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Introduction
There are numerous peer reviewed studies that have documented the occurrence of pharmaceuticals and personal care products in surface waters in our environment at concentrations that have biological activities in aquatic organisms (reviewed in (Cooke, Simon et al. 2013).  Following exposures at these concentrations, alterations in higher order endpoints have been observed including gonadal sex differentiation, which causes a disproportionate female sex ratio; changes in secondary sex characteristics; reduction in reproduction and growth; and alterations of courting behavior, among others (Matthiessen and Sumpter 1998, Rodgers-Gray, Jobling et al. 2001, Adedeji, Durhan et al. 2012, Baumann, Knorr et al. 2014).   The most studied are chemicals that either mimic the function of sex hormones such as 17-estradiol (E2) or testosterone (T) or interfere with the biosynthesis or metabolism of endogenous hormones.  As might be anticipated, it is now recognized that the activities of multiple estrogen- or androgen-active compounds when present together as mixtures are additive (Brian, Harris et al. 2007), making it problematic to monitor effluents using the “one chemical at a time” approach. 

Traditional analytical chemistry-based approaches allow for identification of environmental contaminants in water samples, but suffer from the inability to elucidate the potential toxicity of the chemical milieu that has been detected.  Mixture responses, including synergism, antagonism, and potentiation, cannot be determined from analytical chemistry data alone.  As a result, bioanalytical assays have emerged as a technique to analyze environmental samples for their potential to interact with specific toxicity pathways. These methods typically involve in vitro cell and protein-based assays that test the ability of a chemical mixture to elucidate a response within a specific pathway. From these assays, one can get a better idea of the potential toxicity of a water sample, which include mixture responses that are not captured by analytical chemistry analysis.

Several Florida rivers may be impacted by endocrine active chemicals as they receive animal wastes from farms close to their banks or effluent from wastewater treatment plants.  Some of the rivers start in other states, but eventually find their way to Florida and empty into the Gulf of Mexico.  It is important to evaluate the level of impact from these inputs on aquatic ecosystems. One way to evaluate the aggregate level of contamination using a mode of action approach is to use cell-based assays that integrate the level of response from estrogens and androgens, or their antagonists (Escher, Allinson et al. 2014,  Mehinto, Jia et al. 2015, Maruya, Dodder et al. 2016).

Scope: UF investigators were tasked with analyzing water samples and extracts collected by the Florida Department of Environmental Protection from four different water sources around the state for chemical contaminants in the rivers that might be endocrine disruptors. Two bioanalytical assays (estrogen receptor and androgen receptor) in two different formats (receptor binding and receptor activation) were used.  Samples were provided as whole water grab samples, extracts from polar organic chemical integrative samplers (POCIS), and extracts from semi-permeable membrane devices (SPMD) from 4 river locations (Alafia, Withlacoochee, Apalachicola and Ochlockonee) in Florida.  A field blank sample was also provided for each sampling technique. The samples were received and processed as described in detail below and transferred into DMSO for use in the various assays.  

Materials and Methods

Sample Preparation
Water grab samples
Whole water grab samples were collected from each site (in triplicate) by FL-DEP personnel and shipped to the University of Florida on ice. Upon receiving the samples, the bacteriocide, sodium azide (1 g/L) was added to each container and the samples were stored at 4° C until extracted trough an OASIS HLB column, as described below. Water was collected from 4 different sites in triplicate and a field blank was provided.

Debris and algae were removed from each container by vacuum filtration using a glass 1.6 µm glass fiber filter (Whatman, GF/C). One liter of each filtered sample was subjected to solid phase extraction by Waters OASIS HLB, which utilizes a sorbent chemistry designed to capture both polar and non-polar organic contaminants.  Each column was preconditioned with 10 ml of acetone/hexane (1:1), methanol, and then water. Extracts were eluted from solid phase extraction columns using methanol and then acetone/hexane (10 ml each), dried under nitrogen, and reconstituted to 1 ml in dimethyl sulfoxide to be compatible with the bioanalytical assays.

POCIS and SPMD

Extracts from field-collected POCIS and SPMD devices were prepared by FL-DEP personnel and shipped to the University of Florida. Extracts were dissolved in either methanol or hexane, respectively (per email communication from Megan Preik, AXYS, June 14, 2017). The respective concentration factors were not provided.  These samples were also dried under nitrogen and reconstituted in 1 ml dimethyl sulfoxide for assay compatibility and stored at -20 °C until used for the analyses. 

