a 

maximum of 4.6 ngL-1. In the same study E2 was not detected in the river samples and the 

concentration of estrone ranged from 0.32- 2.12 ngL-1. In spite of these low ngL-1 environmental 

concentrations, reproductive challenges in fish are associated to the presence of estrogens11. 

1.2.2 Androgens - Androgens are hormones that are involved in the development and function of 

the male reproductive system. Similar to estrogens, some environmental contaminants alter the 
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normal function of androgen specific responses such as androgen receptor activation. Such 

contaminants are said to be androgenic. However, unlike the estrogen receptor, the androgen 

receptor is not so promiscuous and there are few reported cases of xeno-androgenic activity12. 

Nonetheless, the androgen receptor plays a crucial role in endocrine disruption as it is more 

commonly antagonized by environmental contaminants. This indicates that the suppression of 

male sexual characteristics, leading to de-masculanization may in part be attributed to anti-

androgenic activity. The feminizing effect of estrogens also contributes to this phenomenon 8, 13.  

Anti-androgens or androgen antagonists include several environmental estrogens such as 

bisphenol A, o,p'-1,1,1,-trichloro-2,2-bis(p-chlorophenyl) ethane (DDT), 1-dichloro-2,2-bis(p-

chlorophenyl) ethylene (DDE), the fungicide vinclozoline, n-butyl benzyl phthalate, and di-n-

butyl phthalate12, 14. A toxicity identification analysis of bile of fish exposed to wastewater 

treatment effluents revealed that dichlorophene and di(chloromethyl)anthracene were present and 

showed anti-androgenic activity as determined by the yeast androgen screen.  However, these 

compounds could not account for the total anti-androgenic activity of the fish bile, indicating that 

there were other compounds which contributed to the effect15. Hill et al.15, indicated that 

dichlorophene may be a metabolite of bis(chlorophenyl)methane, and it may be present in 

influents and effluents due to use in cosmetics, foot sprays , shampoos, and the treatment of 

fabrics. Di(chloromethyl)anthracene is a chlorinated polycyclic hydrocarbon (ClPAH) which was 

formed possibly from the incineration of municipal industrial wastes or recycling of electronic 

wastes. They may also be formed by the disinfection of waters. Natural androgens such as 

testosterone, androstenedione, have been detected in water treatment effluents. Chang et al.16 

investigated the concentrations of these androgens in the effluents of 7 wastewater treatment 
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plants and observed that both testosterone and androstenedione were detected in all effluents, 

ranging from 0.2-1.2 ngL-1 for testosterone, and 4.5-12 ngL-1 for androstenedione. 

 

1.2.3 Progestogens – Progestogens can be defined as hormones that produce effects that are 

similar to progesterone, the only natural progestogen. All synthetic progestogens are referred to as 

progestins. The main physiological role of progestogens is in the regulation of the menstrual 

cycle, and pregnancy as well as embryogenesis. Progestins are often used in association with 

estrogens for contraception8, 17. Given their occurrence in the environment and ability to act 

through the progesterone receptor (PR) as well as the estrogen (levonorgestrel, tibolone, and 

many progestin metabolites), androgen (cyproterone acetate, antagonist), glucocoticoid, and 

mineralocorticoid receptors, progestins have been identified as possible endocrine disruptors. In 

particular, in some fish progestins control spawning behavior and they may therefore alter the 

reproductive behavior of these organisms. The concentrations of progestins found the 

environment are similar to those for estrogens and androgens; that is low ngL-1. Norethisterone 

and levonorgestrel were found between <0.2 – 17.4 ngL-1 and <0.2 – 4 ngL-1 respectively in 

wastewater effluents.  In a separate study the surface water concentrations were determined as 2.8 

and 5.3-7 ngL-1 respectively17. 

 

1.2.4 Corticosteroids (Gluco and mineralocorticoids) – Corticosteroids are physiologically 

important for the regulation of stress, immune response, inflammation and metabolism, and the 

maintenance of electrolyte and water balance18. There are mainly two types of corticosteroids, 

glucocoticoids, and mineralocorticoids. The latter of which is mainly involved in maintaining 
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electrolyte and water balance. In humans aldosterone functions as the primary mineralocorticoid 

however, fish lack this hormone and cortisol displays both gloco and mineralocorticoid activity19. 

Corticoids are largely prescribed. Cortisone, corticol, prednisolone, prednisone, and 

dexamethasone are usually used to treat inflammatory diseases, allergies, asthma, and arthritis. 

They are also used in the veterinary field. Similar to other classes of steroidal hormones they are 

excreted in urine and can be detected at low concentrations in wastewater effluents and surface 

waters. A 2007 study by Chang et al.18 detected concentrations of prednisolone, cortisone, and 

cortisol in wastewater effluent at concentrations of 0.47-0.72 ngL-1, 0.13- 0.58 ngL-1, and 0.25- 

1.9 ngL-1 respectively. Levels detected in the river water for the same compounds were 0.03-0.64 

ngL-1, 0.06-0.42 ngL-1, and 0.08- 3.4 ngL-1 respectively. However, the author indicated that there 

might have been occasional discharge of untreated wastewater into the river. Teleost fish contain 

two glucocorticoid and one minerolocorticoid receptor through which the corticosteroids may act. 

It has been demonstrated that glucocorticoids cause an increase in plasma glucose concentration 

and a decrease in leucocytes after exposure of fish to 1 µgL-1 of prednisolone or 

beclomethasone19. The no effect concentrations of these contaminants and the combined effect of 

glucocorticoids were not determined in this study. 

 Given the different classes of steroids and the different physiological mechanisms that 

may be altered by the occurrence of these compounds in the environment, it is important to gain 

further understanding on the overall in vivo biological effects posed by a combination of these 

compounds. Notwithstanding this utmost importance, and perhaps a precursor to its investigation, 

many studies have focused on understanding the ability of and the effects caused by 

environmental contaminants to alter the activity of single receptor systems. 
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 1.3 Occurrence of EDCs in the environment 

Endocrine disrupting compounds (EDCs) may be of both natural and or synthetic origin 

and are said to be ubiquitous and persistent in the environment20. They consist of 

pharmaceuticals, personal care products, industrial additives, pesticides and flame-retardants. 

Even some metals may also induce endocrine disrupting effects21-25. Figure 1.1. shows some of 

the routes through which EDCs may enter the environment. 

 

 

Figure 1.1. Routes of entry of endocrine disrupting compounds in the environment 
 

Typical natural estrogens detected in the environment are 17β-estradiol, estrone, and 

estriol. Further the occurrence of testosterone, androsterone, epiandrosterone and androstenedione 

have been reported and these may confer androgenic activity to environmental media16. 

Pollutants, which are not naturally produced by the organisms, but originate from anthropogenic 

processes, may also confer estrogenic or androgenic activity. The ability of the estrogen receptor 
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(ER) to bind with many chemicals of different structures is due to the large hydrophobic binding 

pocket  (with an accessible volume twice the size of native 17β-estradiol) on the ligand-binding 

domain of the ER. This core is assessable to various hydrophobic groups; however, the ER 

structure ensures that effective ligands must also contain an aromatic ring9, 26. The conditions of 

aromaticity and hydrophobicity are easily met by a number of manufactured or synthetic 

compounds. These compounds are termed xeno-estrogens and are generally of lower potency than 

17β-estradiol; however, the many different types of these contaminants that may exist in the 

environmental water are a cause for concern. Interestingly, other steroid receptors, such as the 

androgen receptor (AR) are more specific to natural ligands and are not easily activated by 

synthetic compounds, although some synthetic androgenic contaminants such as boldenone 

exists27.  However, it is more often observed that synthetic compounds reduce the ability of the 

AR to adopt optimal conformational changes and thus decrease the activity of the AR in the 

presence of activators, such as testosterone. This antagonistic activity is observed in the ER to a 

lesser extent12. It is now generally accepted that endocrine disruption results from a combination 

of both estrogenic and anti-androgenic activity.  

 Many of these compounds (particularly the natural ones) are not recalcitrant and are 

degraded to some extent with both biological and physiochemical treatment methods. Natural 

estrogens for example are reported to have a half-life of 2-6 days; however, the persistence of 

such trace concentrations of these contaminants is possibly due to the constant input of these 

compounds into the environment or a decrease in rate constants at low concentrations28, 29. Once a 

potential EDC enters the environment, it partitions to the various compartments, usually existing 

in equilibrium between the aqueous and solid phases depending on its physical properties. 
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Natural hormones typically have water solubility around 13 mgL-1 with moderately high 

log Kow value of 2.81 for estriol, 3.43 for estrone, and 3.94 for 17β-estradiol28. The vapor pressure 

is also very low, on the order of 10-10 mm Hg. These hormones can thus be classified as 

hydrophobic with low volatility28. The same is true for natural androgens29. As such, these 

hormones are expected to partition to sediments or soils. However, concentrations in the low  

ngL-1 range persist in surface waters due to constant inputs from wastewater treatment facilities, 

surface runoff from agricultural facilities and other sources.  

Inputs of steroids in the environment are mainly due to the natural excretion of these 

steroids by humans in varying quantities depending on the gender and physiological state of the 

individual20, Table 1.1. Natural hormones are excreted in a soluble conjugated form; however, 

microorganisms present in sewer systems can rapidly metabolically activate conjugated hormones 

resulting in increased levels of biologically activity compounds in water influents20, 28. Further 

degradation occurs throughout the treatment processes, and the balance between the estrogenic 

and androgenic effects due to both natural and synthetic compoundsis altered at each unit process. 

An understanding of these changes is important to assessing the overall efficiency of the removal 

of endocrine disrupting activity from the treatment facilities.  
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Table 1.1. Urinary excretion rates and evironmentaly relevant concentrations of natural estrogen 
and androgen hormones  

Hormones Urine 
Concentrations (µg/day) 

Sewage 
Collection 

Tank (ngL-1) 

Influent 
(ngL-1) 

Effluent 
(ngL-1) 

E3-3G Cycling women -1 0 
Non-cycling women - 3.6 
Pregnant women - 2025 

NQ ND ND 

E3-16G Cycling women -7.2 
Non-cycling women – 2.1 
Pregnant women - 3300 

     39 19 ND 

E3-3S Cycling women -3.7 
Non-cycling women – 0.6 
Pregnant women - 1170 

47 14 2.2 

E2-3G Cycling women -5.5 
Non-cycling women – 4.2 
Pregnant women - 104 

9 5.2 ND 

E2-17G Cycling women -2.5 
Non-cycling women – 1.5 
Pregnant women - 90 

NQ ND ND 

E2-3S Cycling women -3.5 
Non-cycling women - 13 
Pregnant women - 64 

9 3.3 ND 

E1-3G Cycling women -16 
Non-cycling women – 9.5 
Pregnant women - 490 

10 4.3 0.7 

E1-3S Cycling women -5.4 
Non-cycling women – 3.2 
Pregnant women - 450 

27 25 9 

E3 ND 62 72 2.3 

E2 ND 9 11 1.6 

E1 ND 58 44 17 

Testosterone-G 30Males – 52.7 * NA   
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Table 1.1, continued 
 

Testosterone-G 30Males – 52.7 * NA   

Epiandrosterone 30Males- 52.9* NA   

Androsterone 30Males - 3153* NA   

Etiocholanolone 30Males- 2547* NA   

 
* Converted to ug/day by assuming an average urine volume of healthy adults of 1.5L31 
G- Glucorinides, S- sulfates 
ND- Not detected 
NQ- Not quantified. Concentrations were above the limit of detection and below the limit of 
quantification 
NA –Not available, no literature sources found 

 1.4 Degradation of natural steroid hormones and mimics  

Given the ability of both natural and synthetic hormones to either activate or antagonize 

different hormone receptors it is of considerable importance that degradation studies reflect this 

complexity. As such, it is not only necessary to evaluate and optimize treatment processes for the 

removal of individual classes of hormones; for example, natural estrogens, but also mixtures of 

different types of contaminants. However, without toxicological data on interactions that can 

occur in real world samples, it becomes difficult to make a decision on the appropriate 

combinations that should ideally be investigated. Further, the unique contaminant profiles of 

environmental media pose an additional challenge as data from one mixture can hardly be related 

to another. Nonetheless, through effect directed approaches in which biological assays direct the 

identification of active contaminants in water fractions, some consistency in the identification of 

key estrogenic and androgenic contaminants has been demonstrated32. Furthermore, in several 
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cases it has been shown that an antagonistic interaction (particularly to the AR receptor) is likely, 

usually without identification of the contributing compounds. The question then arises as to 

whether or not the antagonists can be identified and sufficiently labeled as a ‘regular suspect’ of 

antagonistic behavior similar to the identification of 17β-estradiol, 17α-ethinylestradiol, and 

estrone as contributors to estrogenic activity. If this is the case, then suitable mixtures can be 

selected for degradation studies based on the identification of the interacting components.  The 

following section highlights studies that probed the natural degradation of estrogens and 

androgens in the environment as well as investigated the utility of engineered systems for 

degradation of active mixtures.  

1.5 Removal of EDCs by Wastewater treatment 

1.5.1 Removal of (anti)-estrogenic activity during wastewater treatment 

a) (Anti)-estrogenic contaminants 

Biologically active estrogens and androgens enter wastewater treatment facilities in 

concentrations that reflect the population served, size of the facility and the composition 

(municipal/industrial) of the water that is received. Very little removal of hormones occurs in the 

primary and preliminary stages of water treatment. However, during secondary treatment it is 

reported that as much as 99% of 17β-estradiol may be removed, but lower removal efficiencies 

occur for other hormones such as estrone (25-80%)20. In fact the metabolic conversion of 17β-

estradiol into estrone has been reported in wastewater treatment, and a decrease in 17β-estradiol 

may often occur with a concurrent increase in estrone. This metabolic conversion, together with 

the deconjugation of hormones typically occurs in the sewage holding tanks as discussed 

previously, but it may also occur during biological treatment33.  As such, the biological treatment 
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of estrogens is dynamic and reductive, in that more potent hormones are sequentially converted to 

lower potency hormones and finally to metabolic products which can enter the tricarboxylic acid 

cycle.  The reductive pathway and the potential for mineralization, however, depends on whether 

or not the sewage bacteria are in an anaerobic or aerobic environment. According to Figure 1.234, 

there is a potential for mineralization of 17β-estradiol under aerobic conditions; however, it is 

mainly under anaerobic conditions that there is the possibility of residual estrogenicity due to 

incomplete degradation and accumulation of 17β-estradiol, 17α-estradiol, estrone, and estriol 

(which is formed from a hydroxyestrone metabolite that is usually transient under aerobic 

conditions)35.   

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Proposed degradation pathways of estrogens by bacteria under aerobic (solid line), 

anoxic or anaerobic conditions (dashed line), and by algae (dotted line)34 
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Given the formation of active estrogens from deconjugation reactions and metabolites of 

biodegradation, it is not surprising that optimal degradation of these contaminants appears to be 

characterized by longer solids and hydraulic retention times (S/HRT) in the wastewater treatment 

process, although in some cases only weak statistical relationships between the estrogen removal 

and retention times were observed36. Longer SRT in particular may improve the quality of the 

flocs that are formed thereby not only enhancing the degrading efficiency but also the sorption of 

the estrogens onto the sludge36, 37. Most of the degradation/removal of estrogens occurs in the 

secondary treatment; however, in the secondary clarifier further reductions (albeit modest) may 

occur due to sorption onto the sludge, Figure 1.3. 
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Figure 1.3 Changes in the total concentrations of natural androgens, estrogens and synthetic 

modifiers of hormone action in a wastewater treatment facility in South East Queensland38.  

The androgens were androsterone and etiocholanolone, the natural estrogens were 17α-estradiol, 

17β-estradiol, estrone, and estriol, and the synthetic hormones were diethyl phthalate, 4-tert-

octylphenol, nonylphenol, 4-cumylphenol, dibutyl phthalate, bisphenol A, benzyl butyl phthalate, 

and di-(20ethyhexyl)phthalate. Some of these synthetic hormones are known androgen receptor 

antagonists as well as estrogen receptor agonists. 
 

 Further, the combined contributions from not only the aforementioned natural steroids but 

also potentially a vast amount of low potency xeno-estrogens still result in reproductive 
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challenges in aquatic life39, 40. These synthetic compounds which are capable of either activating 

(agonistic activity) or inhibiting (antagonistic activity) hormone receptors vary in concentration 

from one plant to the next depending on the sources of input water to sewage treatment facilities. 

When present, their concentrations typically exceed that of estrogens (as well as androgens) and 

their concentrations tend to persist at relatively higher levels than the natural hormones 

throughout the wastewater treatment process, Figure 2. Their estrogenic potency tend to be low 

<1 x10-5, and their contribution to the total estrogenic effect is significantly less than the natural 

steroid hormones in domestic waters. Alkylphenols such as nonylphenol, are an exception as they 

are significant contributors in waters with a large industrial input38. The importance of synthetic 

compounds to endocrine disruption is not to be underestimated, as they are likely contributors to 

antagonistic and possibly synergistic interactions in the complex wastewater matrix. 

b) (Anti) estrogenic potentials 

The estrogenic potential of the water often reflects the changes observed in concentrations 

throughout the plant. Generally, the estrogenic activity along the different trains of the wastewater 

treatment plants correlates well with the concentrations of the steroidal estrogens, particularly for 

water receiving primarily domestic inputs41. Usually, significant estrogenicity is observed in the 

influents and values as high as 300 ngL-1 estradiol equivalents (EEQs) have been detected33, 

although values ranging from non-detect to 150 ngL-1 are more common36, 41, 42. Very little 

removal of estrogenicity occurs in primary treatment, and in fact, due to the deconjugation of 

glucuronides, and sulfate moieties the estrogenic activity may slightly increase in primary 

treatment41, 42. This estrogenic activity is usually reduced significantly in secondary treatment 

with reductions >90% being observed in plants with nitrification, possibly due to the longer HRT, 
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and SRT required and the ability of nitrifying bacteria to degrade estrogens36, 43.  In a treatment 

facility using an activated sludge process (with anaerobic, anoxic, and aerobic periods), an HRT 

from 3 to 5 days, and an SRT of 20 days, the total estrogenicity was reduced from 33- 131 ngL-1 

estradiol equivalents (EEQs)  at the inlet to 1-5 ngL-1 EEQs after secondary treatment42. Stalter et 

al., has however shown that this reduction of estrogenicity during biological treatment may occur 

with a concurrent increase in anti-estrogenic activity44. In the 2010 study, there was a 78-91% 

reduction in influent EEQs after conventional secondary treatment; however, the anti-estrogenic 

activity measured in 4-hydroxytamoxifen equivalents (4-OHT-EQ) increased from non-detect to 4 

– 22 µgL -1 after secondary treatment. It was suggested that the degradation of the more potent 

estrogens was more efficient than that of the estrogen antagonists, thereby revealing their activity 

which was present, but masked in the influent samples44. Although the identities and sources of 

the estrogen receptor antagonists have not been investigated in the study referred, it is primarily 

thought that these contaminants are of industrial origin45. Known estrogen receptor antagonists 

include metabolites of contaminants such as polycyclic aromatic hydrocarbons, and 

polychlorinated biphenyls46, 47. Polycyclic musks, which are used in soaps, perfumes, and some 

household cleaning products, such as 6-acetyl-1,1,2,4,4,7-hexamethyltetraline (AHTN) and 

1,2,4,6,7,8-hexahydro-4,6,6,7,8,8-hexamethylcyclopenta-gamma-2-benzopyran (HHCB) were 

shown to be antagonistic to both in vitro  and in vivo (zebrafish assay)48. Although some studies 

have successfully determined the anti-estrogenic potentials of selected, pure chemicals, the 

contribution of these contaminants to total mixture effects has not been thoroughly examined. As 

such, their contribution to the total anti-estrogenic effect in water is not known. Although not 

pertinent to the study by Stalter et al. 2010, it has also been observed that disinfection by-products 
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due to chlorination of secondary effluents can lead to an increase in anti-estrogenic activity49. 

Together, this implies that total anti-estrogenic, or antagonistic activity of the influent water, and 

the estrogenic activity of biologically treated and/or chlorinated waters may be underestimated.  

1.5.2 Removal of (anti)-androgenic activity during wastewater treatment 

a) (Anti-)androgenic contaminants 

 Androgens enter the wastewater treatment facilities at higher concentrations than 

estrogens, mainly due to the fact that they are excreted in larger amounts, Table 2. They were 

found to account for as much as 96% of the total hormone concentration of input water to a 

municipal treatment facility which serves 425000 people equivalents and treats up to 70,000m3 of 

water per day. Although the concentrations of estrogens averaged over 7 influents of different 

WWTPs (estrone- 8.8 µgL-1, 17β-estradiol-1.7 µgL-1 ) was much lower than the androgens 

(androstenedione- 235 µgL -1 , androsterone- 2895 µgL-1 , epiandrosterone- 596 µgL-1 , 

testosterone-32.1 µgL -1 ) the removal efficiency of the androgens (91-100%) tended to be better 

than the estrogens(67-80%)16. Like estrogens, androgens undergo de-conjugation reactions by 

bacterial enzymes which may lead to an increase in the total androgen concentration during 

primary treatment that is further reduced in biological treatment50. It was also found that 

androgens are more susceptible to biological attack since they lack the benzene ring in their 

structure and thus their degradation is more energetically favored16. Liu et al.50 investigated the 

fate of androgens, estrogens, progestagens, and glucocorticoids in wastewater treatment facilities 

and indicated that there is a possibility of transformation from one steroid hormone to the other 

during water treatment. In fact such transformations occur naturally in the biosynthesis of 
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hormones, Figure 1.451, and have been observed in different types of environmental media 

including soil, and fecal matter.  

 

 

 
 

Figure 1.4 The biosynthesis of hormones showing the ability of hormones. Such changes have 

been observed in various environmental media 51. 
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 The co-existence of several different types of steroid hormones implies a multifaceted and 

intricate mechanism of endocrine disruption in aquatic life, which is reflected by the challenges of 

using in vitro data to predict in vivo responses. Further, it was shown that androgens in 

wastewater may act as antagonists to glucorticoid, mineralocorticoid, and progesterone receptors, 

while several synthetic environmental estrogens act as androgen antagonists12, 52. The combined 

agonistic and antagonistic activities on varying receptors, not only hinders in vivo predictions but 

the interactions also complicate identification strategies, as it becomes difficult to confirm an 

identified toxicant as being responsible for the biological effects observed. If identification of the 

sources of steroidal activity for source mitigation could only be accomplished with limited 

certainty then tertiary treatment of EDCs remains a viable option for waste treatment prior to 

discharge into rivers and streams. However, tertiary water treatment should be designed with both 

agonistic and antagonistic activities in careful consideration.  

