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ABSTRACT

The hypothesis of this study was that a sulfatgugated estrogen, i.e. f-&stradiol-17-
sulfate (E2-17S), could be a precursor to freegstis detected in the environment. The
objectives of were to investigate the fate anddpant processes of E2-17S in various soil-water
systems.

Radiolabeled E2-17S was synthesized using a sarideemical for the subsequent soil batch
experiments. The batch experiment results showstd8®-17S dissipated more quickly from the
aqueous phase of the topsoil compared to the dubdeaionstrating that soil organic carbon
played a significant role. The aqueous dissipabiia2-17S was attributed to sorption to the soill
surface and transformation to form multiple metéabsl The non-linear sorption isotherms
indicated limited sorption of E2-17S, and the conicgion-dependent loi§oc values were 2.20
and 2.45 for the sterile topsoil and subsoil, regpely. The total radioactive residue measured in
the irreversible sites was greater than the revlersites, demonstrating that irreversible sorption
was the predominant sorption process.

The observed multiple metabolites suggested that#2underwent complex transformation
pathways. For the aqueous phase speciation, madadighydroxy-E2-17S were consistently
detected under all soil conditions, which indicatieat hydroxylation was the major
transformation process. Also, the hydroxyl metabslivere found at higher concentrations in the
topsoil than the subsoil. In the reversibly sorpbdse, free estrogens (i.eidstradiol and
estrone) were detected at relatively low level2% of applied dose) for all soils, demonstrating
that deconjugation/hydrolysis and subsequent oxidatid occur. Furthermore, both

hydroxylation and hydrolysis of E2-17S took placeler the non-sterile and sterile conditions.



Although deconjugation was not a major pathway,1Z3-could be a precursor of free estrogens
in the environment.

A comprehensive one-site fully kinetic model waplagal to simulate the overall governing
processes in the soil-water systems and to desttrbeistribution of multiple metabolites in the
aqueous, reversibly sorbed, and irreversibly sogiees.. The model gave rise to a satisfactory
fit for all experimental data obtained from thedtastudies, and the 36 estimated parameters were

derived at relatively high confidence.



ACKNOWLEDGMENTS

| would like to express my sincere appreciatiomgpadvisor Dr. Frank Casey, for his
guidance, encouragement, patience, and supportgdony graduate study. Under his direction, |
have learned how to perform scientific researcmfresearch questions to published results.

| would like to acknowledge my committee member Beldur Hakk for his guidance and
mentoring on all my laboratory work in the Biosaen Research Laboratory of USDA-ARS.

| also want to thank the other members of my adyisommittee, Dr. Tom DeSutter, Dr.
Eakalak Khan, and Dr. Peter Oduor, for their comimand advice on my research and
manuscripts.

| sincerely thank Mrs. Colleen Pfaff (BiosciencessBarch Laboratory, USDA-ARS, Fargo,
ND) and Mr. Nathan Derby (Department of Soil Scesndorth Dakota State University, Fargo,
ND) for their technical support and contributiortias research. | appreciated Dr. Jane Schuh
(Department of Veterinary and Microbiological Saes, North Dakota State University, Fargo,
ND) who provided great help for the soil gammadration procedure. | want to thank the
postdoctoral fellow Dr. Suman Shrestha in the Dipant of Soil Science for his help on the
radioactive material synthesis and modeling pdpeould like to thank the Department of Soil
Science for providing a pleasant work environment.

This project is supported by Agriculture and Foags&arch Initiative Competitive Grant No.
2010-65102-20400 from the USDA National Instituté-ood and Agriculture. | was fortunate to
be awarded by the North Dakota Water ResourcesaRgsinstitute fellowship to pursue my

Ph.D.



| am grateful to my father, brother, sister-in-lamd nephew for their love, understanding,

and encouragement.

Vi



DEDICATION

To my late mother Mrs. Meijun Song, for who she badn, what she had done, and all the

love she had given to me.

Vii



TABLE OF CONTENTS

A B S T R A T e e oo oottt oo ettt e e e et e et e e e e et e e nma—a e e et e ean e e e eeenrn e aa s ii
ACKNOWLEDGMENTS ...t e e e e e e e e e e e e e e ne e e e e e e e ennnnnes %
DEDICATION ..ottt e e e e e et e e e e e e eba e e e e aeeeeebaa e e e eeneban e eeaeeennnns Vii
LIST OF TABLES ...t e et e e e e e e e e e e e e e r e e e e e e nnnnnns Xiii
LIST OF FIGURES ... eeeee ettt e ettt e e e e er e e e e e e e nta e e e e eennnnns Xiv
LIST OF APPENDIX TABLES ... e XVi
LIST OF APPENDIX FIGURES...... e XiX
GENERAL INTRODUCGCTION ....ccttii et e e e s e e s e e eeeennn e e eeeennns 1
Organization of the DISSEITAtION .........ccooeeiiiiiiii e e e e e e e eeeaeaeeees 2
LITEIratUIE REVIEW.....ci ettt e e e rmn e e e e e e e e s eees 2
Adverse effects to aquatic WIldIIfe ..o 2
R0 10 | o7 ST PP 4
Fate and transport Of @StrOgENS ... 6
Environmental deteCtiONS..........oooiiiiii e 9
EStrOgeN CONJUOALES ....cceeveiiiiiiiiiiie e e e e e e ee ettt e e e e e e e e e e e e e e eeees e ennnessebnaen e e as 11
ODbjectives Of the STUAY ........ueiii e e e e e e e eaees 13

PAPER 1. SYNTHESIS AND CHARACTERIZATION OF RADIOLABLED 1713-
ESTRADIOL CONJUGATES. ... 14

F A o 1Y 1 = (o1 TR 14

viii



[a)0 o]0 [F e} 1[0] o AT URETT TP RTRPRPRTR 14

011 11T | P UPOPPS 17
IMTBIEETIAUS ...ttt ettt e e e e e e et e e e e e e e e as 17
Synthesis of [44C]17B-estradiol-3-gIUCUIONIE..............vee s eeeeeeeeeeneeeees e 20
Synthesis of [49C]17B-eStradiol-17-SUIfate ...............ceeevceemeeseeerseeee s, 20

RESUIS @Nd DISCUSSION ...ceieiiiiiiiiiiee e eeeet ettt a e e e smmn e e e e e e e e 22
Synthesis of [49C]17B-estradiol-3-gIUCUIONIdE................c.. o eeeeeeeeeeseeees s 22
Synthesis of [44C]17B-eStradiol-17-SUIFAte .............cveeeeeseeeeeseeeeeeeeeeeeeeee e, 24

(©70] 0 [ (1] 0] o - J TP PP PP P PP PPN 26

ACKNOWIEAGEIMENTS ...t e e e e e e e e e e e e e e et e et e ee e et a e e e e aaeaeeaaees 26

T (=T =] 0 (o1 S PP PPPPPPPPPPPPPPP 27

PAPER 2. DISSIPATION AND TRANSFORMATION OF 17R-ESARIOL-17-

SULFATE IN SOIL-WATER SYSTEMS ...t 32
Y €511 =T TP P PP PP 32
INEFOAUCTION ...ttt e e e e r e e e e e e e e e e e e e e e bbb nne e e 32
Materials and MEtNOUS.............uviiiii e e 35

ANAIYEICAl MELNOAS ...t e e e e e e e e e e e e e eeeeeeeeenne 35
= Fo Y (o] g IS o= 10 0= £ 36
FIrSt-0rder KINEBLICS .......cooi e e e e e e e e 39
StatIStICAl ANAIYSIS ...evvveiiiiiiie e e e e e e e e e e e e e e e e e e 39



RESUILS 8NU DISCUSSION ....eeeeiiiiiiiiieeeeeeeee et e e e e e eeees 39
AQUEOUS Phase ODSEIVALIONS ......ccccie e e e e eeeceeeeerr e e e e e e e e s 39
Sorbed phase 0DSErVatiONS ..........oeiiiiii 43
Deconjugation/HYAIOIYSIS .......coeveviiiiiiiimmmmme e e e e ee e e ettt e e e e e e e neeenaaeaeeaaaeeeees 46

CONCIUSIONS ... eeeee ettt e e e e e e e e e e e s e nr e e e e e e e e e e e e e e e e e s nnnnnnnees 47

F o L0V F=T o o =T 0 =T o | £ 48

REIEIEINCES ...ttt ettt ettt e e e e e e e e e e e e s eenr e ettt e e e e e e e e e e e e e e e e aaanan 48

PAPER 3. SORPTION AND METABOLISM OF 17R-ESTRADIOIZ-SULFATE IN
STERILIZED SOIL-WATER SYSTEMS ...t 54

ADSITACT ...t mrrre e e e e e e e e e s s 54

INEFOAUCTION ...t e e e e e r e e e e e e e e e e e e e e e bbb ne e e e 54

Materials and MEtNOUS............uiiiiii e e 57
ANAIYEICAl MELNOAS ... e e e e e e e e e e e e e e e e e eeeeeeerreannes 57
SOil DatCh EXPEIMENTS ... ..uuiiiii e e e e as 57
D= 1= B g =T Lo |1 0V SRR 59

RESUIS @Nd DISCUSSION ...ceieiiiiiiiiiiee e ee ettt e e e s emmn e e s e e e e e 61
Dissipation from aqueOoUS PRASE ............ommeeeeiiiiiiiiiiaa e e eeeeieeeeeeeeeeeiaanes 61
SOrptioN ISOINEIMS ... e e e e e e ee e e e e e e e e e e e e e e eeeeeanne 63
MetaboliSm PatNWAYS .......coooii e ——————————————————— 66

CONCIUSIONS ...ttt ettt e ettt e e e ettt e e e e e e e e e snn e e e e e e e e e b r e e e e e e e annes 70



ACKNOWIBUAGMENTS. ...t e e e e e e e e e e e ettt et et ae e bbbt e e e e e e e e e eeaaaas 71

References 71

PAPER 4. MODELING COUPLED SORPTION AND TRANSFORMADN OF 17R3-
ESTRADIOL-17-SULFATE IN SOIL-WATER SYSTEMS

...................................................... 78
Y 013 = Lo TP PP PPPPPPPP 78
pTigoTo (U Lot 1 o] o PP P PP PP 78
Experiment and Model DeVvelopmEeNt ... 81

SOil batCh EXPEIMENTS ......uii i e e e e s 81

EXPErMENtal rESUILS. ......ueeiee e 82

1Y/ ToTo L= o (V7] (o] o 1 41T o | PP 84

MOAEI SOIULION ...ttt e e e e e e e e e e e e 88

MOAEING RESUILS ... e e e e e e e e e e e e e et e e e et e e naanar e e e e e e e aeeeeaeees 92

1Y [0 [=] I 1 SO PP PP PP PPPPPPPPPP 92
Parameter ESHMALES ..........ovviiiiiies et e e e e e e e e e e e e 93

(©70] 0 (o1 {1 5] 0] o - J PP PP TP PP PRI 96
ol L0111 F=T o o = £ 96

REIEIEINCES ...ttt ettt ettt e e e e e e e e e e e s e nr e e et e e e e e e e e e e e e e e e e e e a e 97
GENERAL CONCLUSIONS ... eemme et e e e e e e enmnnn e e e e ennes 102
FUINEE STUTIES ...ttt e e e e e e r e e e e e eeeas 103
REFERENGCES ...t e e e e e e e e n e 104

Xi



APPENDIX A. THE EXPERIMENTAL DATA FOR SYNTHESIS ORADIOLABLED
MATERIALS ... e 110

APPENDIX B. THE EXPERIMENTAL DATA FOR BATCH EXPERIENTS.........ccccoeee. 116

APPENDIX C. THE EXPERIMENTAL DATA FOR BATCH EXPERIENTS OF STOP
APPENDIX D. METABOLITES SPECIATION AND CHARACTERIZAION BY HIGH

PERFORMANCE LIQUID CHROMOTOGRAPHY ... 138

APPENDIX E. THE C SOURCE CODE FOR PAPER 4...iiiiiiiiiiiiiiieeieiiinis 44

Xii



Table

LIST OF TABLES

Page

Estimated yearly steroid hormone excretion by fammals in the European Union

and the United Sates iN 2000. .........iiieeeireiiire e e e e eeee e b ennnnseeeen s 6
Structure and properties of natural steroidal @&iNAhOrmones..............ccceeeevvvvevvevvvmndon.
Selected properties of soil samples used in thehkatperiments. ..., 7.3

Parameter estimates with standard deviation'f@]17p-estradiol-17-sulfate using
the first-order kinetic model under multiple inlt@oncentrations. ............ccccccevveee.. 40.

First-order parameter estimates with standard ¢88j) for [“C]17p-estradiol-17-
sulfate in the topsoil with multiple initial condgations. ...............ooovviiiiiiiiiiiniieee. 63

Summary of total radioactivity recovered at 336dnf the applied'f'C]17p-
estradiol-17-sulfate in the topsoil and subsoihwitultiple initial concentrations. ......... 65

Freundlich isotherm parameters with standard €88&) for }-“C]17p-estradiol-17-
sulfate at contact time of 336 h for the topsod 8absOll. ... 66

Parameter estimates fdf¢]17p-estradiol-17-sulfate and its metabolites in vasiou
SOI-WALET SYSTEIMS. ...ttt oottt e e e e e e e e e e e e e e eeeesaeeeneeeesasaeesnn e as 94

Xiii



Figure

10.

11.

LIST OF FIGURES

Page
Glucuronidation of the hydroxyl group at C-3 of {#5]178-estradiol by uridine 5'-
diphospho-glucuronosyltransferase (UGT). ....coooiiiiiiiiiiiiiiineeeeeeeeeeeeeeeeeviv e 16
Chemical synthesis of [#C]17B-estradiol-17-sulfate conjugate from {45]17p-
L2 (2= Vo [ o] SRR 17

Progress of enzymatic synthesis of'f&]17p-estradiol-3-glucuronide with time and
the concurrent consumption of fAS]17B-eStradiol. ...........c.cveeieveeeeeeseseeeees e 23

Aqueous concentration of*C]17p-estradiol-17-sulfate and its metabolites in topsoi
and subsoil through time under different initiahcentrations. ...............ccoocoevvvvnnnnnn. 41

Distribution ofradioactivityin the aqueous, reversibly sorbed, and irreversibly
sorbed phase of topsoil and subsoil through time................ccooiiiiiiiiiii e, 44

Reversibly sorbed concentration &]17B-estradiol-17-sulfate and its metabolites
in topsoil and subsoil through time. ... 45

Aqueous concentration of*C]17p-estradiol-17-sulfate and its metabolites in topsoi
(left) and subsail (right) through time with muliggnitial concentrations....................... 62

Radioactivity recovered from the sorbed (reversdrid irreversible) phase of
topsoil and subsoil through time with initial contetion of 0.5 mgl* for
[HC]L7B-eStradiol-17-SUIFALE. ....c...veveeeeeee e ee e ee e 64

Freundlich sorption isotherms fdr“q;]17B-estradio|-17-sulfate at contact time of
336 h for topsoil and SUDSOIL. .........eeveieeeeee e 65

Proposed transformation pathway and estimatedn@giate structures for
hydroxylation of F*C]17B-estradiol-17-SUIfate. ............ooeveeeeeeeeeeeeeeee e 68

Measured and simulated concentrations ¥a&][L 78-estradiol-17-sulfate, the
hydroxylated metabolites, and the total radioactesdue in the aqueous, reversibly
sorbed, and irreversibly sorbed phases of the teniesand sterile topsoil and

SUDSOIl throUQGN tIME. ... e e e e e e e e e e e e e e e e e e e e e eeeeanae 83

Xiv



12.

Schematic conceptual model for sorption

and transdition processes of'C]17p-

estradiol-17-sulfate and its multiple metaboliteshe aqueous, reversibly sorbed,

and irreversibly sorbed phases of the soil

XV



Table

Al

B1.

B2.

B3.

B4.

BS.

B6.

B7.

B8.

BO.

LIST OF APPENDIX TABLES

Page

Chemical shift assignments of NMR speofra7p-estradiol-3-glucuronide and
176-eStradiol-17-SUITAtE. .........uuuiiieei et e s e e e e e e e e e e e e eeeeeeeeeeeeeeeeennnnn 110

The experimental data from liquid sciatilbn counting analysis for the radioactive
residue in the aqueous phase of non-sterile tapsQil..........ccccoevvveiiiiiiiiiiiiiiiiiieeee, 116

The experimental data from liquid sciatilbn counting analysis for the radioactive
residue in the aqueous phase of non-sterile SURSQIl...........cccooeeiiiiiiiiiiiiiiiieiieeee, 117

The experimental data from high perforngalguid chromatography and liquid
scintillation counting analysis for g#estradiol-17-sulfate in the aqueous phase of
NON-SEEIIIE TOPSOIL .t e e s 118

The experimental data from high perforngaliguid chromatography and liquid
scintillation counting analysis for monohydroxygt&stradiol-17-sulfate in the
agueous phase of NoN-sterile tOPSOIL. ... e eerrnniiiieie e 119

The experimental data from high perforngalnguid chromatography and liquid
scintillation counting analysis for dihydroxy{fi-estradiol-17-sulfate in the aqueous
phase of Non-sterile tOPSOIL. ........oooeiiieieee e 120

The experimental data from high perforngaliguid chromatography and liquid
scintillation counting analysis for f#estradiol-17-sulfate in the aqueous phase of
NON-SEErIle SUDSOIL. ......eiiiiiiiiiii e 121

The experimental data from high perforngalnguid chromatography and liquid
scintillation counting analysis for monohydroxygt&stradiol-17-sulfate in the
agueous phase of non-sterile SUDSOIL.........coooeiiiiiiiiii s 122

The experimental data from high perforngaliguid chromatography and liquid
scintillation counting analysis for dihydroxy{fi-Estradiol-17-sulfate in the aqueous
phase of NON-Sterile SUDSOIL.............utmmn e e e e e, 123

The experimental data from liquid sciatilbn counting analysis for the radioactive
residue in the aqueous phase of sterile tOPSOil...........cceeieiiiiiiiiiiiiiieeee, 124

XVi



B10.

B11.

B12.

B13.

B14.

B15.

B16.

C1.

C2.

C3.

CA4.

C5.