Methods for binding assays
Receptor binding by Fluorescence Polarization:  Fluorescence polarization (FP) based receptor binding assays utilize a purified receptor and a fluorescently tagged ligand to determine the binding affinity of a water sample through competitive inhibition of binding of the fluorescently labeled ligand.  If a water sample contains enough molecules with an affinity for the receptor of interest, the fluorescently labeled ligand is displaced, which results in a change in the polarized fluorescence of the ligand.  This change in fluorescence can be measured and used to determine the level of binding affinity for a specific receptor.  Water samples are analyzed in tandem with a dilution series of a known ligand for the receptor for comparison and calculation of an equivalency of the water samples to a known ligand.  

[bookmark: _Hlk515000672]Estrogen Receptor FP assay:  The fluorescence polarization-based estrogen receptor binding assays for analyzing the supplied samples utilized an ex vivo purified version of the ligand binding domain from the human estrogen receptor alpha.  The fluorescent ligand used in this assay is a fluorescein labeled estrone molecule.  This receptor and ligand combination were produced by Dr. P. Lee Ferguson at Duke University and validated in Dr. Tara Sabo-Attwood’s lab (Smith, Clark et al. 2016).  All extracts were compared against a dilution series of estradiol (E2) over five orders of magnitude, which allowed for the creation of a standard curve for calculation of estradiol equivalencies.  All samples were analyzed at four different dilutions to ensure samples did not cause interference with assays (background fluorescence) and that they fell within the linear range of the standard curve. 

Androgen Receptor FP assay: The fluorescence polarization-based androgen receptor binding assay used to analyze the supplied samples was the InVitrogen Polar Screen Androgen Receptor Competitor Assay Kit (ThermoFisher Scientific, Catalog Number: A15880).  This assay utilized an ex vivo purified androgen receptor ligand binding domain from rats and a proprietary fluorescently labeled ligand.  The assay was validated by InVitrogen.  All extracts were compared against a dilution series of R-1881, a potent androgen receptor agonist, over five orders of magnitude, which allowed the creation of a standard curve for calculation of R-1881 equivalencies.   All samples were analyzed at seven different dilutions to ensure samples did not cause interference with assays (background fluorescence) and that they fell within the linear range of the standard curve.

Methods for transactivation assays using both agonist and antagonist modes.

This assay requires that the estrogen (or estrogen mimic) binds to the ligand binding domain of the estrogen receptor, allowing the receptor in turn to bind to the control region in DNA of the reporter construct.  This then allows for the transcription of the reporter mRNA, which then is translated into protein and can be shown to have an activity.  The basis for this assay is the activity of the synthesized protein, which can be measured by fluorescence.  

Samples and preparation of standards:  The methods used were similar to the methods published by (Escher, Allinson et al. 2014, Mehinto, Jia et al. 2015).  Water extracts from grab samples, POCIS, and SPMD extracts in DMSO were prepared for the ER Receptor Assay (GeneBlazer, InVitrogen) the day of plate loading. Sample extracts were diluted 1:20, 1:40, 1:80, and 1:160 in DMEM media (containing carbon stripped FBS, pyruvate, nonessential amino acids, penicillin/streptomycin, and 0.5% DMSO) in glass in a cell culture hood.  The samples were further diluted 1:10 when they were placed in the plate wells resulting in a final dilution of 1:200, 1:400, 1:800 and 1:1600. A standard curve of 17β-estradiol was generated in the same buffer at the following final concentrations in the wells: 1 x 10-8, 3.3 x 10-9, 1.1 x 10-9, 3.7 x 10-10, 1.2 x 10-10, 4.1 x 10-11, 1.4 x 10-12, 4.5 x 10-12, 1.5 x 10-12 M. Samples and standards were prepared in glass HPLC vials to prevent losses of contaminants to vial walls and evaporation.

Samples and standards were prepared for the AR receptor assay in the same way, except they were diluted with a different cell culturing buffer, Opti–MEM (containing dialyzed FBS, pyruvate, nonessential amino acids, penicillin/streptomycin, and 0.5% DMSO) and the androgen standards started at a 10-fold higher concentration than the estradiol standards. Two different androgens were tested, R-1881 and 11-keto testosterone, at the following final concentrations in the well: 1 x 10-7, 3.3 x 10-8, 1.1 x 10-8, 3.7 x 10-9, 1.2 x 10-9, 4.1 x 10-10, 1.3 x 10-10, 4.6 x 10-11, 1.5 x 10-11 M. We got better results for R-1881 and thus it was chosen as the standard for the assays.

Anti-estrogen and anti-androgen assays were conducted by spiking in the same amount of 17β-estradiol (2 x 10-10 M, 70% of maximum ERα response) or R-1881 (70% of maximum AR response) into each dilution of the unknowns and measuring the response differences.  
Reduction in the ER or the AR responses would show that some component in the field sample acted as an antagonist for the ER or AR, respectively.