1.6 Tertiary/advanced treatment for the removal of EDCs 

 The ability of tertiary processes to remove trace amounts of endocrine disrupting 

contaminants that persist after secondary treatment has been a topic of extensive research. These 

processes include activities such as sand or carbon filtration, as well as more advanced processes 

such as applied ozone either alone or in combination with a radical generating species such as 

hydrogen peroxide, or sodium persulfate. The following discussion describes some of the 

successes and challenges of tertiary and advanced processes for the removal of estrogenic and 

androgenic activity. Studies that investigated both agonist and antagonistic activities were given 

special attention as to highlight some of the potential pitfalls in the treatment processes. 
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1.6.1 Filtration Processes 

Sand and Activated carbon filtration 

 Sand and granular activated carbon (GAC) have been assessed for their efficiency in 

removing endocrine disrupting activity44, 53, 54. Sand filtration was found to reduce the 17β-

estradiol equivalent concentration of wastewater effluent by 35.5% and resulted in 17.1 fold 

increase in vitellogenin synthesis in adult Roach after a period of six months53. Despite the 

residual estrogenicity and the synthesis of vitellogenin, the sand filtered water did not produce 

any intersex fish in either the adult Roach or in early life stage Roach. On the other hand GAC 

treated effluent was found to be effective for the removal of 17β-estradiol equivalent 

concentration (72.4%) compared to sand filtration and did not result in any significant 

vitellogenin synthesis or intersex fish53. This indicates that GAC treatments may be effective for 

the removal of estrogenic effects. The reduction in estrogenicity by activated carbon was also 

observed by Stalter et al.44, however this reduction occurred concurrently with an increase in anti-

estrogenicity, indicating that the estrogenic activity could in part be masked by the anti-estrogenic 

activity in the treated samples. Activated carbon was however less successful in the removal of 

androgenic activity at the same treatment facility and the level of androgenic activity appeared to 

be almost equivalent to biologically treated water. The level of anti-androgenicity of the 

biologically treated water decreased by 63% after treatment with activated carbon indicating that 

there may be a complex interplay in the measurement of the (anti)-androgenic potentials given the 

differential removal of antagonists and agonists44. The results imply the need for careful 

consideration of mixed effects. 
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1.6.2 Advanced oxidation Processes 

Ozonation 

 Ozonation of wastewater effluents has shown good potential for the removal of steroid 

hormones, both individually and in mixtures. 17β-Estradiol and 17α-ethinyl estradiol were both 

found to be removed with efficiencies > 95%, with complete removal of estrogenic activity. The 

hormones were also rapidly degraded in various environmental matrices including wastewater 

effluents, river water, and groundwater despite the observance of scavenging effects by matrix 

components. Optimization strategies have also resulted in reduced ozone concentrations for the 

removal of estrogens, typically between 2-5 mgL-1 is used. Stalter et al.,44 investigated the effect 

of ozonation prior to secondary treatment on both estrogenicity and anti-estrogenicity.  In 

accordance with previous data, the authors found removal of estrogenic activity to be greater than 

90%, with final estrogenicity values less that the proposed environmental quality standard of 0.5 

ngL-1. This demonstrates the favorable reaction of ozone and the phenolic moieties on estrogens, 

which are mainly responsible for the activation of the estrogen receptor. This success was 

however not reflected in the investigation of anti-estrogenic activity. Large increases (347% 

compared to the secondary clarifier) were observed in anti-estrogenic activity, possibly reflecting 

a more efficient degradation of estrogens compared to antiestrogens44. In these studies there was 

no addition of hydroxyl radical generators, which would potentially increase the reactivity of 

some anti-estrogens towards the degradation process. This indicates that there is a need to 

optimize treatment technologies for both agonistic and antagonistic activity.  

Hansen et al., 2010 investigated the ability of ozone to degrade a mixture of estrogens, parabens, 

industrial phenols, and sunscreen chemicals55. It was found that the ozone concentrations required 



	   	  

23	  

for the removal of 90% of each chemical in wastewater effluent matrix varied from 1.7- 11 mg/L 

in one case and 2.7-14 mg/L in effluent water obtained from a different treatment facility55. 

Although some anthropogenic estrogens were found to be degraded as efficiently as the natural 

estrogen 17β-estradiol, the possibility of anthropogenic compounds such as 3-(4-

Methylbenzyliden)camphor being degraded less efficiently (requiring ozone concentrations on the 

higher end of the ranges) was realized55. 3-(4-Methylbenzyliden)camphor was found to be 

androgen and progesterone antagonist56. Further, there is a possibility of creating other steroids as 

by-products of ozonation depending on pH; for example, testosterone was found to be a product 

of the ozonation 17β-estradiol at pH 357. Taken together, this implies that any preferential 

degradation of estrogen agonists by economically favored concentrations of ozone may occur 

with a concurrent increase in antagonistic activities to steroid receptors due to the recalcitrant 

nature of some potential antagonists, in addition to the formation of other classes of steroids. It is 

of utmost importance that optimization strategies for advanced treatment focus on the combined 

agonistic and antagonistic activity of steroid hormones and hormone mimics.  

1.7 Biological effects attributed to (anti)-androgenicity and (anti)-estrogenicity 

 Most endocrine disrupting effects have been observed in aquatic species because most 

discharge of pollutants intentionally occurs in rivers, and streams leading to an increased 

exposure to aquatic life. Both vertebrates and invertebrates have been affected by both estrogenic 

and androgenic contaminants. The most noteworthy cases of endocrine disruption by androgens 

relates to the imposex condition in mollusks, in which female organisms were found to develop a 

penis like structure and vas deferens in response to tributyltin, an anti-foulant paint used in ships. 

Further androgen related effects have been observed in fish downstream of paper mill factories 
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that discharged bleached Kraft mill into streams. In this case, there was an altered sex ratio among 

the species biased towards male development and an occurrence of masculinized female fish58. It 

is also noteworthy that the physiological effects observed in fish and other affected species may 

also be explained by anti-androgenic activity58, 59. Medaka fish for example, were shown to be 

sensitive to anti-androgenic activity and displayed intersex characteristics once exposed to anti-

androgens60. 

Estrogenic effects and the subsequent feminization of male fish have been more widely 

observed and documented58. It has been reported that male fish downstream of wastewater 

treatment facilities develop female germ cells, and oocytes within their testis. Also, the 

concentration of 17β-estradiol found in intersex fish lies between that of male and female fish, 

indicating that an interference to estrogen mediated responses may be responsible for the 

observed effect. Not all fish species tend to be sensitive to endocrine disruption, but roach and 

trout tend to be particularly susceptible58. Endocrine disrupting effects on humans is still a 

controversial matter as it is difficult to separate endocrine effects due to predisposed genetic 

diseases and exposure to environmental contaminants; however, there are some studies that 

indicate that there are risks involved from exposure to endocrine disrupting agents7. 
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CHAPTER 2 

OBJECTIVES 

 
The following research needs were determined with consideration of the review presented in 

Chapter 1. 

2.1 Research needs 

Over the past twenty years or so, a lot of work has been put into investigating endocrine 

disrupting effects. Many different approaches, spanning several different fields of expertise have 

been employed. One of the more significant outcomes of research thus far, is the realization that 

endocrine disruption is much more complex than initially thought, in that one single response 

pathway often times cannot explain the in vivo effects that are observed. More and more, it is 

realized that different classes of compounds contribute to the disruption, and while it is necessary, 

investigation into the removal of endocrine disrupting effects should not be focused solely on the 

steroid hormones. Further, there may be cost and energy burdens associated with advanced 

treatment of water. Identification of the sources of the key EDCs could lead to a thorough risk 

assessment and the establishment of guidelines on permittable amounts of the EDCs in water. In 

cases where source mitigation and removal of endocrine disrupting effects by conventional 

treatment processes cannot achieve permitted levels, then advanced treatment will be beneficial. 

Identifying the sources of these contaminants typically requires the combined use of biological 

and chemical methods in a procedure termed effect directed analysis, Appendix A.1. In this 

regard, significant analytical and biological challenges relating to isolation of agonistic and 

antagonistic activities to a specific receptor by a complex mixture are recognized. Advances in 
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fine fractionation methodologies that are capable of separating substances of similar polarities and 

the identification of unknown peaks in chromatographic runs using target libraries are needed. 

Further, in order to confirm the identity of suspected chemicals as the key contributors to 

endocrine disrupting effects, it becomes important to determine how much of the biological 

activity of the whole mixture could be explained given the concentrations and potencies of the 

individual chemicals. Models that can efficiently deal with, and estimate the combined agonistic 

and antagonistic activities, as well as potential synergistic activity of identified contaminants are 

necessary for the confirmation of the identified species. The development of sensitive and rapid 

biological analysis methods are also necessary to improve the efficiency of the identification 

process. Further, challenges related to the availability of standards for the evaluation of biological 

potency highlight the benefit of quantity structure activity relationships (QSAR) in estimating 

biological activity. Additionally, an assay that can reflect the in vivo complexity of the response 

and can assess the crosstalk between different classes of steroid receptors (a very ambitious goal) 

will be a welcomed advancement. 

2.2 Objectives 

The objective of this dissertation is to develop strategies that will improve some of the 

limitations of the current methods used for confirming the identity of suspected endocrine active 

agents using in vitro assays. These limitations include the inability of some commonly used 

methods to account for deviations from additivity and capture interactions (a seemingly common 

occurrence), and the impact of matrix interferences on the biological systems, which may result in 

biological responses that are different from what can be expected.  
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2.2.1 Scope of work and specific objectives 

The first three objectives of this dissertation relate directly to methods used for confirming 

endocrine disruptors in the environment. They are listed as follows: 

 

1. To identify endocrine active agents in wastewater and determine how well currently 

established methods confirm the identity of endocrine disrupting effects. Particular 

emphasis will be placed on models such as concentration addition and independent action 

since they are commonly used. This work is detailed in Chapter 3. 

2. The development of an improved model, which accounts for the combined additive and 

antagonistic activities of endocrine disruptors on steroid receptors. Chapter 4 presents this 

development of the suggested model. 

3. The validation of the model with ternary and quaternary mixtures of additive components 

and antagonists in yeast based in vitro assays. The model validation is highlighted in 

Chapter 4. 

 

The fourth objective relates to reducing matrix interferences in the in vitro assays.  In this 

regard, an assay that is sensitive to estrogens such that it would require less sample 

enrichment is beneficial. The E-Screen assay is one such assay; however, its 6 day assay time 

is disadvantageous for efficient monitoring. As such, it is desirable to reduce the assay time, 

while maintaining the sensitivity of the assay. As such the final objective of this dissertation is 

as follows: 

 

4. An evaluation of the use of Fourier Transform Infrared Imaging Spectroscopy (FT-IRIS) to 

develop a rapid and sensitive analysis method to detect estrogenic responses in estrogen 

receptor positive MCF-7 cells. Chapter 5 presents the results of the evaluation. 
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This dissertation addresses some of the challenges regarding the identification and 

confirmation of key endocrine disrupting compounds (EDCs) in the environment, with particular 

emphasis on water matrices. The identification of EDCs facilitates the establishment of regulatory 

standards and the establishment of permitted levels in the environment (steroid receptor (ant)-

agonists will be the focus of this work). This task, albeit not simple, is an initial step towards 

source mitigation and the optimization of remediation strategies for the removal of EDCs in the 

environment.  

 The confirmation of suspected EDCs is a critical step in the identification scheme as it 

highlights and emphasizes cause-effect relationships; thereby, providing strong evidence that the 

suspected EDCs are in fact responsible for the observed biological effects. Further, it ensures that 

the biological activity can be adequately explained by the identified EDCs and that no other 

chemical is contributing to the observed effects. The main objective is to improve the methods of 

confirmation such that agonistic, synergistic and antagonistic activity could be estimated from 

chemical methods of analysis. Additionally, the development of sensitive and rapid in vitro assays 

could be beneficial to reduce matrix interference in the assays (cytotoxicity and enzyme 

inhibition) that could complicate the estimation of biological effects from concentration data. 
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CHAPTER 3 

AN ASSESSMENT OF ADDITIVE MODELS FOR THE PREDICTION OF 

ESTROGENIC EFFECTS IN WASTEWATER 

 

3.1 Abstract 

Many prediction models used for estimating estrogenic and androgenic activity assume additivity. 

Two competing models are the concentration addition (CA) and the independent action (IA) 

models. This chapter presents the derivation of the models and provides an example of their 

application to real environmental samples. Estrogen hormones were extracted from wastewater 

influent and effluent samples and quantified using liquid chromatography tandem mass 

spectrometry analysis. The estrogenicity of the samples was predicted using the CA and the IA 

and compared to the observed responses in the Yeast Estrogen Screen (YES) assay. While both 

models provided excellent agreement with the observed responses in a simulated or ‘clean’ 

sample, the models failed to predict the effects in the wastewater samples. The less than additive 

effects observed implied the contribution of wastewater antagonists to the observed effect. The 

possibility of inhibition to the yeast system leading to suppressed bioassay responses could not be 

ruled out. The results are discussed in terms of previously published data and the need for a model 

that can predict antagonism and synergism, in addition to additive activity. 
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3.2 Introduction 

Wastewater treatment plants have been identified as a cause of endocrine disrupting contaminants 

in receiving waters. The natural hormones have been implicated in the estrogenic effects observed 

in rivers and streams. In order to gain a better understanding of the distribution and effects of 

endocrine disruptors (EDCs) it is important to be able to monitor the occurrence and biological 

activity of the EDCs in various matrices. Further, it is important to identify and confirm the 

identity of the suspected EDCs as a first step in source control strategies, which would eventually 

lead to the replacement of these endocrine active compounds in consumer products. As such, the 

objective to identify endocrine active agents in wastewater and determine how well currently 

established methods confirm the identity of endocrine disrupting effects. Particular emphasis will 

be placed models such as concentration addition and independent action since they are commonly 

used.  

 
The approach used in this investigation was to: 

1. Extract the suspected endocrine active agents from wastewater influent and effluent samples 

2. Measure the estrogenic activity of the extracts using the Yeast Estrogen Screen (YES) Assay  

3. Quantify the concentrations of suspected estrogens using LC-MS/MS 

4. Estimate the estrogenicity of the extracts based on the concentrations of the suspected estrogens    

    using the concentration addition (CA) and independent action (IA) models 

5.  Prepare a mixture of the suspected estrogens in clean water (distilled water) and predict the  

     activity of the mixture using the CA and IA models. 
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This approach will answer the question of whether there is any tendency for the suspected 

contaminants to interact (deviate from additivity) and will determine the role that the water matrix 

plays on the validity of the additivity models used.  

3.3 Additivity Models 

3.3.1 Concentration addition (CA) 

 
The CA model can be used to predict the concentration-responses of mixtures for which 

the single component responses are known1-4.  Typically, when chemicals exert an effect by 

similar routes additivity applies, and a concentration of one compound can be substituted by an 

equipotent portion of the other. The following is then true for a multi-component mixture: 

                                 (3.1) 

where Ci is the concentration of compound C in the mixture exerting an ECx effect and ECxi  

represents the equal effect concentration of C alone.  

For a binary mixture, Equation 3.2 defines an interaction. 

                              (3.2) 

where γ represents the interactive index5-7.      

If compounds 1 and 2 do not interact with each other but act merely as dilutions of each other 

then the mixture is additive and γ is equal to unity. Deviations from additivity result in γ assuming 

a value greater than 1 for sub-additive (antagonism) mixtures or less than 1 in cases of super-

additivity (synergism) 7-9. However, it is typical that the γ is unknown and thus additivity is 
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assumed.  Given a fixed ratio mixture, the concentrations of 1 and 2 in the mixture can be written 

in terms of their proportions and the total mixture concentration at effect level ECx, CT. As such 

C1 =P1CT and similarly for compound 2, C2 =P2CT, where Pi is the proportion of component i in 

the mixture. Thus, substitution and rearrangement of Equation (3.2) yields Equation (3.3). 

                             (3.3) 

The immediate implication of Equation (3.3) is the ability to predict the concentration response 

curve of a mixture based on the stand-alone responses of the mixture components and the 

proportion of each component in the mixture using Equation (3.4), 

                                                                                               (3.4) 

ECX,Ci is the concentration of compound i giving x% of the maximum response of the standard. 

Further developments of the CA model can be found in Chapter 4.      

3.3.2 Independent action (IA) 

 
The independent action model is based on probability theory and was first developed for quantal 

responses such as survival and mortality. However, it can be successfully applied to graded 

responses10. The model can be developed by assuming that the probabilities of an organism 

responding to a specified concentration of each of the constituents of a mixture are statistically 

independent. The following development of IA follows the work of Backhaus et. al., 200410.  
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Let  pS(CA) and pS(CB)  represent the probability of an individual surviving exposure to chemical 

A and B respectively, then the probability of that individual surviving a combination of CA+ CB, 

(Cmix) is given by  

                                  (3.5) 

The equation can be rearranged to reflect the fact that mortality is more commonly quantified than 

survival.  

Let pD represent the probability of dying, then  and the probability of dying from a 

mixture of CA and CB can be given as, 

           (3.6) 

This can be generalized to 

                        (3.7) 

This can extended to graded responses according to Equation 3.8 1, 10, 

                         (3.8) 

where emix is the predicted effects and E(ci) is the effect produced by compound i, at a 

concentration of c when administered alone. Given that the independent action model is 

probabilistic, E(ci) can assume values 0 ≤ E(ci) ≥ 1.  According to Payne et al., 2000, in the YES 

assay E(ci)  can be defined relative to a maximum activation effect termed Emax , where the 

activating effects, AE(ci)  are measured as the absorbance values corresponding to estrogen 

receptor activation1. As such,  

                         (3.9) 
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AE(ci)  can be estimated from the mean effect from the regression of the concentration –response 

curves and in the notation of Payne et al., 2000 and 20011, 11,  

,                                         (3.10) 

 
where Fi(Ci) is the activating effects determined from the regression of the concentration response 

relationships . Therefore emix can be written in terms of Fi(Ci) as 

                        (3.11) 

 

The fractional effects in emix can be removed by multiplying by Emax, thus providing a working 

equation for the prediction of mixture effects using independent action model. 

                      (3.12) 

Independent action has been used to a lesser extent than concentration addition in predicting 

mixture effects in the YES assay. One of the reasons may be because the probabilistic nature of 

the model assumes that each mixture component produces an effect independent of the other 

component. This is true in systems in which the mixture components act through different 

response pathways; however, it is more difficult to appreciate this assumption in receptor systems 

in which competition for receptor sites mean that this assumption may not be applicable10. 

Nonetheless, both concentration addition and independent action was successfully used to predict 

mixture responses in receptor systems with some indication that differences between the two may 

occur based on the steepness of the concentration response curves of the stand-alone mixture 

components and the number of mixture components as well as mixture ratios1, 4, 11, 12. In 
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particular, it was shown that for mixture combinations which are in proportion to the relative 

potential of the individual compounds and the concentrations of the compounds are maintained at 

the no effect level there are marked differences between the CA and IA models4.  

 

3.4 Materials and Methods 

3.4.1 Water collection and estrogen extraction 

Grab wastewater influent and effluent samples were collected from a local municipal 

wastewater treatment works facility and stored in amber glass bottles. The facility serves 9 

municipalities, 2 hospitals, and receives 60% of its water from municipal and 40% industrial 

sources. Secondary treatment is achieved using the activated sludge process.  Within 24 hours 

after water collection samples were vacuum filtered through a 0.45µm membrane in preparation 

for solid phase extraction (SPE) of the estrogens. SPE was performed on a C-18 cartridge (Varian 

BondElute) under gentle vacuum. Samples were eluted in 6 mL of methanol after pre-cleaning 

with 6mL of 30% methanol in water. This served to reduce matrix interferences which may 

hinder analytical detection. Eluents were dried under vacuum and reconstituted in a 50% 

methanol/water solution for detection on UPLC-MS/MS. Influent and effluent samples were 

enriched 500 and 750 times for analytical detection and 4900 and 7400 times respectively for 

biological assays. In preparation for biological analysis, dried eluents were reconstituted in pure 

ethanol. Estrogens were also extracted from the DI water blank samples and analyzed in the YES 

assay. The estrogenicity value for the distilled water set the “ not estrogenic” criteria. 
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3.4.2 LC-MS/MS analysis 

The extracted samples were analyzed on a Waters Acquity UPLC system, and Waters XevoTM 

MS/MS) (UPLC-MS/MS). The details of the method have been previously published by Suri et 

al. in 201213. The analysis conditions were as follows: sample volume, 10 µL; LC column (1.7µm 

particle size, 2.1×50mm) BEH C-18; mobile phase, methanol water at a flow rate of 0.6 mL/min; 

gradient conditions: a) 30% methanol for 0.5 min, b) increase to 100% for 0.5 min, c) decreased 

to 30%  at 0.5mins.  

The MS was operated in the negative electron ionization mode and the Multiple Reaction 

Monitoring (MRM) conditions are reported in Appendix D.1. The limits of detection were 0.15, 

0.14, 0.11 and 0.15 ng/L for 17β-estradiol, estrone, estriol, and 17α-dihydroequilin, respectively. 

The recoveries of spiked samples were 91.3%, 84.5%, 71.8%, and 78.0% for 17β-estradiol, 

estrone, estriol, and 17α-dihydroequilin, respectively. 

3.4.3 Yeast Estrogen Screen (YES) Assay 

The YES was carried out as per the Routledge and Sumpter method14. Stock solutions of 

17β-estradiol, estriol, 17α-dihydroequilin, and estrone were prepared in ethanol and stored at -

200C. Mixtures of the above compounds were prepared by transferring a relevant amount of a 

single solution onto a flat bottom 96 well plate and allowing the ethanol to evaporate to dryness 

before adding the other mixture constituents. Assay medium (comprising of yeast at a final O.D 

of 0.1, CPRG, and growth medium) were then added to the well. The plate was then incubated for 

72 hours at 32C. The conversion of CPRG to CPR was measured at 540nm and corrected for 

yeast growth at 630nm. 
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Similarly, 5-10µL of the extracted samples were placed in the plates and allowed to dry 

prior to the addition of assay medium. In the case of the extracts the biological response is plotted 

against the relative enrichment factor (REF) which represents the final concentration factor if the 

extract to which the biological organism was exposed. The REF is calculated as: 

	  	   	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (3.13)	  

where V represents the volume of the respective samples. 

The conversion of CPRG to CPR was quantified using a Biosystems Analyst AD micro-

plate reader at 530nm, and corrected for turbidity at 630nm. The equation for the corrected 

absorbance is given by Equation (3.14), 

Corrected Absorbance =                             (3.14) 

The corrected response was then plotted versus the logarithm of the concentration, and the 

data was fitted to a four-parameter logistic regression concentration response model (version 5.0, 

GraphPad Software, San Diego, CA) according to Equation 3.15. 

                                                                                                (3.15)  

where Top and Bottom define the maximum and basal (constrained to zero) responses 

respectively; H is the hillslope; and EC50 is the 50% effective concentration, and x is the 

logarithm of concentration. 

The relative estrogenic potential (REP) of the extracts was used as a measure of 

estrogenicity. The REP estimate is mathematically defined as the ratio of the standard and sample 

at equi-effective concentrations and yields a unitless estimate of potency (Equation 3.16). As 

such, 
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                                      (3.16) 

where the REP of Compound 2 , C2 , is relative to a standard, Cs. 