The experimental data from liquid scintiba counting analysis for the radioactive
residue in the aqueous phase of sterile SUDSOIL- wn..cccovvvvviiiiiiiiicic e 125

The experimental data from high performdigeeéd chromatography and liquid
scintillation counting analysis for g#estradiol-17-sulfate in the aqueous phase of
SEEIIIE TOPSOIL. ...t e e e e e e e 126

The experimental data from high performdigpeéd chromatography and liquid
scintillation counting analysis for monohydroxygt&stradiol-17-sulfate in the
agueous phase of sterile tOPSOIl. ........o oo —————————— 127

The experimental data from high performdmgeed chromatography and liquid
scintillation counting analysis for dihydroxy{fi-estradiol-17-sulfate in the aqueous
phase of sterile tOPSOIL. .....coooeviiii 128

The experimental data from high performdigpeéd chromatography and liquid
scintillation counting analysis for f#estradiol-17-sulfate in the aqueous phase of
SEErile SUDSOIL. ..o 129

The experimental data from high performdmgeed chromatography and liquid
scintillation counting analysis for monohydroxygt&stradiol-17-sulfate in the
agueous phase of sterile SUDSOIL. ... 130

The experimental data from high performdigpeéd chromatography and liquid
scintillation counting analysis for dihydroxy{fi-Estradiol-17-sulfate in the aqueous
phase Of Sterile SUDSOIL. .............ueees s e e e e e e e e e e e eaaes 131

The experimental data for the stop viaisg non-sterile topsoil with 0.6 mg'lof
17B-eStradiOl-17-SUITAtE. .........vuveieieiin ettt s s s e e e e e e e e e e e e eeeeeeeeneeeeeeennnnn 132

The experimental data for the stop viaisg non-sterile subsoil with 0.6 mg' bf
17B-eStradiOl-17-SUITAtE. .........uuerieeeeen e ee ettt s s s e e e e e e e e e e e e e eeeeeeeeeeeeeeennnnne 132

The experimental data for the stop viaisgi sterile topsoil with 0.5 mgiof 17B-
ESradiol-17-SUITALE. .......uuiiiiiiiiiiiiit e e 133

The experimental data for the stop viaisg sterile subsoil with 0.5 mg'iof 17B-
ESraAdiol-17-SUITALE. .......uuiiiiiiiiiiiiit e e e e 133

The high performance liquid chromatographg liquid scintillation counting data
for the aqueous metabolites in stop vials with starie topsoil. .............vceeennnn. 134

XVii



C6.

C7.

C8.

Co.

C1o0.

C11.

Cilz2.

The high performance liquid chromatographg liquid scintillation counting data
for the agueous metabolites in stop vials with starie subsoil...............ccoeevvvennnnns 341

The high performance liquid chromatographg liquid scintillation counting data
for the aqueous metabolites in stop vials withilgtéopsoil. .............ccccoeevviviiiiiiiiins 135

The high performance liquid chromatographg liquid scintillation counting data
for the agueous metabolites in stop vials withilgtsubsoil. ................ccccoevveviiinnns 135

The high performance liquid chromatographg liquid scintillation counting data
for the reversibly sorbed phase in stop vials with-sterile topsoil.................ccc....... 361

The high performance liquid chromatograghg liquid scintillation counting data
for the reversibly sorbed phase in stop vials with-sterile subsoil. ...........ccccceeeennn.. 613

The high performance liquid chromatograghg liquid scintillation counting data
for the reversibly sorbed phase in stop vials sttrile topsoil. ............ccoeevvvvvvinnnnns 137

The high performance liquid chromatograghg liquid scintillation counting data
for the reversibly sorbed phase in stop vials st#rile subsoll................coeeviiiinni 137

Xviii



LIST OF APPENDIX FIGURES

Table _Page
Al. NMR Spectra for Bestradiol-17-sulfate synthesis (Proton). ...cccccccooovviiiiiiiiiiinnnnn. 111
A2. NMR Spectra for Bestradiol-17-sulfate synthesis (Carbon). ...........cccvvvvvvviininnnnns 112
A3. LC-MS/MS Spectra fat7p-estradiol-17-sulfate synthesis (1). ........emmmmeeeeeeennnnnn... 113
A4. LC-MS/MS Spectra fat7p-estradiol-17-sulfate synthesis (2). .......commmmeeeeeeiinnnnn.... 114
A5. LC-MS/MS Spectra fat7p-estradiol-17-sulfate synthesis (3). ... eeeeeeeeinnnn... 115
D1. Chromatogram of aqueous phase speciatitreinon-sterile subsoil at 4 h. ............ 381
D2. Chromatogram of aqueous phase speciatitreinon-sterile subsoil at 8 h. ............ 381
D3. Chromatogram of aqueous phase speciatitreinon-sterile subsoil at 24 h. ............ 9.13
D4. Chromatogram of aqueous phase speciatitreinon-sterile topsoil at 24 h............. 391
D5. Chromatogram of aqueous phase speciatithreinon-sterile topsoil at 48 h............. 401
D6. Chromatogram of agueous phase speciatitreinon-sterile topsoil at 72 h............. 401
D7. Chromatogram of aqueous phase speciatitreinon-sterile topsoil at 336 h............. 114
D8. LC-MS/MS Spectra for hydroxyl metabolitdgcacterization (1)...........ccceevvvvvivinnnn 142
D9. LC-MS/MS Spectra for hydroxyl metabolitdgacacterization (2)..........cccceevvvvvvviinnn 143

XiX



GENERAL INTRODUCTION

Naturally occurring estrogenic hormones are comsiias emerging contaminants due to
their adverse effects to aquatic wildlife by diging endocrine systems of organisms. Human
and animal wastes are the major sources of estimgermones in the environment. Manure
from animal feeding operations (AFOS) is land-agghlas a soil amendment, which would allow
estrogenic hormones to enter into adjacent watges)s constantly. Among the steroidal
estrogens, I¥estradiol (E2) is of the highest potency and timesgreatest concern. There have
been wide-spread environmental detections of E®m@tentrations above its lowest observable
adverse effect levels (LOAEL). Despite the reldinagh and frequent detections of E2 in the
environment, laboratory studies indicate that E2 ligh soil sorption affinity and readily
degrades. The discrepancies between the fieldadomitdtory observations suggest that other
pathways may facilitate the transport and perst&er E2 in the environment.

Estrogens are released by animals and humansasa@hide or sulfate conjugated forms to
facilitate estrogen excretion in urine by incregsivater solubility. These conjugated estrogens
can act as precursors to free estrogens in theagmuent. Several studies have reported that
conjugated estrogens can be hydrolyzed to releaseebtrogens in various media. The research
hyphothesis is that conjugated estrogens can isenb@ total estrogen levels and facilitate the
transport of estrogens in the environment. Theegfibris dissertation research was performed to
investigate the fate and transport processes wifae conjugate, Jestradiol-17-sulfate (E2-
17S), in agricultural soils, with the hypothesiatth can be potentially converted to free

estrogens in various soil-water systems.



Organization of the Dissertation

The dissertation consists of six parts that inctualgeneral introduction, two published and
two manuscripts to be published in peer-reviewednals, and a general conclusion. The
general introduction includes a literature reviéwmatural steroidal estrogens and their
conjugates in the environment, discussing the adveffects, sources, and environmental fate of
the estrogenic compounds. The first paper introslacaethod of in-house synthesis of
radiolabeled glucuronide and sulfate conjugatedTB2. second paper presents the persistence
and transformation pathways of E2-17S in non-&edricultural soilsThe third paper
discusses the sorption and metabolism of E2-1&%enile soils. The fourth paper applied a
mathematical model to simulate the experimenta tlatlescribe the coupled sorption and
transformation of E2-17S under various soil cowndis. The dissertation concludes with the
general conclusions to summarize the entire reseReferences are listed at the end of each
paper in which they are cited; and referencesifergeneral introduction and conclusion are
listed together at the end of the dissertation.

Literature Review

Adverse effects to aquatic wildlife

Endocrine disrupting chemicals (EDCs) can causeraéveffects to aquatic wildlife at very
low concentrations (parts-per-trillion) and aredm®ng an increasing concern to water quality
regulatory and environmental science studies. Safrtfee most potent EDCs are naturally
occurring estrogenic hormones released by humahammals, including E2, and its less active
metabolite estrone (E1) and estriol (E3) (Khanallgt2006). Among the steroidal hormones, E1

and E2 are of primary concern because they exartadverse effects at lower concentrations



compared to other steroidal hormones and EDCs. dWere E2 and E1 can be frequently
detected in the environment at concentrations abwielowest observable effect level (LOEL
~ 10 ng ') (Shore and Shemesh, 2003; Khanal et al., 2006).

The adverse effects caused by estrogen exposarpiadic wildlife have been studied since
the mid-1990s. Vitellogenin is a protein normaltpguced only in female fish; however, male
fish can have very high plasma vitellogenin coneditns after exposure to estrogenic
chemicals in sewage effluents (Purdom et al., 1994 )n vivo study of estrogenic responses in
male rainbow trout@ncorhynchus mykiss) and roachRutilus rutilus) was conducted by
Routledge et al. (1998). After exposed to E2 ofd&R1 d, the elevated vitellogenin
concentrations in male fish indicated that envirentally relevant concentrations of such
estrogens were sufficient to induce vitellogeniadarction (Routledge et al., 1998). Panter et al.
(2000) investigated effects of intermittent expestar estrogenic substances, where male fathead
minnows(Pimephales promelas) were exposed to E2 at 30, 60, and 120 figantinuously, or
120 ng L intermittently for 21 or 42 d. They found that graa vitellogenin levels from
intermittent exposure were equal to those in respdo continuous exposure to the same
concentration. Irwin et al. (2001) measured E2levanging from 0.05 to 1.8 ng'iin farm
ponds near livestock pastures. They also foundvitegltogenin production in male painted
turtles Chrysemys picta) could not be induced after exposure to 9.45 N@LE2 for 28 d in the
laboratory (Irwin et al., 2001). So far few studres/e examined the relationship between
manure-borne estrogens from livestock and theieesdveffects to aquatic wildlife (Hanselman

et al., 2003).



Sources

Human and livestock wastes are the major sourceatafal steroidal estrogens. Steroidal
estrogens detected in the environment are attdotelischarges from sewage treatment plants
(STPs), land application of municipal sewage slydgel soil amendment using animal manure
(Lai et al., 2000).

Human

Women excrete about i) day’ of E1 and E2, and the amount of estrogens excfeied
pregnant women can be 1000 times higher dependinigeostage of pregnancy (e.g. late
gestation daily production is 26 mg of E2 and 37ahg1) (Shore and Shemesh, 2003). Daily
estrogen excretion was estimated to beut.6f E2, 3.9ug of E1, and 1.ng of E3 in male
urine, and 3.ug of E2, 8ug of E1 and 4.8.g of E3 in female urine (Johnson et al., 2000). The
amount of E1 and E2 in human urine is in the oader.4 kg per year per million inhabitants,
which accounts for 50% of the total observed esinggn the influents to STPs (Johnson et al.,
2000).

Estrogens derived from humans are mainly releagedsewage systems and collected by
STPs, and the discharge from STPs is consider@d@ortant source of estrogenic chemicals to
the environment. Estrogenic chemicals in the effts®f STPs can be discharged into rivers at
sufficient levels to induce disruption to reprodantsystems of male fish (Jobling et al., 1998).
Therefore, measuring the estrogen levels in STIRegfts is critical to improve the removal
efficiency of such chemicals. Ternes et al. (1988)nd that E2 was at a median level of 6 iy L
in Canadian STPs, and that E1 was the only estrdgitted in the studied rivers and streams of

Germany at concentrations ranging from 0.7 to §.6h Baronti et al. (2000) measured the



average concentrations of E3, E2, E1, and ethstyadiol (EE2) in the influents of six Italian
STPs at 80, 12, 52, and 3 ng, lrespectively. Additionally, estrogens were degddn three
Dutch STPs from lower than limit of detection (LO©)48 ng L* for E2, 11 to 140 ng 'L for
E1, and <0.2 to 8.8 ng'Lfor EE2 (Johnson et al., 2000).

Animals

Animal feeding operations (AFOs) are consideredlaranajor source of steroidal
hormones, accounting for 90% of the total estrdgad to the environment of the United States
(Maier et al., 2000). Lange et al. (2002) repotteat the total estrogens released by farm animals
in the European Union and the United States wer@an8349 metric tons per year, respectively
(Table 1), and in the United States, catBeg(taurus), pigs Qus scrofa), and poultry Gallus
domesticus) contributed 45, 0.8, and 2.7 Mg of estrogensygar. Animals release estrogenic
hormones to the environment in urine and fecedl gpacies, sexes, and classes; however,
different estrogens are associated with differmestock species (Hanselman et al., 2003).
Cattle excrete estrogensoté&stradiol (E&), E2, and E1 as free and conjugated metabolies (I
et al., 1986; Hoffmann et al., 1997). However, saon poultry rarely excrete a2but E2, E1,
and E3 plus their conjugates in the excreta (Metra., 1982). Furthermore, different species
produce estrogens by different routes, many stutbesonstrated that cattle excrete estrogens
mostly in feces (58%); however, swine and pouligrete estrogens mostly in urine (96% and
69%, respectively) (lvie et al., 1986; Palme etE96). Also, urinary estrogens are major in
conjugated forms, whereas fecal estrogens aretexicas unconjugated free steroids (Palme et

al., 1996).



Table 1. Estimated yearly steroid hormone excrdbypfarm animals in the European Union and
the United Sates in 2000 (Lange et al., 2002).

Species European Union USA
Million Estrogens Androgens Million Estrogens Androgens
heads metric tons heads metric tons
Cattle 82 26 4.6 98 45 1.9
Pigs 122 3 1.0 59 0.83 0.35
Sheep 112 1.3 7.7 0.092
Chickens 1002 2.8 1.6 1816 2.7 2.1
Total 1318 33 7.1 1981 49 4.4

Manure land application is widely used as an ecaoevay of disposing animal manure and
recycling nutrients. Thus, manure applied to adtucal land can be a potential source of
estrogenic compounds (Khanal et al., 2006). In ARDsnal manure is generally collected and
temporarily stored in tanks, piles, or lagoons, rghestrogens are either present in the aqueous
phase or sorbed to the solid phase of the storagerss. It is reported that E2 concentrations in
dairy, swine, and poultry manure ranged from betietectable limits (BDL) to 239 + 3@y kg™,
BDL to 1215 + 27519 kg*, and 33 + 13 to 90gdg kg™, respectively (Hanselman et al., 2003).
The total free estrogen levels (E1, E2, E3, and)EZre measured in various lagoon samples by
Hutchins et al. (2007), which were 1000-21000 fgrLswine lagoons, 1800-4000 ng In
poultry lagoons, 370-550 ng'Lin dairy lagoons, and 22-24 ng'in beef lagoons,
respectively.

Fate and transport of estrogens

Properties of estrogens

Natural occurring steroidal estrogens (E1, E2, BBphave the common steroid structure

that are composed of four rings: a phenol, twoayekanes, and a cyclopentane (Khanal et al.,
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2006). Steroidal estrogens have relatively low agsesolubilities, and they are non-volatile and
hydrophobic as indicated by the low vapor presamehigh logKow values (Lai et al., 2000)
(Table 2). Estrogens are expected to be readilyesbto soils and sediments and have relatively
low aqueous mobility and persistence in the envivent (Ingerslev and Halling-Sgrensen,

2003).

Table 2. Structure and properties of natural stilastrogen hormones.

Estrogen  Chemical Structure Mw Sw log V= E2 Reference

@mole) (mgLy Kow  (kPa)  Equivalent

El (Ternes et

27037 08-12.4 3.1-3.4 3x10° 01-02 a4 1999)

E2 272.38 5.4-13.3 3.8-4.0 3x10° 1 (Lai et al.,
2000)

E3 288.38 3.2-13.3 2.6-2.8 9x10® 0.02 (Lai et al.,

2000)

molecular weightsolubility in water octanol-water partitioning coefficierfiyapor pressure.
Sorption
A series of laboratory-based experiments was cdeduny Lai et al. (2000) to determine the
partitioning of natural and synthetic estrogensveen water and sediments. Synthetic estrogens,
EE2 and mestranol, with highkg,, values, were found to have greater sorption coefits and
more rapidly removed from the aqueous phase cordpganeatural estrogens, E2, E1, and E3.
The authors also reported that sorption of estragenrrelated to soil organic carbon content

(OC), particle size distribution, salinity, and goetition of binding sites on the sediments (Lai et



al., 2000). Colucci et al. (2001) studied sorptmal transformation of radiolabeled E2 and E1 in
agricultural soils. After 3 day incubation in loagandy loam, and silt loam soil, the non-
extractable radioactivity was 90.7, 70.3, and 56r8%pectively, indicating a rapid removal from
the agueous phase. A further study (Colucci angT2p02) demonstrated that E2 as low as
part-per-trillion levels could also be expectedapidly dissipate in agricultural soils through

soil binding and formation of non-extractable resisl.

Freundlich sorption coefficients of E2 were repdrte range from 86 to 6670 L Kgs
determined by batch equilibrium studies with fogpes of soil (Casey et al., 2003). The sorption
affinity of E2 was highly correlated to silt conteand soil OC, and may also be associated with
surface area and/or cation exchange capacity (Gasady, 2003). Another study reported that
Freundlich sorption coefficients of E2 were 3.56 83.2 L Kg'in twosoils (Lee et al., 2003).
Moreover, equilibrium sorption of E2 and E1 in soNas achieved between 5 and 24 h
following linear sorption isotherms, and the OCmalized sorption coefficients (Idgoc) were
2.49 for E2 and 2.99 for E1 (Casey et al., 2008¢ fbrmation of soil-bound residues may
significantly reduce the environmental risks ofegéns to water systems nearby agricultural
soils treated with municipal biosolids or livestaolanure (Colucci et al., 2001).

Degradation

Mineralization and degradation of estrogens haws bvédely studied under various
conditions. Laboratory mineralization of estrogans testosterone were investigated using
biosolids from wastewater treatment systems bydragt al. (2000). They found that 70 to 80%
of E2 was mineralized to GQvithin 24 h in biosolids with first-order rate cgiant of 0.0042
min™. Jacobsen et al. (2005) investigated persistehE& i soils receiving swine manure and

municipal biosolids. 1F-Estradiol was found rapidly converted to E1 withifew days in

8



manured and unmanured soils, and the negligibleraiization rates of E2 in sterile soils
indicated that it was a soil microorganism depeh@eocess (Jacobsen et al., 2005).