ER and AR Receptor Assay   

ER and AR transactivation assays were previously optimized for use with samples from the field (Mehinto, Jia et al. 2015).  In brief, a vial of divisionally arrested (DA) cells (GeneBlazer, InVitrogen) were removed from a liquid nitrogen cryostat, and thawed at 37 °C for 3-4 min.  The outside of the container was sterilized with 70% ethanol and then transferred to a cell culture hood. All of the following steps were performed in the cell culture BSL2 safety cabinet.

[bookmark: _Hlk515004066]The cells were washed in 10 ml of culturing buffer (No DMSO) and centrifuged at 200 x g for 5 min (25 °C). The buffer type was specific for the type of assay, ER or AR, as described above. The wash buffer was removed with a transfer pipette leaving a cell pellet and some buffer behind. Ten ml of fresh buffer was added, vortexed, and a subsample removed for cell density determination using a hemocytometer and Trypan Blue stain (0.4%). The cells were further diluted with DMEM buffer to a concentration of 550,000 cells/ml (50,000 cells/well).  The solution of cells and DMEM buffer was mixed 3 times before adding to each well to ensure homogeneity of cell density.  90l of the cell/buffer mix was added to all wells in a black wall/clear bottom 96 well tissue culture plate (Costar 3603), except for “no cell” control wells (run in triplicate) using an electronic multichannel pipette. The “no cell” wells contained only buffer. 10 l of diluted samples and 17β-Estradiol standards were added to designated wells in triplicate. In addition, two other controls, 1) No DMSO and 2) Standard curve blank were prepared by adding 10 µl of buffer (No DMSO) and 10 µl of buffer with 0.5% DMSO (standard or sample). Each plate was covered and put into a sterile 37 °C humidified incubator for 24 hrs. All samples except the No-DMSO control contained 0.5% DMSO in cell buffer (either MEM or Opti-MEM depending on assay type). 

The following day, 30 µl of a mixture of LiveBLAzer™-FRET B/G Substrate (fluorescent substrate) and cell viability reagent (PrestoBlue, InVitrogen) (20 l and 10 l, respectively) were added to all the wells. Each plate was covered with an aluminum foil seal and incubated for 2 hrs at room temperature in the dark.

Using a fluorescent plate reader (Biotek Synergy H1) and analysis program (Gen5 2.0), each plate was scanned at 3 different excitation/emission wavelengths: 1) blue (excitation 409 nm, emission 460 nm), 2) green (excitation 409 nm, emission 530 nm), and 3) cytoxicity (excitation 560 nm, emission 590 nm). The output data was analyzed by subtracting the average from the “no cell” control data from all of the wells for both the blue and green output data. Then a ratio of the blue/green data was determined. The average of the “blank” or DMSO control well (Buffer, cells, & DMSO) was subtracted from the blue/green ratio to give the final normalized data. 

Quality Assurance  
1. Responsible individuals.  
The water extraction by the OASIS HLB column was performed in the laboratory of Dr. Denslow.  The two assays were carried out in different laboratories.  The binding assays were performed in the labs of Drs. Sabo-Attwood and Bisesi, while the transactivation assays were performed in the laboratory of Dr. Denslow.  Each of the laboratories followed their specified protocols. All documentation was collected into notebooks and by excel spread sheets

Our laboratory analysis QA programs are designed to ensure adequate accuracy, precision, and detection sensitivity for laboratory methods. The criteria to determine acceptable data quality include proper calibration and operation of analytical instrumentation, and assessment of measurements through repeatability of experiments. Replicate analyses were performed for the two assays.     

Our laboratories followed the standard procedures written for the two types of assays (Mehinto, Jayasinghe et al. 2016, Smith, Clark et al. 2016).  All of the reagents that were used were analytical grade.  The instrument used to measure the final cell responses functioned correctly as per the manufacturer’s specifications.  The standard curves performed in the respective assays also performed well and within the normal range.  The computer programs used to reduce and analyze the raw data were Excel and SigmaPlot.  Figures were made in Powerpoint. 