 

3.5 Results and Discussion 

3.5.1 LC-MS/MS determination of estrogens in wastewater 

Table 3.1 shows the concentrations of natural estrogens found in wastewater treatment plant 

influent and effluent. It appeared that 17β-estradiol was significantly removed in the treatment 

process whereas estriol and 17α-dihydroequilin was removed to a lesser extent, 24 and 54% 

respectively. Estrone on the other hand appeared to increase in the wastewater effluent by 

approximately 77%. This result agrees with previously published reports of metabolic conversion 

of 17β-estradiol to estrone in the activated sludge process 15-17. As such, estrone is often viewed as 

one of the hormones primarily responsible for endocrine disruption in aquatic species18.  The 

concentrations of 17β-estradiol, estrone, estriol, and 17α-dihydroequilin were used to predict the 

biological effects using the additivity models described above. The possible outcomes from the 

analysis are that: 

1) the additivity models agree well with the observed YES responses from the wastewater. 

This would indicate that the hormones analyzed and the concentrations detected could 

account for all of the estrogenic activity measured in the YES. 

2) the observed responses in the YES assay are greater than predicted by the additivity 

model. This would indicate that there was either matrix suppression of analyte signal in 
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the analytical method, or additional estrogenic components that were not detected and 

accounted for in the LC-MS/MS analysis contributed the observed effects. Analyte 

recovery (to gauge the uncertainty in the measured concentrations) and Effect Directed 

Analysis with non-target analyte detection to determine other contributors to the 

estrogenic effects will then be recommended. Another possibility is that there is synergism 

amongst the hormones and other water components. Further analysis will be necessary to 

determine which of these factors would be likely to cause the deviation. 

3)  the observed responses in the YES assay are less than predicted by the additivity model. 

This scenario may indicate antagonistic effects in the YES assay. Estrogen antagonists 

such as those mentioned in Chapter 1 (materials used in cosmetics and household 

products, as well as metabolites of PAHs and PCBs) can possibly contribute to the 

antagonistic effects observed. Cytotoxic effects and enzyme inhibition due to the water 

matrix may also be contributing factors. 

 

 Table 3.1. Concentration of estrogen hormones in the influent and effluent water samples 

 
 Estriol 17β-estradiol Estrone 17α-dihydroequilin 

Influent (ng/L) 8.66 5.07 0.15 679.18 
Effluent (ng/L) 6.55 *<LOD 0.65 311.61 
% Reductions 24.35 100 **N/A 54.12 

  * LOD- Limit of Detection     
  ** An increase in final effluent concentration is observed 

3.5.2 Biological activity of influent and effluent assessed using YES  

As expected from the chemical data above, the wastewater effluent contained residual estrogenic 

activity in spite of treatment. In order to quantify the changes in the estrogenic activity observed, 
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and without confirmation of parallelism to the standard 17β-estradiol, the relative estrogenic 

potential (REP) was calculated at several effect levels. The residual activity of the effluent was 

61% less than that of the influent (using the 50% effect level as reference) reflecting the 

incomplete degradation of the hormones investigated, particulary 17α-dihydroequilin. 

Chimchirian et al., 2007 also observed negligible removal of 17α-dihydroequilin at the same 

treatment facility19 indicting that other natural hormones are degraded preferentially to 17α-

dihydroequilin. This hormone may thus be an important contributor to estrogenic effects in water 

in which it occurs. Distilled water was enriched similarly to the wastewater samples and was used 

as a negative control for estrogenicity. The REP of the DI water was 3.35x10-5 and as such the 

influent and effluent samples were considered highly estrogenic compared to the blank sample. 

The influent and effluent estrogenicities and % reductions reported in Table 3.2 are in good 

agreement with published data20. The effluent sample yielded a submaximal response (indicating 

the presence of partial agonists) and a full concentration response curve was not achieved in the 

influent samples due to the toxic effects, Figure 3.3. 

 

Table 3.2. Estrogenicity of influent and effluent samples measured as µgL -1  of 17β-estradiol 
using the YES assay 

 

Effect Level (%) Influent REP, µgL -1   Effluent REP, µgL -1  % Reduction 
80 0.0206 N/D N/D 
50 0.0193 0.00751 61.1 
20 0.0307 0.0131 57.5 
10 0.0467 0.0164 64.8 
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3.5.3 Comparison of chemical and biological estradiol equivalents in YES 

The chemically determined concentrations were converted into expected biological responses 

using the CA and IA models described above, equation 3.4 and 3.12 respectively.  The predictions 

were made based on the single compound concentration response curves shown in Figure 3.1. 

 

Figure 3.1. Single compound analysis for 17β-estradiol, estrone, estriol, and 17α-dihydroequilin 

in the YES assay. 
  

Laboratory prepared mixtures of 17β-estradiol, estriol, estrone, and 17α-dihydroequilin showed 

that there was no expected interaction amongst the hormones using both CA and IA models as the 

response could be predicted within the 95% confidence interval of the observed response, Figure 

3.2.  
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Figure 3.2. Comparison of predicted and observed mixture responses in simulated sample of 17β-

estradiol, estriol, estrone, and 17α-dihydroequilin. The CA and IA models were used to predict 

the responses. The observed responses were well predicted by the models indicating that there is 

no potential for an interaction amongst these hormones and they are act additively in ‘clean’ 

samples. 

 
In the case of the wastewater samples, the predicted enrichment factors were calculated through 

the division of the total mixture concentration determined by the models by the summed 

concentration determined by chromatographic methods. Both the CA and IA models roughly 

predicted the responses up to about the EC10 for both the influent and effluent samples; thereafter, 

deviations from additivity were observed, Figure 3.3. This may be due to the presence of estrogen 
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antagonists, the effects of which became more apparent in higher concentrated samples. There 

may also be other estrogenic contaminants in the wastewater such as nonylphenol. Even then, the 

observed effects were lower than those predicted by the models considering only four estrogens. 

The antagonistic activity observed may be occurring through the estrogen receptor; however, 

increased enzymatic deactivation with greater sample enrichment cannot be ruled out. Such 

response suppressing activity may manifest as antagonism but may be more specific towards the 

yeast system under investigation and may not have much in vivo significance. At this point, it is 

difficult to say whether such non-specific interactions are occurring in the system, or whether the 

antagonistic activity that is being observed occurs through the estrogen receptor. Nonetheless, the 

disagreement between additive models and observed responses in the YES system implies the 

further in vivo testing is necessary and that complications may occur in analysis methods that rely 

on the additivity assumption, such as confirmation in effect directed analysis (EDA).  
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Figure 3.3.  Predicted and observed concentration response curves for all effect levels in the YES. 

Antagonistic activity is evident in both the wastewater influent and effluent samples. The 

regression parameters are provided for more detailed comparison. 

3.6 Conclusion 

The combination of chemical and biological analysis can be used for two purposes. The 

first is strictly an effect directed approach (see appendix A for more information) to identify key 

toxicants in an unknown and complex mixture while in the second approach specific analytes are 

targeted for chemical analysis using optimized extraction protocols and the contribution of these 

compounds to the total mixture effect is measured21. Both approaches are EDA related and suffer 

from similar drawbacks, which include matrix suppression due to sample enrichment in 

instrumental analysis leading to uncertainties in the true concentration of the analyte and possible 

interaction between mixture constituents in biological assays leading to unpredictable effects. A 

survey of 19 peer-reviewed articles that reported on the combined biological and chemical 

analysis of endocrine disrupting compounds was conducted in an effort to evaluate the successful 

use of CA as a confirmation step in the analysis. Of the studies referred, CA was only successful 

in 26.3% of the studies as a confirmation step, while in 57.9% of the studies CA could not predict 

the total observed biological activity. In the studies where CA was not successful, antagonism (a 

biological interaction) was identified as a possible reason why the CA predictions failed. 36.3% 

of the studies in which an interaction was identified also reported that analyte matrix suppression 

might have affected the predictions. Of the studies referred, no confirmation protocol was used in 

10.5% of the studies, while in one study unsuccessful confirmation was attributed to either 

possible detoxification/ cytotoxic mechanisms or anti-hormonal activity although the later was 
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ruled invalid as there was good agreement between chemically and biologically derived estradiol 

equivalents for one of the samples tested, which showed a suppressed response when combined 

with a single and constant concentration of agonist22. A summary of this finding and references 

can be found in Appendix D.7. 

This poor agreement between chemically estimated biological effects and the observed 

effects has been documented in the literature, and there is a general consensus that deviations 

from additivity (interactive potentials) in complex mixtures may significantly contribute to these 

poor predictions23-27. Further, previous studies in yeast-based assays have shown that 

environmental xeno-estrogens often display multiple modes of actions. Sahoni and Sumpter, 

1998, have shown convincingly that environmental estrogens are capable of displaying anti-

androgenic activity (bisphenol A, a very ubiquitous environmental estrogen being among the 

candidate list)28. Thus, even with the use of very sophisticated analytical methods, which can 

successfully separate anti-androgenic fractions from androgenic ones, the masking activity of 

estrogens upon androgens that elute in the same fraction (similar Kows) is still possible29. 

Therefore the confirmation step in the EDA may benefit from an interaction model such that the 

chemically derived estradiol/testosterone equivalents may better reflect the net mixture effects 

that are determined with bioassays. Furthermore, sensitive bioassays that require less sample 

enrichment will help reduce toxic or inhibitory matrix effects, which may complicate analysis. 

This dissertation addresses both these issues to varying degrees by presenting the development 

and validation of an interaction model which can be used to predict synergism and antagonism in 

mixtures in addition to the evaluation of infra-red spectroscopic methods for the detection of a 

rapid and sensitive endpoint for estrogenic activity. 
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CHAPTER 4 

AN INTERACTION MODEL FOR ESTIMATING IN VITRO ESTROGENIC AND 

ANDROGENIC ACTIVITY OF CHEMICAL MIXTURES 

4.1 Abstract 

There is a need to better understand and predict the biological activity and interaction of 

chemical constituents in mixtures. Many existing methods assume that the mixture components 

are additive, and in the case of endocrine disruption, deviation from additivity may occur and 

render predictions inconclusive. In this study, an alternate index, aRP, which can be used to 

quantify the interactive effects (antagonism) of chemicals on a common target from analytically 

derived concentrations of chemical constituents within a mixture that act upon the same molecular 

target is described. The index is calculated by measuring the degree by which the test compound 

modulates the activity of a standard hormone as a function of mixture proportions. The aRP was 

shown to be valid for additive mixtures. It theoretically estimates the product of the relative 

potential and the interaction index inverse for non-additive mixtures. The aRP values were 

computed for agonists, and antagonists of both the estrogen and androgen receptors by using 

yeast-based methods (YES and YAS). The resulting aRP estimates were then validated using 

ternary and quarternary mixtures of agonists and antagonists. The use of aRP led to improved 

predictions compared to estimates based on concentration addition. The aRP model yielded 

estimates that were statistically indistinguishable (α = 0.01) from the measured responses in 75% 

of the 32 mixtures tested. By the same criteria, the CA model successfully predicted 34% of the 

mixtures. Both the aRP and CA models correlated well with the observed responses (Pearson R = 
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0.98 and 0.84 respectively); however, the CA estimates produced higher percent errors, 

particularly in mixtures with higher proportions of antagonists. It is suggested that the inclusion of 

aRP estimates in effect directed analysis allows for the compensation of interactive activity in the 

confirmation process and allows for a better approximation of the net activity captured by the 

bioassays through the use of chemically derived concentrations.  

4.2 Introduction 

Environmental hormones of both natural and synthetic origin are widespread in the 

environment.1 These hormones in combination with other micropollutants can result in complex 

mixtures that exhibit undesirable effects on aquatic organisms.2 Risk assessors are thus faced with 

the challenge of determining the permitable amounts of endogenous and exogenous hormones in 

matrices where analytical capabilities preclude full characterization and determination of total 

mixture effects.3, 4 As such, bioassays have been employed to analyze whole sample effects 

without having a priori knowledge of the complete sample characterization.  

The toxicity identification evaluation (TIE) and effect directed analysis (EDA) schemes 

have been used to identify the natural hormones (17β-estradiol, and estrone) in addition to 17α-

ethinylestradiol as large contributors to endocrine disruption by sewage effluents; whereas, in 

waters with a heavy industrial influence, nonylphenol becomes important.5-7 It has also been 

recognized that in addition to estrogenic activation by environmental estrogens, interferences to 

the activity of the androgen receptor by natural or anthropogenic contaminants can also result in 

endocrine disruption in vivo.8 It is not only the stimulation of these nuclear receptors but also 

suppression of agonistic activity, which contributes to the observed disruptive effects observed. 

Both, environmental estrogens and androgens may occur in the same complex mixtures and effect 
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direct approaches have been applied to in efforts to identify the most influential estrogenic and 

androgenic contaminants.9, 10 However, the fact that environmental estrogens may act as anti-

androgens may complicate the analysis. 

An essential part of the effect directed approach is the confirmation step. This step 

confirms that the chemicals identified as causing the effect can sufficiently explain the effect 

observed in the whole sample.11, 12 While there are established methods for confirmation, such as 

add back, and spiking methods,11 the fact that environmental contaminants can display either 

agonistic or antagonistic hormonal activity may render the results of confirmation step difficult to 

interpret, and (more importantly) contaminants resulting in significant (anti-) hormonal activity 

could be overlooked (Appendix A.1). A common approach in confirmation is to compare the 

induction equivalent concentrations (IEQ), as determined with bioassays for the whole sample, 

with the analytically determined concentrations of the identified toxicants multiplied by the 

relative potentials of the toxicants. Agreement between the two values implies that the observed 

responses in the whole sample can be well explained by the identified causative agents.11 

Disagreement may imply strong matrix effects in analytical methods, as a significant amount of 

sample enrichment may be required. At the same time, it may also be due to unidentified 

compounds, which by themselves produce little or no biological effects, but in combination may 

alter the activity of the identified agonists and display anti-hormonal activity.4, 13 This anti-

hormonal activity has been observed particularly in androgen screening assays.9, 10 An interaction 

model that can predict antagonistic as well as synergistic activity is therefore useful in confirming 

the biological activity of the whole mixtures from the analytically determined concentrations of 

both agonists and antagonists. Such a model may not be limited to the determination of total 
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estrogenic and androgenic activity but also has the potential to determine the joint toxicity of 

chemicals due to mechanisms other than estrogenicity and androgenicity. 

This study describes the development of a predictive model that can be used to estimate 

biological activity of mixtures comprising of both agonists and antagonists of hormonal activity. 

It is shown that the relative potentials (used to covert chemical exposure concentrations to the 

biological responses associated with them) can be calculated through a combined approach in 

which the test substance is combined with the standard allowing for both agonistic and 

antagonistic activity to be discerned. The relative potential (RP) of a substance, which possesses 

anti-hormonal activity, can therefore be quantified relative to the same standard used for agonists. 

Importantly, this RP is corrected for interactions between chemicals through the derivation of an 

interaction parameter. The corrected or alternative RP (aRP) can therefore be appropriately 

accounted for and included in predictive equations.  The use of aRP allows a net inductive effect, 

as measured in bioassays, to be approximated through analytical means. In this paper, 

quantification of aRP values is theoretically developed and tested using simulated mixtures in the 

Yeast Estrogen and Androgen Screening Assays (YES, YAS). The aRP estimates were validated 

in higher order mixtures of agonists and antagonists of hormonal activity. 

 

4.3 Materials & Methods 

Estriol, 17α-dihydroequilin, bisphenol A, dibutyl phthalate, ethanol (HPLC-grade) and 

chlorophenolred-β-D-galactopyranoside (CRPG) were obtained from Sigma Aldrich. All other 

chemicals were obtained from Fisher Scientific. 
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4.3.1 Yeast based screening assays 

The Yeast Estrogen Screen (YES) and Yeast Androgen Screen (YAS) were used to 

quantify the estrogenic and androgenic activity of the standalone components and mixtures. The 

assay makes use of yeast (Saccharomyces cerevisiae) that are genetically transformed with the 

human Estrogen Receptor (ER) or Androgen Receptor (AR), Estrogen or Androgen Responsive 

Elements (ERE/ARE) and a Lac Z reporting plasmid. Upon activation of the receptor, β-

Galactosidase is secreted into the assay medium. The level of β-Galactosidase secretion is 

concentration dependant and relates to the estrogenicity or androgenicity of the sample tested.14  

The assay was conducted as per the Routledge and Sumpter method.14 Briefly, stock 

solutions of 17β-estradiol, testosterone, estriol, 17α-dihydroequilin, dibutyl phthalate and 

bisphenol A were dissolved in ethanol. Serial dilutions of each constituent were performed in 

ethanol and 5µL of each constituent was transferred to a flat bottom 96 well plate and allowed to 

dry to completeness. Standards, 17β-estradiol (YES) and testosterone (YAS) were used as 

positive controls on each plate in the respective assay. In each mixture analyzed, the standards 

were first dried on the plate followed by the addition of the test compound, which was also 

allowed to dry. Assay medium, which consisted of growth medium, yeast at a final optical density 

of 0.1, and CPRG was added upon drying.  The samples were then shaken for 2 minutes and 

incubated at 320C for 72 hours in the YES. In the YAS plates were incubated for 48 hours as the 

color development is faster in YAS assay than in YES.9 The conversion of CPRG to CPR was 

then quantified using a Biosystems Analyst AD micro-plate reader at 530nm, and corrected for 

turbidity at 630nm. The equation for the corrected absorbance is given by Equation (4.1), 

                              (4.1)                                             
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The corrected response was then plotted versus the logarithm of the concentration, and the 

data was fitted to a four-parameter logistic regression concentration response model (version 5.0, 

GraphPad Software, San Diego, CA) according to Equation 4.2. 

                                                                                                    (4.2)  

where Top and Bottom define the maximum and basal (constrained to zero) responses 

respectively; H is the hillslope; and EC50 is the 50% effective concentration and x is the logarithm 

of the concentration of the compound.  

The RP estimate is mathematically defined as the ratio of the standard and sample at equi-

effective concentrations and yields a unitless estimate of potency (Equation 4.3). As such, 

                       (4.3) 

where the RP of Compound 2 , C2 , is relative to a standard, Cs. 

4.3.2 Concentration Addition (CA) Model 

The CA model is typically used to predict the concentration-responses of mixtures for 

which the single component responses are known.15 Typically, additivity applies when chemicals 

exert an effect by the same mechanism of action, and a concentration of one compound can be 

substituted by an equipotent portion of the other. However, the following (Equation 4.4) is true 

for any multi-component mixture: 

                                                          (4.4) 



	   	  

61	  

where Ci is the concentration of compound C in the mixture exerting an ECx effect, ECxi  

represents the equal effect concentration of C alone and γ represents the interactive index.15, 16 

If compounds 1 and 2 do not interact with each other but act merely as dilutions of each 

other, then the mixture is additive and γ is equal to unity. Deviations from additivity result in γ 

having a value greater than 1 for antagonistic mixtures, or γ less than 1 in cases of synergism.17, 18 

Given a fixed ratio mixture, the concentrations of 1 and 2 in the mixture can be written in terms of 

their proportions and the total mixture concentration at effect level ECx, CT. As such C1 =P1CT and 

similarly for compound 2, C2 =P2CT, where Pi is the proportion of component i in the mixture. 

Thus, substitution and rearrangement of Equation (4.4) yields Equation (4.5) for a binary mixture. 

                                                                                             (4.5) 

 

The immediate implication of Equation (4.5) is the ability to predict the concentration 

response curve for additive mixtures based on the stand-alone responses of the mixture 

components, the proportion of each component in the mixture with the assumption that γ is unity; 

Equation (4.6), 

                                                                             (4.6) 

 

where ECX,Ci is the concentration of compound i giving x% of the maximum response of the 

standard; and γ =1. For a two-component system of standard, S and compound C at the 50% 

effect level the Equation (4.6) reduces to Equation (4.7), 
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                                                                                                   (4.7) 

 

where PC is the proportion of compound C; 1-PC is the proportion of S and the EC50,S and EC50,C 

are for the standard S and compound C, respectively.  

4.4 Results 

4.4.1 Derivation of the predictive equation for an interaction 

A suitable predictive equation could be derived from the model for an interaction, 

Equation (4.4), re-written here for an n component mixture. 

                                          

                 (4.8) 

                                

 

The predictive equation for an interaction can be developed as follows. Let C1 represent 

the concentration of the assay standard against which the potency of each mixture constituent will 

be assessed, Cs. Then multiplying both sides of the equation by ECx,cs, yields, 

                                                                                 

                            (4.9) 

 

 

Substituting Equation (4.3) into the above equation and dividing through by the interactive index 

yields the following. 

                                                                              (4.10) 

Now, an expression for the overall interaction index, γ can be written as follows, 



	   	  

63	  

                                                                                                                     (4.12) 

Recall that the interactive effects are occurring on a common target; that is, the estrogen or 

androgen receptor. It is hypothesized that the changes that occur when the interacting agent meets 

the receptor can be quantified by investigating how the activity of a standard compound is altered 

when in combination with the interacting agent. Therefore, the receptor level interactions that 

occur in the mixture can be assessed as binary mixtures of standard and individual mixture 

constituents, provided that the other mixture constituents do not react with each other. As such, 

equation 4.10 can be re-written as 4.12 since γn is equal to zero for a binary mixture of standard 

with any compound except the nth compound.  

                                                    (4.12) 

where IEQ represents the induction equivalent concentration of the standard. Cedergreen at al. 

have used binary mixture toxicity results to predict the toxicity of higher order mixtures with 

greater accuracy than the concentration addition model19. In their study, a deviation parameter 

defined as the sum of an interaction parameter times the relative proportion of each chemical in a 

mixture was used in their prediction model. While the approach is similar in concept to the 

suggested model in this study, the model proposed by Cedergreen et al. does not allow for 

prediction for mixtures where a chemical that does not induce an effect alone in interactive in 

combination with other chemicals.    

From Equation (4.12), it can be observed that a predictive interactive equation should take 

into account the inverse of the interaction index of each of the mixture constituents as well as the 

relative potential. Although the equation appears straightforward, the traditional approach of 

calculating the RP (Equation 4.3) does not allow for extended use of this equation. One of the 
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more challenging issues relates to the fact that interactive compounds that result in either 

antagonism or synergism may not induce an effect when administered alone.9, 20 In such cases it 

is not possible to calculate a relative potential, as there is no measurable induction by the 

chemical. In such a case the use of Equation 4.3 is invalid.  Further, the value of the interaction 

index is usually not readily accessible data, although it can be derived using isoboles.20 The 

development of a novel metric, aRP, which combines both the interaction index and the RP is 

presented in this paper. The aRP metric will ideally be defined by Equation (4.13) such that for 

additive mixtures (γ=1) the CA derived equation is maintained. 

                                               (4.13) 

Thus, the predictive equation can be represented as Equation (4.14). 