In addition to mineralization, degradation to lastive metabolites is also a major
metabolism pathway for E2. The degradation haldief E2 in aerobic soil and sediment
slurries ranged from 0.8 to 9.7 d, and the prinpapduct was found to be E1 (Lee et al., 2003).
Biodegradation of E1 and E2 in grassland soils aleeémnwith cattle and sheep manure resulted
in half-lives of 5 to 25 d (Lucas and Jones, 20@6)re the degradation rates of the estrogens in
manure amended soils were more rapid comparedamemded soils, demonstrating that animal
manure could effectively remove estrogens in gtilsas and Jones, 2006). Although most
literature reports degradation of estrogens to bietac process, abotic transformation of E2 can
also occur. Colucci et al. (2001) observed thana? readily removed from the aqueous phase
of agricultural soils, and that the occurrence ®fdegradation in autoclaved soils demonstrated
an abiotic process. Sheng et al. (2009) also fobatE1 could be produced from E2 via abiotic
oxidation with naturally occurring Mnplaying a role.

Environmental detections

The aforementioned laboratory-based studies havedfthat estrogenic hormones are of
relatively low mobility due to high sorption affigiand rapid degradation rates. As a result,
estrogens can hardly be expected to enter freshaxpdgtems at levels that are sufficient to
impact water quality and threaten aquatic wildlifee environmental risk of estrogenic
hormones is considered to be low and overestimatedever, many field studies have provided
evidence that estrogens are sufficiently mobile perdistent to impact surface and ground water

quality.



Steroidal hormones can enter fresh water througlaacirunoff when animal manure is
applied to agricultural land. Nichols et al. (1997@asured E2 at 133 and @@ kg" in normal
and aluminum treated poultry litter, and detectedaximum concentration of E2 in surface
runoff at 1280 ng L after litter application. A further study (Finlaeore et al., 2000) reported
that the background E2 concentrations in surfaneffirom ungrazed pasture were 50 to 150
ng LY; however, after poultry litter was applied, E2 centrations increased to 20 to 2530 fAg L
in surface runoff, and E2 levels in soils rose fi&Bnto 675 ng kg after litter application.

In northwest Arkansas, E2 concentrations were tiede@nging from 6 to 66 ng'Lin five
groundwater springs that were affected by nearb@#@fPeterson et al., 2000). According to a
nationwide reconnaissance (Kolpin et al., 200Zhefoccurrence of organic contaminants in
139 streams of 30 states, the median concentratiB& and E1 was 160 and 27 ng, L
respectively; and the frequency of detection wasé 2@d 7.1% for E2 and E1, respectively. In
groundwater impacted by a residential septic syste@ape Cod, MA, the predominant
estrogens detected were E11Q0 ng ') and E2 £ 29 ng L) (Swartz et al., 2006). Matthiessen
et al. (2006) determined estrogenic activity inevatamples from streams running through
livestock farms, where E1 and E2 were almost ubogsiin the streams with E2 equivalents
ranging from 0.04 to 3.6 ng’Lacross all sites. More recently, estrogen levels E2, E2, and
E3) in three headwater streams were monitored rhofttha year within an AFO in upstate
New York (Zhao et al., 2010), and estrogen conediotrs in the streams were lower than 1 ng
L™ and increased in spring due to snow melting ardipitation. The low concentrations were
likely due to degradation during the long residetice (~8 months) of manure storage, where

99.8% of the excreted estrogens were degraded (@telq 2010).
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Estrogen conjugates

Steroidal estrogens are released by humans anéiarpmmarily as sulfate or glucuronide
conjugates, which allows them to be easily excretadine or bile because of the increased
water solubility (Johnson and Sumpter, 2001). Cgafed estrogens have a sulfate and/or
glucuronide moiety attached at the C-3 and/or @dsition of the parent compound (Hanselman
et al., 2003). Conjugated estrogens have muchegragtieous solubilities and mobility than free
estrogens due to the polar glucuronide or suliatetional groups (Hanselman et al., 2003).
Glucuronide conjugation of steroidal estrogensumbans and animals is catalyzed by uridine 5'-
diphospho-glucuronosyltransferase (UGT) enzymear{iiet al., 2005), and sulfate conjugation
is catalyzed by sulfotransferases utilizing 3'-glt@smdenosine-5'-phosphosulfate (PAPS) as the
sulfur donor (Gomes et al., 2009).

Conjugated estrogens have been consistently ddtattelatively high levels in human and
animal wastes. Baronti et al. (2000) monitored retand synthetic estrogens in the influents
and effluents of six Roman STPs for five monthse rflet concentrations of E3, E2, E1, and
EE2 averaged 80, 12, 52, and 3 nyii the six STPs, respectively. Based on the dailbyretion
of estrogens, Baronti et al. (2000) suggesteddeeabnjugation occurred preferentially in the
sewers and increased the free estrogen levels.dei#® et al. (2003) found that free estrogens
were never detected in pregnant female urine eXe@pand that 106, 14, and 3@ of
conjugated E3, E2, and E1 were daily excreted imam respectively. Estrogen sulfates were
less abundant than estrogen glucuronides in fearade and accounted for approximately 20%
of the total conjugated estrogens released fromeavooreover, sulfate conjugates were found

more recalcitrant to deconjugation in activateaigkithan glucoronides, with half-lives of more
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than 2.5 d compared to 10 h for glucuronide conpgyéD'Ascenzo et al., 2003). Hutchins et al.
(2007) reported that conjugates accounted foraat le third of the total estrogen load in
different types of AFO lagoons, where the deteetstdogen conjugates included estrone-3-
sulfate (E1-3S; 2-91 ng), 178-estradiol-3-sulfate (E2-3S; 8-44 ng), 170-estradiol-3-
sulfate (Ea-3S; 141-182 ng t), and E2-17S (72-84 ng'i. The fact that all the estrogen
conjugates found in the lagoon samples were suifates suggested that sulfate conjugates
were more persistent than glucuronides.

After being released to the environment, sulfaié glacuronide estrogen conjugates are
biological inactive; therefore not a concern unl®sy deconjugate to yield the active parent
estrogen (Ingerslev and Halling-Sgrensen, 2003joBjegation is a common enzymatic
hydrolysis process in the environment, which isegaed by bacterial enzympgylucuronidase
or sulfatase for glucuronide and sulfate conjugatespectively (Khanal et al., 2006). Due to the
persistence and recalcitrance of estrogen sultatpigates and their potentials to release free
estrogens, it is important to understand the enmrental fate of these conjugates.

Laboratory microcosm studies were conducted torohéte aerobic degradation of E1-3S in
three pasture soils at three temperatures (Schalr, 008). The results showed that E1-3S was
degraded rapidly without a lag phase in all salsring E1 as a primary metabolite. The
dissipation times for 50% and 9015, andDTgg) of E1-3S ranged from several hours to
several days, and the degradation rates were tatopedependent (Scherr et al., 2008). A
further study (Scherr et al., 2009) reported thatdegradation of E2-3S followed first-order
kinetics with half-lives ranging from 0.424 to 7.69Two primary metabolites, E1-3S and E2,
and one secondary metabolite, E1, were formed guhi@ incubation, and furthermore, soill

arylsulphatase activity played a major role indlegradation and metabolite formation of E2-3S
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(Scherr et al., 2009). Additionally, Gomes et 20F9) investigated the fate of multiple sulfate
and glucuronide conjugates using batch studiestimaded sludge. The first order deconjugation
rates of glucuronides were less than 0.5 h, whlleo@4% of sulfate conjugates still remained at
8 h, suggesting that glucuronide conjugates dissibaore quickly than sulfate conjugates. The
stability of the conjugates can also be affecteddmjugation positioning: D-ring glucuronides
are more resistant than A-ring glucuronides to dpaggation (Gomes et al., 2009).
Objectives of the Study

The hypothesis of this study was that the manureebestrogen conjugate, E2-17S, can
act as a precursor to free estrogens in agriclisois and potentially increase the estrogen load
and transport in the environment. To test this tiyesis, the persistence, sorption, and
transformation of E2-17S were investigated in vasisoil-water systems. The effects of soil OC
content, soll sterility, and initial concentrationisthe applied conjugate were determined. The
specific objectives were to (1) synthesize a rattieled E2-17S and perform characterization of
the synthesized materials; (2) conduct laboratoymtch studies to determine the persistence
and transformation pathways of E2-17S under diffeseil conditions; (3) illustrate the effects
of OC and initial concentrations on the dissipatowl persistence of E2-17S in soils; (4)
determine the role of soil microorganisms in theéahelism of E2-17S using non-sterile versus
sterile soils; (5) develop sorption isotherms tineste the sorption coefficients of E2-17S; and
(6) build a mathematical model to simultaneoudiytfe sorption and transformation processes

underlying in the soil-water systems.
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PAPER 1. SYNTHESIS AND CHARACTERIZATION OF RADIOLAB ELED 17(3-

ESTRADIOL CONJUGATES

Abstract

The use of radioactive tracers for environmented éand transport studies of emerging
contaminants, especially for those that are labiters convenience in tracking study
compounds and their metabolites, and in calculatiags balances. The aim of this study was to
synthesize radiolabeled glucuronide and sulfatgugates of 1B-estradiol (E2). The conjugates
[4-1“C]17B-estradiol-3-glucuronide (E2-3G) and 145]178-estradiol-17-sulfate (E2-17S) were
synthesized utilizing immobilized enzyme and chexhgyntheses, respectively. Microsomal
proteins from the liver of a phenobarbital indugegl (Sus scrofa domestica) were harvested and
used to glucuronidatéC]E2. Synthesis of f{C]E2-17S consisted of a three-step chemical
process — introducing a blocking group at the @Siton of [“C]E2, sulfation at C-17 position,
and subsequent deblocking to yield the desirecheyictproduct. Successful syntheses of
[Y*C]E2-3G and I'C]E2-17S were achieved as verified by liquid chrasgeaphy, radiochemical
analyses, quadrupole-time-of-flight (QTOF) massapenetry, andH and*C nuclear
magnetic resonance (NMR) spectroscopy. Radiocheryiglds of 84 and 44 percent were
achieved for [*C]JE2-3G and J'C]E2-17S, respectively. Synthetic products weréfiear using
high performance liquid chromatography (HPLC) aadiochemical purities of 98% or greater
were obtained.

Introduction
Medical research has used radiolabeled estrogempaunds to study breast and uterine

cancers (Mull et al., 2002), estrogenic receptGumimins, 1993), and as imaging agents in
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breast tumors (Dence et al., 1996). More recehthygh, the radiolabeled hormonal compounds
(e.g. [*C]17B-estradiol (E2), 'Clestrone (E1), and{C]testosterone (Casey et al., 2003; Casey
et al., 2004; Fan et al., 2006; Sangsupan etG06:2 an et al., 2007) and 6H-estradiol
(Sangsupan et al., 2006) have been used to stadgtdhand transport of steroids in the
environment. Exposures to exogenous reproductiv@bioes have been associated with adverse
effects in certain aquatic (Desbrow et al., 199%&skon et al., 1999; Teles et al., 2005) and
terrestrial (Preziosi, 1998; Lintelmann et al., 20Bark et al., 200%pecies. Human waste
treatment and animal feeding operations (AFOsyaueces of E2 and E1 to the environment.
Estradiol is the most potent of these natural gsine (Payne and Talalay, 1985; Palme et al.,
1996; Matsui et al., 2000; Legler et al., 2002).

Laboratory studies suggest estrogens should fitdeetd no mobility and should not
persist in the environment because they bind rg@idt strongly to soil and degrade within
hours (Holthaus et al., 2002; Casey et al., 20@8;dt al., 2007). Field studies, however, have
indicated that estrogens are present in the envieon at frequencies and concentrations that
imply they are moderately mobile and persistentififoet al., 2002; Schuh, 2008strogen
conjugates, which have different water solubilitiesrption coefficients, and degradation rates
relative to their “free” estrogen counterparts, noéfer insights into why steroidal estrogens are
frequently detected in the environment (Kolpinlet2002). Swine Qus scrofa domesticus),
poultry (Gallus domesticus), and cattle (Bs taurus) excrete 96%, 69%, and 42%, respectively,
of the urinary estrogens as conjugates (Hanselinaln, 003). In fact, appreciable amounts of
E2 in conjugated forms have been measured in swaraure slurry (liquid urine and feces) from
AFO manure storage lagoons (Hutchins et al., 200@hjugates form a major portion of total

environmental estrogen loading from AFOs and mpgay a significant function in the

15



detections of “free” steroidal estrogens in theiemment. Although estrogen conjugates are
biologically inactive, they can potentially be cled by microbial enzymes to form the more
potent parent compound (Khanal et al., 2006).

Conjugation reactions are a common vertebrate nméinan which hormones, drugs,
toxicants, and non-nutritive organic moleculeselmminated (Amdur et al., 2001). During
conjugation a charged, polar moiety is attachea hgdrophobic compound (e.g. estrogen),
which increases its water solubility and excrefionrine or bile. Estrogens are typically
conjugated with glucuronic or sulfuric acid at tbe8 and/or the C-17 positions (Khanal et al.,
2006) (Fig. 1 and 2). Glucuronidation of estrogenatalyzed by uridine 5'-diphospho-
glucuronosyltransferase (UGT) enzymes in the eradopic reticulum and sulfation is catalyzed

by cytosolic sulfotransferases (SULTSs) (Nishiyarhalg 2002).

CHs OH

(o]
CHz OH \ o
uGT H o
+ UDP Glucuronic acid - H
(Immobilized Enzyme) +o 0

HO

E2 E2-G

Figure 1. Glucuronidation of the hydroxyl groupCaB of [4*C]17p-estradiol by uridine 5'-
diphospho-glucuronosyltransferase (UGT).

The environmental fate of estradiol conjugatesnmdeen extensively studied, possibly
because radiolabeled conjugates are not commgraiadiilable. The availability of radiolabeled
conjugated hormones would enable studies to beumbad that would improve the

understanding of the fate and transport of thdsié&elaompounds in the environment. The
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objective of this paper is to provide a methodytatisesize radiolabeled [4C]17B-estradiol-3-

glucuronide (E2-3G) and [#C]17p-estradiol-17-sulfate (E2-17S).

OH
ch, OH CHs
1. Triethylamine, CH3CN Chlorosulfonic acid
2. Benzoyl chloride Pyridine
(e}
o
\\ O
HO 5 c”
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L 2
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OH ?H
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Figure 2. Chemical synthesis of {45]17p-estradiol-17-sulfate conjugate from T45]17p-
estradiol.

Experiment

Materials

[1*C]17B-Estradiol (55 mCi/mmole) was purchased from AmariRadiolabeled Chemicals
(St Louis, MO). Unlabeled E2, UDP glucuronic agithgnesium chloride, ethanol, potassium
phosphate monobasic, potassium phosphate dibasasgum hydroxide, hydrochloric acid,

ethyl acetate, pyridine, sodium hydroxide, chlotfwsuc acid and acetic acid were obtained
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from Sigma-Aldrich. Triethylamine (Fluka); benzafiloride (Bayer); trisodium phosphate
(Mallinkrodt, Paris, KY) were obtained from otheusces. Acetonitrile (ACN) was obtained
from EMD Chemicals (Gibbstown, NJ). Scintillatidnifl EcoLite™ was obtained from MP
Biomedicals (Santa Ana, CA). SPE cartridges Bond EC18 (6 g, 20 mL) and Sep-Pakac

C18 were obtained from Varian (Harbor City, CA) aldters (Milford, MA), respectively.

Uridine 5'-diphospho-glucuronosyltransferase (UGT)

A castrated, cross-bred hog weighing 24.4 Kg wasl @s the source of the UGT enzymes,
following USDA Animal Care and Use Committee guidek. The hog was intramuscularly (2
d) then intraperitoneally dosed (2 d) with approaiety 20 mg K& phenobarbital for four
consecutive days, after which, the hog was eutlkednizhe liver was homogenized and
microsomes were isolated via differential centr#tign. Proteins were solubilized and
immobilized onto Sepharose beads (Pallante €t286) and were stored in a 1:1 suspension

with 0.1 M Tris buffer (pH 7.4) at 4C until use.

Liquid scintillation counting

Radioactivity was quantitated with a Packard 19@0sCintillation analyzer (Downers

Grove, IL), and samples were dissolved in EcoLiteMtillation cocktail.

High-performance liguid chromatography

Analytical HPLC for E2-3Gwvas performed using a Waters 600E System Contrafier
pump (Milford, MA), equipped with a Jasco FP 92bflescence detector (Jasco, Easton, MD)
with the following conditions: Phenomenex-C18, 4.850 mm, 5um; A: 10% ACN in 50 mM
ammonium acetate (pH 4.5), B: 90% ACN in 50 mM amium acetate (pH 4.5); gradient: 20

to 100% B, 29 min, 100% B, 3 min hold, 1.0 ml/mexgcitation and emission wavelengths of
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280 and 312 nm, respectively. Prep-HPLC was peddron Jones Chromatography-C18, 10 x
250 mm, 5 im; A: 5% ACN in 50 mM ammonium acetati @.5), B: 90% ACN in water;
isocratic 85% solvent A, 15% solvent B; 4.7 mL/min.

For E2-17S, analytical HPLC was performed on &@ilSystem 45NC Gradient
Analytical instrument (Gilson Medical Electroniddiddleton, WI) equipped with a variable
wavelength UV detector with the following conditrRadial-Pak-C18, 8 x 100 mm (Waters
Associates, Milford, MA); A: 10:90 methanol/waté&, 90:10 methanol/water; gradient: 20% B
to 100% B, 28 min., 4 min hold; 1.0 ml/min 220 ndRLC for 1 B-estradiol-3-benzoate (E2-
3B) was conducted using following conditions: Raéiak-C18, 8 x 100 mm; A: 10:90
methanol/water, B: 90:10 methanol/water; gradigf®o B to 100% B, 30 min, 15 min hold; 1.0

ml/min, UV 220 nm.