ER/AR Binding assay
Quality Control Methods: 
1. ER binding reagents were produced in the lab and individual QA/QC protocols assured before use.  Kits for the AR binding assays were obtained from Life Technologies and stored at recommended temperature before use.
2. Assays were performed in triplicate with 4 different concentrations diluted in binary fashion.  Values were averaged and a standard error of the mean was calculated.
3. Standard curves were performed concurrently with all assays with 12 dilutions of 17β estradiol for ER binding assays and 12 dilutions of R-1881 (a potent testosterone mimic) for AR binding assays.  These standard curves were consistent with previous curves generated using these assays.
4. Negative controls corresponding to the highest volume of solvent added to field site samples were performed to ensure no solvent effects on binding.
5. All data were graphed and relative binding affinity (RBA) and estradiol and R-1881 equivalencies were calculated. All data were corrected for dilution factors and concentration factors when known (Grab samples).  Concentration factors for POCIS and SPMD samples were unknown, and as a result data were not corrected for concentration.
6. All raw data are available in electronic format.

Once receptor binding results were obtained for each receptor, the data was put through a quality control process to limit the possibility of false positive and negative samples as described below.
  Step 1. Environmental samples often contain molecules and pigments that can fluoresce in the range of our fluorescence polarization assays.  Fluorescence polarization measurements result in both a perpendicular and parallel fluorescence values.  The perpendicular value is fairly constant while the parallel value changes with different binding states.  Therefore, the perpendicular fluorescence valuecan be used to determine if a sample is contributing fluorescence that is not specific to the binding activity. For a specific dilution to be utilized in an equivalence calculation, the perpendicular value must be stabilized over at least two dilutions and be comparable to the baseline perpendicular fluorescence values of the standards. If the perpendicular value for a specific sample dilution is above the baseline or unstable when compared to lower dilutions, it is assumed that the dilution is contributing background fluorescence, and therefore will be excluded from the analysis.  In these cases, a lower dilution of that sample that falls within the acceptable perpendicular fluorescence range is used to make the equivalence calculation. 
Step 2. Steps are taken to ensure that acceptable dilutions from step 1 fall within the linear range of the standard curve that was created by running a dilution series of the known receptor agonists.  Below is an example standard curve for the estrogen receptor FP assay (Figure 1).  The standards followed a typical dose response curve.  The linear portion of the dose response curve is circled in yellow. Only dilutions that pass step 1 of the QC and fall within this linear range were considered for quantifying equivalence.




Figure 1: Example standard curve for E2 binding to estrogen receptor demonstrating linear range used for equivalency calculations.

ER and AR transactivation assays:
1. Kits were obtained from InVitrogen.  Cells were frozen at -80 °C until used.  All cell culturing reagents were freshly made.  Cell-based kits were performed in both agonist and antagonist modes. 
2. Assays were performed in triplicate with 4 different concentrations of the samples, diluted in binary fashion.  Values were averaged and a standard error of the mean was calculated.
3. For agonist modes -- standard curves were prepared in triplicate with 17 estradiol and with 8 different concentrations each for the estrogen and androgen transactivation assays, respectively.  These standard curves were similar to previous curves obtained for 17 estradiol and R-1881.
4. Negative controls corresponding to 0.5% DMSO were also performed.
5. For antagonist mode, the agonist (E2 or R-1881) was added at 70% of saturation, alone or in combination with each of the diluted samples.
6. A test for cytotoxicity was also performed at the same time to determine if the water samples killed the cells.  Cell viability was greater than 80% for all wells, as measured by the assay.  In the wells where the values were close to 80%, the other two wells in the replicate sample were >95% viability, suggesting that the random lower values were due to slightly lower amounts of cells in those particular wells, rather than to cytoxicity.
7. All data were graphed and bioanalytical equivalencies (BEQs) were calculated.
8. All raw data is available in electronic format.


Results

1. [bookmark: OLE_LINK1] Estrogen Receptor Binding of FL-DEP Extracts by Fluorescence Polarization

As mentioned above, the basis for this assay is fluorescence polarization.   Figure 1, shows a typical standard curve obtained for the estrogen binding assay and Figure 2 shows the results for the test samples.
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Figure 2.  Estradiol bioanalytical equivalencies calculated from the ER binding assay.  
(a) Water grab sample: Dilution corrected average (±SD) estradiol equivalency of 3 technical replicates for each grab sample extract.  All sample estradiol equivalencies (EEQs)  were calculated from the 1:160 dilution.  QA/QC was calculated from the 1:20 dilution. Detection limit was 456 ng/L. 
(b) POCIS sample: Dilution corrected average (±SD) estradiol equivalency of three technical replicates for each POCIS sample.  All sample EEQs were calculated from the 1:80 dilution. QA/QC was calculated from the 1:20 dilution. Detection limit was 456 ng/L.
(c) SPMD samples:  Dilution corrected average (±SD) estradiol equivalency of three technical replicates for each SPMD sample.  The QA/QC was below detection limits of the assay.   All sample EEQs were calculated from the 1:80 dilution. Detection limit was 1245 ng/L.
2. Androgen Receptor Binding of FL-DEP Extracts by Fluorescence Polarization