 

                                                 (4.14) 

 

Interaction models have been previously proposed by Rider et al.21 and Mu et al.22 Both 

contributions used either k values or k functions, which account for the degree to which an 

interacting agent alters the response of an inducer, to correct the additive response of an 

interaction. Mu et al.22 used their interaction model to predict synergistic effects in binary 

mixtures. Rider et al.21 developed an integrated addition and interaction (IAI) model that 

predicted the joint toxic effect of acetylcholinesterase and P450 inhibitors. The model was 

validated using ternary mixtures.  The authors attributed the variability which at times occurred 

between the predicted and observed outcome to inherent assay variability or the possibility that k-

functions derived for binary mixtures may not be applicable to higher order mixtures.21 Even so, 

the model was used with some success (r2=0.716) and the use of k-values improved estimates of 
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biological activity compared to additive models. However, from equation 4.12, it is clear that the 

interaction index and not the k- values should be used to correct the relative potential for an 

interaction. Further, the model proposed by Rider et al. requires that the mixture constituents 

induce an effect. As discussed previously, some antagonistic compounds may not meet this 

requirement and therefore the use of the model proposed by Rider et al. is limited.  Therefore, an 

alternative approach that incorporates the use of the interaction index is needed and expected to 

provide further improvements over the model proposed by Rider et al21.  In this paper, an 

alternative method that estimates the product of the interaction index inverse and the relative 

potential  (aRP) from k-values is presented. The k values are plotted versus the concentration ratio 

of the test sample to the standard, RC. The rate of change in k values with respect to RC is 

equivalent to aRP.  It is hypothesized that aRP can be applied to predictive equations in a manner 

similar to the RP, thereby offering a familiar and simple method to predict mixture effects. 

The aRP can be determined as the rate of change in k-values with respect to RC (Equation 4.15). 

The following corollary shows that this rate is numerically equivalent to . 

                                                                                                                         (4.15) 

where RC represents the ratio of the concentration of the test compound, C, to the concentration of 

the standard; and Δk value represents the change in k value of the modulated curves, and the k 

value is determined from Equation (4.16).  

The k value is defined as,  

                                                                                                                (4.16) 
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where EC50,S is the concentration of the standard at the 50% effect level; and the product (1-

PC)(CT) represents the amount of standard in the mixture at the 50% effect level.21, 22  

From Equation (4.7), the CT can be written in terms of C (the test compound) and standard 

alone such that the denominator in Equation (4.16) can be replaced by, 

                                                                                             (4.17) 

Combining Equation (4.16) and (4.17) yields Equation (4.18). 

                                                                                               (4.18) 

The Δk value in Equation (4.15) requires the evaluation of the 50% effect level for 

concentration response curves with an incremental addition of the test compound, C, leading to 

change in its proportion ΔPC in the mixture, leading to the development of Equations 4.19, 4.20 

and 4.21. 

 

The Δ RC in Equation (4.15) can be evaluated as follows, 
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Substituting Equation 4.3 and 4.23 into 4.21 and comparison with Equation 4.15 yields, 

                                                        (4.24) 

 The aRP is thus derived from the composite curves of the test sample, C and standard, S, 

plotted in terms of the standard. The approach appears useful as it takes into account the ability of 

the test compound to result in an interaction and includes this as a correction factor, γ-1, in the RP 

estimate.  Therefore, in mixtures in which a known interacting agent is present, the induction 

equivalent (IEQ) estimate can be corrected for the interaction by Equation 4.14, where Cn may 

either be interactive or additive. The aRP thus takes into account the interaction and by extension, 

the potency change that is expected from that compound in a mixture. Thus, chemical predictions 

of biological data are expected to better approximate the net biological activity resulting from 

bioassays. 

4.4.2 aRP estimates for additive compounds 

An investigation into the modulatory activity of the test compound is the first step in the 

aRP method. Figure 4.1 shows the modulatory activity of 17α-dihydroequilin (A) and estriol (B) 

on 17β-estradiol in the YES assay.  In each mixture, a fixed ratio design was employed in which 

the proportion of mixture constituents remained constant even though the mixture was diluted. 

Further, the concentration of the 17β-estradiol standard was constant and known, thus the 

observed responses were plotted against its concentration allowing for the modulating activity to 

be discerned. The response of the test sample is represented in terms of the standard. It is 

important to mention that the modulations do not necessarily imply that the overall mixture is 

becoming more potent with increasing concentrations of the test compound, but rather less 17β-
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estradiol was required to produce the effect observed, as the test compound began to contribute 

more to the mixture effect.23 

To determine the aRP from the modulated curves, the contribution of the test compound to 

the binary mixture must be quantified. This can be achieved by quantifying the rate at which the 

test compound modulates 17β-estradiol. This rate is unique to each compound and relates directly 

to the relative potential of the test compound. The ratio of the EC50 of 17β-estradiol, to the EC50 

of the modulated curves, i.e. the k value, (Equation 4.16) provides a parameter through which the 

strength of the modulations can be quantified. It measures the reduction in the amount of standard 

that is required to produce the response at that level.  The change in the k value with respect to the 

proportion of test sample in the binary mixture (aRP) is constant and linearly related along 

different mixture proportions as shown in Figure 4.1. The regression of the k-value versus the 

ratio of test compound to 17β-estradiol returns a slope that is numerically equivalent to the RP of 

the test compound. Table 4.1 compares the RP estimates for estriol and 17α-dihydroequilin using 

both Equation (4.3) and the alternative approach presented (aRP) earlier. There is an overlap in 

the 95% confidence intervals of the aRP and RP estimates indicating that they agreed well. This 

indicates that these compounds act additively towards the estrogen receptor. 
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Figure 4.1. Modulations observed with combinations of 17β-estradiol with 17α- dihydroequilin 

(A), and estriol (B). The ratios represent the concentration of standard to test sample. K-value 

plots for dihydroequilin and estriol are shown in (C) and (D) respectively. K-value represents the 

ratio of  the equal effective concentrations of standard alone to that of the modulated curves (eqn 

4.15), and R is the concentration ratio of test compound to standard. 
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Table 4.1. Comparison of values for aRP and RP estimates for additive compounds in the YES 
assay 

 17α- Dihydroequilin Estriol 

aRP 0.05094 0.006436 

R2 0.989 0.995 

95% Confidence Intervals 0.04359 - 0.05828 0.006290 - 0.006582 

RP  0.04633 0.005791 

95% Confidence Intervals 

Table 1.  

Intervals 

                             

0.03909 - 0.05357 0.005236 - 0.006346 

 

4.4.3 aRP estimates for antagonistic compounds 

The anti-hormonal assays were conducted using the fixed ratio design as previously 

described for agonists. This approach differs from the anti-hormonal screen commonly employed 

in yeast assays which keeps a sub-maximal concentration of agonist constant, and varies the 

amount of the suspected antagonist.9 In this approach the response suppression observed is 

specific to the amount of standard and antagonist examined. Further, it is common to determine 

the anti-hormonal activity in terms of a classic response suppressor, example 4-hydroxytamoxifen 

(4-OHT) in the YES, and flutamide in the YAS leading to the derivation of 4OHT or flutamide 

equivalents.10 While these potencies are valid, their use in quantifying the contribution of the 

inhibitory activity relative to an agonistic standard giving total 17β-estradiol or testosterone 

equivalents is limited. In this regard, the fixed ratio design is more advantageous as it allows for 

the representation of the inhibitory activity relative to the same standard to which agonistic 
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activity is compared and the computation of aRP. These aRP values can then be used in a manner 

similar to RP for the prediction of whole mixture effects. 

The YAS assay was also used in the anti-hormonal assays as reports indicate that there are 

much more anti-androgenic contaminants than anti-estrogens.9, 10 Further, several environmental 

estrogens appear to act as anti-androgens.9 Thus, the presence of anti-androgenic activity in 

environmental samples may be due to the presence of estrogens, which may thus affect 

predictions of androgenic activity. Figure 4.2 shows the inhibitory activity of dibutyl phthalate 

(DBP) and bisphenol A (BPA) in the YAS and YES assays. None of these compounds induced an 

effect when tested alone and as such their contribution in a mixture would go unrecognized if the 

concentration addition model is used to predict activity (Appendix D, Figure D2-D4). In order to 

obtain the ECX needed for the computation of k-values, the curves were constrained to the 

maximum response of the respective standards and fitted to the logistic regression equation using 

Equation 4.2. Since full concentration responses were not obtained for all the BPA modulated 

curves, the EC15 was used for the derivation of k-values. Plots of the k-values versus the ratio of 

sample to testosterone are shown in Figure 4.2.  
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Figure 4.2. Modulations observed with combinations of testosterone with A) Dibutyl phthalate 

(DBP) and (B) bisphenol A (BPA) in the YAS assay, and (C) Dibutyl phthalate (DBP) in the YES 

assay. The ratios represent the concentration of standard to the test compounds. K-value plots 

showing the anti-hormonal activity of (D) Dibutyl phthalate (DBP), and (E) Bisphenol A in the 

YAS, and and (F) Dibutyl phthalate (DBP) in the YES assay. K-value represents the ratio of  the 
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equal effective concentrations of standard alone to that of the modulated curves (eqn 4.15), and R 

is the concentration ratio of test compound to standard. 
Good linearity was observed over the concentration range tested for DBP, (r2= 0.998, 999 

in the YAS and YES respectively); however, the graph was not linear in the case of BPA. The 

aRP value for BPA varied across the concentration range and was therefore estimated as the 

instantaneous rate of change in k value as a function of Rc. This was done by fitting the data to a 

non-linear equation of the form  and evaluating the first derivative at the Rc of interest, 

i.e. the aRP was estimated as .   

The derivative of the k-value with respect to Rc can be derived by equation 4.25 by 

expressing the standard and test compound concentrations (cs, and cT respectively) in terms of the 

mixture effect level concentration ECx,m (R) and multiplying both sides of the equation with k-

value, denoted here as KR and inserting the definition of the relative potency of the test compound 

with respect to test standard, yielding equation 4.26. 

                                                                                                                     (4.25) 

                                                                                                                     (4.26) 

In this case, 

                                                                                                           (4.27) 

From equation 4.27, it is shown that  approximates aRP, γ-1RP. The second term reflects 

changes that may occur as the proportion of each mixture constituent changes. The linear 

relationship between the K-value and R for DBP implies that γR is constant over the range of 
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concentrations and as such the second term cancels. In this case,  gives a good approximation 

of aRP. However, when the K-value plots are not linear, as with BPA in Figure 4.2,  yields 

an approximation of aRP, that can be corrected by computing .   

The aRP values for both DBP and BPA in the YAS are shown in Table 4.2. The aRP for 

DBP was on the same order of magnitude in the YES and YAS, -6.74 x 10-5 and -5.37 x 10-5 

respectively. The aRP values for BPA were given by the equation . 

The negative aRP values indicate that the test compounds are suppressing the activity of the 

standard such that it requires larger amounts of standard to achieve a particular effect achieved 

with just standard alone. There have been previous reports of the anti-hormonal activity of DBP10, 

24 and BPA.9 However, the aRP approach enables the contribution of the antagonistic activity of 

DBP and BPA on the androgen and estrogen receptor to be quantified in terms of the activity of 

the activity of an agonist standard. The aRP values for DBP and BPA are relatively low, 

indicating that the ratio of either DBP to BPA needs to be very high in order to have an 

antagonistic effect in environmental matrices. However, the mixed antagonistic contribution of 

other phthalates and PAHs, which are known to antagonize the androgen receptor, may result in 

deviations from the expected additive model. While the objective of this study was to demonstrate 

the aRP approach, there may exist environmental antagonists that are of higher potency than those 

examined in this study and which could have greater influence on the activity of the hormone 

receptor. It is also worth mentioning that the aRP reflects the notion that not only the in vivo 

concentrations, but also the proportions of contaminants in relation to the natural hormone levels 
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lead to altered receptor activity and potential endocrine disrupting effects. As such, certain stages 

of development, which are sensitive to disturbances in a delicate hormone balance, such as fetuses 

and the growing young, may be particularly at risk. 

4.4.4 Validation of the aRP estimates 

In order to validate the model, ternary mixtures of DBP, BPA, and testosterone were 

prepared in the ratios shown in Table 4.2. Similarly quaternary mixtures of 17β-estradiol, estriol, 

17α-dihydroequilin and DBP were prepared as specified in Table 4.3. Equation 4.14 was used to 

predict the total testosterone or 17β-estradiol equivalents (IEQ) using the aRP values which were 

previously computed and the results are shown in Table 4.2 and 4.3. The estimates based on aRP 

approximated the total IEQs well and showed a significant improvement over the predictions 

based on the concentration addition (CA) model.  The CA model tended to overestimate the IEQs 

given that DBP and BPA did not induce an effect by themselves; and moreover, their interactive 

nature is only observed when in combination. In 24 out of the 32 mixtures studied, there was no 

significant difference between the aRP predictions and the observed effect (p>0.01). Only 11 of 

the mixtures produced comparable predictions using the CA model. When the proportion of 

antagonist is high, the percent difference between the CA and the observed responses could be as 

high as >500%. In such mixtures, the aRP model provided better estimates, with the highest 

percent error being 83%. Although the  term was included with mixtures of BPA, the 

aRP predictions were still superior to the CA model. This indicates that the  may be very 

small in comparison to γ-1RP in equation 4.27. Common factors such as lack of parallelism 
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between the curves may lead to some error in both the aRP and CA models. However, in spite of 

these errors the aRP model presents an increase in predictive power over the CA model as the 

percent error in only 2 of the predictions exceeded 50%, compared to 17 of the CA predictions. 

The modeled aRP data also closely followed the theoretical 1:1 ideal case scenario, with a slope 

of 1.085, r2 = 0.961, compared to the CA with a slope of 0.545, r2 = 0.706, Figure 4.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	   	  

77	  

Table 4.2. Comparison of aRP and CA predictions to observed testosterone equivalent (TEQ) 
concentrations. 

 

*   p<0.01 (These predictions are significantly different from the observed values) 

a – concentration ratio of BPA to testosterone 

b – concentration ratio of DBP to testosterone 

TEQ – Testosterone equivalents 

Stdev –Standard deviation 
 

Testosterone  
(µgL -1 ) 

aRBPA bRDBP aRPBPA aRPDBP 

TEQ 
(µgL -1 ) 

CAModel 
(% Error) 

TEQ 
(µgL -1 ) 

Interaction 
Model 

 (% Error) 

TEQ 
(µgL -1 ) 

Observed  
(Stdev) 

2 0 0 -2.61E-04 -5.37E-05 2 (0.1) 2.000 (0.1) 1.999 (0) 

2 40 5000 -2.58E-04 -5.37E-05 2 (39) 1.437 (0.4) 1.443 (0.42) 

2 80 5000 -2.55E-04 -5.37E-05 2 (35)  1.411(5.1) 1.487 (0.28) 

2 160 5000 -2.50E-04 -5.37E-05 2 (46) 1.362 (0.3) 1.367 (0.15) 

2 320 5000 -2.40E-04 -5.37E-05 *2 (53) 1.270 (3.0) 1.310 (0.02) 

2 640 5000 -2.22E-04 -5.37E-05 *2 (50) 1.109 (17) 1.333 (0.12) 

2 1280 5000 -1.88E-04 -5.37E-05 *2 (53) 0.869 (33) 1.305 (0.08) 

2 1875 10000 -1.62E-04 -5.37E-05 *2 (433) *0.186 (50) 0.375 (0.02) 

2 2560 5000 -1.36E-04 -5.37E-05 *2 (96) 0.625 (39) 1.024 (0.09) 

2 3750 10000 -1.01E-04 -5.37E-05 *2 (748) *0.039 (83) 0.236 (0.01) 

2 5120 5000 -7.13E-05 -5.37E-05 *2 (133) 0.630 (27) 0.858 (0.14) 

2 7500 10000 -3.91E-05 -5.37E-05 *2 (534) 0.289 (8) 0.417 (0.01) 
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Table 4.3. Comparison of aRP and CA predictions to observed 17β-estradiol equivalents (EEQ) 
concentrations. 

17β-E2 
(µgL-1) 

E3 
(µgL-1) 

17α- EQN 
(µgL-1) 

aDBP 
(µgL-1) 

EEQ (µgL -1 ) 
CA Model 
(% Error) 

EEQ (µgL -1 ) 
Interaction 

Model 
(% Error) 

EEQ (µgL -1 ) 
Observed 

(Stdev) 

0.0313 6.25 0.5 1200     *0.0907 (136)  *0.0161 (58) 0.0384 (0.005) 

0.0313 6.25 0.25 600 *0.0791 (92) 0.0438 (6) 0.0413 (0.006) 

0.0313 6.25 0.125 300 *0.0733 (67) *0.0576 (31) 0.0439 (0.014) 

0.0313 6.25 0.0625 150 *0.0703 (64) *0.0645 (50) 0.0430 (0.006) 

0.0313 6.25 0.0313 75 0.0689 (48) 0.0680 (46) 0.0467 (0.006) 

0.0313 6.25 0.5 600 0.0907 (50) 0.0565 (6.8) 0.0607 (0.015) 

0.0313 3.125 0.5 600 *0.0726 (51) 0.0364 (24) 0.0481 (0.008) 

0.0313 1.563 0.5 600 *0.0635 (44) *0.0263 (40) 0.0441 (0.007) 

0.0313 0.781 0.5 600 *0.0590 (42) *0.0213 (49) 0.0416 (0.020) 

0.0313 0.391 0.5 600 *0.0567 (54) *0.0188 (49) 0.0368 (0.034) 

0.0625 6.25 0.5 1200 *0.1219 (123) 0.0473 (13) 0.0546 (0.043) 

0.0625 6.25 0.5 600 *0.1219 (59) 0.0878 (14) 0.0765 (0.223) 

0.0625 6.25 0.5 300 0.1219 (34) 0.1080 (18) 0.0913 (0.035) 

0.0625 6.25 0.5 150 0.1219 (9) 0.1181 (6) 0.1118 (0.050) 

0.0625 6.25 0.5 75 0.1219 (6) 0.1231 (5) 0.1292 (0.074) 

0 6.25 0.5 600 *0.0594 (77) 0.0253 (25) 0.0335 (0.007) 

0 6.25 0.5 300 *0.0594 (50) 0.0455 (15) 0.0396 (0.062) 

0 6.25 0 300 *0.0362 (68) 0.0200 (7) 0.0216 (0.074) 

0 0 4 1200 0.1858 (38) 0.1229 (9) 0.1349 (0.037) 

0 0 4 600 0.1858 (27) 0.1633 (12) 0.1459 (0.030) 
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a — aRP for DBP is -6.74 x 10-5, EEQ - 17β-estradiol equivalents, * p<0.01 (These predictions 
are significantly different from the observed values), Stdev- standard deviation 
 

 

Figure 4.3. Comparison of observed induction equivalents to predictions based on Concentration 

Addition (CA) and the aRP estimates 
 

4.5 Conclusion 

This article presents a novel method for estimating the contribution of both hormone 

receptor agonists and modifiers of hormone activity to whole mixture effects in vitro. The method 
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entails assessing the ability of a test compound to modulate the activity of a hormone standard, 

and determining the rate of change in the activity of the standard as a function of the 

concentration ratio of test compound to the standard. This rate is equivalent to the relative 

potency times the interaction index inverse, aRP. The aRP and RP values showed good agreement 

for additive compounds. Further, the aRP index enabled the prediction of antagonistic activity in 

mixtures of antagonists and agonists; whereas the concentration addition model did not yield 

satisfactory results in mixtures with a high proportion of antagonist. The currently used 

concentration addition (CA) model over predicted the total induction equivalents. The proposed 

aRP index appears to be useful in potency balance relationships as the interactive potential is 

captured and accounted for.  This could improve the confirmation step in effect directed analysis 

as interacting contaminants could be searched for, identified, and confirmed.  
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CHAPTER 5 

RAPID AND SENSITIVE SCREENING OF EMERGING CONTAMINANTS USING 

FOURIER TRANSFORM INFRARED IMAGING SPECTROSCOPY (FT-IRIS) 

 
5.1 Abstract  

In order to assess the biological effects of emerging contaminants it is important to develop rapid 

and sensitive screening assays. In this contribution, the ability to determine the molecular level 

effects of 17β-estradiol on single MCF-7 cells using Fourier Transform Infrared Imaging 

Spectroscopy (FT-IRIS) was investigated. The use of FT-IRIS enabled sub-cellular imaging of the 

cells and determination of a dose dependant response in mucin concentration at 24 and 48 hours 

of incubation. The 48 hour increase in mucin was comparable to increases in cellular proliferation 

(Pearson R = 0.978). The EC50 values for the E-screen and FT-IRIS assay were 2.29 and 2.56 ppt 

respectively, indicating that the molecular changes, which are observed at the single cell level 

using FT-IRIS, are reflective of physiological changes that are observed as the cell population 

responds to 17ß-estradiol. The FT-IRIS method, when combined with principal component 

analysis enabled differentiation and grouping of cells exposed to the same concentrations of 17ß-

estradiol. The FT-IRIS method shows potential to be used as a rapid and sensitive screening 

technique for the detection of biological responses to different emerging contaminants in relevant 

cells or tissues.  
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5.2 Introduction 

Emerging contaminants (ECs) are classified as chemicals that may potentially threaten 

human or environmental health yet there is limited information on guidelines and evolving 

standards. This group of contaminants includes both natural and man-made chemicals such as 

hormones, pharmaceuticals, personal care products, and flame-retardants. In order to gain further 

understanding of the risks posed by these chemicals, it is important to monitor the occurrence and 

biological activity of the ECs in different environmental media. Analytical instruments such as 

liquid (or gas) chromatography tandem mass spectrometry along with sophisticated extraction 

methods enable the quantification of the ECs; however, they give little indication into their 

biological activity. As such, bio-analytical tools, or bioassays are relied on to estimate the total 

biological effects of both known and unknown mixture components. 

FTIR analysis of environmental contaminants has been investigated both at the tissue and 

cellular level in varying matrices. The ability of FTIR to identify compositional changes and 

classify cells based on the altered biochemical fingerprint caused by exposure to contaminants has 

been recognized. Previous studies have highlighted the utility of FTIR spectroscopy in 

environmental toxicological assessments1-7. Cakmak et al.2, for example, observed changes in the 

glycogen, protein and lipid content of fish liver exposed to 17β-estradiol. Similar changes were 

also observed for an estrogen mimic, nonylphenol2. Holman et al.	   3, probed the single cell 

responses of HEPG2 liver cells to 2,3,7,8-‐tetrachlorodibenzo-‐p-‐dioxin	   (TCDD) using 

synchrotron-FTIR and observed dose dependent increases in the ratio of the symmetric to 
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asymmetric phosphate modes with increasing yet environmentally relevant concentrations of 

TCDD.	  	  To	  this	  end,	  the	  ability	  to	  detect	  dose	  dependant	  changes	  in	  MCF-‐7	  cells	  exposed	  to	  

17β-estradiol using conventional Fourier Transform Infrared Imaging spectroscopy (FT-IRIS) 

was investigated. 