Mass spectral analysis

Negative ion LC/MS was performed with a Waters &llie 2695 HPLC (Symmetry-C18,
2.1 x 100 mm; A: 40% ACN in water, B: 60% ACN integ gradient: 40 to 100% B, 10 min, 5
min hold, 0.2 mL/min), and a Waters Micromass QT@PI-US in a ES- mode, MassLynx
software, FWHM: 6500, source temperature 120 °Gpl¥ation temperature 350 °C, cone
voltage 35 V, capillary voltage 2500 V, collisionezgy 5 eV for sulfate and 20 eV for

glucuronide conjugates.

NMR spectra

A Bruker AM-400 spectrometer (Billerica, MA) operag at either 400.13 MHz or 100.61
MHz was used to record thl- and**C-NMR spectra respectivelyH-NMR spectra were run in

fully coupled mode with 128 scans and an acquisitime of 3.9713 s*C-NMR spectra were
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run in CPD mode, with 64K scans obtained with aguésstion time of 1.307 s. The chemical
shifts for the NMR spectra for E2 wer’c NMR (MeOH-d) &: 155.84, 138.8, 132.32, 127.22,
116.05, 113.72, 82.49, 51.26, 45.34, 44.35, 4A@H(B 30.72, 30.68, 28.83, 27.53, 24.03, 11.71,
'H NMR (MeOH-d)) § (aromatic A-ring protons): 7.06 (d), 6.53 (d), B&).

Synthesis of [4X*C]17p-estradiol-3-glucuronide

5 mL of 0.1 M phosphate buffer (pH 7.4) was adaedd mL of pre-rinsed microsomal
proteins immobilized on Sepharose beads. Rdrtgf 2.63 M magnesium chloride, 63 mg of
UDP glucuronic acid (5 mM final concentration), até#.7ug of [“*C]JE2 (0.60umole; 33uCi;
dissolved in 5671L ethanol) and 647dg of unlabeled E2 (23.7@mole, dissolved in 540L
ethanol) were added to the reaction flask. Theti@aflask was slowly stirred on a Roto-Vap
(Buchi, Flawil, Switzerland) without vacuum at 3Z for 24 h determined priori. The aqueous
fraction was collected by filtration. [£C]178-Estradiol-3-glucuronide was partially purified on
a Bond Elut' C18 SPE cartridge preconditioned with ACN and pame water by eluting with
20:80 ACN-water. The final radiochemical purity va89 obtained after preparative HPL'C
NMR (MeOH-dy) 6: 176.52, 156.99, 135.66, 127.20, 117.96, 115.82,6b, 82.47, 77.71,
76.68, 74.74, 73.59, 51.26, 45.41, 44.32, 40.349387.97, 30.69, 30.04, 28.40, 27.51, 24.00,
11.67.*H NMR (MeOH-d;) 5 (aromatic A-ring protons): 7.18 (d), 6.87 (d), B@®). LC/MS-
QTOF: M-H =447.21, m/z 271.17, 175.03, 113.02.

Synthesis of [4¥*C]17p-estradiol-17-sulfate

Synthesis of ['C]E2-17S consisted of a three-step chemical prabessnvolved
introducing a blocking group at C-3 position HJ]E2, sulfation at C-17 position, and

subsequent deblocking to yield the desired syriahpetduct (Fig. 2).
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[4-1%C]17B-Estradiol-3-benzoate

Radiolabeled E2 (25942g, 0.95umole, 47.7 pCi) was mixed with unlabeled E2 (11§
42 umole) in ethanol and the solvent was evaporateaifelink et al., 2005). The residue was
re-dissolved in 2 mL of acetonitrile, and 13 pletniylamine and 11 pL benzoyl chloride (13.3
mg, 94.7 umole) were added; the reaction mixture sti@red at room temperature for 2 h and
subsequently dried under a stream of nitrogenh€onhite residue, 4 mL of 0.1 M trisodium
phosphate solution was added and the mixture wasated for 30 min resulting in a light
yellow suspension. The suspension was extractddetlityl acetate (3 mL x 3), and the organic
solvent was evaporated under a stream of nitrofearesidue E2-3B was dissolved in ethyl
acetate (3 mL) and water (1 mL) for further puation using HPLC. The yield of E2-3Bas
59.3% and radiochemical purity was 989 NMR (MeOH-d) &: 165.94, 150.13, 139.49,
139.38, 134.86, 130.99, 130.99, 129.83, 129.834727122.63, 119.79, 82.45, 51.33, 45.55,
44.34, 40.14, 37.99, 30.69, 30.56, 28.27, 27.48241.68*H NMR (MeOH-d,) § (aromatic
A-ring protons): 7.44 (d), 6.94 (d), 6.89 (d)(benzoate protons): 8.14 (d), 7.66 (dd), 7.54.(dd)

LC/MS-QTOF: M-H = 375.21, m/z 361.21, 356.85, 324.832.82.

[4-}*C]17B-Estradiol-3-benzoate-17-sulfate

Sulfur trioxide-pyridine complex was synthesizeeéhmuse (Itoh et al., 1999) by adding
chlorosulfonic acid (138 pL, 2.07 pmoles) with ritig to dry pyridine (1.66 mL) at 0 °C. The
solution was allowed to warm to room temperatuskowed by dilution with dry pyridine (623
pL). 17B-Estradiol-3-benzoate was dissolved into 1.1 mpyfdine, and the solution was
heated to 50 °C, to which sulfur trioxide-pyridioemplex, also heated to 50 °C, was added. The

mixture was stirred for 30 min at 50 °C followed dnlvent evaporation under nitrogen, addition
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of water (4 mL), and adjusting to pH 8 (1 M NaOHMhe mixture was partially purified with a
Sep-Pak Vac C18 cartridge, and f#stradiol-3-benzoate-17-sulfate (E2-3B-17S) wateel
with methanol**C NMR (MeOH-d) &: 166.95, 150.11, 139.42, 139.27, 134.95, 130.86,85,
129.89, 129.89, 127.52, 122.64, 119.84, 88.22,8%K@5.41, 44.23, 40.29, 37.98, 30.53, 29.22,
28.18, 27.47, 24.11, 12.244 NMR (MeOH-d,) & (aromatic A-ring protons): 7.30 (d), 6.90 (d),
6.86 (s);0 (benzoate protons): 8.13 (d), 7.66 (dd), 7.52.(H@YMS-QTOF: M-H = 455.10, m/z

351.12.

[4-1C]17B-Estradiol-17-sulfate

Hydrolysis (Kirdani, 1965) of E2-3B-17S was accoisipéd by adding 5% NaOH in
methanol (5 mL)stirring for 1 h at room temperature, then neutedion with 10% acetic acid,
andevaporation under nitrogen. After purification B?LC, 21 uCi (18.9 pmoles; 7.1 mg; 98%
pure) of E2-17S was obtained (overall yield: 448}, NMR (MeOH-d) &: 155.89, 138.76,
132.54, 127.26, 116.04, 113.76, 88.19, 50.78, 48124, 40.34, 38.00, 30.71, 29.22, 28.48,
27.48, 24.10, 12.18H NMR (MeOH-d) 8 (aromatic A-ring protons): 7.06 (d), 6.53 (d), 5.4
(s). LC/IMS-QTOF: M-H = 351.07, m/z 96.96.

Results and Discussion

Synthesis of [4X*C]17p-estradiol-3-glucuronide

A one-step enzymatic synthesis of E2-3G is desdribat permitted regioselective
attachment of a glucuronide acid moiety to E2. &ithe reaction occurred in a buffered
solution, reaction progress (Scheme 1, as showiginl) could be readily followed by reversed-
phase HPLC. The radiolabeled parent peak (E2).&72%in dropped steadily in intensity while

the increase in peak intensity at 5.55 min occufoethe desired product E2-3G (Fig. 3). The
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reaction was essentially complete by 24 h. C-18 firkication yielded a radiochemical purity
of 95%; semipreparative HPLC improved radiochempealty to 99%. LC/MS-QTOF analysis
of E2-3G showed ions at m/z 447.21, 271.17, 17%08,113.02, representing the molecular ion

of E2-3Gand ions of E2, glucuronic acid, and a glucuroriidgment, respectively.

E2
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0.00 5.5 . . 2757 35.00
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Figure 3. Progress of enzymatic synthesis of{}178-estradiol-3-glucuronide with time and
the concurrent consumption of {42]17p-estradiol.

To determine the site of conjugatidfiC-NMR spectra of E2 and E2-3G were compared to
each other and with literature values of E2 (Dioahal., 1997; Kashima et al., 2010) and
bisphenol A glucuronide (Kurebayashi et al., 20@ucuronidation was indicated by the
presence of an additional 6 carbons in'l@NMR spectrum of E2-3G; and the site of
conjugation wasdicated by the downfield shift of C-3 from 132.82135.66 ppm in the
spectrum of E2-3G. Chemical shifts in th&NMR spectrum of E2-3G were also consistent

with glucuronidation at C-3. For example, protontho and meta to C-3 were shifted downfield
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6.53t0 6.87, 7.06 to 7.18, and 6.47 to 6.81 pmnER and E2-3G, respectively. In addition, as
one of the most diagnostic components of a suggugated spectrum, an anomeric singlet at
4.30 ppm also confirms the formation of E2-3G. Cloainshift assignments for the C-17
remained invariant for E2 and E2-3G.

Diglucuronide conjugation was theoretically possi@ue to two hydroxyl groups in E2, one
a phenolic in the A-ring, and the other an aliphati the D-ring. However, only one site of
conjugation was expected because enzyme-catalgaetions are usually regio- and
stereospecific (Alonen et al., 2009). UGT enzynresdavided into two distinct subfamilies,
UGT1 and UGT2 (King et al., 2000; Kiang et al., 3Phenobarbital treatment of hepatoma
cell lines is known to induce hepatic bilirubin US{Brierley et al., 1996), which show a strong
selectivity for phenolics (Lepine et al., 2004).

Product yield of E2-3G was 84%, and was attribtitetthe induction of UGT'’s by
phenobarbital (Watanabe and Yoshizawa, 1982). &heesnicrosomal proteins also were active
at glucuronidating hydroxylated polybrominated dipyl ether metabolites, triclosan, and
ractopamine hydrochloride.

Synthesis of [4*'C]17p-estradiol-17-sulfate

The synthesis of E2-17S, presented in Scheme gh@sn in Fig. 2), was initiated by
blocking the more reactive C-3 hydroxyl in E2, whigas accomplished with a 59.3% product
yield to form the intermediate E2-3B. The negatome LC/MS analysis of E2-3B resulted in a
molecular ion at 375.21, a methyl loss fragmer3&dt.21, and a water loss at 356.85. Losses of
propanyl and propenyl groups were consistent wagrhents at m/z 332.82 and 334.82,

respectively’H-NMR analysis of E2 and E2-3B indicated shiftpitons ortho- and meta- to
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C-3 occurred in E2-3B relative to E2 (6.53 to 6.846 to 7.44; 6.47 to 6.89 ppm). Benzoate
protons were present at 8.14, 7.54, and 7.66 ppga2<#B. The"*C-NMR spectrum confirmed
that the blocking had occurred at C-3 because oarbdho- and meta- to C-3 of E2-38&re
shifted downfield relative to their chemical shpfisition in E2 (113.72 to 119.79; 132.32 to
134.86; 116.05 to 122.63 ppm).

The formation of E2-3B-17S was confirmed by a molacion at 455.09 in the LC/MS
spectrum, and was accompanied by a prominent fragaten/z 351.12, which was consistent
with a benzoate fragment loss. Sulfation at C-13 staggested by significant downfield
chemical shifts for the C-17 proton (3.67 to 4.pin) and carbon (82.45 to 88.22 ppm) in tHe
and™*C NMR spectra of E2-3B and E2-3B-17S, respectiv&lyadiochemical purity of 95%
was achieved and was considered satisfactory éonéit step.

The purification of the final product (E2-17S) yled 21 pCi (18.9 pmoles; 7.1 mg) of 98%
radiochemical purity. The formation of E2-17S wasfaemed by a molecular ion at 351.07 and
the sulfate moiety ion at m/z 96.96 in the LC/M@apum of E2-17S:°*C NMR analyses of E2-
17S indicated a significant upfield chemical sbifC-3 relative to E2-3B-17S (132.54 from
134.95 ppm), as well as for carbons ortho to C1%(Q4 from 122.64; 113.76 from 119.84
ppm). Upfield shifts of the aromatic protons betw&2-17S and E2-3B-17S were observed
(6.53 from 6.90; 7.06 from 7.30; 6.47 from 6.86 ppbut no chemical shift difference was
observed for the C-17 proton. Collectively the pbgsdata provide convincing evidence that
sulfation of E2 had occurred at C-17. The overaldyof E2-17S was 44%, which possibly
could have increased if the reaction conditionstheeh optimized; however optimization was
not an immediate objective. The radiochemical yiel$ satisfactory for the immediate needs of

this study.
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Conclusions

Radiolabeled E2-3G and E2-17S were successfullthegized using enzymatic and
chemical approaches, respectively, which permitted use for laboratory scale fate and
transport experiments in soil-water systems. Thaughobjective was measuring and modeling
the movement of endocrine disrupting compoundbiénenvironment, these studies are but a
small portion of the potential studies in whichicdabeled conjugates could be used. Since
glucuronidation and sulfation are the major confimapathways in vertebrates for not only
steroid hormones, but other xenobiotics (Duttord@9we hypothesize that radiolabeled
glucuronides and sulfates of other emerging contants can also be synthesized following the
approaches provided in this paper, or with appetenmodifications of them.
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PAPER 2. DISSIPATION AND TRANSFORMATION OF 17R-ESTRADIOL-17-

SULFATE IN SOIL-WATER SYSTEMS

Abstract

In the environment, estrogen conjugates can baupgers to the endocrine-disrupting free
estrogens, I¥-estradiol (E2) and estrone (E1). Compared to ateepgen conjugates, [i-7
estradiol-17-sulfate (E2-17S) is detected at neddifihigh concentrations and frequencies in
animal manure and surface runoff from fields reicgjymanure. To elucidate the lifecycle of
manure-borne estrogens and their conjugates iarthieonment, the fate of radiolabelled E2-
17S in agricultural soils was investigated usirgplatory batch studies with soils of different
organic carbon (OC) content (1.29% for topsoil uer8.26% for subsoil). E2-17S was found
relatively persistent in the aqueous phase throuigtih@ duration of the 14 d experiment. The
aqueous E2-17S persisted longer in the subsoitifias (DTso) = 64—173 h) than the topsoil
(DTsp = 5-26 h), and the aqueous persistence of E2-&@8ndied on its initial concentration.
The major transformation pathway was hydroxylatyalding mono- and di-hydroxy-E2-17S
(OH-E2-17S and diOH-E2-17S). Free estrogens, EZdndvere only observed in the sorbed
phase of the soil at low concentrations (~1% of i@dpdlose), which demonstrated that
deconjugation and subsequent oxidation had occuMétbugh deconjugation was not a major
pathway, E2-17S could be a precursor to free estrog the environment.

Introduction

Naturally occurring estrogenic hormones are endeetiisrupting compounds (EDCSs). For

example, the lowest observable adverse effect [R@MEL) of 17B-estradiol (E2) is 10 ng't

for aquatic organisms (Routledge et al., 1998 $streams, E2 is frequently detected
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(frequency = 10.3%) at concentrations (9—160 fdbove the LOAEL (Kolpin et al., 2002).
However, E2 degrades within hours and is found itmifean laboratory soil experiments (Lai et
al., 2000; Casey et al., 2003; Lee et al., 2008g discrepancies between field observations
(high detection concentrations and frequencies)l@maratory experiments (highly degradable
and immobile), indicate that there are other meigmas that facilitate transport and persistence
of estrogens in the environment. Conjugagetiogens may contribute to the mobility and
persistence of free estrogens in the environmestto§ens are excreted in the urine primarily as
conjugates o$ulfate or glucuronide, whicire more water-soluble than their counterpart free
estrogens (Andreolini et al., 1987; Guengerich,0)9Burthermore, unlike free estrogens,
conjugates are not biologically active (Desbrowlet1998), because they do thatd to

estrogen receptors (Hobkirk, 198Blowever, bacteria anehzymes can hydrolyze estrogen
conjugatedo yield the biologically active free estrogeng, & E1, in municipal and animal
wastes (Hanselman et al., 2003; Khanal et al., pE¥rogensulfate conjugates are more
persistent, and are detected more frequently thaougpnides in municipal sewage systems
(D'Ascenzo et al., 2003), wastewater (Gomes eR@05), and wastewater treatment plants
(WWTPs) (Isobe et al., 2003; Schlusener and Be2¢£)5).

Manure from animal feeding operations (AFOs) isllapplied as soil amendments, and can
be a major source of steroid hormones and thejugates to the environment. Livestock
manure is estimated to contribute 90% of estrogetize environment (Maier et al., 2000), and
estrogen conjugates can comprise one-third ofdata éstrogen load from AFO manure
(Hutchins et al., 2007). Moreover, the highest agaje levels measured in various AFO lagoons
were sulfated forms, where estrone-3-sulfate (EX-BB-estradiol-3-sulfate (E2-3S), &7
estradiol-3-sulfate (&23S), and 1[-estradiol-17-sulfate (E2-17S) were measured at
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concentrations of 2-91 ng'.8-44 ng [, 141-182 ng L}, and 72-84 ng t, respectively
(Hutchins et al., 2007). When poultri@dllus gallus) manure was applied to an agricultural field,
no glucuronide conjugates were detected in sumraoeff; only sulfate conjugates were found,
and E2-17S concentration (107 ng)lwas higher than any other sulfate conjugates3&2-
E20-3S, and E1-3S) (Dutta et al., 2012). Additionatlynoff concentrations of E2-17S (0.3-3.9
ng L") were higher than free E2 (0.5-1.9 ng)(Dutta et al., 2010).

Free estrogens are non-volatile and relatively dyldobic compounds, and they are sorbed
rapidly by soils and sediments (Casey et al., 2088;et al., 2003). Degradation of free
estrogens is reported to be rapid in soils, witlftlnges of less than one day (Colucci et al.,
2001). Considering that estrogen conjugates caasaptecursors to free estrogens, it is
imperative to understand the fate and transpocbojugates in the environment. Deconjugation
potentialsof estrogen sulfates have been studied in munispahge systems (D'Ascenzo et al.,
2003; Gomes et al., 2009; Kumar et al., 2012); h@neestrogen sulfates may behave
differently in agricultural soils due to differemticrobial populations. The fate of E1-3S (Scherr
et al., 2008) and E2-3S (Scherr et al., 2009) leas Istudied in pasture soils, and both sulfate
conjugates were deconjugated to release free ess0é\ more recent study reported that a
glucuronide conjugate, B7estradiol-3-glucuronide (E2-3G), was quickly tremmed into free
E2 and E1 in soil-water slurries, which can begaificant contributor to free estrogens to the
environment (Shrestha et al., 2012b).