The androgen assay employed was purchased from InVitrogen and is based on the same biophysical principles as the estrogen binding assay.  In this case, the strong androgen R-1881 agonist was used as the standard because testosterone is a regulated substance and could not be acquired as a standard.  R-1881 is an accepted strong agonist for this assay.Figure 3.  Standard curve for Androgen binding assay


Figure 3 shows a typical standard curve for the androgen binding assay.  Figure 4 shows the results that were obtained for the various water samples.  In the case of the SPMD extracts, there were at least two dilutions that could be used to quantify the bioanalytical equivalencies and the values obtained were equivalent. 
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Figure 4.  AR binding assay measuring R-1881 equivalencies.
(a) Water Grab Sample Extracts.  Dilution corrected average (±SD) R-1881 equivalency of three technical replicates for each grab sample extract.  The QA/QC was below detection limits of the assay.   All sample R-1881 equivalencies were calculated from the 1:8 dilution. Detection limit was 2.7x104 ng/L.
(b) POCIS Extracts. Dilution corrected average (±SD) R-1881 equivalency of three technical replicates for each POCIS extract.  The QA/QC and Apalachicola samples were below detection limits of the assay.  Alafia sample R-1881 equivalencies were calculated from the 1:8 dilution, the others were calculated from the 1:16 dilution. Detection limit was 2.7x104 ng/L.
(c) SPMD Extracts.  Dilution corrected average (±SD) R-1881 equivalency of three technical replicates for each SPMD extract.  The QA/QC sample was below detection limits of the assay.   No dilution correction was used. Detection limit was 2.7x104 ng/L.
3. Background fluorescence testing

In order to determine if the background fluorescence of the samples might have contributed to the measured values, a dilution series of each sample extract was tested as shown in Figure 5. This analysis was completed for a pigmented sample (Grab) and a non-pigemented sample (SPMD). The water grab samples had high background fluorescence at the wavelengths used to measure fluorescence polarization (excitation 485/20, emission 528/20), which may have interfered with the assay.  The POCIS samples also were pigmented and as a result likely had background fluorescence as well. The SPMD did not exhibit background fluorescence.   In the future, a second cleanup step to remove compounds and/or pigments that are contributing to the background fluorescence is advisable.  



Fig. 5.    Background fluorescence of extracts from water grab samples, SPMD, and E2.


4.  Estrogen receptor transactivation assay

ER Agonist Mode: The InVitrogen estrogen receptor transactivation assay was performed for each of the extracts.  A separate standard curve consisting of 5-6 concentrations of estradiol was run in parallel for each of the water extracts (Figure 6).  The samples were run in triplicate at four different dilutions.  The raw data, along with the DMSO control are plotted in Fig. 7. For each dilution series, the blue bar represents the most concentrated fraction,1200 dilution, the red bar, 1 400 dilution, the green bar, 1 800 dilution and the purple bar 11600 dilution. 
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Figure 6.  Standard curves for estrogen receptor transactivation assays. The standard curve was performed in triplicate. The boxes above the curves give the parameter derived for each curve. 
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Figure 7.  ER agonist transactivation assay. The Blue/Green ratio is the read out from the plate reader and is the ratio of two fluorescent emissions and it is proportional to the amount of estradiol equivalence in the sample.  The red dotted line shows the level of activity that can be ascribed to DMSO, which is subtracted for calculation of estrogen equivalencies. The blue bar represents extracts diluted 1:200, the red bar, 1:400, the green bar, 1:800 and the purple bar, 1:1600.  The water extract was a 1:1000 concentration after going through the Oasis HLB cartridge.  It was assumed that the POCIS extract and SPMD extract were similarly concentrated, although the actual concentration factors for these extracts sre not known. It was expected to see a decreasing dose response for each set of dilutions. 


With this assay, for the grab water samples, there was no estrogenic activity with water extracts from the Alafia, Withlacoochee, or Field Blank. However, estrogenic activity was found in the Apalachicola and in the Ochlockonee. The highest dilution tested for the Apalachicola showed less of a response than the next concentration, suggesting there were interfering compounds in the first extract. This could be the effect of total organic content (TOC) in these samples or potentially an antiestrogen. However, due to the pattern observed, it is more likely that it is an interfering substance, possibly the material causing the high background fluorescence.   

For the POCIS and SPMD extracts, the results seemed more variable, with the highest concentration apparently giving a lower response than the next concentrations, suggesting interference with the assay. The field blanks in these groups showed considerable activity. The POCIS extract from the Apalachicola showed no estrogenic activity in the assay. 