The quality of images from conventional FT-IRIS instruments with thermal sources have 

improved over the past decade mainly due to optimally designed optic systems, and the use of 

very sensitive detectors8; while this allows for analysis of single cells, the images produced may 

yield less information than the brighter synchrotron sources9. Nonetheless, FTIR imaging 

instruments with globar sources have been used in the analysis of single cells and provide 

pertinent information on the cell’s biochemistry 10, 11. In 2009, Llabjani et al. 4, investigated the 

response of MCF-7 cells to 17β-estradiol using FTIR (without imaging capability) on bulk cells 

and have shown that the cell spectra could be segregated based on the concentrations of 17β-

estradiol to which the cells were exposed. In this study, the ability of bench-top FT-IRIS using 

conventional sources to detect sub-cellular responses to 17β-estradiol in the nucleus and 

cytoplasm of single MCF-7 cells was investigated, and the findings were compared to the 

physiological changes observed on the cellular population level. In this capacity, infrared 

spectroscopy probes the molecular changes that occur in response to exposure to different 

emerging contaminants or environmental stressors and thus provides information on the 

genotype-envirotype relationship. In addition to gaining further insight and confirmation of 

response mechanisms, the molecular level analysis may indicate that a more rapid and sensitive 

endpoint for the effect investigated could be determined. 
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5.3 Materials and Methods 

5.3.1 E-Screen assay 

MCF-7 cells were routinely maintained in DMEM supplemented with 2%HEPES, 2% 

Glutamine, 1% Penn/strep, and 10%FBS. Experimental medium contained phenol-red free 

DMEM supplemented with HEPES, Glutamine, and Penn/strep as above in addition to 10% 

charcoal stripped FBS. A stock solution of 17β-estradiol was prepared in ethanol and diluted in 

experimental medium such that the final ethanol concentration did not exceed 0.1%. Cells were 

seeded into 6-well plates at an initial density of 25,000 cells/mL and allowed to attach. After 24 

hours, medium containing the test compounds was added to the cells and the plates incubated for 

6 days. Following incubation, the cells were trypsinized and counted using a TC Biorad automatic 

cell counter. The method is outlined in Appendix B. The estrogenic activity was quantified as the 

proliferative effect (PE)12. This represents the ratio of the highest cell yield obtained with the test 

substance to the non-treated control. 

 

5.3.2 FT-IRIS 

5.3.2.1 Cell culture and fixation 

Cells were grown directly on low-E slides (Kevley Technologies, OH )at 1 x 105 cells/mL 

in experimental medium containing 17β-estradiol ranging from 2.7ppb to 0.27ppt or without any 

hormone. After incubation for 24, 48, 72, 96, and 144 hrs the cells were rinsed in phosphate 
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buffered saline (PBS)  and then fixed in 4% formalin in PBS for 20 minutes. Once fixed, the 

slides were rinsed in PBS followed by a 3 second wash in water. Following a brief period of air-

drying, the slides were stored a dessicator until imaging. 

5.3.2.2 FT-IRIS Imaging  

Cells were imaged using a Perkin Elmer Spotlight 400 IR Imaging System with mid and 

near IR spectral range. Images were collected in imaging mode with transflection geometry at 8 

cm-1 resolution, with 64 co-added scans per pixels, and a 6.25µm pixel size. A spectrum of the 

low-E slide was used to correct for the atmospheric and instrumental background signal. The 

images were imported into Isys Malvern software for analysis.  

 

5.4 Results and Discussions 

5.4.1 Identification of nuclear and cytoplasmic regions  

Cellular response mechanisms are very dynamic and the response mechanism varies 

between different parts of the cell. Once 17β-estradiol enters the cells, the cytoplasmic estrogen 

receptor becomes activated and dimerizes. The heterodimers then translocate into the nucleus of 

the cells where they bind with estrogen response elements and begin the transcription of estrogen 

related genes. The mRNA that is transcribed then enters the cytoplasm and dictates the synthesis 

of proteins, which function to control the physiological cellular response. Among the 

physiological factors that are affected by 17β-estradiol are changes in metabolism and cell cycle 

regulation. The latter is used as a measure of the estrogenic response in MCF-7 cells and is the 
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basis for the E-Screen assay which measures the increase in cell number as a function of estrogen 

concentration. Given the differences in the cellular responses between the nucleus and the 

cytoplasm, it appeared logical to interrogate the molecular changes in these regions using FT-

IRIS. Figure 5.1 shows a visual image of a single MCF-7 cell. It can be observed that after 

cellular fixation it is difficult to identify the nucleus in the MCF-7 cells; therefore, the known 

distribution of biomolecules was used to approximate these regions in the FT-IRIS acquired 

hyperspectral images.  

 

                                                      

 

Figure 5.1. Example of a visual image of a single cell. Visualization and delineation of the 

cytoplasm and nucleus is not immediately apparent. 

 

Previous studies using FTIR imaging techniques have indicated that the lipid 

concentration is higher in the cytoplasm due to the higher amounts of phospholipids found in this 

region due to the contribution of these molecules in membranous organelles13.  Further, the 

concentration of the amide I modes (attributed to proteins) are higher in the nucleus. This may be 

due to the larger path length of the IR beam through the nucleus and a greater contribution of 
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histone proteins13. In this study, these findings were used to gauge the location of the nucleus and 

cytoplasm. The spectra were normalized, baseline corrected and spatially interpolated in order to 

reduce the pixilation of the image.  Figure 5.2 shows infrared spectral images of a single cell 

showing the distribution of the Amide I and lipid associated modes.  When the images were 

created based on the lipid modes, (Figure 2 b, c, d) higher intensities were found closer to the 

periphery of the cell, and less intense regions occurred towards the cell center. However, the 

amide 1 mode was found to be most intense at the center of the cell, although it was also observed 

to be distributed throughout (Figure 2A). Some cells did not show similar patterns in distribution 

and were thought to be undergoing mitosis as indicated by the unique spectra and is described in 

more detail by Holman et al., 200014. In these cases the lipids appeared to be homogenously 

distributed throughout the cells. Regions that showed the least intense lipids were assigned to be 

nucleus. Spectra were then extracted from the cytoplasm and nucleus and further analyzed. 

 

                  .  

Figure 5.2.  Images assembled according to the wave-numbers indicated below each panel. The 

regions with higher lipid intensity represent the cytoplasm. 

 

D 

A 

C 
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5.4.2 Resonant Mie Scattering (RmieS) Correction 

The average size of the cells is ~30µm and the nucleus ~10 µm. The comparable sizes of 

the nucleus and the wavelength of the incident light, result in strong scattering artifacts by single 

cells. The resulting cell spectra appear to be undulating, as the biochemical fingerprint is 

superimposed on the reflection spectrum. Moreover, the position of the amide I peaks appear to 

be shifted to a lower wavenumber. In 2010, Bassan et al., created and published a correction 

algorithm that could be used to correct these distortions in cell spectra thereby allowing the true 

absorption spectra of the cell’s to be revealed15-18. The cell spectra were imported into Matlab, 

where they were corrected for the scattering effects by using the published algorithm18. Figure 5.3 

shows the cell spectra before and after scatter correction. The algorithm successfully removed the 

reflection contribution and reduced the undulating baseline; in addition, the amide I peak shifted 

from 1648 cm-1 to 1652 cm-1 and this was consistent among the spectra extracted from one cell. 

However, the degree of scattering varied from cell to cell and some cells tended to scatter more, 

possibly due to varying morphologies and geometries.  
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Figure 5.3. A) Spectra showing high level of scattering. B) Spectra after scatter correction using 

the RMieS Correction Algorithm.  

5.4.3 Biochemical cellular response to 17β-estradiol 

MCF-7 response to 17ß-estradiol is complex, and there are several cascades of events that 

occur leading to the proliferative effect. This includes the stimulation and deactivation of genes 

and enzymes that are responsible for cell cycle regulation, proliferation and other metabolic 

processes. Scatter corrected spectra were imported into Omnic software and analyzed and it was 

observed that the region with the most spectral differences between the cells treated with 17β-

estradiol and non-treated cells was in the 1300-1100cm-1 range. The major components that 

contribute in this area are phosphate (~1240), carbohydrates, mucin (~1150 cm-1) and serine, 

tyrosine or threonine amino acids (~1168)19. The most consistent changes occurred in the latter 
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two regions in the cytoplasm of the cells as shown in Figure 5.4. Mucins also produce a peak at 

~1050 cm-1, however, other macromolecules (phosphodiesters of nucleic acids) also absorb in this 

region making it difficult to interpret the changes that may occur. Although, other carbohydrates 

such as glycogen may absorb in the 1150 cm-1 region, the assignment of mucin is more consistent 

with increased C-O and C-OH stretching modes, which are likely due to serine, threonine, and 

tyrosine in amino acids. Mucins are a family of highly glycosylated proteins which are known to 

be rich in serine and threonine and play a role in cell signaling as well as cell proliferation 20. 

Previous studies have shown that variants of mucin related genes may be over expressed in MCF-

7 cells in response to 17β-estradiol21-23. A similar response was also stimulated by a xeno-

estrogen, nonyl-phenol in MCF-7 cells.  
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Figure 5.4. Spectra of the mucin/samino acid region in response to varying concentrations of 

estradiol at 48 hrs. 

 

Since IR spectra follow Beer-Lambert’s law, the integrated area under the peaks represent 

the concentration of the bio-molecules that give rise to the absorption. The 1140-1180 cm-1 region 

was baseline corrected and the integrated area under the peak was determined for each of the time 

points that were investigated, Figure 5.5. 
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Figure 5.5. Comparison of E-Screen and FT-IRIS assays at 24, 48, 72, 96, and 144 hrs. The 24 hr 

and 48 hr time point represent the average of two independent experiments of five replicates each. 

The other FT-IRIS time points represent triplicate measures. The E-Screen results are the average 

of 8 replicates from 4 independent experiments. 

 

The integrated areas were normalized to the average of the area for the control cells and plotted as 

“fold increase in response”. Similarly, the cell numbers in the E-Screen assay were normalized to 

that of the control. At 24 hrs, a concentration dependent response observed. This response further 

increased after 48 hrs of exposure to 17ß-estradiol. The level of response for the 48 hr treatment 

was comparable to the increase in proliferation as determined by the E-Screen assay although the 

responsiveness of the E-Screen assay (~ 5 fold) was more than that of FT-IRIS (~3.3 fold). 

However, the 48 hr FT-IRIS and the 144hr E-Screen yielded comparable EC50 (effective 

concentration at 50% of the response) values when the linear part of the response was regressed 

and interpolated at 50% of the maximum response (Figure 5.6).   
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Figure 5.6. Linear dose ranges for FT-IRIS and E-Screen results used for determination of EC50 

values. 

From Figure 5.6, the values of 2.29 ppt and 2.56 ppt for the E-Screen assay and the FT-IRIS, 

respectively, are within the acceptable EC50 values of 1.904 -3.264 ppt 24. This indicates that the 

FT-IRIS method not only reduces the time of the assay but also maintains the assay sensitivity. 

Further, since the FT-IRIS method interrogates changes on the single cell level, the comparable 

sensitivities indicate that the molecular changes that are observed in the single cells using FT-

IRIS are reflective of physiological changes that are observed as the cell population responds to 

17ß-estradiol.  

At 72 hours the FT-IRIS determined responses appeared to be increasing at lower 

concentration of 17ß-estradiol. At higher incubation times, no observable responses to FT-IRIS 
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could be detected among the concentration range tested. While this should not be over- 

interpreted due to the small sample size used at these timepoints, it may indicate that the potency 

or sensitivity of the assay is increasing at higher incubation time. Another possibility, that seems 

somewhat more likely is that the single cells that are imaged at these higher times reflect the 

portion of the cell population that have a lessened response to 17ß-estradiol, as indicated by their 

lack of cellular division at this stage. 

5.4.4 Prinicipal component analysis 

Thus far the analysis has been limited to changes that occur in specific wave number regions. 

However, the infrared spectra of the cells contain vast amounts of information, including changes 

in peak intensities, shapes, and position, which may be too subtle to observe in the raw and/ or 

spectral derivatives25. As such, multivariate data analysis methods were used to reduce the 

dimensionality and retain the variability of the FT-IRIS acquired spectra. This allowed further 

investigation into the spectral differences that result from exposing the cells to varying 

concentrations of 17ß-estradiol. The spectra were converted to second derivative, baseline 

corrected and normalized by peak height. A mean centered-PCA was performed in Unscrambler 

Camo. Differentiation between the cells exposed to different concentrations of  17ß-estradiol can 

be observed in the scores plot shown in Figure 5.7. The cells appear to be discriminated by PC1 

and are somewhat about the origin of PC 2.  
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Figure 5.7. Scores plot for the principal component analysis of the FT-IRIS spectra of cells 

exposed to different concentrations of 17ß-estradiol. 

 

The unsupervised nature of the PCA means that it does not differentiate between the variability 

within a particular dataset (intra-group), or the variability between the groups (inter-group)26. In 

Figure 5.7, it can be seen that there is a fair amount of intra-group variation, although the inter-

group variation a sufficiently large enough to result in discrimination among the groups. As such, 

the loadings for PC 1 includes information on the spectral variation between the different groups 

(or treatments), in addition to spectral differences that are more consistent with the inherent 

variability of the analysis of single cells by FT-IRIS. Cell synchronization could be used to reduce 

the intra-group variability as biochemical changes relating to cell cycle manifest in FT-IRIS 

analysis. The loading plot shown in Figure 5.8. indicates that the variability between the spectra 

could be attributed to mostly the proteins  (1650 cm-1, 1560 cm-1, 1460 cm-1, 1460 cm-1, 1172 cm-
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1), with some contribution from nucleic acids (~1260 cm-1)19. At this point it is difficult to 

speculate on the extent to which these biomolecules contribute the intra- and inter-group 

variation. However, the ability of FT-IRIS combined with PCA to distinguish cells exposed to 

different amounts of  17ß-estradiol is evident. 

 

 

Figure 5.8. Plot of loadings of PC1. 
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5.5 Conclusion 

This study details the steps taken to investigate the ability of Fourier Transform Infra-red 

Spectroscopy (FT-IRIS) to detect a dose dependent response to 17ß-estradiol. The cytoplasmic 

region of the cell was identified and cell spectra of cells treated with 17ß-estradiol showed dose 

dependent differences in the mucin concentrations. However, it is not possible to say if the FT-

IRIS responses occur through the estrogen receptor, or are reflective of non-genomic responses 

due to the 17ß-estradiol and further experiments will be necessary to determine the specificity of 

the response. The FT-IRIS response is comparable to and correlates well with results obtained by 

the E-Screen assay in one-third the time (48hrs versus 6 days) of the E-Screen assay, indicating 

that FT-IRIS of biological cells and tissues could be used to rapidly screen for the biological 

effects of environmental contaminants. Furthermore, the sensitivity of the assay is maintained 

using FT-IRIS analysis. This has relevance to the analysis of environmental samples which may 

be toxic or inhibitory upon enrichment.  The sensitivity means that less sample enrichment will be 

necessary to detect a response and such inhibitory effects will be reduced. The E-Screen assay 

also offers such sensitivity; however, the FT-IRIS has the added advantage of a shorter assay 

time. 
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CHAPTER 6 

OVERALL CONCLUSIONS AND RECOMMENDATIONS 

One of the key issues regarding the occurrence endocrine disruption in aquatic organisms 

relates to the level of residual estrogenicity of discharge from wastewater treatment plants. In 

Chapter 3, it was observed that degradation of estrogen hormones could be as low as 24% and 

trace levels of hormones remained after water treatment. The estrogenicity of the wastewater 

effluent was 7 ngL-1 EEQ, which was above the suggested no effect concentration for 17β-

estradiol of 2 ngL-1 indicating that aquatic organisms in close association with these effluent 

waters may be at risk for endocrine effects. As such, both source and end-of-pipe technologies 

should be evaluated for the removal of these contaminants from environmental water. These 

efforts could be optimized if there is a better understanding of the factors that contribute to the 

endocrine disrupting effects.  

Pharmacological models based on additivity have been used to explain the contribution of 

individual biologically active contaminants to total mixture effects. The additivity assumption of 

the concentration addition and independent action models described in Chapter 3 were applicable 

to natural estrogen hormones in clean water; however, in the case of wastewater analysis, the 

additivity assumption is not always observed. The results indicate that there might be unidentified 

components in the wastewater matrix that interact with the hormones, causing an overall response 

that is less than additive. In order to better understand and predict these responses an interaction 

model for quantifying additive, antagonistic, and synergistic effects in complex mixtures was 

developed. This is important for improving the predictions of biological mixture effects from 

concentration data by allowing the chemically derived data to better approximate the net 
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biological effects determined in in-vitro, receptor-mediated bioassays. The method is simple and 

only involves the additional computation of the a-RP index, which is simply an interactive form 

of the RP, and is substituted for the RP in the predictive CA equation. Estrogen and androgen 

receptor antagonists were identified in yeast estrogen and androgen screening assays; whereas, no 

cases of synergism was identified. In this work, the interactive potential (aRP) of the antagonists 

dibutyl phthalate (DBP) and bisphenol A (BPA) were estimated. While the aRP values for DBP in 

the estrogen and androgen screening assays were constant, (-6.74 x 10-5 and -5.37 x 10-5, 

respectively) that of bisphenol A was best described as a function, . 

This function allowed computation of the aRP for any mixture proportion of interest. The aRP 

interaction model was superior to the CA model and provided improved estimates of the net 

biological activity. The CA model over-predicted the biological responses and in cases were the 

proportion of antagonist was high, the CA model produced percent errors that were > 500% . By 

comparison, the highest % error using the aRP model was 83%, and only 2 predictions out of 32 

exceeded 50% error. The high percent error associated with the CA model implies that risk 

assessors should use the CA model with caution. An alternative model, such as the aRP 

interaction model is therefore recommended for risk assessment. In fact, receptor antagonism 

itself activity can lead to negative endocrine effects. As such, it is important to identify potent 

estrogen and androgen receptor antagonists in addition to receptor agonists. Compounds that 

antagonize either estrogen or androgen receptors can thus be identified through effect directed 

analysis (EDA) in a manner that is similar to that used for receptor agonists. The aRP model can 

be used to confirm the results as it predicts mixed additive and antagonistic effects. This 

modification of the confirmation step in EDA may lead to more certainty in the identification of 
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the contaminants most responsible for the endocrine disrupting effects observed in wildlife. In 

these regard, a database of aRP values for identified interacting compounds is proposed. 

In addition to the receptor antagonists, sample enrichment may complicate the results of 

both chemical and biological analysis and interfere with predictions of mixture effects.  As such, 

an assay that can detect low amounts of estrogenic activity (thereby requiring less sample 

enrichment/concentration) in a short time frame is desirable for a reduction in bioassay toxicity 

and matrix interferences. Fourier Transform Infrared Imaging Spectroscopy was evaluated for its 

ability to detect and quantify low concentration effects of an estrogenic environmental 

contaminant in single MCF-7 cells. The technique is non-invasive, and does not require any 

additional receptor-reporter constructs; thus, the responses that were detected reflect the natural 

and undisturbed changes that occur in the cell. A concentration dependent response that was 

comparable to the 6-day E-Screen assay was detected in 48hrs using FTI-IRIS. This indicates that 

FT-IRIS may offer some advantage in eco-toxicological studies as it may provide a sensitive and 

rapid detection method. The concentration response relationship due to 17β-estradiol suggests that 

the technique might be extended to measure relative potencies of other endocrine disrupting 

agents. Such a study is particularly useful as biological changes that are stimulated by endocrine 

disrupters at the molecular level could be identified and optimized for the development of a 

biosensor. 
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6.1 Suggestions for future studies 

The work presented in this dissertation sought to address two challenges in bio-analytical 

analysis; that is, quantification and prediction of interactions as well as rapid analysis of low 

concentration effects. The findings presented could be further investigated based on the following 

recommendations for future studies. 

 

6.2 Interaction model 

A rather challenging task would be to identify estrogen and androgen receptor antagonists 

that may be present in wastewater or surface water. This would involve the use of sophisticated 

effect-directed schemes with non-target analysis to identify such agents. Thereafter, the 

computation and documentation of aRP values in a database is suggested. It would then be of 

great interest to evaluate the use of the interaction model in a wastewater matrix to ensure 

applicability to real world samples. 

 

6.3 FT-IRIS analysis 

17β-Estradiol may exert bio-chemical changes in the cells through the estrogen receptor or 

through non-genomic pathways, which may not be specific to estrogenic activity. It is therefore 

important to further evaluate the specificity of the FT-IRIS responses by co-incubating the cells 

with 17β-estradiol and an anti-estrogen such as tamoxifen. If tamoxifen suppresses the response 

of 17β-estradiol this indicates that estrogen receptor mediated events are involved. Further, it is 
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interesting to investigate whether or not a similar response will be detected with other natural and 

synthetic estrogens. An assessment into the ability to derive estrogenic potency estimates using 

FT-IRIS analysis also deserves attention.  Cell synchronization will also be useful in reducing 

some of the variability that occurs in the spectroscopic analysis of single cells. 
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APPENDIX A 

COMBINED ANALYTICAL AND BIOLOGICAL ANALYSIS AND EFFECT DIRECTED 

ANALYSIS 

The combined use of bioassays and instrumental analysis is a powerful tool that seeks to 

combine the “best of both worlds”. The instrumental analysis provides pertinent information on 

the identity and concentrations of contaminants and the bioassays not only detect a toxic response 

(indicating the need for chemical identification) but also are used to confirm that the identified 

toxicants are the cause of the effects observed. The combined use of bioassays and analytical 

methods with the purpose of identifying key toxicants is referred to as ‘bioassay directed 

chemical analysis’ or more typically ‘effect directed analysis (EDA)’.  The EDA approach was 

borne out of the Toxicity Identification Evaluation (TIE) method, which was developed by the 

United States Environmental Protection Agency (US EPA) in the late 1980’s. Both schemes 

(EDA and TIE) involve an initial analysis using biological assays and a subsequent fractionation 

scheme followed by biological testing of each fraction to determine the active fractions and 

ultimately the identity of the causative agents in the active fractions through the use of standards, 

or structural libraries, Figure 1. Essentially, the complex mixture is reduced to simpler and 

manageable forms such that non-target analysis of contaminants is probable. The difference 

between TIE and EDA is difficult to establish; however, TIE can be seen as a specific protocol of 

EDA, where each stage in analysis and fractionation is clearly defined by established protocols. 

The concept of EDA is more conceptually broad, allowing for different fractionation schemes 

depending on the type of sample, and the effect under investigation88, 120, 121. 
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Figure A.1. Schematic of an effect directed analysis (EDA) method for an environmental sample 
81. 

The types of bioassays used in the determination of an estrogenic or androgenic response 

has previously been discussed. The focus from here forth will be on the procedures used to 

quantify and confirm the casual factors in EDA.   

 

A.1 The confirmation step in EDA 

The confirmation step serves to ensure that the identified toxicants sufficiently explain the 

biological activity of the whole mixture. This step is crucial as it is not possible to detect all the 

components of a mixture using instrumental analysis regardless of the degree of fractionation, and 

as such it is necessary to ensure that all contributing agents are accounted for in the EDA. The 

confirmation procedures that were recommended by the USEPA for confirmation analysis in TIE, 

may be applied to EDA. One or more of the following procedures can be used88.  
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1. The correlation approach. This method is most applicable to samples that vary either 

temporally or spatially such that a correlation can be established between the 

concentration of the toxicant in each sample and the magnitude of the measured effect. For 

example, if the concentration of toxicant A and the measured biological effect of the 

sample progressively decreases throughout wastewater treatment, and there is a good 

correlation between the two parameters then it can be deduced that toxicant A is a cause of 

the effect being investigated. This method assumes that the identified toxicant is 

consistently responsible for the observed effect throughout space and time. This approach 

may not be well suited for the study of endocrine disrupters as factors such as metabolic 

activation of conjugates, the transformation of estrogens to potent metabolites, and 

differences in sorption and hence differential loss of contaminants to sediment sinks based 

on log Kow values may occur as a function of time, and space within both natural and 

engineered systems. The method can however be useful in that it is not complicated by 

matrix interactions, and changes in bioavailability. 