Compared to other conjugates, E2-17S is detected freuently and at higher
concentrations in AFO manure and in runoff fronddgereceiving manure. Swine manure is
usually applied to agricultural land as slurry. #eyious field study by Schuh et al. (2011a)

reported that the manure application rates weren2@a*, which supplied approximately 48
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mm of water to the field. The surface runoff afteanure slurry application can thus contain
significant amounts of estrogen conjugates. To,daiestudies have investigated the fate of E2-
17S in soils, which is necessary to fully underdttire behavior of manure-borne estrogens, the
most significant source of steroid hormones toaimgronment. It is hypothesized in the present
study that if E2-17S was applied to soils, thenlZ3- could serve as a precursor to endocrine-
disrupting, free estrogens in the environment. djective of this study was to use batch
experiments to determine the dissipation and toainsdtion of E2-17S in the presence of
agricultural soils.

Materials and Methods

Analytical methods

All experiments were conducted using radiolabelfé8]E2-17S (specific activity = 241.8
Bq pg’; radiochemical purity = 98%), which was synthedizehouse from [4/C]E2
(American Radiolabels, Inc., St. Louis, MO) (Shhesét al., 2011). Also, all radiometric
methods were based on those developed by Shresthg2012a).

Briefly, for metabolite fractionation and quantdioon, a combination of high performance
liquid chromatography (HPLC) and liquid scintillati counting (LSC) was used. The HPLC
(Beckman Coulter Inc., Fullerton, CA) was equippeth a C18 column (250 x 4.6 mm,;
Phenomenex; Torrance, CA), a System Gold 508 arngker, a 126 solvent module pump, a
168 UV detector, and a Gilson FC 204 fraction atfle (Middleton, WI). The HPLC solvents
and gradient were identical to the previous stiglyréstha et al., 2012a). Aliquots of fraction-
collected samples (1 mL) from the HPLC were tramsfitto 6 mL scintillation vials, to which 4

mL of Ecolite scintillation cocktail (MP BiomedicglSanta Ana, CA) were added, and then
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assayed for radioactivity for 10 min using LSC (Q9DA, Packard, Downers Grove, IL).
Metabolites were identified and characterized yill chromatography with tandem mass
spectroscopy (LC-MS/MS) in negative-ion mode (ESI)e mass spectrometer used for the
analysis was an Ultima API-US Quadrupole-Time oflil mass spectrometer (Waters, Beverly,
MA) equipped with an electrospray ionization souifee capillary voltage was 2.33 kV, cone
voltage was 55 V, source and desolvation temperatwere 120 and 40C, respectively. The
cone and desolvation gas flows were 0 and 500, réspectively. The HPLC column was a
Symmetry C18, 3.;am, 2.1 x 100 mm with a 2.1x10 mm guard column (\Wstililford,
MA). The initial mobile phase consisted of 60% 9%&ter:acetonitrile (solvent A) and 40%
acetonitrile (solvent B). A linear gradient to 10®4vas used from 0 to 10 min followed by a
hold for 5 min at a flow rate of 0.2 mL min

To determine non-extractable, or irreversibly baquadioactive residue in soil, combustion
analysis was used. A mass of 0.1 g of extractedirad soil (5 x) waglaced in fiber thimbles
and combusted in a Packard Model 307 Oxidizer (Dmw/Grove, IL)Radiolabelled carbon
dioxide was trapped with 8 mL of CarboSorb E (Watth MA) and analyzed by LSC after mixing
with 12 mL of Permafluor cocktail (Waltham, MA).

Batch experiments

The soils used for the batch experiments were saohfpbm southeastern North Dakota,
which is from the Hecla-Hamar Series, a loamy faed (sandy, mixed, frigid Oxyaquic
Hapludolls). Previous laboratory (Fan et al., 2Q@%&008; Zitnick et al., 2011; Shrestha et al.,
2012b) and field (Thompson et al., 2009; SchuH.e@11a; Schuh et al., 2011b) studies from

this research group used the same soil type, waiddd in interpreting observations and
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discerning various fate and transport processegeobid hormones in the environment. Soil
samples were collected from two depths: topsoill@em) (A horizon) and subsoil (46-61 cm)
(C horizon). Swine manure slurry is applied to egjtural fields either by direct surface
application or by injection beneath the upper 15ofmoil (Schuh et al., 2011a). Consequently,
the two soil depths can be potentially affectedrianure slurry. The properties (Table 3) of the
two soils were similar except for their organicloar (OC) content. Before conducting the batch

experiments, the soil samples were air-dried aisdgzhthrough a 2 mm sieve.

Table 3. Selected properties of soil samples usdldel batch experiments (Hecla-Hamar Series;
loamy fine sand).

Topsoil Subsoil
Depth (cm) 0-15 46-61
Organic matter (OM) (%) 1.70 0.50
Organic carbon (OC) (%) 1.29 0.26
Inorganic carbon (IC) (%) 0.00 0.00
pH 7.0 7.4
Cation exchange capacity (CE@nol Kg™) 9.3 9.8
Sand:silt:clay (%) 83:10:7 90:4:6
Mn (ug g% 292 223

All batch experiments were conducted at room teatpee (23 + 1C), and followed
methods from a previous study (Shrestha et al 2B0FC]E2-17S (in 10 uL MeOH) was
added at four different concentrations: 0.6, 2.9, 8nd 30 mg t, to triplicate 10 mL glass vials
containing a soil-water mixture (1.6 g and 8 mlOdi1 M CaC] solution, respectively).
Controls consisted of 0.01 M Ca@ind 0.6 mg L* of [**C]E2-17S with no soil. The
concentration ranges in this study were higher ttrarcentrations normally found in the

environment, which were used to ensure the adequaitetification and high resolution for the
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parent compound and potential metabolites by L3@il& concentration ranges have been
selected for a radiolabelled glucuronide estroffé&]E2-3G (Shrestha et al., 2012b). The batch
vials were agitated by rotation from top to bott(860° every 5 s) for 14 d (336 h). Aliquots of
100 and 150 pL were removed from the aqueous plsasg a sterile syringe at 4, 8, 24, 48, 72,
168, and 336 h for LSC and HPLC analysis. The HRliuot was passed through a 0.45 um
pore-size glass fiber filter, stored in a LC-MS/MI&ss vial with formaldehyde (2.7% of final
volume), and frozen until further analysis.

At each sample time, a single batch vial (hereaf#led “stop vials”) was removed from the
low dose group (0.6 mg 1) and analyzed for parent compound and metabaligspartitioned
to the sorbed phase. The removed “stop vials” weeserved with formaldehyde (2.7% of final
volume) and then centrifuged. After centrifugingg supernatant was transferred into new, clean
batch vials, and both the liquid and soil samplesewrozen until further analysis. To determine
the radioactive residues bound to the soil, theveas first extracted by water (5 mL x 3) and
then by acetone (5 mL x 3) during 30 min of sonaatAliquots (500 uL) from the water and
acetone extracts were assayed for total radioactyi LSC. The water extracts were then dried
with a centrifugal rotary evaporator (Savant, Fawgaiale, NY), and the acetone extracts were
dried under a gentle stream of nitrogen. The etdraere reconstituted in methanol for HPLC
analysis. Radioactivity that was extractable frowa $oil was considered reversibly sorbed; and
non-extractable radioactivity was considered irrsNidy sorbed, which was analyzed by soll
combustion as described in section 2.1. Additignalb gas phase analysis of the batch vial
headspace was conducted because earlier studigedkivat mineralization of free (Fan et al.,
2007b) and glucuronide conjugated estrogen (Shaesthl., 2012b) did not occur under these

soil conditions.
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First-order kinetics

Dissipation of E2-17S in the aqueous phase wagibesdcusing the following first-order

kinetic model (SigmaP18t2000 for Window$; version 6.00 SPSS Inc.):
Parent compoun%& = ekt [1]
0

whereC/Cyis the relative concentration df€C]E2-17St (h) is time, and (h™) is the dissipation
rate constant of fC]E2-17S. Dissipation times for 509 Ts0) and90% DTg) of the parent
compound were directly calculated using the fingtep dissipation rate constanBTio = In2k
andDTgp= In10K).

Statistical analysis

Significance of main effects and interactions weketnined using analysis of variance
(ANOVA). Tukey’s and Student’stests were used to determine whether there wgnéfisant
differences between levels. For all statisticalgsig, ana of 0.05 was used, and a probability of
p < 0.05 was considered significant. The program JiPs{on 9.0.2 SAS Institute Inc.) was
used for all statistical analysis.

Results and Discussion

Aqueous phase observations

Parent compound dissipation

For the topsoil (Fig. 4A), aqueous concentratiodnB217S reached steady-state between 48
h and 72 h for all initial concentrations. The aqueeE2-17S concentrations in the subsoil never
reached steady-state, but continued to dissipat®éol4 d duration of the experiment (Fig. 4B).

The first-order dissipation rate constarifsdf the topsoil were greater than the subsoil @slu
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(Eq. 1; Table 4), reflecting faster aqueous dig®paof E2-17S, which can be attributed to
greater sorption capacity and faster transformata with higher OC would result in higher
sorption capacity of estrogens (Casey et al., 20688;et al., 2003). Also, higher soil OC and
microbial biomass would result in greater biotictat®lism of sulfate conjugates (Scherr et al.,
2008, 2009). Although the microbial activity wag neeasured in the present soils, it is widely
reported that microbial biomass and enzymatic da&s/decrease with increasing soil depth
(Burns and Dick, 2002). Similar differences in aou dissipation between the subsoil and
topsoil were also observed for E2-3G (Shresth& e2@l12b). However, compared to E2-3G,
E2-17S persisted longer in the aqueous phase, e 5o values for E2-17S (Table 4) were
greater than values reported for E2-3G in the tbpBd s = 1.5-3.3 h) and subsoD{5p =
41-116 h) (Shrestha et al., 2012b). Moreover g, values for E2-17S were greater than
values reported for the free E2 (0.96 h to 12 hjanous soils (Colucci et al., 2001; Colucci and

Topp, 2002), indicating the greater persistenceb i 7S.

Table 4. Parameter estimates with standard dewifio[**C]17p-estradiol-17-sulfate using the
first-order kinetic model under multiple initial woentrations.

Initial Concentration k r’ DTso DToc
(mg LY (h™ (h) (h)
Topsoil
30 0.026 (0.003) 0.980 26 88
8.9 0.030 (0.005) 0.937 23 77
2.9 0.033 (0.005) 0.955 21 71
0.6 0.143 (0.022) 0.967 4.9 16
Subsoil
30 0.004 (0.001) 0.869 173 576
8.9 0.006 (0.000) 0.989 108 360
2.9 0.007 (0.001) 0.991 99 329
0.6 0.011 (0.003) 0.827 64 213
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Figure 4. Aqueous concentration 61¢]17p-estradiol-17-sulfate and its metabolites in topsoi
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and subsoil through time under different initiahcentrations. The relative concentration

represents the ratio between the measured conttentaad the initial applied concentration of
[**C]17p-estradiol-17-sulfate in the present and otherréiguDotted symbols represent the
average of three replicates of the measured datar. lkars represent one standard deviation.
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Aqueous dissipation of E2-17S was greater for lawéial concentrations (Fig. 4A and 4B).
Similar concentration-dependent dissipation inssaihis observed for g#trenbolone acetate
(Khan et al., 2008) and for E2-3G (Shrestha e®8él12b), which is attributed to enzymatic
saturability. In activated sludge, however, Ched Hn (2009) reported that dissipation rates
increased with increasing concentrations of E23B2-and E2-3S, which is attributed to the
induction of greater microbial activities by thedad substrate. These contrasting observations
between the soil studies (current study, Khan.e808; Shrestha et al., 2012b) and activated
sludge study (Chen and Hu, 2009) may be causekebgreater biological activity, diversity,
and capacity of the activated sludge compareddasohis.

Metabolite formation

Metabolites with higher polarity than E2-17S weetedted in the aqueous phase, and were
characterized as mono-hydroxy-E2-17S (OH-E2-178)dmhydroxy-E2-17S (diOH-E2-17S).
The LC-MS/MS spectrum was consistent with the fdramaof OH-E2-17S ([M-H]ion at m/z
of 367.12 and fragments of 349.13 and 96.96) a@iHekE2-17S ([M-H] ion at the m/z of
383.13 and fragments of 365.10 and 96.96); howevidiput standards, the position of the
hydroxyl groups could not be determined definitwd@lhe hydroxylated metabolites were
already present at the first sample time of 4 [.(BC—-4F), indicating that hydroxylation was a
very rapid process.

The formation of hydroxylated E2-17S metabolites Weely caused by oxidation by soil
enzymes (e.g. oxidases/hydroxylasésyitro studies have demonstrated enzymatic processes
that govern hydroxylation of E2, E2-17S, and odm@matic compounds. For example,
hydroxylation of E2 and E2-17S at the C-2- or (adsitions is catalyzed by microsomal

cytochrome P450 enzymes harvested fromRatt(s norvegicus) liver (Watanabe et al., 1991).
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Also, during incubation with human placental mianoges in an NADPH-generating system, E2-
17S is hydroxylated to 2- and 4-OH-E2-17S (Takaneassél., 1993). Additionally,

hydroxylation of E2-17S occurs when incubated wiiilsrosomes from female rat liver (Itoh et
al., 2002). Outside of these vitro studies, the present study appears to be unique in
demonstrating hydroxylation of conjugated or freg@ens in soils. Soil microorganisms are
reported to oxidize aromatic compounds to hydraegantermediates with mono- or di-
oxygenases, which is then followed by ring-cleavddeveryshetty et al., 2007).

Sorbed phase observations

The total radioactive residue in the reversiblybgorphase was relatively low for both soils
(~15% of applied dose; Fig. 5). At the final samolee (336 h), the total radioactive residue in
the irreversibly sorbed phase was greater tharethersibly sorbed phase for both the topsoil
(irreversible**C = 70% of applied dose) and subsoil (irreverstfiie= 45% of applied dose)
(Fig. 5). Using the same soil type as the pregeiatys Fan et al. (2007b) found that 73% of the
applied radiolabelled E2 was irreversibly boundad (non-extractable fraction). The pH, CEC,
and texture (Table 3) of two soils were similar,jethindicated that the difference of radioactive
residue levels in the sorbed phase likely resul@a the different OC content. Sorption of
estrogens to soils and sediments is considered@plyobic interaction, with organic matter as
the major sorption domain (Lee et al., 2003). Alijo the metabolites could not be
characterized in the irreversible phase, irrevégsbrption is due to interactions between the
phenolic group of estrogenic compounds and humasamnd/or mineral surfaces to form

hydrogen and covalent bonds (Yu et al., 2004).
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Figure 5Distribution ofradioactivityin the aqueous, reversibly sorbed, and irreversbhped
phase of topsoil and subsoil through time. Theahjt*C]17p-estradiol-17-sulfate concentration
was 0.6 mg [*. Standard deviation error bars were availablg torl the aqueous data (n = 3),
while the reversibly and irreversibly sorbed datxevbased on the “stop vials” (n = 1).

Compounds detected in the reversibly sorbed pleedgmttable fraction) were diOH-E2-
17S, OH-E2-17S, E2-17S, E2, estrone (E1), and knawn metabolite (Fig. 6), in order of
highest to lowest polarities based on the HPLO@iuimes. The most significant observation
was the presence of free E2 and E1 in the sorbaskeplvhich were not detected in the aqueous
phase. Although the measured concentrations ohBZ4 were relatively low (~ 1% of applied
dose; Fig. 6), these results demonstrated that/A&2ebuld be hydrolyzed to form free estrogens
in agricultural soils. Additionally, an unknown raéblite that was more hydrophobic than E1
was consistently observed in the reversibly sogpdease for both soils; however, it could not be
characterized due to the low levels of recoverys Timidentified hydrophobic compound was
present at lower concentrations in the topsoil camag to the subsoil throughout the entire

experiment (0.7% vs. 1% of applied dose at 336d;d).
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Figure 6. Reversibly sorbed concentration*8€]17p-estradiol-17-sulfate and its metabolites in
topsoil and subsoil through time. Data were obiinem the “stop vials” with an initial
[1*C]17p-estradiol-17-sulfate concentration of 0.6 my(h = 1).

The observed E2 and E1 on the sorbed phase deweastnat E2-17S was first hydrolyzed
to form E2, which was subsequently oxidized tod/iell. Deconjugation of conjugate moieties
is considered irreversible, and enzymes (i.e. tagks) are required to hydrolyze sulfate
conjugates (Khanal et al., 2006)Ascenzo et al. (2003) found an acclimation permd 10 h
was required to deconjugate E2-3S in domestic wedér due to low inherent arylsulfatase
activity. Also, arylsulfatase enzymes were founthéaesponsible for deconjugation of E2-3S in
natural soils (Scherr et al., 2009). Arylsulfatasas distribute in the solid or aqueous phase of
soils, which permits E1-3S deconjugation in botmpartments (Scherr et al., 2008). In the
present study, the deconjugated free estrogenan&E2, were only observed on the sorbed
phase, suggesting that sulfatase enzymes wereotie on the solid phase. The oxidation of
E2 into E1 was rapid, where E1 was detected withdag period, occurring at the first sample
time (4 h) (Fig. 6). As reported, oxidation of E2ai fast process in soil with a half-life of 12 h

(Colucci et al., 2001), and can occur on Mn-oxielection sites of soil surface (Sheng et al.,
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2009). Because deconjugation of E2-17S appeared &osorbed-phase process, the proximity to
surface Mn-oxide reaction sites may explain theeoled immediate oxidation of E2 into E1.
Additionally, the predominance of E1 compared to(Eg. 6), was consistent with the
observation that E1 is more stable than other allyurccurring estrogens in the environment
(Hutchins et al., 2007).