To evaluate the amount of estrogenic equivalency, the blue/green ratios were transformed to percent of maximum activity and then compared to the standard curve to derive estrogen equivalencies.  The level of quantitation was set at 10% of maximum and only values that were above this point were calculated.  The level of detection was set to a value above the DMSO control.  The calculated values are found in Table 1.  

ER Antagonist Mode: The ER transactivation assay was performed in antagonist mode.  For this application, the wells were all filled with reaction solution containing estradiol at a concentration that would provide 70% of maximum activity.  The standard curves for these plates are depicted in Figure 8. The samples were run in triplicate alongside the standard curve. The raw data is plotted in Figure 9. 
[image: ][image: ]















Figure 8.  Standard curves of anti-estrogenic assays.  This assay was performed only with POCIS and SPMD extracts. Because there was little to no activity, the assay was not performed with the grab water samples extract.  The standard curve was run in triplicate on each plate with each extract.  The replicates were close. The insert at top shows the parameters derived for each of the curves, using Sigma Plot. 
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Figure 9.  Anti-estrogenic assays for extract obtained from SPMD and POCIS. The red line represents the full potential of the estradiol added to each well.  Any deviation below this line would indicate anti-estrogenicity.  The blue bar represents extracts diluted 1->200, the red bar, 1->400, the green bar, 1->800 and the purple bar, 1-1600.  


In most of the SPMD extracts, there is not much anti-estrogenicity equivalence.  Similar to the agonist result, it seems that the second dilution has more activity than the highest concentration or other subsequent dilutions. This is consistent with something present at the highest concentration that interferes with the assay.  In the POCIS extracts, most waters showed a decrease below the baseline, suggesting some interference with the assay. To determine the bioanalytical equivalencies, DMSO was subtracted from each reading, the reading was converted to percent of maximum for each water extract and then the percent decrease was calculated based on the standard curve. The calculated values are in Table 1. 



[bookmark: _GoBack]
5. Androgen Receptor Transactivation

Androgen Agonist Mode: The InVitrogen GeneBlazer assay was used for this evaluation.  The basis of the assay is the same as described above for the estrogen receptor assay with the exception that the standard curve was constructed using the strong agonist R-1881, an established androgenic standard.  The activity was comparable to the activity with 11-keto-testosterone as the agonist. 

The standard curve and the sample dilutions were all assayed in triplicate (Figure 10). 
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Figure 10.  Standard curves for androgen transactivation assays. The boxes above the curves give the characteristics of each standard curve. 



As with the estrogen assay, the samples were diluted from 1->200, 1->400, 1->800 and 1->1600 and assayed in triplicate. The raw data are presented in Figure 11.
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Figure 11.  AR transactivation assay. The Blue/Green ratio is the read out from the plate reader and is the ratio of two fluorescent emissions and it is proportional to the amount of androgen equivalence in the sample.  The red dotted line shows the level of activity that can be ascribed to DMSO, which is subtracted for calculation of androgen equivalencies. The blue bar represents extracts diluted 1->200, the red bar, 1->400, the green bar, 1->800 and the purple bar, 1-1600.  The water extract was a 1->1000 concentration after going through the Oasis HLB cartridge.  It was assumed that the POCIS extract and SPMD extract were similarly concentrated, although their actual concentration factors are unknown. It was expected that dilutions would result in decreasing dose response for each set of water extracts. 
For the water grab sample extract, the Alafia and the Withlacoochee showed no androgenic equivalencies.  There is a s measureable amount in the Apalachicola and the Ochlockonee, but these levels are very low. The highest concentration tested for the Apalachicola suggests an interfering substance which then was diluted out at higher dilutions.  The field blank showed a low amount of activity in the assay.  The POCIS extracts and the SPMD extracts showed no activity.  The calculated values of androgens are shown in Table 1. 

Androgen antagonist mode: The androgen assay was also performed in antagonist mode. To do this, an amount of androgen equivalent to 70% of the maximum activity of the assay was added to each sample well.  The assay tested whether there were substances in the water that would reduce the androgen activity, thereby showing they were antagonists. Again, separate standard curves were performed for each water sample (Figure 12). 
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Figure 12. Standard curves of anti-androgen assays.  The standard curve was run in triplicate on each plate with each extract.  The insert at top shows the parameters derived for each of the curves using Sigma Plot. 