2. The symptom approach. This approach is best applied when an in vivo biological test is 

used. The method stipulates that if the symptom of the identified toxicant differs from the 

symptom of the sample then the identified contaminant is not the cause of the effect. 

Given the overview above on in vivo testing methods, and the variations that may occur 

with different endpoints it appears likely that the symptom method may be a candidate for 

endocrine disruption; however, it does not appear robust enough to be used as a standalone 

method as the similarity in end-points does very little to confirm the contribution of a 

toxicant. This method is also invalid when in vitro methods are used. 
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3. The species sensitivity approach. This method is also best applied for in vivo biological 

tests and it simply states that if the toxicant and the sample vary in sensitivity, then it is 

likely that the correct toxicant was not identified. This approach is also not robust and as 

such is not recommended for standalone use in EDA confirmation. 

4. The spiking approach. In utilizing this approach, the sample is spiked with the identified 

toxicant of interest. A doubling of the concentration of the toxicant should decrease the 

ECx value of the sample by a factor of 2. If multiple toxicants are identified it is suggested 

that the ratio at which these toxicants should be maintained in the spiked sample. The 

recognition that potency is a function of mixture proportion is an important one. However, 

this spiking approach maintains the ratio of the identified toxicants but does not address 

the fact that anti-hormonal compounds may be present along with agonists. The ratio of 

antagonists to agonists is altered upon spiking and therefore, the expected one half 

reduction in doubling the suspected toxicant may not be observed. In fact, depending on 

the assay used the ECx value may be reduced by more than a factor of 2 due to estrogen 

rescue of the antagonistic response, a phenomenon that is observed in in vitro assays117. 

The method is advantageous in that the matrix is adequately accounted for, however, anti-

hormonal activity may pose some challenges to the interpretation of the results.  

5. The mass balance approach. This is also known as the add-back approach. The 

fractionated samples are combined and re-assembled such that the original mixture is 

simulated. The simulated mixture and the original sample must be comparable in effect in 

order to ensure that all the toxicity has been accounted for. Rather than provide 

confirmation that an identified toxicant can be directly linked to the cause, the mass 
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balance approach traces the losses that may occur due to sample manipulation and 

fractionation. 

The above methods can be used for confirmation of endocrine disruption in EDA; 

however, restrictions such as the use of in vivo methods, and spatially or temporally distributed 

samples limit their use. The spiking approach offers most robustness (yet is not without its 

limitations) and the mass balance approach is an excellent QA/QC tool. For these reasons, most 

confirmation analyses in EDA of endocrine disrupters are based on the concept of concentration 

addition (CA)88. These methods are widely used but suffer significant drawbacks that are similar 

to the spiking method in that they do not account for an interaction in the mixture. A method that 

takes interactions into account in confirmation analysis is therefore necessary.  

Chapter 5 
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APPENDIX B 

BIOLOGICAL METHODS FOR THE DETECTION OF ESTROGENIC AND 

ANDROGENIC CONTAMINANTS 

While analytical instruments such as gas or liquid chromatography tandem mass 

spectroscopy can be used to identify and quantify the concentrations of contaminants in 

environmental media, they offer no insight into the biological activity of a contaminant. As such, 

the use of these instruments have been combined with in vivo and in vitro biological methods 

which direct the researcher to the identification and quantification of the most biologically active 

substances in complex matrices such as wastewater effluents in an effect directed approach120. 

The following provides an overview on in vivo and in vitro methods for testing biological activity 

as it relates to endocrine disruption.  

a. In Vivo  

It may appear that the ideal testing method will be in vivo based. However these tests may 

be labor intensive and require unreasonably long assay times and are expensive 122. Short term in 

vivo estrogenicity tests exist however, the utility of these tests in analyzing complex 

environmental mixtures is questionable. Some of the main complicating issues were discussed by 

Zacharewski et. al. 1998 and summarized below122. 

• Sensitivities to endocrine disrupting compounds vary based on age, sex, species, and route 

of administration.  

• Organ response (eg increase in uterus weight) may not be specific to one type of hormone 

and as such the results may be difficult to interpret and estimate hormone potencies. 
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• Highly specific in vivo assays exist; such as, monitoring the cornification of vaginal 

epithelium; however, these tests are largely qualitative as scoring is based on presence or 

absence of the response123. A grading scheme somewhat addresses this issue but for 

statistical validity and a reliable estimate of potency the tests require large amounts of 

organisms. 

• The in vivo tests do not provide information on a molecular level and thus may indicate a 

false negative as molecular level responses may lead to physiological effects later in the 

organism’s development or in subsequent generations. 

• Multiple end points may be required due to variations in the sensitivities of species, 

tissues, and cellular responses. Tamoxifen for example is an estrogen agonist in the uterus 

and antagonist in breast tissue. 

There are also ethical issues surrounding the use of these methods, as animals may need to 

be sacrificed in order to obtain results. Standardization of species, age, administration routes and 

end point detected may alleviate some of the concerns addressed above. However, the molecular 

level interactions probed in vitro provide insight that cannot be obtained in vivo. As such a battery 

of in vitro (as primary screening methods) and in vivo (secondary methods) tests is recommended 

for screening endocrine disrupting activity122, 123. 

In vivo tests are also available for testing androgenic activity. Similar in concept to those 

testes for estrogenic responses, the in vivo androgen tests measures the response (typically the 

weight) of androgen related tissues (prostrate, seminal vesicles, and levator ani muscles) in 



	   	  

116	  

castrated mice124. The most widely used assay, that Hershberger assay, is very slow but specific 

for both androgenic and anti-androgenic effects125. 

b. In Vitro 

In vitro assays are convenient screening methods for endocrine disruption. They utilize 

specific pathways that are known to contribute to in vivo responses. One of the most common 

pathways utilized in vitro is the interaction with hormone receptors. Some chemicals, in addition 

to the natural ligands found in the organism (xenoestrogens) can interact with the hormone 

receptor such that they may stimulate the receptor and produce a detectable response. This 

response can be measured in terms of the affinity of a xenoestrogen for the receptor, or the 

magnitude of the response elicited by the activated receptor, known as efficacy. The potency of 

thus depends on both the affinity and efficacy of the compound. Xenoestrogens may also interact 

with the receptor at a site other than the binding site (an allosteric site) and cause conformational 

changes in the structure of the receptor thereby reducing the efficacy of agonists in a 

concentration dependent manner. In such cases, the xenoestrogen behaves as an antagonist.   In 

vitro assays may be useful in measuring binding affinity or efficacy depending on the extent of 

the biological pathway being investigated. These assays may also measure the anti-hormonal 

activity of antagonists; albeit the potency of the antagonist is measured against a different 

standard than the agonists in the mixture, thereby making estimations on the net potency of a 

mixture of agonist and antagonist a rather cumbersome, if at all possible task. This will be 

discussed further in later sections, as a more in depth description on the types of in vitro assays 

and their limitations is warranted at this point. 

b.1. Competitive Ligand Binding Assays 
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Competitive ligand assays measure the affinity of a compound for the receptor being 

investigated. In these assays, the sample to be tested is co-incubated with a radiolabelled hormone 

standard and receptor. The degree to which the test sample competes for the receptor binding site 

gives an indication of the affinity of the sample for the receptor124. These assays do not provide 

information on the efficacy or the ability of the compound to produce molecular events that result 

from binding with the estrogen receptor. Potency estimates from competitive ligand binding 

assays are in terms of the relative binding affinity (not inclusive of efficacy) and thus limited in 

their relevance. In addition, these assays are not able to distinguish between agonists and 

antagonists. The assays are however useful in providing mechanistic information on whether or 

not the compound exerts an effect via a receptor-mediated pathway117, 126, 127. Both estrogenic and 

androgenic activity may be measured using these assays with the respective hormone receptors. 

b.2 Cell based (Proliferation and foci formation) 

The E-Screen assay is one of the most common cell based assays, which does not utilize a 

recombinant receptor reporter system. This assay relies on the responsiveness of the estrogen 

receptor positive cell line MCF-7. T47D cells may also be used however the cell lines vary in 

their responsiveness to estrogens105. The end-point detected is the natural ability of these cells to 

proliferate in the presence of estrogens when cultured in phenol-red free media, supplemented 

with charcoal stripped serum. The assays are useful for detecting both full and partial agonists as 

well as antagonists117, although it may be argued that the comparatively low responsiveness of the 

assay limits the potential of the assay in screening antagonists. Further, the fact that the cells also 

contain the androgen, progesterone, glucocorticoid, and retinoid receptors means that cross talk in 

the cellular response to complex mixtures can make the results difficult to interpret126. The assay 
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however remains one the most sensitive assays for detecting estrogenic activity and the rate of 

false negatives is comparatively low. Table 1 compares cell based assays with other in vitro 

assays discussed in this document.   

Somewhat related to the proliferative ability of the MCF-7 cells, is the ability of confluent 

cultures to cluster and form foci upon exposure to estrogens. The foci are simply outgrowths of 

cells on top of monolayer coverage. The responsiveness of these tests have been reported to be 

approximately 2-4 times greater than the proliferative tests; however the assay time is also longer, 

from 9-15 days128, 129. The responsiveness makes the test more suitable for the detection of 

antagonistic activity however studies in this regard are limited.  

Cell based proliferation assays have also been used in the determination of androgenic 

activity, albeit to a less extent than estrogens.  The LNCaP prostate cancer cell line used expresses 

the androgen receptor (AR); however, the AR used in the recombinant cell line possesses a point 

mutation that renders the test system less selective117, 130-132. Thus the system has not been used 

extensively in the analysis of complex mixtures. 

b.3. Recombinant Receptor/Reporter Gene Assays (Yeast models)  

Recombinant receptor/reporter gene assays may either be mammalian cell based (such as 

MCF-7 or HELA cells transfected with the estrogen receptor and or a reporter construct) or they 

may be yeast based117. Bioengineered yeast based assays have received a significant amount of 

attention for in vitro testing of both estrogen and androgenic activity due to the relatively short 

assay time, ease of handling, and responsiveness69. As such, a plethora of work has been directed 

towards the use of yeast based assays for the in vitro quantification of hormonal activity in 

complex mixtures such as wastewater effluents and sediment extracts28, 90, 133, 134. The most 
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common yeast assay used, (Yeast Estrogen Screen, YES) was developed by Routledge and 

Sumpter, 1996 and used Saccharomyces cerevisiae which was transformed with the human 

estrogen receptor (ER) and estrogen responsive elements (ERE) with a LacZ reporting construct. 

Once the ligand binds with the ER, the resulting homodimer is translocated to the ERE, where 

binding and recruitment of transcription factors result in the expression of the LacZ operon and 

expression of β-galactosidase. The expression of β-galactosidase is thus related to the both the 

affinity and efficacy of the ligand being tested69. A similar test system with the androgen 

receptor(AR), and androgen responsive eleents (ARE )has been developed in the Yeast Androgen 

Screening assay (YAS)12. Similar to the other bioassays discussed, the yeast assay possesses 

inherent disadvantages. One of the earliest recognized disadvantages are the inability of the yeast 

system to detect the anti-estrogenic activities of tamoxifen, ICI 164, 384, and ICI 182,720. 

Instead, these compounds behave as partial agonists in the yeast assays135-137. Reasons for this 

include the fact that the antagonistic activities of these compounds are due to mechanisms that 

occur further downstream of ER-ERE interactions, and are therefore not reflected in the pathways 

being investigated in the yeast system. However, there have been studies that have shown that 

yeast systems are capable of identifying anti-hormonal activity of tamoxifen and 4-

hydroxytamoxifen (4-OHT) at high concentrations (agonistic activity was present at lower 

concentrations), in addition to other xenobiotics 12, 133, 138. Other issues specific to yeast based 

assays include yeast cell wall permeability and metabolic capabilities139. 

 

Table	   A.1.	   Responsiveness	   and	   sensitivity	   of	   some	   common	   in	   vitro	   assays	   for	   estrogen	  
detection126. 
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Assay Cell 
E2 
EC50 Responsiveness Assay Time  

Competitive 
ligand binding MCF-7 5 nM 70-fold 1 
Cell 
proliferation MCF-7 9 pM 5-10 fold 7 
Foci formation MCF-7 50 pM 20-fold 9 
HER and LacZ 
reporter       S.cerevisiae 0.8 nM 1000-fold 369 

 

B.1 Quantifying hormonal activity (Deriving Potency Measurements) 

In order to quantify hormonal activity, it is necessary to test different concentrations of the 

sample of interest. When the responses are plotted against the logarithm of the concentration, a 

sigmoid concentration response curve is obtained. The concentration at x% the maximum effect 

of the assay, the ECx concentration, is an important parameter used in quantification. Typically 

the concentration exerting 50% of the maximum effect, the EC50 is used. However, the EC20 and 

EC10 parameters are not uncommon, and are useful where a full concentration response curve 

cannot be established due to sample toxicity140. Owing to the fact that different assays have 

varying sensitivities, a normalization of the ECx value of the sample to the ECx of a standard 

hormone yields a parameter that allows for inter-assay comparison of biological activity. The 

normalized parameter is called the Relative Potential (RP) and its calculation is shown in equation 

A.1. 

                          (A.1) 

In assays that measure an estrogenic effect, the normalizing standards are typically 17β-

estradiol (E2) or 17α-ethinylestradiol (EE) and the normalizing parameter is the Relative 
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Estrogenic Potential (REP). In androgenicity tests, either testosterone, or 5α-

dihydroxytestosterone may be used as standard and the Relative Androgenic Potential (RAP) is 

measured. Despite this normalization, RPs between different assays may show some disagreement 

due to varying selectivity amongst the assays and different analysis conditions81. Beyond its use 

as a normalized measure of biological activity for inter-assay comparisons, the RP is of utmost 

importance in the prediction or estimation of biological activity from the known concentrations of 

contaminants in a complex mixture88. This prediction method is one of the most widely used 

confirmation methods in effect-directed analysis of endocrine disruption. These predictions are 

not free of limitations. These limitations will be discussed and a method proposed for improving 

these predictions, particularly in cases where antagonism may be of some concern. 

B.2 Summary of in vitro assays 

In vitro assays have been widely used for the detection of hormonal activity in complex 

mixtures. Each assay described has its inherent advantages and disadvantages and as such it is 

often recommended that a battery of assays be used for screening purposes. In vitro tests 

overcome the expense, time requirements and ethical issues associated with in vivo models, and 

fair correlation between in vitro and in vivo systems have been observed, thus in vitro methods are 

recommended for first tier screening of endocrine disrupting effects in environmental media 122, 

141. It is important to note that neither in vitro, nor in vivo models are capable of identifying the 

sources of contamination, or are suitable for routine monitoring of contaminants once they have 

been identified. Therefore, the robustness of analytical methods for identifying specific 

contaminants cannot be replaced by bioassays, further the information gained on potential 
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biological effects from bioassays cannot be obtained using instruments. As such, a combination of 

the two methods in an effect directed approach seems most suitable for the initial identification of 

causative substances that are likely to effect biota.  

 

	  

	  

	  

	  

Protocol	  1:	  Yeast	  estrogen	  and	  Androgen	  Screening	  Assays	  

Yeast Culture 

1. Add 0.5mL yeast culture to 7mL growth media in sterilized culture tubes 

2. Incubate yeast at 300C for 2 days if tubes are not shaking and 24 hours if tubes are 

shaking 

3. Store yeast at 40C for about one (1) week. Do not use cultures that are more than one 

week old 

Assay Medium Preparation 

Assay medium consists of the following 

1. CPRG at a final concentration of 141µM 

2. Yeast at a final OD of 0.1@ 620nm. First dilute yeast with growth medium to OD 1.0. 

Then add the relevant volume of yeast to final OD 0.1 

3. Growth medium to the desired volume 
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Prepare assay medium fresh before each use. 

Sample Preparation 

1. Weigh desired amount of sample on a small and smooth piece of aluminum foil 

2. Place weighed sample into a clean volumetric flask 

3. QS to the desired volume using ethanol as a solvent 

YEScreening Procedure (Same for YAS but incubate YAS plates for 48 hrs) 

1. Acquire a 96 well assay plate and label as “dilution plate”. 

2. Place 150 µL of ethanol into the first row. Do not use well A-1 and A-12. 

3. Place 300 µL of sample into well A-1 and 150 µL of control into A-12 

4. Immediately take 150 µL of sample from A-1 and put into A-2 and so on. Continue with 

½ dilutions as desired. Do not transfer any solution from previous wells into A-12. 

5. Immediately pipette 30 µL from each well into a labeled assay plate. Ensure that the order 

is maintained. This volume allows for 4 replicates of the sample being tested. 

6. Let the solution dry in the assay plate for 20 minutes. Once dried, plates should not appear 

glazed.  

7. Add 150 µL of assay medium to each well  

8. Shake the plates at medium speed for 120 seconds and seal with tape. 

9. Incubate the plates for 24 hours at 30oC 

10. After 24 hours shake the plates as described above and incubate again at 30oC for 48 

hours. 

11. Shake the plates as above 2 hours before reading. Record the OD at 540 nm and correct 

for turbidity at 620 nm 
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12. Create a concentration-response curve 

13. Test mixtures with the same procedure 

 

Protocol	  2:	  E-Screen	  assay	  with	  MCF-7	  cells	  

	  

1. Culture MCF-7 cells DMEM supplemented with 2% HEPES, 2% glutamine, 1% 

Penn/strep and 10% FBS. Change the media every two days during routine culture 

2. Cells are ready for assay when they are about 70% confluent 

3. Aspirate media, and wash cell layer with PBS 

4. Aspirate PBS and add 1 mL trypsin. To reduce clumping, aspirate this trypsin after 30 

seconds and incubate the dish. Observe frequently under the microscope fore detachment. 

Do not over trypsinize 

5. Harvest cells and centrifuge gently 

6. Gently remove the supernatant and re-suspend the cells in experimental media which 

contains charcoal dextran stripped serum at 10% 

7. In a six-well plate, add 50,000 cells per well 

8. Let cells attach for 24 hours 

9. After attachment, remove the media and add 2mL of fresh experimental media containing 

the chemical to be assayed at the desired test concentration 

10. Incubate the plates at 370C for 5 days. 

11. To count cells, trypsinize as described in step 4.  

12. Harvest and count the cells in each well. 
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APPENDIX C 

FT-IRIS BACKGROUND INFORMATION & LITERATURE REVIEW 

Much of the literature review on the occurrence of environmental estrogens and their 

methods of detection can be found in the first section of the proposal. In this contribution, 

particular emphasis is placed on the E-Screen assay as the same estrogen responsive cells used are 

proposed for FT-IRIS analysis. The MCF-7, E-Screen assay is robust and is among the most 

sensitive bioassays for the detection of estrogenic effects, Table 1. However, there is a 6-7 day 

lapse in the occurrence of detectable physiological effect 105, 126. As such, it is desirable to utilize 

techniques that can detect the cellular response on a molecular level; that is, prior to the 

physiological effect. The use of FT-IRIS is proposed as such a method.  

The application of FTIR imaging for medical diagnosis has been extensively researched 

with both tissue specific and cellular applications 118, 142. Over the past few years several studies 

have shown promise in using spectroscopic imaging and multivariate statistics as a diagnostic tool 

to assess cell disease and damage143-145. In particular, malignancy can be investigated using 

spectroscopic methods and there was success in deciphering malignant from normal cells146, 147. 

The ability of FT-IRIS to capture a biochemical fingerprint of whole cells, and distinguish 

between normal and altered features  (induced by an environmental stimulus per se) with minimal 

invasiveness shows great promise in the assessment of environmental contaminants. 

There are few studies that have examined the use of FT-IRIS in assessing biological 

effects induced by environmental contaminants. Most studies that are reported in literature have 

utilized Fourier Transform Infra-Red (FTIR) Spectroscopy on bulk samples without any imaging 

capabilities. Two such studies both examined the effects of 17β-estradiol and the xeno-estrogen 
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nonylphenol on the molecular changes in fish liver tissue in response to exposure of the fish to 

estrogens94, 95. Specific changes observed include an increase in hepatic lipid content, increased 

nucleic acid and alterations in the glycogen content. It was also observed that the responses for 

the two compounds were similar. This indicates that nonylphenol exerted its effects via estrogen 

receptor mediated activity. Perhaps the most relevant publication to this study is the findings by 

Llabjani, V. 200997. In this study ATR-FTIR without imaging capability was used to assess the 

effect of different classes of compounds on MCF-7 cells, in this regard the biochemical effects of 

17β-estradiol was examined. The authors observed that depending on the phase of the cell cycle 

either 10-10M (G0 phase) or 10-11 and 10-12M,17β-estradiol  induced spectral changes in the 

biochemical signatures of the cells. While this study is similar to the proposed method in 

principle, the proposed use of imaging offers advantages. Low spatial resolutions are achieved in 

fourier transform imaging ~6.25µm (lower resolutions may be obtained if an Attenuated Total 

Reflectance (ATR) attachment is used); whereas, FTIR is a bulk technique with spatial 

resolutions exceeding the size of the cell (>30µm). Data can thus be obtained for single cells 

using imaging techniques, allowing for spectra to be extracted from different locations within the 

cell, for example from the nucleus and cytoplasm148 thus leading to the determination of a more 

specific response that bulk FTIR. Further, in addition to improving the specificity of the response, 

imaging may also improve the sensitivity, as spectra obtained from FTIR (no imaging) represents 

an average response from all cellular organelles thereby possibly reducing the magnitude of the 

response. 
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C.1 Factors affecting the spectral quality in single cell analysis 

Due to the comparable size of the cell nucleus (1-10µm) and mid-infrared radiation with a 

wavelength of 3-10µm, strong scattering effects are observed in cell spectra109-111, 149. This 

scattering usually manifests itself as a broad undulating baseline and a shift in the Amide I peak 

(~1650cm-1) to lower wave numbers. This is due to the superimposition of the cell spectra on the 

dispersive line shape resulting from scattering109. These spectral distortions can often make the 

biochemical changes due to drugs difficult to interpret as each cell is expected to scatter 

somewhat differently. Further, the heterogeneous nature of the spectra arising from scattering can 

make multivariate analysis nearly impossible150. Recently a Matlab implemented scatter 

correction algorithm was developed for the Resonant Mie-Scattering effects observed in single 

cells that could improve peak positions, and baselines thereby correcting the dispersion artifacts 

in single cell analysis110. 