Deconjugation/Hydrolysis

The present study observed that hydroxylation 6fLEE occurred approximately 10 times
greater than deconjugation/hydrolysis. Similarklgcanjugation of other estrogen sulfates only
occurred to a limited extent in sewage treatmesittesys and soils. For instance, an 8 h activated
sludge and crude sewage batch study showed thabasgeoncentrations of E1-3S and
ethinylestradiol-3-sulfate remained between 87 @4 of the applied dose, while free
estrogens were only 3—-7% of the applied dose (Gahak, 2009). Additionally, deconjugation
of E1-3S and E2-3S was negligible in batch expemnisevith raw sewage and river water
(Kumar et al., 2012). In a 10 d soil incubationdstgsandy loam; OC = 1.1%; 25 °C), Scherr et
al. (2009) found that the primary metabolite of E2was E1-3S (55-68% of applied dose),
indicating that oxidation was the predominant pssc®econjugation of E2-3S to yield E2 also
occurred, but to a much lower extent compared tdation (2.7-3.5% of applied dose). Despite
the different soil types and experimental desi@therr et al. (2009) and the current study both
showed that deconjugation/hydrolysis was not thaidant metabolism pathway for E2-3S or
E2-17S in agricultural soils.

In contrast to sulfate conjugates, the primarydfamnmation pathway for the glucuronide

conjugate, E2-3G, in the similar soil-water systemas deconjugation, which produced
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maximum aqueous concentrations of E2 (18% of aplese) within 24 h (Shrestha et al.,
2012b). The different metabolism pathways of E2-&A8 E2-3G in soils are consistent with
observations in sewage systems that glucuronidgigates were more susceptible to
deconjugation than sulfate conjugates (D'Ascenzab. e€2003; Gomes et al., 2009). In addition to
difference in conjugate moieties (sulfate vs. gtooide), the site of conjugation may also
influence the metabolism pathways. Glucuronide wgaes with the moiety located on the D-
ring are more resistant to hydrolysis than A-ritgcgronides (Gomes et al., 2009). The effect of
conjugation sites would also explain the more rajg@dradation of E2-3S (half-life of 1.5 h)
compared to no degradation offit&stradiol-3,17-sulfate in batch studies of WWTRvated
sludge (Okayasu et al., 2005). The recalcitrande2s1 7S to deconjugation in the present study
can result from the relatively stable sulfate mpmimpared to glucuronide, as well as the
conjugation site, i.e. C-17.
Conclusions

The objective of this study was to investigateftite of E2-17S in natural agricultural soils,
under the context of understanding the fate am$part of manure-borne estrogens. The results
showed that soil OC content significantly influedd¢be aqueous dissipation of E2-17S.
Additionally, hydroxylation was found to be thepary transformation pathway of E2-17S.
Deconjugation/hydrolysis of E2-17S did occur, lwas a minor transformation pathway
compared to hydroxylation, with only low concenmat of free estrogens (E2 and E1) being
released on the reversibly sorbed phase. AlthobgH, 7S was more persistent than the
glucuronide conjugate (E2-3G), it has a lower pti#diof releasing free estrogens to the
environment. Nonetheless, due to the large amaimtsnure-borne estrogen conjugates arising

from AFOs, even 1% of free estrogens deconjugated £2-17S may result in environmental
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levels higher than the LOAEL. Therefore, the rekiy stable estrogen conjugak-17S,
cannot be excluded as a precursor of free estragehs environment.
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PAPER 3. SORPTION AND METABOLISM OF 17R3-ESTRADIOL-1 7-SULFATE IN

STERILIZED SOIL-WATER SYSTEMS

Abstract

Significant amounts of manure-borne estrogensared in their conjugated forms, which
can release endocrine-disrupting free estrogetiwienvironment via deconjugation and
become a threat to the aquatic wildlife. To identife abiotic processes governing the fate of a
sulfate conjugated estrogen fi&stradiol-17sulfate (E2-17S), soil batch experitaevere
conducted to investigate the dissipation, sorpton, metabolism of radiolabeled E2-17S under
sterilized conditions. The aqueous dissipation-tnadfs (DTsg) for E2-17S ranged from 2.5 t0 9.3
h for the topsoil of high organic carbon (OC) conjdout E2-17S remained at ~80% of applied
dose in the low OC subsoil for the 14 d duratiolme fion-linear sorption isotherms indicated
limited sorption of E2-17S, and the concentrati@ep&hdent lodloc values were 2.20 and 2.45
for the topsoil and subsoll, respectively. Additadiy, two types of hydroxylated E2-17S were
found as major metabolites in the aqueous phasehwépresented 9-25% and 6—-7% of applied
dose for the topsoil and subsoil at 14 d, respelstiFree estrogens (i.e.}@éstradiol (E2) and
estrone (E1)) were only detected from the sorbed@hThese results demonstrated that E2-17S
underwent complex abiotic metabolism pathways;thedsorption and hydroxylation processes
governed the aqueous dissipation of E2-17S predantiin

Introduction

In the United States, animal feeding operations@a)yproduce about 453 million Mg ¥of

manure (Kellogg et al., 2000), which can be langhagd as a valuable source of fertilizer and

organic matter. However, manure-borne estrogermnigboes can pose a potential risk to aquatic
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wildlife (Burkholder et al., 2007; Thorne, 2007A)id estimated that AFOs contribute 90% of
total estrogens in the environment (Maier et &Q®. Cattle Bos taurus), swine Sus scrofa),
and poultry Gallus gallus) produce 45, 0.8, and 2.7 Mgyof total estrogens in the United
States, respectively (Lange et al., 2002). Degpémidal estrogens possessing relatively low
water solubilities and high sorption affinitiesgoil and sediment, these compounds are
frequently detected isurface and subsurface water systems (Shore @08B; Nichols et al.,
1997; Peterson et al., 2000; Kolpin et al., 200@lodziej et al., 2004)For example, the most
potent free estrogen pstradiol (E2) was detected at a frequency of 8rthat concentrations
up to 1910 ng I* throughout a 2-m soil profile in an agriculturild where liquid swine
manure was applied (Schuh et al., 2011a).

Swine, poultry, and cattle excrete approximately@8 and 42% of estrogens as conjugates,
respectively (Hanselman et al., 2003). In dairyterdsgoons, 57% of the total estrogens were
detected as conjugates, while in poultry lagoorsyly all (95%) estrogens were conjugates
(Hutchins et al., 2007). Conjugated estrogens ar@strogenic because they cannot bind to
estrogen receptors; however, they may hydrolyee deconjugate) to form endocrine-disrupting
free estrogens (Khanal et al., 2006). Comparelddree estrogens, conjugated estrogens have
greater aqueous solubility, which potentially endeantheir mobility in the environment. The
role that estrogen conjugates play in contribufreg estrogens to the environment is not well
understood, especially under the context of mamaeagement.

A key research question about estrogen conjugsatibe iuncertainty of whether and how
much deconjugation occurs in the environment. Magiting studies are limited to the field-
monitoring of conjugate levels in influent and aéht discharges of sewage systems, or in

manure storage systems and surface runoff to icttirassess the behavior of estrogen
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conjugates. Comprehensive studies on fate andowansf estrogen conjugates are not widely
published. Little information is available on thenflamental processes governing the fate of
estrogen conjugates in agricultural soils. The $ei microcosm studies (Scherr et al., 2008,
2009a) in the literature indicated that the sulegogen conjugates, estrone-3-sulfate (E1-3S)
and 1B-estradiol-3-sulfate (E2-3S), could hydrolyze aadse as precursors to free estrogens,
and that the degradation rates were correlatediltbislogical activity. Compared to E1-3S and
E2-3S, 1B-Estradiol-17-sulfate (E2-17S) was detected atdrngioncentrations in swine lagoons
(i.e. 87 ng [Y) (Hutchins et al., 2007) and surface runoff (L&7 ng LY after poultry litter
application (Dutta et al., 2012). Moreover, in sevlagoons, E2-17S was found to be more stable
and persistent than glucuronide conjugates (Huscéiral., 2007). To determine the fate and
transport of E2-17S in natural agricultural sdgj et al. (2013) found that hydroxylation was
the primary metabolism process of E2-17S, anddBabnjugation occurred to a lower extent
than hydroxylation.

Since the previous study (Bai et al., 2013) wagloeted using biologically active soils, it
was unclear whether the governing processes wetie br abiotic. One of the objectives of the
present study was thus to identify the abiotic psses involved in the fate and transformation of
E2-17S using batch experiments under sterilizedlitions. Additionally, little is known about
the sorption capacities of estrogen conjugatesit®s far. The interactions of estrogen
conjugates with soils would impact their entry iauatic systems and subsequent fate.
Therefore, another objective of this study wasval@ate the physicochemical sorption affinity

of E2-17S to soil.
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Materials and Methods

Analytical methods

The radiolabeled'{C]E2-17S used in the experiments was synthesiZe¢a et al., 2011)
from [4-"*C]E2 (American Radiolabels, Inc.; St. Louis, MO}lgrossessed a specific activity of
241.8 Bq ud and a radiochemical purity of 98%. All analyticaéthods followed the
radiometric methods developed by Shrestha et @.2&) to measure the concentrations of E2-
17S and its metabolites. Briefly, high performahgeid chromatography (HPLC; Beckman
Coulter Inc., Fullerton, CA) was used to separattaimolites. To quantify metabolites, the
fraction-collected HPLC effluent was measured &afioactivity by liquid scintillation counting
(LSC; Packard 1900CA Downers Grove, IL). Liquid@matography with tandem mass
spectroscopy (LC-MS/MS; Waters, Beverly, MA) wasdisn negative-ion mode (E¥to
characterize metabolites. The analytical procedanelsconditions for HPLC, LSC, and LC-
MS/MS have been described previously (Shresthh, &4 2a; Bai et al., 2013).

Soil batch experiments

The soils selected in this study were from a Hétdanar Series, loamy fine sand (sandy,
mixed, frigid Oxyaquic Hapludolls), and were usegrevious laboratory (Fan et al., 2007b;
Zitnick et al., 2011; Shrestha et al., 2012b) aaltifThompson et al., 2009; Schuh et al., 20114a;
Schuh et al., 2011b) studies on the fate and tcahsp manure-borne hormones. The soil
samples were collected from two depths, topsoil 0em) and subsoil (46—-61 cm), which were
similar in all properties except organic carbon j@bntent (Table 3). Because liquid swine
manure is applied to the top 150 cm of the soih(fbcet al., 2011a), these soil depths are

affected by manure-borne estrogens and estrogguagadas. The soil samples were air-dried
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and then passed through a 2-mm sieve. To determat@ oxides (manganese oxides) in the soll
samples, dissolved and reducible manganese wasiredassing hydroxylamine hydrochloride
(NH2OHOHCI) with procedures as developed by Chao et a7 ZL

To conduct soil batch experiments, 1.6 g soil amalL8of 0.01 M Cadl solution were added
into 10 mL glass vials in triplicate, and then séladnd irradiated for 14 h using a 7.6 kGy
gamma source (M38-4 Gammator, Radiation MachinempC Parsippany, NJ). Gamma-
irradiation dose of 1 kGy can kill all fungi anddberia in per gram soil (Jackson et al., 1967);
thus the irradiation dose of 7.6 kGy was sufficiensterilize the soil samples. TH&G]E2-17S
solvated in 1QuL methanol was injected into the gamma-irradiattwsater slurries using a
sterile syringe at different initial concentratipns. 3.2, 7.4, and 18 mg*LControls containing
only CaC} solution but no soil were also sterilized befodédiag with 0.5 mg [* of [**C]E2-
17S. Additionally, a separate set of batch vials weepared and gamma-irradiated in order to
perform destructive solid phase analysis, which labsled as “stop vials” with 0.5 mg'lof
[Y*C]E2-17S applied. ThéfC]JE2-17S concentrations in these studies were hitjiae
conjugate concentrations normally detected in therenment; however, they were necessary to
ensure reliable analytical detection and quantificaeof the radiolabeled compounds (Shrestha
et al., 2012a; Bai et al., 2013).

The batch vials were agitated by rotation fromtmpottom (360 every 5 s) for 14 d (336 h)
at room temperature (23 £°C). At 4, 8, 24, 48, 72, 168, and 336 h, the batals were
centrifuged (30 g) in a centrifugal rotary evaporator (Savantniiagton, NY). Aliquots of
100 and 15@L were sampled from the agueous phase using éestgringe, respectively. The
100uL aliquots were analyzed for total radioactivity b§C, and the 15QL aliquots were

preserved with formaldehyde (2.7% of final volunfédered, and frozen at —20 °C until further
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HPLC and LSC analyses. Additionally, one “stop iaas removed at each sampling, preserved
with formaldehyde, centrifuged, decanted, and frezen until further analysis. The solid phase
analysis was only performed at 336 h for the higlese groups (3.2, 7.4, and 18 m).LFor

solid phase analysis, the preserved soil samples exracted with water (5 mL x 3) and then
acetone (5 mL x 3) by 30 min sonication. The watdracts were then evaporated with the
centrifugal rotary evaporator, the acetone extraetie dried under nitrogen, and both extracts
were resolvated in methanol for metabolite charaagon. Soil non-extractable (irreversibly
sorbed) radioactivity was determined by combus{tor 0.1 g) using a Packard Model 307
Oxidizer (Downers Grove, IL) after air-drying.

Data handling

First-order kinetics

In order to estimate the dissipation rate constangsdissipation times of E2-17S in the
aqueous phase, the measured data were fitted \ir§t-arder kinetic model:

C/Cy=ekt [2]
whereC/Cyis the relative concentration 6f€]E2-17St (h) is time, and (h™) is the first-order
dissipation rate constant dfC]E2-17S. The time required to dissipate 5@%sp) and 90%
(DTgo) of [C]E2-17S from the aqueous phase was calculated tisinfirst-order dissipation
rate constantfTsp = IN2k; DTgo = IN10Kk).

Sorption isotherm

Freundlich sorption isotherms were used to detegragrption coefficients for{C]JE2-17S
as follows:

S = K;CV [3]
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whereS (mg Kg?) is the reversibly sorbed (extractable) conceiutnadf the applied{'C]E2-
17S,C (mg LY is the aqueous concentration BfJJE2-17S K; (mg"™ LN Kg™?) is Freundlich
sorption coefficient, antll is an unitless empirical constantNf 1, then the sorption is limited;
and ifN > 1, then the sorption is limitless. When sorpi®non-linear, it is not useful to
calculate or compare the corresponding linear sormioefficients; furthermore, the Freundlich
coefficientsK; are dependent on tiNevalues, making comparisonsifvalues between soils
unsuitable (Sarmah et al., 2008). Herein, a sinagolimethod (Sarmah et al., 2008; Scherr et al.,
2009b) was used to calculate the concentrationrubre effective partitioning coefficiett;®"

(L Kg™) and the corresponding OC-normalized partitioringfficientKoc (L Kg™) for [**C]E2-
17S as follows,

K3 = KcN 1 [4]

Koc = K(;ff/ foc (5]
wherefoc is the fraction of soil OC content. In this casgc is equivalent to a single-point OC-
normalized partitioning coefficient, which was deteed at the initial concentration of 0.5 mg
L of [**C]E2-17S.

Statistical analysis

The models (Eqg. [2]-[3]) were fitted using the lesguares regression with equal weighting
across all data points (SigmaPlotersion 6.00 SPSS Inc., Chicago, IL). The sofeydMP
(version 9.0.2 SAS Institute Inc., Cary, NC), waedifor all statistical analysis. Significance of
main effects and interactions were determined uairaysis of variance (ANOVA). Tukey’s
and Student’'s-tests were used to determine significance betwaasts. For all analysis, adof

0.05 was used, and a probabilitypof 0.05 was considered significant.
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Results and Discussion

Dissipation from aqueous phase

The parent compound remained stable in the contrittsno soil (Fig. 7a and 7b), and no
metabolites were detected, demonstrating that eresibrption to the batch vials nor metabolism
had occurred. For the sterile topsoil (Fig. 7a)1Z3 dissipated rapidly from the agqueous phase
with less than 10% of the applied dose remainitgy &8 h for all initial concentrations. For the
sterile subsoil (Fig. 7b), the aqueous concentmataf E2-17S remained ~80% of the applied
dose at the end of the batch experiments. The idisphehaviors of E2-17S in the topsoil and
subsoil demonstrated the important role that O@qulan the aqueous dissipation of E2-17S.
Similar soil OC effects on the fate of estrogeriagas have been reported by other studies. In
soils with higher OC, estrogen sulfates have shdissipation half-lives due to the greater
sorption and transformation (Scherr et al., 200892, Bai et al., 2013).

First-order dissipation rate constarks(Table 5) were inversely correlated to the inhitia
concentration of E2-17S for the topsoil. Comparethe current sterile soiD(Tso = 2.5-9.3 h)
(Table 5), the concentration-dependBiis, values for E2-17S were approximately 3-8 times
greater for non-sterile soiD{Tsp = 21-26 h) (Bai et al., 2013). The slower dissgrabf E2-17S
in non-sterile soil than sterile soil is likely dteeless sorption, which can be caused by living
soil microorganisms that clog soil pores and rediarption capacity and accessibility of organic

compounds (Bellin and Rao, 1993).
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Figure 7. Aqueous concentration 61¢]17p-estradiol-17-sulfate and its metabolites in topsoi
(left) and subsaoil (right) through time with muligainitial concentrations. The relative
concentration represents the ratio of measurederaration to the initial concentration of
[1*C]17p-estradiol-17-sulfate. Data represent average ftoee replicates. Error bars represent
standard deviation. Controls represent batch wéls no soil.
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Table 5. First-order parameter estimates with stethdrror (SE) for'{C]17p-estradiol-17-
sulfate in the topsoil with multiple initial condeations.

Concentratior? k r? DTsc DToc
(mg L™ (W' + SE) (h) (h)

18 0.074 (0.009) 0.984 9.3 31

7.4 0.152 (0.010) 0.994 4.6 15

3.2 0.276 (0.014) 0.997 2.5 8.3

@ Temporal aqueous concentrations’d€[17p-estradiol-17-sulfate could not be determined fer initial
concentration of 0.5 mgtdue to the lower than detection limit levels.