The samples were assayed using 4 dilutions and each dilution in triplicate.  The raw data was graphed (Figure 13). In the grab water extract samples, there appears to be considerable anti-androgenicity in extracts from the Apalachicola.  The other rivers either have none or very low amounts of anti-androgens. The POCIS and SPMD extracts showed very low levels of anti-androgenicity in the Withlacoochee, and a general slight trend towards being lower than the red line, but these values are very low.  The calculated amounts of anti-androgens are shown in Table 1. 
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Figure 13.   Anti-androgen assays for extracts obtained from water grab samples, POCIS and SPMD.  The red line represents the full potential of the androgen (R1881) added to each well.  Any deviation below this line would indicate anti-androgenicity.  The blue bar represents extracts diluted 1->200, the red bar, 1->400, the green bar, 1->800 and the purple bar, 1-1600.  

Bioanalytical equivalencies were derived by subtracting DMSO reading from each sample, converting the readings to percent of maximum and then by comparing to the standard curve, deriving the pM amounts in the samples. The values were then corrected for a 1,000-fold concentration (original sample was 1 L before extraction with the Oasis HLB cartridge, which was eluted with 1 ml), and dilution factors for the assay.  The values were then converted to ng/L bioanalytical equivalencies. To derive the equivalencies, calculated values from the various dilutions, when possible, were averaged. 

[image: ][image: ]Table 1.  Estimated bioanalytical equivalencies based on the estrogen and androgen transactivation assays. 

BDL, below detection level, highlighted in green. These values would be at or below the DMSO values in the assay.
BQL, below quantitation level. These values would be below the 10% Max value in the standard curve and therefore cannot be quantitatively evaluated. 
SPMD and POCIS extracts were assumed to have the same concentration factor as the water.  These values should be corrected once the concentration factors are known.  


Discussion

The bioanalytical equivalency values obtained from binding assays appear too high (100 to 1000 ng/L compared to values usually in the 10 ng/l range at other locations).  The samples were diluted considerably less in this assay than in the transactivation assays.  After performing the assay, it was discovered that the water grab samples had a high level of background fluorescence, which might have interfered with the assay and contributed to the high values. While the background fluorescence of the POCIS samples was not tested, these extracts were highly pigmented which likely contributed background fluorescence in these assays as well.    However, the SPMD samples did not appear to have background fluorescence.  The actual concentration factors for these extracts are unkown and therefore it was not possible to evaluate if the measured values were in the right order of magnitude.  For the transactivation assays, it was assumed that the concentration factors for the POCIS and SPMDs were similar to the water grab samples, but this may not be entirely accurate. 

Auto fluorescence from water extracts through OASIS HLB cartridges has not been detected in samples from other locations and this may be specific to Florida, due to the high organic content in the various rivers.  It is  suggested that a second cleanup step be performed in the future, such as an MTBE extraction, for waters that come from Florida rivers. 

The bioanalytical equivalencies were expected to be higher for the binding assays than for the transactivation assays as the binding assay will measure anything that binds to the receptor and is able to displace the labeled estradiol or labeled testosterone, respectively.  This assay captures both agonists and antagonists.  It is possible that other organic constituents were also captured from the water, such a humic substances and other fluorescent interferences. 

It is likely that humic acids could potentially interfere with transactivation assays at the higher concentrations tested for the water grab samples.  There was a dip in the readout for the higher concentrations compared to the more diluted samples and the expected dose response was not achieved. The samples tested in the transactivation assay were about 10 times more dilute than with the binding assay, with the highest concentration at 1  200 dilution compared to 120 for the binding assay. The lowest concentration tested was 11600.  The values reported in the table may be lower than actual values, as the responses were averaged over the various dilutions, rather than just using the highest calculated concentration. 

After discussing our results with the scientists at FL DEP, it was discovered that the field blanks for the grab samples were different from those for the POCIS and SPMD extracts.  The field blanks were made up from control water samples from the FL DEP. Subsequently, it was discovered via LC MS/MS for a subset of analytes, that the field blanks contained some androgenic chemicals. Therefore, it is possible that the higher readouts obtained for the transactivation assays for the field blanks in the androgen transactivation assay represent the contaminants in the water.  

It is hard to estimate the advantage of using POCIS or SPMDs compared to the water grab samples since their concentration factors are unknown.  However, POCIS and SPMDs are more integrative in their assessment, since they are present in the water over a longer time frame.   Assuming the same concentration factors as for the water grab samples, ie 1 1,000 before diluting into the assay buffer, similar concentrations were obtained for constituents of emerging concern. The POCIS and SPMD extracts also seemed to include interference materials at the highest concentration tested. But, the interferences seemed to be removed more quickly with increased dilutions of the extract.  The values reported in Table 1 are an average of the 4 concentrations tested in the assay.