 

C.2 Multivariate Analysis in Spectroscopy 

Infra-red spectra contain vast amounts of information relating to peak positions, 

intensities, and the rate at which these changes occur (usually obtained from derivative spectra) to 

name a few. As such, multivariate analysis is usually employed to reduce the large amount of 

information into manageable sets. One such analysis technique is Principal Component Analysis, 

PCA. In PCA, the data is reduced into components which maintain information on the variance in 

the data set. Spectra with little difference in variance cluster along the same principal components 

while segregated clusters imply that there are significant variances in the spectral groups 151, 152. 
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This multivariate technique has been used to determine very subtle differences between cells and 

tissues that are characterized by different phenotypes118, 153. 

 

C.3  Brief review on cell preparation methods  

C.3.1 Instrumentation 

Since the mid 1990’s infrared spectroscopy of single cells has been performed using bright 

synchrotron light sources; however, due to an increased efficiency in optic design and detector 

arrays, high spatial resolution can now be achieved using thermal rather than synchrotron sources. 

A 2004 study by Diem M. shows that modern day conventional IR sources produce results that 

are on par with that of the synchrotron and can be applied to study cell biology101.  

 

C.3.2 Sample Preparation 

The varying aspects of sample preparation include the type of substrate, the opportunity to 

fix cells, and the mode/fixation agent used. 

 

i. Type of substrate 

Substrates for the IR-MSP analysis of cells include IR transparent material such as water 

insoluble salt plates (CaF2,BaF2, and ZnSe) and low emissivity Ag coated slides produced by 

Kevley Technologies. Cells can be either grown directly onto the substrates or spin deposited 
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(although spin deposited cells tend to be smaller in size)118, 154, 155.  The ability of cells to adhere 

strongly onto the substrates allow for the analysis of live cells. 

 

ii. FT-IRIS of live / unfixed cells 

While analysis of live cells seems favorable the fact that water strongly absorbs IR 

complicates the analysis and the cell spectra must first be corrected for this interference.  Due to 

the fact that the cell contains less water than the background a manual ratioed subtraction of the 

water modes must be performed154. Alternatively cells are fixed in order to preserve their 

biochemical characteristics and dried.  The cell fixing agent and protocol used is given important 

considerations as they may affect the image quality in various ways156-158. 

• Air drying (no chemical fixation involved) 

Intracellular water is found bound to macro molecules and therefore drying without 

fixation results in sheer forces within in the cell such that there is delocalization of these 

molecules as a result of de-compartmentalization by rupture of internal structures157. Further, cell 

shrinkage and autolysis occur once the cell medium, or buffered saline is removed. Therefore, 

there is a need for chemical fixation157. 

 

iii. Cell Fixing 

Cell fixing may distort the signature of the cells by the ability of bio-molecules such as 

lipids (cytoplasmic and membrane bound) to dissolve in the fixative agent.  Other changes related 

to the bio-molecular alteration include shifts in the amide bands and other molecular 

distortions156, 158. Specific issues related to each fixative agent are described below. 
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• Acetone and ethanol 

Acetone decreases the cell volume by extracting water from cells. This water extraction 

breaks essential hydrogen bonds and therefore causes coagulation and denaturation of water-

soluble proteins. Lipid dissolution is also observed although the carbohydrate content remains 

intact156, 158. 

 

 

• Formalin 

Formalin is usually the fixative agent of choice. There is little dissolution of lipids 

(although the bands are somewhat modified in terms of their position). The protein, nucleic acids, 

and carbohydrate structures also remain intact. Formalin fixation is thus recommended. 157, 158 

 

iv. Cell density 

A cell density that is reasonably low enough to prevent overcrowding is required. Usually 

a density of about 50 cells/mm2, yielding a sample spot of about 5mm is recommended118. 

Pikanka J et al. (2009) seeded 5 x 10 4 cells in 200  µL of complete media on MirrIR low-e 

microscope slides159.  

Protocol	  3:	  FT-IRIS	  analysis	  of	  MCF-7	  cells	  

1. Sterilize low-e slides by soaking in 95% ethanol for 1 hour. Air dry completely under 

sterile conditions 

2. Place slide into a culture dish. 
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3. Seed cells at a density of 1 x 105 cells/mL onto sterilized low-e microscope slides. Pipette 

200 µL of 2 x 104 of well mixed single cell suspension onto the low e slides and place in 

the incubator for about 45 minutes to allow attachment. 

4. Once attached, fill culture dish with enough media to cover the slide. Incubate for 24 

hours. If drug treatment is required then this media should contain the appropriate 

concentration of the drug to be tested. 

5. After 24 hours, lift the glass slide out of the culture dish using flame sterilized tweezers. 

6. Rinse the glass slide with PBS  

7. Place the slide in 4% formalin (in PBS) in a 50mL centrifuge tube or a Coplin staining jar 

for 15-20minutes. 

8. Rinse the slide with sterile, distilled water to ensure removal of salt crystals that may 

decrease the quality of the image. 

9. Let air dry and store in a desiccator until imaging. 
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APPENDIX D 

DETAILED RESULTS OF EXPERIMENTS CONDUCTED 

 

 

 

Figure D.1. Calibration curves for A) estriol, B) 17β-estradiol, C) estrone, D) 17α-dihydroequilin. 
Regression equations: 

 
 

 
 

R2= 0.993 

R2= 0.992 

R2 = 0.992 

R2= 0.999 

R2 = 0.997 
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Figure D.2. Concentration response curve for Bisphenol A in the Yeast Androgen Screen (YAS) 
assay 
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Figure D.3. Concentration response curve for Dibutyl Phthalate in the Yeast Androgen Screen 
(YAS) assay 
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Figure D.4. Concentration response curve for Dibutyl Phthalate in the Yeast Estrogen Screen 
(YES) assay 
 

 
 
Figure D.5. Second derivative spectra of cells treated with 17β-estradiol for 48 hrs. Each spectra 
represents the average of 10 cells from two independent experiments. 
 
 
 
 
Table D.1 MRM conditions for the estrogens using LC-MS/MS	  

Compound Parent 
Ion 

Daughter 
Ion 1 

Daughter 
Ion 2 

Cone 
Voltage 

Collision 
Energy 1 

Collision 
Energy 2 

17β-Estradiol 271.3 145.1 183.1 56 40 38 
Estrone 269.3 143.1 145.1 55 50 36 
Estriol 287.3 145.2 171.1 55 39 37 
17α-Dihydroequilin 269.26 210.98 267.08 44 32 28 
 

Table D.2 Calculation of final estrogen concentrations from peak areas 

Influent	   	  	   	  	   	  	   	  	  
	  	   Estriol	   17β-‐Estradiol	  	   Estrone	   17α-‐Dihydroequilin	  
Peak	  Areas	   4335.00	   2156.00	   282.00	   76853.00	  
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Concentration	   4.26	   2.49	   0.07	   334.16	  
Enrichment	  Factor	   492.00	   492.00	   492.00	   492.00	  
Concentration	  ng/L	   8.66	   5.07	   0.15	   679.18	  
	  	   	   	   	   	  
Effluent	   	  	   	  	   	  	   	  	  
	   Estriol	   17β-‐Estradiol	  	   Estrone	   17α-‐Dihydroequilin	  
Peak	  Areas	   4999.00	   0.00	   1826.00	   53750.00	  
Concentration	   4.91	   0.00	   0.48	   233.71	  
Enrichment	  Factor	   750.00	   750.00	   750.00	   750.00	  
Concentration	  ng/L	   6.55	   0.00	   0.65	   311.61	  

 
Table D.3. Regression parameters for the concentration response curves for 17β-estradiol, estriol, 
estrone, 17α-dihydroequilin tested singly in the YES assay 

 
 
 
 
Table D.4. Regression parameters for the concentration response curves for 17β-estradiol, estriol, 
estrone, 17α-dihydroequilin in combination in the YES assay. The predicted responses curves are 
also shown. 
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Table D.5. Regression parameters for the concentration response curves for the influent 
wastewater extract in the YES assay. The predicted response curves are also shown. 

 
 
 
 
	  

Table D.6. Regression parameters for the concentration response curves for the effluent 
wastewater extract in the YES assay. The predicted response curves are also shown. 
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Table D.7. Survey of confirmation step in 19 peer-reviewed studies that combined biological and 
chemical analysis for estrogenic or androgenic activity 

 % of studies Refs 
Successful confirmation using CA       26.3 28, 160-163 
Unsuccessful due to a biological Interaction (36.3% of these 
studies also indicated instrumental matrix suppression) 

 

      57.9 
 

78, 79, 164-

172 

Unsuccessful due to other (detoxification mechanisms/ 
cytotoxicity) 

        5.2 76 

Undetermined, no clearly defined confirmation step        10.5 164, 173 
 

 

 

 

 

 

Table D.8. Regression parameters for the concentration response curves for the 17α-
Dihydroequilin (17α-EQN) modulated curves in the YES assay 
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1/50 

(E2/17α-EQN)) 
1/400 

(E2/17α-EQN)) 

17β-
estradiol 

(E2) 
log(agonist) vs. response -- Variable 
slope (four parameters)       
Best-fit values       
Bottom    0.0   0.0   0.0 
Top    1.307    1.307 1.382 
LogEC50 -1.797 -2.716 -1.383 
HillSlope 1.537 1.769 1.396 
EC50 0.01595 0.001923 0.04138 
Span   1.307    1.307  1.382 
Std. Error       
LogEC50 0.008305 0.01511 0.03165 
HillSlope 0.03984 0.09585 0.03865 
95% Confidence Intervals     0.1468 
LogEC50 -1.814 to -1.780 -2.747 to -2.685   

HillSlope 1.456 to 1.617 1.574 to 1.963 
1.319 to 
1.445 

EC50 
0.01535 to  
0.01658 

0.001792 to 
0.002064 

-1.460 to 
1.306 

 
Table D.9. Regression parameters for the concentration response curves for the Estriol (E3) 
modulated curves in the YES assay 

  
1/500 

(E2/E3) 
1/2500 
(E2/E3) 

17β-estradiol 
(E2) 

log(agonist) vs. response -- 
Variable slope (four parameters)       
Best-fit values       
Bottom 0.005116 0.07373 -0.002767 
Top 1.454 1.45 1.432 
LogEC50 -1.758 -2.387 -1.138 
HillSlope  1.300   1.300  1.300 
EC50 0.01745 0.004102 0.0727 
Span 1.449 1.377 1.435 
Std. Error       
Bottom 0.008437 0.01605 0.004223 
Top 0.007592 0.01065 0.005641 
LogEC50 0.01241 0.02055 0.008981 
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Table D.9, continued 
 
Span 0.01067 0.01832 0.006805 
95% Confidence Intervals       

Bottom 
-0.01192 to 
0.02215 

0.04126 to 
0.1062 

-0.01121 to 
0.005674 

Top 1.439 to 1.469 1.429 to 1.472 1.421 to 1.443 

LogEC50 -1.783 to -1.733 -2.429 to -2.345 
-1.156 to -
1.120 

EC50 
0.01647 to 
0.01848 

0.003727 to 
0.004514 

0.06976 to 
0.07577 

Span 1.427 to 1.471 1.340 to 1.414 1.421 to 1.449 
 
 
Table D.10. Regression parameters for the concentration response curves for the Bisphenol A 
(BPA) modulated curves in the YAS assay 

  
1/1000 

(Test/BPA) 
1/2500 

(Test/BPA) 
1/3300 

(Test/BPA) 
1/5000 

(Test/BPA) 
Testosterone 

alone 
log(agonist) vs. 
response -- Find 
ECanything           
Best-fit values           
logECF -0.293 -0.04386 0.1216 0.5263 -0.434 
HillSlope 1.224 0.7512 0.7805 0.6083 1.751 
F = 15.00 = 15.00 = 15.00 = 15.00 = 15.00 
Bottom = 0.0 = 0.0 = 0.0 = 0.0 = 0.0 
Top = 1.146 = 1.146 = 1.146 = 1.146 = 1.146 
ECF 0.5093 0.9039 1.323 3.36 0.3681 
Span = 1.146 = 1.146 = 1.146 = 1.146 = 1.146 
Std. Error           
logECF 0.02496 0.0409 0.02056 0.04101 0.0278 
HillSlope 0.04287 0.05548 0.04233 0.04805 0.09466 
95% Confidence 
Intervals           

logECF 
-0.3474 to -

0.2387 
-0.1350 to 
0.04727 

0.07574 to 
0.1674 

0.4349 to 
0.6177 

-0.4917 to -
0.3764 

HillSlope 
1.131 to 
1.318 

0.6276 to 
0.8748 

0.6862 to 
0.8748 

0.5012 to 
0.7153 1.554 to 1.947 

ECF 
0.4493 to 
0.5772 

0.7328 to 
1.115 

1.191 to 
1.470 

2.722 to 
4.147 

0.3223 to 
0.4204 
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Table D.11. Regression parameters for the concentration response curves for the Dibutyl 
phthalate (DBP) modulated curves in the YAS assay 

  
1:6750 
(Test/DBP) 

1:18000 
(Test/DBP) 

Testosterone 
(Test) 

log(agonist) vs. response -- Variable slope 
(four parameters)       
Best-fit values       
Bottom = 0.0 = 0.0 = 0.0 
Top = 1.313 = 1.313 = 1.313 
LogEC50 0.06245 1.215 -0.1506 
HillSlope 1.398 1.273 2.44 
EC50 1.155 16.42 0.7069 
Span = 1.313 = 1.313 = 1.313 
Std. Error       
LogEC50 0.01092 0.01446 0.006256 
HillSlope 0.04676 0.05325 0.07444 
95% Confidence Intervals       

LogEC50 
0.03961 to 
0.08530 

1.186 to 
1.245 

-0.1643 to -
0.1370 

HillSlope 
1.300 to 
1.496 

1.164 to 
1.382 

2.278 to 
2.602 

EC50 
1.095 to 
1.217 

15.34 to 
17.58 

0.6851 to 
0.7295 
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Table D.12. Regression parameters for the concentration response curves for the Dibutyl phthalate (DBP) 
modulated curves in the YES assay 

  1:6750 1:12600 17β-estradiol 
log(agonist) vs. response -- 
Variable slope (four parameters)       
Best-fit values       
Bottom = 0.0 = 0.0 = 0.0 
Top = 1.445 = 1.445 = 1.445 
LogEC50 -1.082 -0.5508 -1.355 
HillSlope 1.151 0.7216 1.86 
EC50 0.08276 0.2813 0.04416 
Span = 1.445 = 1.445 = 1.445 
Std. Error       
LogEC50 0.01675 0.02454 0.01094 
HillSlope 0.04539 0.03423 0.07663 
95% Confidence Intervals       

LogEC50 
-1.116 to -
1.048 

-0.6014 to -
0.5003 

-1.377 to -
1.333 

HillSlope 1.059 to 1.243 
0.6510 to 
0.7921 1.704 to 2.016 

EC50 
0.07651 to 
0.08952 

0.2504 to 
0.3160 

0.04196 to 
0.04649 

 
Table D.13. Computation of testosterone equivalents (TEQ) used in the validation of the 
interaction model in the YAS assay 

Mixture	  Composition	  
Regression	  parameters	  of	  

standard	  
Input	   Outputs	  

Testosterone	  
(μgL	  -‐1	  )	   ARBPA	  

BRDBP	   Top	   LogEC50	  
%	  
effect	   Hillslope	  

Y(Observed	  
Abs)	  

Log	  
TEQ	  

Observed	  
TEQ	  

2	   0	   0	   1.13	   -‐0.012	   78.5	   1.797	   0.890	   0.301	   1.999	  
2	   40	   5000	   1.13	   -‐0.012	   67.0	   1.797	   0.760	   0.159	   1.443	  
2	   80	   5000	   1.13	   -‐0.012	   68.2	   1.797	   0.773	   0.172	   1.487	  
2	   160	   5000	   1.13	   -‐0.012	   64.8	   1.797	   0.735	   0.136	   1.367	  
2	   320	   5000	   1.13	   -‐0.012	   63.1	   1.797	   0.715	   0.117	   1.310	  
2	   640	   5000	   1.13	   -‐0.012	   61.7	   1.797	   0.723	   0.125	   1.333	  
2	   1280	   5000	   1.13	   -‐0.012	   62.9	   1.797	   0.713	   0.116	   1.305	  
2	   1875	   10000	   1.13	   -‐0.012	   13.6	   1.797	   0.173	   -‐0.426	   0.375	  
2	   2560	   5000	   1.13	   -‐0.012	   52.3	   1.797	   0.593	   0.010	   1.024	  
2	   3750	   10000	   1.13	   -‐0.012	   6.5	   1.797	   0.083	   -‐0.627	   0.236	  
2	   5120	   5000	   1.13	   -‐0.012	   44.4	   1.797	   0.503	   -‐0.066	   0.858	  
2	   7500	   10000	   1.13	   -‐0.012	   10.5	   1.797	   0.133	   -‐0.501	   0.316	  
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Table D.14. Summary of p-values used in table 4.2 (YAS assay) level of significance α=0.01  

Testosterone 
(µgL -1 ) aRBPA bRDBP 

p value 
aRP 

model 

p value  
CA 

model 
2 0 0   
2 40 5000 0.8017 0.1797 
2 80 5000 0.5916 0.0965 
2 160 5000 0.8942 0.0199 
2 320 5000 0.1 0.0004 
2 640 5000 0.0799 0.0107 
2 1280 5000 0.0117 0.0047 
2 1875 10000 0.0044 < 0.0001 
2 2560 5000 0.0149 0.0026 
2 3750 10000 0.001 < 0.0001 
2 5120 5000 0.1031 0.0051 
2 7500 10000 0.0832 < 0.0001 

 
Table D.15. Computation of testosterone equivalents (EEQ) used in the validation of the interaction model 
in the YES assay 

Mixture Composition (µg/L) Regression parameters of standard Input Outputs 

E2 E3 EQN DBP Top LogEC50 
% 

effect Hillslope 
Y(Observe

d Abs) 
Log 
EEQ 

Observed 
EEQ 

0.0313 6.250 0.500 1200 1.23 -1.41 49.8 2.015 0.610 -1.416 0.0384 
0.0313 6.250 0.250 600 1.23 -1.41 53.4 2.015 0.655 -1.384 0.0413 
0.0313 6.250 0.125 300 1.23 -1.41 56.5 2.015 0.693 -1.358 0.0439 
0.0313 6.250 0.063 150 1.23 -1.41 55.5 2.015 0.680 -1.367 0.0430 
0.0313 6.250 0.031 75 1.23 -1.41 59.5 2.015 0.730 -1.331 0.0467 
0.0313 6.250 0.500 600 1.23 -1.41 71.4 2.015 0.875 -1.217 0.0607 
0.0313 3.125 0.500 600 1.23 -1.41 61.0 2.015 0.748 -1.318 0.0481 
0.0313 1.563 0.500 600 1.23 -1.41 56.7 2.015 0.695 -1.356 0.0441 
0.0313 0.781 0.500 600 1.23 -1.41 53.8 2.015 0.660 -1.381 0.0416 
0.0313 0.391 0.500 600 1.23 -1.41 47.7 2.015 0.585 -1.434 0.0368 
0.0625 6.250 0.500 1200 1.23 -1.41 66.9 2.015 0.820 -1.262 0.0546 
0.0625 6.250 0.500 600 1.23 -1.41 79.9 2.015 0.980 -1.116 0.0765 
0.0625 6.250 0.500 300 1.23 -1.41 85.0 2.015 1.043 -1.040 0.0913 
0.0625 6.250 0.500 150 1.23 -1.41 89.5 2.015 1.098 -0.952 0.1118 
0.0625 6.250 0.500 75 1.23 -1.41 92.0 2.015 1.128 -0.889 0.1292 

0 6.250 0.500 600 1.23 -1.41 43.0 2.015 0.528 -1.475 0.0335 
0 6.250 0.500 300 1.23 -1.41 51.4 2.015 0.630 -1.402 0.0396 
0 6.250 0.000 600 1.23 -1.41 20.4 2.015 0.250 -1.708 0.0196 
0 6.250 0.000 300 1.23 -1.41 23.7 2.015 0.290 -1.667 0.0216 
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Table D.15. continued 

0 0.000 4.000 1200 1.23 -1.41 92.6 2.015 1.135 -0.870 0.1349 
0 0.000 4.000 600 1.23 -1.41 93.6 2.015 1.148 -0.836 0.1459 

 

Table D.16. Summary of p-values used in table 4.3 (YAS assay) level of significance α=0.01  

17β-Estradiol, 
(µgL -1 ) Estriol,(µgL -1 ) 

17α-
EQN,(µgL -1 ) DBP,(µgL -1 ) 

p value 
aRP p value CA 

0.0313 6.25 0.5 1200 0.0005 < 0.0001 
0.0313 6.25 0.25 600 0.2495 0.0002 
0.0313 6.25 0.125 300 0.0052 0.0005 
0.0313 6.25 0.0625 150 0.0036 0.0018 
0.0313 6.25 0.0313 75 0.0115 0.0103 
0.0313 6.25 0.5 600 0.4403 0.0323 
0.0313 3.125 0.5 600 0.0246 0.0036 
0.0313 1.563 0.5 600 0.003 0.0024 
0.0313 0.781 0.5 600 0.0022 0.0036 
0.0313 0.391 0.5 600 0.0026 0.002 
0.0625 6.25 0.5 1200 0.0437 < 0.0001 
0.0625 6.25 0.5 600 0.1186 0.0025 
0.0625 6.25 0.5 300 0.2824 0.0728 
0.0625 6.25 0.5 150 0.7853 0.9405 
0.0625 6.25 0.5 75 0.1987 0.1968 

0 6.25 0.5 600 0.01 0.0004 
0 6.25 0.5 300 0.1199 0.0048 
0 6.25 0 300 0.1905 0.0005 
0 0 4 1200 0.2844 0.1229 
0 0 4 600 0.564 0.1225 
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APPENDIX E 

RAW DATA 
Table E.1. Summary of integrated peak areas used for Figure D.1.  