Sorption isotherms

At 336 h, sorption equilibrium appeared to be reactor both soils as indicated by the

steady-state aqueous concentrations of E2-17S{&ignd 7b). Also, the temporal distribution

of radioactive residue on the sorbed phase shogeititegium at 336 h (Fig. 8). Irreversible

sorption (non-extractable fraction) was observedentmminant compared to reversible sorption

(extractable fraction) for the topsoil. Irrevergilgorption is associated with the naturally

occurring organic matter of soil, i.e. humic substs (Fan et al., 2007b), thus the more

abundant humic substances in the topsoil would B&eager irreversible sorption compared to

the subsaoil.
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Figure 8. Radioactivity recovered from the sorbed€rsible and irreversible) phase of topsoll
and subsoil through time with initial concentratini0.5 mgL” for [**C]178-estradiol-17-sulfate
(n=1).

The total radioactive recoveries (Table 6) weresptable except for the lowest initial
concentration of E2-17S (0.5 m@'L The relatively low radioactive recovery may fé$wm
incomplete combustion of the soil (Fan et al., 200Borption isotherms (Fig. 9) were
constructed from directly measured concentratidris2e17S at 336 h; where the aqueous
concentrations ranged from 0.005 to 14.8 rifgdnd the sorbed concentrations were 0.125 to
4.01 mg Kg". The Freundlich model provided an excellent fittioth soils as indicated by the
highr? values, and the isotherms were non-linear asaeticby thé\ values (Table 7). The
smaller than unit\N values demonstrated limited sorption for E2-178dth soils, which
corresponded well with previous studies for ottetragen sulfates. The reportidralues for
E1-3S and E2-3S sorption to sterile activated stualgre 0.739 and 0.736, respectively (Chen

and Hu, 2010). Sorption of E1-3S to agriculturalssiesulted inN values ranging from 0.886 to
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0.932 (Scherr et al., 2009b). The limited sorptmsoil can be due to limited sorption sites

within the soil organic matter domain (Yu et aD03).

Table 6. Summary of total radioactivity recoveré826 h from the appliedC]17p-estradiol-
17-sulfate in the topsoil and subsoil with multipiéial concentrations. (Average * standard
deviation (SD)).

Concentration (mg t) Total **C recovery (% + SD)
Topsoill Subsoil
18 94 +6 97 +0
7.4 93 +2 99 +4
3.2 84 +5 99 +14
0.5 729 736

—
—
IU’ 10 T T T T
X
g’ ® Topsoil
= 05 v  Subsaoil i
n Isotherm
o
°
- 00 i
[
Q
=
©
s -05¢F b
[
O
o
S
S 10} 1
§e]
o
o
B 1.5 1 1 1 1
0 -3 -2 -1 0 1 2

Aqueous concentration, log C (mg L'l)

Figure 9. Freundlich sorption isotherms f5¥J]17B-estradiol-17-sulfate at contact time of 336 h
for topsoil and subsoil.

The concentration-dependent Ikgc values (Table 7) of E2-17S for the topsoil andssulb
were comparable to the reported values for E1-8S1i73-2.08¢ = 0.25 mg [!) (Scherr et al.,

2009b). Additionally, the free estrogen E2 had mcemtration-dependent ldpc value of 3.12
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(C =0.5 mg [Y) (Sarmah et al., 2008). The nearly one order afritade smaller lo¢loc

values of E2-17S showed a reduced sorption affcotypared to its free counterpart E2. The
octanol-water partitioning coefficient l&¢w value of E2-17S is 1.59 (calculated by the
Windows-based software KOWWIN) (Tetko et al., 2Q@&hich is slightly higher than E1-3S
(0.95); while the lodow value for E2 is reported to be 3.94 (Lai et @00@). Considering the
less hydrophobic nature of E2-17S, it is expeabelabive weaker hydrophobic interaction to soil
organic matter compared to E2. However, the modes@atption capacities of estrogen sulfates
to soils observed in the present and previous st8digerr et al., 2009b) suggested that other
unknown interactions with soil organic matter afad/eninerals, e.g. ligand binding, hydrogen,

and covalent bonding might also occur.

Table 7. Freundlich isotherm parameters with stethderor (SE) for 1*C]17p-estradiol-17-
sulfate at contact time of 336 h for the topsod anbsoil. The concentration-dependent
equivalent partitioning coefficients®" (L Kg™) and logKoc were determined at 0.5 mgt bof
[1*C]17p-estradiol-17-sulfate.

K + SE N+ SE r? K" log Koc
(mg™L" Kg™) (LKg™
Topsoil 1.36 +0.055  0.394 +0.037  0.942 2.07 2.20
Subsoil 0.566 + 0.029  0.644 +0.033  0.976 0.725 52.4

Metabolism pathways

Hydroxylation

Two types of hydroxylation products were found aganmetabolites in the agqueous phase
of both the sterile topsoil and subsoil (Fig. 79;Which were characterized as OH-E2-17S and
diOH-E2-17S by the LC-MS/MS analysis. The LC-MS/BIgctrum possessed an [M-ijn at

m/z of 367.12 and fragments of 349.13 and 96.96dtasistent with OH-E2-17S; and an [M-
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H] ion at the m/z of 383.13 and fragments of 3651 26.96 to confirm diOH-E2-17S. The
hydroxyl positions could not be determined for thetabolites because no standards were
available. Under the current sterilized conditicatsptic hydroxylation of E2-17S catalyzed by
metal oxides is likely to be a major mechanismsadits, naturally occurring Mn and Fe
oxides/hydroxides and smectite clays are knowrogsnpial oxidizing agents. Particularly, Mn
oxides are believed to be among the strongestargiagents that may be encountered in the
absence of molecular oxygen (Laha and Luthy, 1990)nerous studies have demonstrated that
MnO; can oxidize phenols (Lin et al., 2009), aromatigrees (Li et al., 2003), and estrogens (de
Rudder et al., 2004; Xu et al., 2008; Sheng e28l9) at neutral pH. Moreover, Ma@an
oxidize E2 in aqueous solution to yield 2-OH-EZadmal product in addition to E1 under
neutral pH and room temperature (Jiang et al., R08&ording to the reducible Mn levels
(Table 3) measured in the present two soils, Mdexwere abundant and likely played a
significant role in the rapid hydroxylation of EZ3.

The aqueous concentrations of the hydroxyl mettdso(Fig. 7c—7f) increased rapidly within
the first 72 h followed by an apparent steady-statgight decline in most cases. During MnO
oxidation, the released Mhcan bind to the Mn@surface (Li et al., 2003; Jiang et al., 2009),
and the active reaction sites are occupied andnbecmavailable for E2-17S so that the
hydroxylation rates are reduced at late stagelseobatch experiments. In addition, higher
concentrations of the hydroxyl metabolites werenfbin the topsoil compared to the subsoil.
For example, at 336 h the two hydroxyl E2-17S maitds were detected at 9-25% and 6—7%
of the applied dose for the topsoil and subsadpeetively (Fig. 7c—7f). The greater
hydroxylation in the topsoil is likely due to theleanced Mn@oxidation by the more abundant

humic substances compared to the subsoil (Xu,e2@08). Furthermore, Jiang et al. (2009)
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proposed a mechanism of E2 to form 2-OH-E2, fronctvia plausible hydroxylation pathway

for E2-17S to form OH-E2-17S can be derived (F®). 1

0SOzH OSOzH

CH3 CHS
1
2 [ — —_—
MnO,
HO™ 3 o
4
17beta-estradiol-17-sulfate
OSO4H
OSOzH
3 CHs
CH,
H
— —
H,O
O
(6]
OSO4H OSO;zH
CHs CHs
HO
s HO.
H
o H

OH-E2-17S

Figure 10. Proposed transformation pathway anthestid intermediate structures for
hydroxylation of }*C]17p-estradiol-17-sulfate.

Similarly, a hydroxyl was assumed to be attacheti¢aunsaturated phenolic ring of E2-17S.
Adsorption to MnQ surface to form a precursor complex is the ingtalp for the oxidation of
substrates (Li et al., 2003). The proposed pathwaysde: 1) the hydroxyl (C-3) of E2-17S
loses an electron and is subsequently oxidizedaritee radical; 2) the free radical is transferred
to the adjacent site (C-2); and 3) after the couioam with water and a loss of hydrogen, 2-OH-

E2-17S is formed.

68



Hydroxylation of E2-17S catalyzed by other metales is also possible. Oxidation by Fe
oxides are much less thermodynamically favoralde tiy Mn oxides in an aerobic
environment; and Fe oxides generally do not plaigaificant role in redox processes until the
environment becomes sufficiently reducing (Li ef 2003). Many studies have found that
Fe(lll) is reduced to release Fe(ll) during saiadiation (Gournis et al., 2000; Bank et al.,
2008), but soil Mn levels do not change much aidiiation doses of 2—10 kGy (McNamara et
al., 2003). Li et al. (2003) also suggested thadation of aromatic amines by Mn would occur
first, but the contribution of Fe was plausible. &sesult, Fe may participate in the
hydroxylation of E2-17S when the thermodynamic ¢ooul is favorable. Another possible
mechanism causing hydroxylation of E2-17S is enzgatalysis. Enzymes may remain active
for weeks in solil after irradiation (McNamara et 2003), and extracellular enzymes can be
bound to and protected by soil colloids (Lensilgtl®91). Herein, it cannot be ruled out that
lysed enzymes in the irradiated soil-water systes@® still active.

Deconjugation

Free estrogens E2 and E1 were observed in thesiblyesorbed phase of the soil (Fig. 8),
but they were not found in the aqueous phase. feeeH2 and E1 were measured up to 4.0% and
12% (data not shown) of the soil extractable ractioay from the “stop vials”, respectively. The
presence of free estrogens demonstrated that deyadign of E2-17S occurred in the sterilized
soils. Deconjugation of E2-17S is a hydrolysis psscthat may be promoted by clay minerals.
Numerous studies have reported that clay surfaspgcially smectites, are effective in
catalyzing hydrolysis of organic pollutants, e.gsticides (Sanchezcamazano and
Sanchezmartin, 1991; Pusino et al., 1996). Aftelrblysis of E2-17S, the released E2 was

subsequently oxidized into E1, which has been eleskin similar sterilized soil-water systems
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previously (Zitnick et al., 2011; Shrestha et 2013) and can be attributed to Mn@xidation
(Sheng et al., 2009). Given the relatively hydrdpbamature, the released free E2 and E1 tend to
bind to smectite clay and/or metal oxide surfaedsch explains no detections of the free
estrogens from the aqueous phase and the residioactvity in the irreversibly sorbed phase of
the soil. In addition, the HPLC analysis indicatkd presence of an unknown metabolite with
polarity between E2-17S and E2. Although the mdihoould not be characterized due to the
low recovered radioactivity, it can be presumebtedydroxyl E2, another product of E2
oxidation that has been identified previously (giahal., 2009).

Conclusions

The present study investigated the sorption an@lmoésm processes that govern the
dissipation of E2-17S in sterilized soil-water gyss. Sorption of E2-17S to the sterile soils was
found limited with a reduced sorption affinity coarpd to E2, which explains the frequent
detection and high levels of E2-17S in surface fum@arby agricultural fields with manure
application. In real-world conditions, soil micrganisms and manure-borne chemicals would
compete for sorption sites within soil organic ragttvhich may further limit the sorption
capacity and enhance the mobility of E2-17S. Tlesgmt sorption parameters can be useful
information to serve in fate and transport modeling risk assessment studies related to
estrogens and estrogen conjugates.

In the sterilized soil-water systems, E2-17S unéstvcomplex metabolism pathways
forming multiple metabolites, e.g. hydroxyl metates, E2, and E1. These results demonstrate
that soil microorganisms do not necessarily plaglain the transformation of E2-17S. Abiotic
transformations for E2-17S can be attributed togaaese oxides and clay surfaces promoted

reactions. The present and previous study (Bdi,e2@L3) both imply that manure-borne E2-
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17S may not be a major contributor to the frequyedeitected free estrogens in the surface and
subsurface soil systems after liquid manure apiitica
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PAPER 4. MODELING COUPLED SORPTION AND TRANSFORMATI ON OF 1783-

ESTRADIOL-17-SULFATE IN SOIL-WATER SYSTEMS

Abstract

Animal manure is a primary source of exogenous ésteogens in the environment, which
are known to be endocrine-disrupting chemicals.j@mated estrogens can act as precursors to
free estrogens, which may increase the total estriogy in the environment. In this study, a
comprehensive model was used to simultaneouslylaienthe coupled sorption and
transformation of a sulfate estrogen conjugat@;dstradiol-17-sulfate (E2-17S), in various soil-
water systems. The simulated processes includetipheuransformation pathways (i.e.
hydroxylation, hydrolysis, and oxidation) and masasisfer between the aqueous, reversibly
sorbed, and irreversibly sorbed phases of the &wil§2-17S and its metabolites. The conceptual
model was conceived based on a series of lineptignrand first-order transformation
expressions. The model was inversely solved usinig fdifference to estimate process
parameters. A global optimization method was apie the inverse analysis along with
variable restrictions to estimate the total 36 peaters. The model provided a satisfactory
simulation Rzad,- = 0.93 andl = 0.87) to the experimental data and reliable patanestimates.
The modeling study improved the understanding t&f &nd transport of estrogen sulfate
conjugate under various soil-water conditions.

Introduction

Estrogenic hormones are excreted from human amdadéas intact molecules, which are

mostly in the forms of glucuronide and sulfate cgates (Johnson and Williams, 2004).

Unconjugated or free estrogenic hormones are krasypotent endocrine-disrupting chemicals,
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because they can cause adverse effects to repimusgstems of aquatic wildlife at part-per-
trillion levels (Jobling et al., 1998; Panter et 4P98; Irwin et al., 2001). Estrogen conjugates
(glucuronide and sulfate) can act as precursoite&estrogens and increase the total estrogen
load in the environment via deconjugationpEstradiol (E2) is the most potent natural estrogen
that is frequently detected in the environment, BAcdtonjugates in sulfate (Scherr et al., 2009;
Bai et al., 2013a) and glucuronide (Shrestha gf@ll2b) forms have drawn increasing attention
as potential precursors to E2. Compared to othiesgen conjugates, the sulfate conjugaté-17
estradiol-17-sulfate (E2-17S), is of particular omjance because it is detected at relatively high
concentrations in animal manure lagoons (87 Ag(Hutchins et al., 2007) and surface runoff
after manure application (107 ng)L(Dutta et al., 2012). In a previous study on lvibraof E2-
17S in agricultural soils, Bai et al. (2013a) fouhdt E2-17S underwent competitive sorption
and metabolism pathways to form multiple metabsliteluding free estrogens. However, to
fully understand the processes governing the fadietiansport of E2-17S in soils, mathematical
models are necessary.

Mathematical models have been used to predictehawor of reactive steroid hormones in
soil batch and column studies. Das et al. (2004)iag forward modeling approach (predictive
mode) to simulate sorption and degradation of sgweroid hormones in soil columns. This
two-region modeling approach consisted of advedligpersive transport with non-equilibrium,
two-site sorption, and first-order transformatioaahanisms. Their results suggested that the
first-order kinetic process was sufficient for mtg hormone degradation, but not accurate.
Casey et al. (2003) used two convective-dispetsaressport models, with and without
transformation, and two-site kinetic Freundlichpgmm to fit the breakthrough curves of E2. The

results provided good description of the experirakddta, but solutions were non-unique, and
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parameter estimates had low confidence. Anothelydty Casey et al. (2004) applied a one-site
fully kinetic convective-dispersive model with sethphase transformation and Freundlich
sorption to simulate the fate of testosterone its savhich resulted in a satisfactory fit and
reasonable parameter estimates.

These previous studies considered a two-phasensyatpieous and reversibly sorbed phase)
for sorption and degradation of hormones; howdeggr studies reported that a significant
fraction of the applied steroid hormones couldrbeviersibly bound to soil (Colucci et al., 2001;
Fan et al., 2007b). Without considering irrevemrsigbrption, the models may give rise to
inaccurate descriptions. Additionally, the previmugdels provided parameter estimates of
relatively low confidence. To improve the modelteghniques for steroid hormones, Fan et al.
(2008) developed a one-site, kinetic sorption ars-brder transformation model to simulate the
distribution of E2 in the aqueous, reversibly sarlend irreversibly sorbed phases
simultaneously. The model was solved inverselyaisiiglobal optimization method, the
stochastic ranking evolutionary strategy (SRES)@sson and Yao, 2000), instead of the
traditional local optimization parameter estimatroathod, and the one-site model resulted in
satisfactory fits and unique solutions (Fan et20(Q8).