Bioanalytical equivalencies for ER and AR obtained from the various water extracts comparing water grab samples to POCIS and SPMDs, were fairly close to each other (assuming the concentration factors are similar for POCIS and SPMDs), giving more confidence in their values. The bioanalytical equivalences that were calculated for estrogens were in the range of 0.9 to 1.8 ng/L, which is similar to reports from other locations. Acute toxicity is not expected from the concentrations found; however chronic exposure could be an issue for some fish species.  Some estrogen mimics (such as nonylphenol and EE2) are known to bioaccumulate in fish and these could increase tissue concentrations enough to alter reproduction in chronic exposures.  

For comparison, the maximum bioanalytical estrogen equivalency (BEQ) reported for an urbanized river system in Belgium was 0.94 ng E2/L (Vandermarken, Croes et al. 2018). Predicted no effect concentrations (PNECs) for estrogenicity in aquatic systems have been reported between 0.1 to 1 ng E2/L. Extrinsic exposures to endocrine disruptors, encountered during key developmental periods can result in permanent health effects in various vertebrates (Rosenfeld, Denslow et al. 2017). For examples, chronic exposure of fish to 5 ng/L EE2 in the whole lake experiment in Canada, showed that fathead minnow (Pimephales promelas) males were feminized and produced vitellogenin mRNA and protein, had impacts on their gonadal development as evidenced by intersex in males and altered oogenesis in females, and, ultimately, were almost completely wiped out at the population level (Kidd, Blanchfield et al. 2007).  Other fish in the lake seemed to be more resilient (Palace, Evans et al. 2009).  In the same whole lake experiment, hatching success was reduced significantly in green frogs (Rana clamitans) but not in mink frogs (Rana septentrionalis) (Park and Kidd 2005).  In addition, increased levels of intersex was observed in mink tadpoles at later years in the exposure lakes.  Many endocrine disruptors affect behavior at environmental concentrations (for a recent review, please see (Frye, Bo et al. 2012).  Thus, the concentrations found in the rivers in Florida, potentially could affect some lower vertebrates.  It would be interesting to examine wild caught fish at these locations for endocrine related effects.

Conclusions

In conclusion, receptor binding and receptor transactivation assays were performed for extracts of waters from four rivers in Florida locations (Alafia, Withlacoochee, Apalachicola and Ochlockonee).  Low levels of estrogen and androgen equivalencies were found in water extracts ranging from below detection level in the Alafia to a high of 1.8 ng/L estrogen equivalency in the Withlacoochee River and 4.9 ng/L androgen equivalency in the Apalachicola.  There was a low level of anti-estrogenic constituents (median 5%) and higher levels of anti-androgenic constituents (median13%).  Assuming the concentration factors are similar between grab water samples and POCIS and SPMDs, the concentation for estrogenic activity was similar in the various water samples but for androgens, the values were either below detection or below quantitation for the extracts from POCIS or SPMDs.   The POCIS and SPMDS integrate concentrations of constituents over a longer period of time compared to grab samples, but otherwise appear to show no specific advantage.  

For the binding assay, the apparent concentrations of estrogenic and androgenic constituents were very high (beyond reasonable expected values) and this might have been due to interference with the assay by humic acids that present with high endogenous fluorescence.  SPMD samples did not appear to have this issue, but the accuracy of values are hard to asses without understanding the concentration factors for SPMD samples. It would be best to perform a second purification step of Florida water samples for this assay to be more accurate in its findings.  In fact, in the future a second purification step would also benefit the transactivation assay as the higher concentrations tested seemed to interfere with that assay, reducing the values obtained.   

Most of the estrogenic and androgenic chemicals found as contaminants are hydrophobic, making them more likely to adsorb to particulates and end up in the sediments (Sangster, Zhang et al. 2014, Zhang, Krysl et al. 2015). While sediments were not tested in the present study, they should be targeted in future studies.  Finally this work could be compared to measurements of vitellogenin in endogenous fish at the various locations for an in vitro to in vivo comparison.  
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River Water Extract POCIS SPMD
E2 ng/L

ALAFIA BDL BDL 0.6 ng/L
APALACH 0.9 ng/L BDL 1.1ng/L
OCHLCK 1.6 ng/L 1.2 ng/L 1.4 ng/L
WITHLAC 1.8 ng/L 0.8 ng/L 0.7 ng/L
Field Blank 1.4 ng/L BQL 1.7 ng/L
Anti-E2 Average Percent reduction

ALAFIA 6% 16%
APALACH 5% 5%
OCHLCK 4% 5%
WITHLAC 5% 5%

Field Blank

1%

1%
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