Concentration,	  μgL	  -‐1	  	   Estriol	   Estrone	  
17β-‐

Estradiol	  	  
17α-‐

Dihydroequilin	  
0	   0	   0	   0	   0	  
5	   6168	   20092	   5514	   1081	  
10	   10234	   38148	   9181	   1615	  
20	   21412	   84794	   23755	   3079	  
50	   53719	   207086	   52126	   7853	  
100	   107875	   409079	   98958	   19353	  
200	   208099	   812940	   193544	   51435	  
400	   402699	   1468157	   331207	   90738	  

 

Table E.2. (A-D) Summary of absorbances used for Figure3.1 A) 17β-estradiol, B) Estrone, C) 
Estriol, D) 17α-Dihydroequilin 

E.2 (A) 
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E.2 (B) 

 

 

 

 

 

 

 

 

 

E.2 (C) 
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E.2.(D) 

 
Tables E.3 (A-C). Summary of absorbances used for Figure 3.2  A) simulated mixture, B) 
simulated mixture predicted by Concentration Addition (CA) C) simulated mixture predicted by 
Independent Action (IA) 

E.3 (A) 
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E.3 (B) 

 
E.3. (C) 
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Tables E.4 (A-C). Summary of absorbances used for Figure 3.3  A) wastewater influent extract, 
B) wastewater influent extract predicted by Independent Action (IA) C) wastewater influent 
extract predicted by Concentration Addition (CA) 

E.4.A 

 
 
 
E.4.B        E.4.C 
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Tables E.5(A-C). Summary of absorbances used for Figure 3.3 A) wastewater effluent extract, B) 
wastewater effluent extract predicted by Concentration Addition (CA) C) wastewater effluent 
extract predicted by Independent Action (IA) 

E.5.A 

 
E.5.B                         E.5.C 

               
 

Tables E.6 (A-D). Summary of absorbances used for Figure 4.1 A) 17β-Estradiol , B) 1:2500 
(17β-Estradiol/Estriol),  C) 1:500 (17β-Estradiol/Estriol) , D) K-value plots for estriol 
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(A) 
Log10 (17β-Estradiol) 17β-Estradiol 

1.32 1.41 1.41 1.38 
1.02 1.45 1.50 1.43 
0.72 1.47 1.47 1.44 
0.42 1.44 1.44 1.44 
0.12 1.40 1.39 1.39 
-0.18 1.34 1.33 1.32 
-0.48 1.26 1.21 1.24 
-0.78 1.10 1.05 1.04 
-1.08 0.84 0.78 0.72 
-1.38 0.49 0.47 0.47 
-1.69 0.26 0.24 0.24 
-1.99 0.06 0.06 0.08 
-2.29 0.05 0.04 0.05 
-2.59 0.02 0.02 0.03 
-2.89 0.01 0.01 0.01 
-3.19 0.01 0.00 0.00 
-3.49 0.00 -0.01 0.00 
-3.79 0.00 -0.01 -0.01 
-4.09 0.01 -0.01 0.00 
-4.40 0.00 0.00 0.00 
-4.70 0.00 0.00 0.01 
-5.00 0.01 0.00 0.00 

 

(B) 
Log10 (17β-Estradiol) 1:2500 (17β-Estradiol/Estriol) 

0.20 1.45 1.41 1.44 
-0.10 1.44 1.37 1.44 
-0.40 1.49 1.46 1.47 
-0.70 1.50 1.50 1.48 
-1.00 1.43 1.48 1.48 
-1.31 1.43 1.43 1.45 
-1.61 1.31 1.32 1.33 
-1.91 1.07 1.09 1.14 
-2.21 0.90 0.94 0.96 
-2.51 0.63 0.69 0.67 
-2.81 0.45 0.45 0.43 
-3.11 0.15 0.19 0.16 
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Table E.6. (B), continued 

-3.41 0.06 0.09 0.07 
-3.71 0.07 0.04 0.05 
-4.02 1.45 1.41 1.44 

 

(C) 
Log10 (17β-Estradiol) 1:500 (17β-Estradiol/Estriol) 

0.50 1.46 1.43 1.41 
0.20 1.45 1.39 1.47 

-0.10 1.46 1.41 1.45 
-0.40 1.47 1.47 1.47 
-0.70 1.44 1.36 1.38 
-1.00 1.39 1.33 1.29 
-1.31 1.20 1.21 1.20 
-1.61 0.84 0.87 0.86 
-1.91 0.55 0.57 0.58 
-2.21 0.30 0.31 0.35 
-2.51 0.15 0.18 0.17 
-2.81 0.06 0.08 0.06 
-3.11 0.02 0.03 0.02 
-3.41 0.02 0.02 0.01 
-3.71 0.02 0.02 0.01 

 

(D) 
Restriol K-value 
2500 17.11 
500 4.10 

0 1.00 
 

 

 

 

 

 



	   	  

153	  

Tables E.7 (A-C). Summary of absorbances used for Figure 3.3 A) 1:50  (17β-Estradiol/17α-
Dihydroequilin)),  B) 1:400  (17β-Estradiol/17α-Dihydroequilin), C) K-value plots for 17α-
Dihydroequilin 

(A) 
Log10 (17β-
Estradiol) 

1:50  (17β-Estradiol/17α-
Dihydroequilin) 

-0.60 1.25 1.26 1.26 
-0.90 1.26 1.30 1.26 
-1.20 1.17 1.22 1.21 
-1.51 0.94 0.99 1.00 
-1.81 0.58 0.67 0.60 
-2.11 0.29 0.37 0.35 
-2.41 0.14 0.17 0.16 
-2.71 0.08 0.08 0.07 
-3.01 0.03 0.03 0.03 
-3.31 0.03 0.03 0.01 
-3.61 0.02 0.01 -0.01 
-3.91 0.01 0.02 0.01 
-4.21 -0.01 0.01 0.02 
-4.52 0.01 0.01 0.01 

 

(B) 
Log10 (17β-
Estradiol l) 

1:400  (17β-Estradiol/17α-
Dihydroequilin) 

-0.60 1.22 1.24 1.24 
-0.90 1.20 1.24 1.30 
-1.20 1.28 1.33 1.31 
-1.51 1.27 1.35 1.33 
-1.81 1.20 1.28 1.30 
-2.11 0.97 1.06 1.05 
-2.41 0.55 0.68 0.60 
-2.71 0.29 0.30 0.34 
-3.01 0.13 0.16 0.15 
-3.31 0.07 0.07 0.08 
-3.61 0.04 0.04 0.05 
-3.91 0.04 0.03 0.04 
-4.21 0.01 0.00 0.02 
-4.52 0.01 0.01 0.01 
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(C) 
R17β-Dihydroequilin K-value 

400 21.50 
50 2.59 

0 1.00 
 
Tables E.8 (A-F). Summary of absorbances used for Figure 4.2  A) Testosterone, B) 1/1000  
(Testosterone/BPA),  C) 1/2500 (Testosterone/BPA), D)1/3300 (Testosterone/BPA), E) 1/5000 
(Testosterone/BPA), F) K-value plots for BPA fitted to , 
where k is a constant. 

(A) 
Log10 (Testosterone) Testosterone 

1.40 1.07 1.16 1.20 
1.10 1.13 1.13 1.18 
0.80 1.06 1.04 1.08 
0.49 0.98 0.97 1.08 
0.19 0.78 0.72 0.87 
-0.11 0.50 0.47 0.46 
-0.41 0.18 0.16 0.20 
-0.71 0.02 0.05 0.02 

 

(B) 
Log10 

(Testosterone) 1/1000  (Testosterone/BPA) 
1.097 1.009 1.039 
0.796 0.869 0.929 
0.495 0.699 0.729 
0.194 0.459 0.479 

-0.107 0.299 0.279 
-0.408 0.129 0.109 
-0.709 0.019 0.019 

 

(C) 
Log10 (Testosterone) 1/2500 (Testosterone/BPA) 

0.699 0.409 0.429 
0.398 0.359 0.359 
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0.097 0.199 0.219 
-0.204 0.129 0.129 
-0.505 0.079 0.089 
-0.806 0.019 0.029 

 
(D) 

Log10 
(Testosterone) 1/3300 (Testosterone/BPA) 

0.574 0.309 0.329 
0.273 0.219 0.229 

-0.028 0.129 0.159 
-0.329 0.079 0.099 
-0.630 0.039 0.039 
-0.931 0.019 0.009 

 

(E) 
Log10 

(Testosterone) 1/5000 (Testosterone/BPA) 
0.398 0.129 0.159 
0.097 0.099 0.109 
-0.204 0.079 0.069 
-0.505 0.049 0.049 
-0.806 0.029 0.029 
-1.107 0.009 0.009 

 

(F) 
RDBP K-value 

0 1 
1000 0.723 
2500 0.407 
3300 0.278 
5000 0.110 
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Tables E.9 (A-C). Summary of absorbances used for Figure 4.2  A) 1:6750 (Testosterone/DBP), 
B) 1:18000 (Testosterone/DBP), C) K-value plots for Dibutyl phthalate (DBP) in the YAS 

 
(A) 

Log10 
(Testosterone) 1:6750 (Testosterone/DBP) 

0.602 1.098 1.128 1.128 
0.301 0.828 0.868 0.888 
0.000 0.638 0.648 0.628 
-0.301 0.248 0.318 0.338 
-0.602 0.108 0.128 0.118 
-0.903 0.038 0.058 0.038 
-1.204 0.028 0.018 0.008 

 

(B) 
Log10 

(Testosterone) 1:18000 (Testosterone/DBP) 
1.176 0.616 0.626 0.616 
0.875 0.386 0.366 0.326 
0.574 0.186 0.156 0.136 
0.273 0.106 0.046 0.066 
-0.028 0.046 0.056 0.026 
-0.329 0.006 0.036 0.046 
-0.630 0.016 0.046 0.046 
-0.931 0.016 0.026 0.016 
-1.232 0.016 0.046 0.016 
-1.533 0.016 0.026 0.016 

 

(C) 
RDBP K-value 

0 1.000 
6750 0.612 

18000 0.043 
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Tables E.10 (A-D). Summary of absorbances used for Figure 4.2  A)17β-estradiol, (B)1:6750 
(Estradiol/DBP), B) 1:18000 (Estradiol/DBP), C) K-value plots for Dibutyl phthalate (DBP) in 
the YES 

(A) 

  17β-Estradiol 

0.00 1.398 1.441 1.433 
-0.30 1.408 1.461 1.443 
-0.60 1.398 1.451 1.383 
-0.90 1.278 1.341 1.313 
-1.20 0.938 0.941 0.933 
-1.51 0.478 0.471 0.403 
-1.81 0.238 0.241 0.193 
-2.11 0.088 0.121 0.133 
-2.41 0.038 0.061 0.063 
-2.71 0.008 0.041 0.003 
-3.01 -0.013 0.041 0.013 

 

 

(B) 

  1:6750 (Estradiol/DBP) 
0.30 1.321 1.361 1.381 
0.00 1.241 1.351 1.361 

-0.30 1.221 1.321 1.321 
-0.60 1.101 1.241 1.211 
-0.90 0.811 0.961 0.941 
-1.20 0.541 0.601 0.571 
-1.51 0.311 0.341 0.331 
-1.81 0.201 0.221 0.191 
-2.11 0.121 0.111 0.101 
-2.41 0.061 0.051 0.051 
-2.71 0.051 0.051 0.211 
-3.01 0.041 0.041 0.041 
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(C) 

  1:12600 (Estradiol/DBP) 
0.30 1.268 1.248 1.178 
0.00 0.968 0.988 1.028 

-0.30 0.778 0.948 0.888 
-0.60 0.618 0.678 0.648 
-0.90 0.438 0.518 0.618 
-1.20 0.318 0.398 0.418 
-1.51 0.238 0.268 0.318 
-2.71 0.038 0.048 0.048 
-3.01 0.008 0.008 -0.003 

 
(D) 

RDBP K-value 

0 1.000 
6750 0.534 

12600 0.157 
 
 

 

Table E.10. Summary of absorbances used for the calculation of testosterone equivalents in Table 
4.2  

Testosterone	  (μgL	  -‐1	  )	   aRBPA	  
bRDBP	   Absorbances	   Average	  absorbance	  

2	   0	   0	   0.890	   0.890	   0.890	   0.890	  
2	   40	   5000	   0.880	   0.630	   0.770	   0.760	  
2	   80	   5000	   0.720	   0.740	   0.860	   0.773	  
2	   160	   5000	   0.785	   0.680	   0.740	   0.735	  
2	   320	   5000	   0.705	   0.720	   0.720	   0.715	  
2	   640	   5000	   0.770	   0.700	   0.700	   0.723	  
2	   1280	   5000	   0.720	   0.680	   0.740	   0.713	  
2	   1875	   10000	   0.190	   0.170	   0.160	   0.173	  
2	   2560	   5000	   0.560	   0.580	   0.640	   0.593	  
2	   3750	   10000	   0.077	   0.082	   0.089	   0.083	  
2	   5120	   5000	   0.490	   0.430	   0.590	   0.503	  
2	   7500	   10000	   0.127	   0.144	   0.128	   0.133	  
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Table E.11. Summary of absorbances used for the calculation of estradiol equivalents in Figure 
4.3  

Mixture	  Composition(µg/L)	  
E2	   E3	   EQN	   DBP	   Absorbances	   Average	  Absorbance	  

0.0313	   6.250	   0.500	   1200	   0.553	   0.653	   0.633	   0.603	   0.610	  
0.0313	   6.250	   0.250	   600	   0.583	   0.663	   0.673	   0.703	   0.655	  
0.0313	   6.250	   0.125	   300	   0.613	   0.723	   0.723	   0.713	   0.693	  
0.0313	   6.250	   0.063	   150	   0.573	   0.683	   0.733	   0.733	   0.680	  
0.0313	   6.250	   0.031	   75	   0.583	   0.743	   0.793	   0.803	   0.730	  
0.0313	   6.250	   0.500	   600	   0.733	   0.843	   0.923	   1.003	   0.875	  
0.0313	   3.125	   0.500	   600	   0.653	   0.743	   0.773	   0.823	   0.748	  
0.0313	   1.563	   0.500	   600	   0.613	   0.723	   0.743	   0.703	   0.695	  
0.0313	   0.781	   0.500	   600	   0.583	   0.693	   0.723	   0.643	   0.660	  
0.0313	   0.391	   0.500	   600	   0.493	   0.583	   0.623	   0.643	   0.585	  
0.0625	   6.250	   0.500	   1200	   0.823	   0.853	   0.853	   0.753	   0.820	  
0.0625	   6.250	   0.500	   600	   1.023	   1.003	   0.993	   0.903	   0.980	  
0.0625	   6.250	   0.500	   300	   1.063	   1.113	   1.043	   0.953	   1.043	  
0.0625	   6.250	   0.500	   150	   1.153	   1.153	   1.103	   0.983	   1.098	  
0.0625	   6.250	   0.500	   75	   1.164	   1.091	   1.183	   1.073	   1.128	  

0	   6.250	   0.500	   600	   0.533	   0.573	   0.553	   0.453	   0.528	  
0	   6.250	   0.500	   300	   0.683	   0.673	   0.663	   0.503	   0.630	  
0	   6.250	   0.000	   600	   0.283	   0.263	   0.253	   0.203	   0.250	  
0	   6.250	   0.000	   300	   0.333	   0.283	   0.303	   0.243	   0.290	  
0	   0.000	   4.000	   1200	   1.163	   1.173	   1.153	   1.053	   1.135	  
0	   0.000	   4.000	   600	   1.163	   1.173	   1.163	   1.093	   1.148	  
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Table E.12. Summary of normalized proliferative effect (E-screen) and normalized peak areas 
(FT-IRIS) used in Figure 5.5.  

E-Screen 
Control 0.27 ppt (1pM) 2.7 ppt (10pM) 27 ppt (10pM) 270 ppt (1000 pM) 

1.19 1.66 3.38 4.99 4.18 
0.81 1.32 3.58 4.26 4.35 
1.09 2.10 3.33 5.28 3.90 
0.90 1.73 4.20 5.32 5.32 
1.10 1.45 3.73 4.69 3.73 
1.13 2.10 3.33 5.28 3.90 
1.06 1.73 4.20 5.32 5.32 
0.98 1.45 3.73 4.69 3.73 

FT-IRIS (24hrs) 
Control 0.27 ppt (1pM) 2.7 ppt (10pM) 27 ppt (10pM) 270 ppt (1000 pM) 

1.40 1.29 3.15 2.94 2.74 
1.37 1.67 3.62 3.05 2.19 
0.33 1.40 2.93 2.37 3.43 
0.39 1.78 1.86 3.08 2.03 
1.43 1.65 2.29 3.08 3.50 
1.03 1.67 1.90 2.29 4.41 
1.04 1.79 2.01 4.85 2.28 
0.57 3.67 2.73 3.60 3.35 
0.95 1.83 3.27 3.88 2.14 
1.49 2.16 2.91 4.30 3.18 

FT-IRIS (48 hrs) 
Control 0.27 ppt (1pM) 2.7 ppt (10pM) 27 ppt (10pM) 270 ppt (1000 pM) 

1.44 0.80 1.61 1.37 1.13 
0.91 0.67 2.42 1.85 0.84 
0.65 1.39 1.76 2.70 1.35 
0.72 0.85 1.52 1.55 1.24 
1.39 1.23 2.17 1.29 2.30 
0.54 1.77 3.54 2.31 1.93 
1.06 0.91 1.78 1.77 1.51 
0.94 1.42 2.27 1.26 1.80 
0.61 0.62 1.37 1.23 1.23 
0.82 0.45 1.90 2.21 1.43 
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Table E.12, continued 
 

FT-IRIS (72 hrs) 
Control 0.27 ppt (1pM) 2.7 ppt (10pM) 27 ppt (10pM) 270 ppt (1000 pM) 

1.50 3.14 0.78 1.72 0.76 
0.51 2.50 1.41 2.13 1.07 
0.97 1.70 3.75 0.61 3.21 

FT-IRIS (96 hrs) 
Control 0.27 ppt (1pM) 2.7 ppt (10pM) 27 ppt (10pM) 270 ppt (1000 pM) 

0.99 1.95 2.15 1.72 1.49 
1.23 1.73 1.00 1.55 1.69 
0.78 0.93 2.19 1.59 1.58 

FT-IRIS (144 hrs) 
Control 0.27 ppt (1pM) 2.7 ppt (10pM) 27 ppt (10pM) 270 ppt (1000 pM) 

1.12 1.17 1.22 1.77 1.36 
0.89 1.59 1.13 1.56 0.92 
1.04 0.70 1.81 1.08 1.74 

 
Table E.13. Summary of absorbances corresponding to the mucin region in Figure 5.4.  

Wavenumber 
(cm-1) Control 

0.27 ppt 
(1pM) 

2.7 ppt 
(10pM) 

27ppt 
(100pM) 

270 ppt 
(1000pM) 

1138 0.00057 0.00088 -0.00005 0.00041 0.00084 
1140 0.00099 0.00046 0.00125 0.00145 0.00188 
1142 0.00179 0.00098 0.00347 0.00301 0.00361 
1144 0.00249 0.00215 0.00552 0.00413 0.00513 
1146 0.00269 0.00391 0.00732 0.00563 0.00612 
1147 0.00233 0.00532 0.00908 0.00768 0.00736 
1149 0.00160 0.00546 0.01090 0.00974 0.00893 
1151 0.00115 0.00499 0.01250 0.01170 0.01040 
1153 0.00126 0.00502 0.01340 0.01340 0.01110 
1155 0.00164 0.00551 0.01330 0.01440 0.01060 
1157 0.00236 0.00632 0.01220 0.01510 0.00966 
1159 0.00332 0.00735 0.01070 0.01540 0.00913 
1161 0.00430 0.00832 0.00979 0.01580 0.00913 
1163 0.00495 0.00928 0.01010 0.01650 0.00937 
1165 0.00551 0.00998 0.01090 0.01720 0.00960 
1167 0.00628 0.00980 0.01100 0.01710 0.00962 
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Table E.13, continued 

1169 0.00684 0.00895 0.00962 0.01600 0.00930 
1171 0.00655 0.00798 0.00712 0.01390 0.00818 
1173 0.00522 0.00680 0.00461 0.01080 0.00617 
1174 0.00330 0.00528 0.00284 0.00767 0.00391 
1176 0.00155 0.00347 0.00174 0.00533 0.00198 
1178 0.00061 0.00195 0.00085 0.00354 0.00037 
1180 0.00031 0.00163 0.00074 0.00217 -0.00016 
1182 0.00069 0.00261 0.00217 0.00190 0.00110 

 
 
Table E.13. Summary of scores used in Figure 5.7 

Control 0.27 ppt (1pM) 2.7 ppt (10pM) 27 ppt (100pM) 270 ppt (1000pM) 
PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2 

0.0265 0.0059 0.0195 -0.0069 0.0028 0.0017 0.0110 -0.0127 -0.0327 -0.0008 
0.0230 0.0073 0.0156 -0.0074 0.0084 0.0024 -0.0041 -0.0266 -0.0433 0.0166 
0.0232 0.0030 0.0192 0.0001 0.0025 0.0070 -0.0265 0.0012 -0.0291 -0.0057 
0.0059 0.0137 0.0145 -0.0077 -0.0078 -0.0026 -0.0270 -0.0002 -0.0340 0.0014 
0.0231 0.0021 0.0142 0.0106 0.0023 -0.0001 -0.0016 -0.0156 -0.0380 0.0084 
0.0168 0.0117 0.0268 0.0011 0.0017 -0.0077 0.0029 -0.0164 -0.0299 -0.0128 
0.0163 0.0180 0.0179 -0.0042 0.0083 -0.0010 0.0000 -0.0138 -0.0367 0.0083 

-
0.0011 0.0145 0.0133 0.0133 0.0069 -0.0127 0.0062 -0.0157 -0.0333 0.0076 
0.0178 0.0154 0.0131 0.0016 0.0063 -0.0115 -0.0081 -0.0061 -0.0339 0.0093 
0.0243 0.0083 0.0163 0.0039 0.0139 -0.0062 -0.0031 0.0086 -0.0302 -0.0084 
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APPENDIX F 

GLOSSARY OF TERMS 
A 
Additive- When two drugs or contaminants work together to produce a measured 

biological effect that is expected based on the activity of each compound alone they are said to be 

additive or act additively. 

Agonist- A drug, or contaminant that causes the stimulation of the hormone receptor and 

is able to achieve a maximum response in the biological assay 

Antagonist – A drug or contaminant that reduces the activity of an agonist by interacting 

with the receptor. The response is less than expected based on the activity of the individual 

components. 

Alternative-Relative Potential (a-RP) - A measure of the ability of a compound to elicit a 

stimulatory or inhibitory response in the bioassay. The stimulatory and inhibitory activities are 

both relative to the same standard and can thus be use in calculating biological induction 

equivalents from chemical data 

I 

Interaction- Describes the behavior of a mixture of drugs or contaminants that lead to the 

combination either giving a response that is greater than (synergy) or less than (antagonism) what 

is expected based on the activity of the individual components 

Interaction index -  A measure of the degree of deviation from additive behavior in a 

mixture.  The interaction index is less than one for synergistic combinations and greater than one 

in antagonistic combinations. 

 

P 

Partial Agonist- A drug or contaminant that causes the stimulation of the hormone 

receptor but is not able to achieve the maximum response in the assay but instead plateaus at a 

lower response 
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Potency- A measure of the ability of a compound to elicit a stimulatory response in the 

bioassay. This is usually relative to a standard compound and thus referred to the relative potency.  

S 

Submaximal response- A response that is lower than the maximum assay response 

 

F.2 Abbreviations 

a-RP- alternative-Relative Potential 

AR- Androgen Receptor 

ARE-Androgen Responsive elements 

CA- Concentration Addition 

E2-17β-estradiol 

EDA –Effect Directed Analysis 

EDC- Endocrine Disrupting Compound 

ER- Estrogen Receptor 

ERE-Estrogen responsive elements 

FTIR- Fourier Transform Infra-red Spectroscopy 

FT-IRIS- Fourier Transform Infra-red Imaging Spectroscopy 

IA – Independent Action 

IEQ – Induction equivalents  

PCA-Principal component analysis 

RP- Relative Potential 

TIE –Toxicity Identification Analysis 
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