To date models have not been applied to predidbéhavior of estrogen conjugates in the
environment. Modeling approaches can help idetitiéyfate and transport, and furthermore,
understand key processes that control deconjugatioanjugates to release potent free
estrogens. However, it is challenging to simulagefate of E2-17S in agricultural soils because
of the simultaneous and complex governing processa®in, the objective of this study was to
apply an integrated modeling approach (Fan e2@08) to fit the experimental data for E2-17S

obtained from soil batch studies. The present mioglstudy attempted to discern and quantify
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the coupled sorption and transformation mechan@i-17S and its multiple metabolites in
various soil-water systems.
Experiment and Model Development

Soil batch experiments

Soil samples were collected from southeastern Noatkota at two depths, topsoil (0-15
cm) and subsoil (46-61 cm). The soil samples wema fa Hecla-Hamar Series (sandy, mixed,
frigid Oxyaquic Hapludolls). Most of the soil praties were similar except for the soil organic
carbon (OC) content (Table 3). To conduct the batgieriments, synthesized radiolabeled
[Y*C]E2-17S (Shrestha et al., 2011) was injectedrioto-sterile and sterile soil-water slurries to
reach an initial concentration of 0.5 mg.The slurries contained 1.6 g soil and 8 mL ofd.1
CaCl solution. For sample sterilization, the soil-watknries were irradiated for 14 h using a
7.6 kGy gamma source (M38-4 Gammator, Radiationhitecy Corp., Parsippany, NJ) before
added with ’C]JE2-17S. At sampling time 4, 8, 24, 48, 72, 168] 836 h of the batch study,
metabolites were analyzed by a combined high padace liquid chromatography (HPLC;
Beckman Coulter Inc., Fullerton, CA) and liquidrgdlation counting (LSC; 1900 CA, Packard,
Downers Grove, IL) method for the aqueous and s#lrsorbed phases. The detected
metabolites were then characterized by liquid clatmgraphy with tandem mass spectroscopy
(LC-MS/MS; Waters, Beverly, MA). For the irreversilsorbed phase, non-extractable
radioactive residue was measured by soil combusisarg a Packard Model 307 Oxidizer
(Downers Grove, IL). All sampling procedure andioagetric analytical methods have been

thoroughly described in previous studies (Shrestla., 2012a; Bai et al., 2013a).
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Experimental results

The experimental data showed that the parent contpB@-17S dissipated more quickly
from the aqueous phase of the topsoil (Fig. 11aldmj compared to the subsoil (Fig. 11c and
11d) regardless of soil sterility, which demonstdathe significant role that soil OC played. The
primary transformation pathway for E2-17S was fotmbte hydroxylation, forming mono-
hydroxy-E2-17S (OH-E2-17S) and di-hydroxy-E2-178d-E2-17S) as major metabolites.
The aqueous concentrations of the hydroxylated Imoétas were higher in the topsoil (Fig. 11a
and 11b) compared to the subsoil (Fig. 11c and @fidgr both non-sterile and sterile
conditions. For the solid phase (Fig. 11e—-11h)esthe reversibly sorbed radioactivity remained
at relatively low levels (<15% of applied dose) &trsoils, individual species were not shown in
the figures. Free estrogens, E2 and estrone (BB @leserved from the reversibly sorbed phase
in addition to the hydroxylated metabolites. Threversibly sorbed radioactivity was found
greater for topsoil (Fig. 11e and 11f) than subgéd. 11g and 11h), and irreversible sorption
appeared to be the predominant sorption processr @ticconditions. The overall radioactivity
recoveries were more than 90% for all soils, whigne acceptable for the following model

simulation.
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Figure 11. Measured and simulated concentrationg 18]178-estradiol-17-sulfate, the
hydroxylated metabolites, and the total radioactesadue in the aqueous, reversibly sorbed, and
irreversibly sorbed phases of the non-sterile aeadls topsoil and subsoil through time. Dots
represent the measured data, and solid lines esgréee simulated data.
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Model development

In order to describe the distribution of all obsghcompounds in the aqueous, reversibly
sorbed, and irreversibly sorbed phases simultatygauinear kinetic sorption model combined
with first-order transformation was applied. Linsarption isotherms have been applied to
efficiently describe hormone sorption in soils (Rasl., 2004; Fan et al., 2007a); and first-order
kinetic transformation was sufficient for modelingrmone transport (Das et al., 2004; Fan et
al., 2008). Given the complexity of the presentastations, the one-site kinetic model was
chosen to reduce the total numbers of parameters.

The schematic conceptual model is shown in Figwtiare several assumptions were
applied to conceive the model. First, the hydrgogitions could not be characterized for OH-
E2-17S and diOH-E2-17S, and the hydroxylation meigmas were not known. One possible
mechanism for E2-17S hydroxylation is enzymati@alyais. Mono- and di-oxygenases (e.g.
cytochromes P450) can add one and two hydroxylpg o steroids, respectively (Ullrich and
Hofrichter, 2007). Also, oxidation catalyzed by aleixides (e.g. Mng) is likely to be another
hydroxylation mechanism (Bai et al., 2013b). Howetee interactions between enzyme and
metal oxides mediated hydroxylation are not undexkt The conceptual model assumed that the
formation of OH-E2-17S and diOH-E2-17S occurredudtemeously following parallel
reactions. To further verify the hypothesis, twoceptual models were developed using either a
parallel or stepwise hydroxylation pattern, andriedel fit was more satisfactory with the

parallel reaction rather than the stepwise patt@eaning a more reasonable assumption.
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Figure 12 Schematic conceptual model for sorption and foanmsation processes [**C]17p-
estradiol-17-sulfatand its multiple metabolites in the aqueous, relgrsorbed, ant
irreversibly sorbed phases of the soil. Paramétetadelinear sorption coefficierkq (L g™);
first-order transformation rate coefficients in the aguseand reversib sorbed phasw,, andws
(h™); mass transfer rate constant between the aqueousaemdibly sorbed phass (h?); and
mass transfer rate constant between the revemsitdlyrreversibly sorbed phag¢(h™).

Second, free estrogens, E2 and E1, were not ddtiectke aqueous phase during the el
batch experiments, and they were only observekdamaversibly sorbed phase for all sc
These observations suggested that deconjugatiamliygds of E--17S ocurred on the so
surface. After EZL7S hydrolysis, the released E2 can be subsequeitliized to yield E1
which is demonstrated to be a surface pro(Sheng et al., 20095everal studies have al
provided evidence for sorbed phase transformaif E2 (Layton et al., 2000; Casey et ¢
2003) Therefore, it was appropriate to assume thatdtysis of E--17S and oxidation of E

both occurred on the solid phase in the preserdegnal mode
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Third, metabolites could not be characterized enitheversibly sorbed phase, but only total
radioactive residue was measured. According todfah (2008), most of the hydrophobic
compounds would be associated with irreversiblptsmr sites, but polar metabolites would
bind to reversible sites only. In the current cqrtaal model the less hydrophobic compounds,
E2-17S, OH-E2-17S, and diOH-E2-17S, were assumbd fwesent in the reversibly sorbed
phase only. The more hydrophobic metabolites, ERE were considered to be bound both
reversibly and irreversibly to the soil surface dittnally, in previous studies with similar soil-
water systems, mineralization of E2 (Fan et al072) and E2 glucuronide conjugate (Shrestha
et al., 2012b) did not occur, and thus gas phadalaition was not considered in the present
model.

Based on the three major assumptions above, tloevio one-site kinetic sorption and first-
order transformation model was developed to desc¢hb fate of E2-17S and its metabolites as a

series of differential equations (Eq. [6—8]):
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(dCpas

dt = —Wy,1Cp2s — Wy 2Cp2s — 7“1 (Kd,1CEzs - SEZS)
dCongzs
T = Wy,1C1p25 — Ww,3ConE2s — 7“2 (Kd,ZCOHEZS — SonEzs)
dCaionrzs
—= = Wy 2Cras — — @2 (Kg 2Caionrzs — Saionezs)
dt %
dCy
—— = Wy 3CoHE2s — 5 A3 (Kq3Cx — Sx)
_ dt W |4
[6]
ﬂ
dSgas
dt = al(Kd,lcEZS - SEZS) — W 1Sk2s
dSonEz2s2
—dr = (Kd,z Conpzs — SOHEZS)
dSaionEezs
ld—t =Qa; (Kd,ZCdiOHEZS - SdiOHEZS)
dt = Ws1SE2s — Ws2562 — B1Sk2
dSg1
7 = Ws2Sp2 — Ws3Sp1 — B2SE1
dSy
XE = ws3Sp1 + a3(Ky3Cx — Sx) — P3Sx
[7]
dt = P15k
dt = B2SE1
dSy
\E = B3Sx

[8]
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In the differential equations; represents the aqueous concentraemdsS are the
concentration on the reversibly and irreversiblgpsd phase, respectivel (L g*) is the
linear sorption coefficient between the aqueousramdrsibly sorbed phase;, andws (h?) are
the first-order transformation rate coefficientlre aqueous and reversibly sorbed phase,
respectivelyp (h?) is the mass transfer rate constant between theoag and reversibly sorbed
phasep (h?) is the mass transfer rate constant between tleesiely and irreversibly sorbed
phaseX represents unknown scatters detected during th&CHFSC analysis, and M/V is the
mass to volume ratio (soil:CaGolution = 200 g L!) in the batch vials. The batch studies were
conducted under four soil conditions (non-stewlesbil, sterile topsoil, non-sterile subsoil, and
sterile subsoil), and 13 compounds were assumbd foesent in the three phases of each saill,
which resulted in 52 equations to be solved angé@@meters to be estimated. In this case, the

mass balance of the model was expressed as folleqvg9]):

Ctotat = Cras + Conpzs + Caiongzs + Cx
B Stotar = Sk2s + Songzs + Saiongzs+Sg2 + Sg1+Sx + Sga + Sgq + Sy

dStotal -V dCtotal
dt dt

==

[9]

Model solution

The differential equations (Eq. [6]—[8]) were insely solved using a finite difference
method, CVODE (Cohen and Hindmarsh, 1994) thatwrégten in C using liIbSRES (Ji and Xu,
2006), anda spatial increment of 1 cm and time step of 6d0vgere applied for computatiom

the present study, local optimization was not flgtaue to the nonlinearity of the mathematical
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model and the large numbers of parameters (FaiCasdy, 2008). The parameters were thus
optimized with a global optimization method, SR&&jch has been successfully used for
parameter estimation in previous studies (Fan.ge@07a; Fan and Casey, 2008; Fan et al.,

2008). Using the global optimization method, thikofwing objective function (Eq. [10]) was

minimized:
= Zli i[(o P)ijel”
i=1j=1k=1

[10]

In the objective functiorQ is the observed datR,is the simulated datajs the number of
soil setsmis the number of datasets for each experimentnastdhe number of total
compounds. Hereih,= 4 indicating four soilsn = 7 indicating seven sampling time points (i.e.
4, 8, 24,48, 72, 168, and 336 h), and 13 representing all compounds in the three ghake
each soil, which was equal to the number of difiee equations for each soil. Additionally, the
ratio of reversibly sorbed radioactivity to irresdaly sorbed radioactivity was added to the
objective function, and all data were treated dguwaith weight of unity.

Constraints on model process and parameters

The model simulated all governing processes in tfueaus, reversibly sorbed, and
irreversibly sorbed phases of all soils simultarsguvhich reduces confidence intervals of
optimized parameters and provides more reliablerdenation of governing processdgzasey
and Simunek, 2001 p5imultaneous fit for all soil conditioradso allows additional constraints
that improve uniqueness of parameter estimatese{Casd Simunek, 2001). The objective
function (Eq. [10]) was thus subjected to the failog constraints (Eq. [11-13]) to ensure that

the appropriate processes were modeled and thgeisets of parameters were optimized.
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Ka topsoit > Ka subsoit [11]

Kd,EZS > Kd,OHEZS = Kd,diOHEZS [12]

Wy s, topsoil > Dw,s,subsoil [13]

The observed faster aqueous dissipation of E2Hi & topsoil compared to the subsoil
was attributed to the greater sorption and transftion rates (Bai et al., 2013a; Bai et al.,
2013b). Soil OC is the primary sorption domaindstrogenic compounds (Sarmah et al., 2008).
As a result of the soil OC effects on estrogentsamptheKy values for E2-17S and its
metabolites were constrained to be greater indpsdil of higher OC (Eq. [11]). Furthermore,
sorption of steroid hormones in solil is governediggrophobic interaction (Das et al., 2004; Yu
et al., 2004). Th&, value is considered inversely correlated to tHaniy of the compound (Eq.
[12]). The polarities of the hydroxylated E2-17Srevgreater than E2-17S as indicated by the
reverse-phase HPLC elution time, which was, in oadgolarity from highest to lowest, the
following: diOH-E2-17S, OH-E2-17S, and E2-17S. Aduhally, the two hydroxylated
metabolites have similar molecular structure, adeover, the HPLC elution times were close
(approximate 4 and 6 min for diOH-E2-17S and OHIES, respectively). Th€y values for the
two hydroxylated metabolites were thus assumect tidéntical (Eq. [12]), which further
reduced the total numbers of parameters and inetlegag parameter confidence.

Restrictions were also given to the transformataia constantsy,, andws, in the aqueous
and reversibly sorbed phase, respectively. Thaegpf2-17S in the soil-water systems
underwent different pathways, i.e. hydroxylatiopdiolysis, and oxidation. Compared to
subsoil, topsoil has higher OC and higher microaral enzymatic activities (Watts et al., 2010),

which would cause greater transformation rate&f47S. Also, the measured manganese level
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was higher for topsoil than subsoil (Table 3), ihieould cause more rapid metal oxides
promoted reactions. Moreover, the measured metalmncentrations were consistently higher
for the topsoil than the subsoil; therefore, bofhandws values were set greater for the topsoil
(EqQ. [13]). In addition to these major constraittg Ky, s, a andp values were set to be equal
for non-sterile and sterile soils because gamnaaiation would not alter the total soil OC
content or soil minerals.

Parameter optimization and goodness-of-fit

In order to optimize the computational time, thegyam was initially run with a lower
bound of 1.00 x 1®and an upper bound of 1.00 until the parameteregstabilized, and then
the parameters were refined by new upper and lbaends as 3 and 0.3 times the old values till
no more changes in the parameter estimates (Sarehl). The final simulation was run 30
times to compute the 95% confidence intervals, tviaras two times of the standard deviation of
the 30 optimized values. For model evaluation, statistical indices were used to determine the
goodness-of-fit, the adjusted coefficient of deti@ation Rzadj) and the modified index of

agreementl (Willmott et al., 1985), which was calculated abdwas (Eq. [14]):

B %il0; — Py
Xi(lP; = 0| +[0; —0])

[14]
whereQ,; is the observed valu®; is the predicted value; ardtlis the mean of all observed
values. Thal value ranges from 0 to 1, and 1 indicates a pefited.egates and McCabe, 1999;

Helmke et al., 2004; Shrestha, 2011).
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Modeling Results

Model fit

In general, the model provided a good fit for theasured data under all soil conditions. The
goodness-of-fit was shown by tﬁ%adj value (0.93) and theévalue (0.87), which were
calculated from all data modeled for the multigbeaes in different phases of all soils. The
satisfactory fit demonstrated that the assumptioade in the conceptual model were suitable to
describe the governing processes of all compourtts model successfully captured the overall
trends of E2-17S in the aqueous phase for all geitg 11a—11d); but it slightly underestimated
the aqueous levels of E2-17S at the end time [§888& h) for the two subsoil (Fig. 11c and 11d).
It suggested that sorption kinetics was more sicgnit than metabolism because the aqueous
concentrations of E2-17S converged rather tharmhapgecreasing as the model results showed.
Additionally, the model simulated the concentrasiarf the hydroxylated E2-17S fairly well
(Fig. 11a-11d), except for the non-sterile andilstéopsoil (Fig. 11a and 11b), where the
concentrations of diOH-E2-17S were overestimated,the concentrations of OH-E2-17S were
slightly underestimated at the late stages (afi@rH). These deviations may be caused by the
assumption that the unidentified scatters (X) weogluced from OH-E2-17S rather than from
diOH-E2-17S (Fig. 12), and as a result, the prediconcentrations of OH-E2-17S were lower
than the observed data.

For the sorbed phase (Fig. 11e-11h), the modetatescribe the total radioactive residue
distribution under all soil conditions. Deviatiowsre found for the irreversibly sorbed phase,
where the model appeared to overestimate the sl sorbed radioactivity at the late stages

for all soils (72 to 336 h). During the batch expemts, there may be radioactive residue that
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were associated with colloidal organic matter fac(Zitnick et al., 2011) in the soil-water
slurries, which was not taken in to account byrtigglel as a sink of the applied radioactivity.
Moreover, the one-site fully kinetic sorption didtrtonsider instantaneous sorption, which
likely resulted in inaccurate description of thelsa radioactive residue at the initial stage (4-8
h; Fig. 11f-11h) of the batch experiments.

Parameter estimates

All estimated parameters are listed in Table 8 whiir 95% confidence intervals. The
parameter estimates had narrow 95% confidencevaiteforKy, mwi, ®we, andws, indicating
high confidence. The estimat&g values for E2-17S and its hydroxylated metabolitese
similar, which was reasonable because the polaffitiethe parent and metabolite compounds
were similar as indicated by the HPLC elution tim&scording to the estimated hydroxylation
rate constantsu,; andwyy), the corresponding transformation half-lives @ &S were 7.53,
99.0, 231, and 693 h for the non-sterile topstélrile topsoil, non-sterile subsoil, and sterile
subsoil, respectively. Fan et al. (2008) estim#itedhalf-life of free E2 to be less than 5 h in the
non-sterile topsoil using the one-site kinetic modlbe greater estimated half-life of E2-17S
compared to E2 demonstrated that E2-17S was mosesiaat in the soil-water systems than its

free counterpart.
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Table 8. Parameter estimates f8€]17B-estradiol-17-sulfate and its metabolites in vasisail-water systems. The values inside
parentheses represent the 95% confidence inteirtia¢ @stimated parameter.

Ka(L g%

Ow,1 (hl)

ow2 (h™Y)
s (h_l)
a (hh)
B (h)

Ka(L g%

ow1 ()

Ow,2 (hl)
oe (Y
o (hh
B (h™)

Ka(L g%

6
e
s =
=
i
N

E2-17S

2.8 (2.7, 2.9) (x10)
7.1 (6.8, 7.4) (x10)
2.1 (2.0, 2.3) (x10)
2.8 (2.6, 3.0) (x10)

0.92 (0.27, 1.57)

2.8 (2.7, 2.9) (x10)
1.1 (0.1, 2.2) (x10)
6.5 (6.1, 6.8) (x10)
2.8 (2.6, 3.0) (x10)

0.92 (0.27, 1.57)

1.4 (1.3, 1.4) (x10)
1.9 (1.7, 2.2) (x10)

OH-E2-17S diOH-E2-17S E2

Non-sterile Topsoil
2.8(2.7,2.9) (x18) 2.8 (2.7, 2.9) (x10)

4.4 (2.0, 6.7)
0.87 (-0.04, 1.78) 0.87 (-0148)
0.16 (-0.01, 0.33)
Sterile Topsoil

2.8(2.7,2.9) (x1I8) 2.8(2.7, 2.9) (x10)

4.4 (2.0, 6.7)
0.87 (-0.04, 1.78) 0.87 (-01048)
0.16 (-0.01, 0.33)
Non-sterile Subsoil

1.3 (1.3, 1.4) (x10) 1.3 (1.3, 1.4) (x10)

El

0.62 (-0.03, 1.27)

0.62 (-0.03, 1.27)

ow,2 (M) 1.4 (1.3, 1.5) (x10)
ws (M) 1.7 (1.6, 1.7) (x10) 1.8 (0.7, 2.9)
a (hh 1.2 (0.5, 1.9) 0.71 (0.13, 1.3) 0.71 (0.13, 1.3)
B (hh 0.89 (0.42, 1.4) 1.7 (0.7, 2.8)
Sterile Subsaoil
Ka(L gh) 1.4 (1.3,1.4) (x18) 1.3(1.3,1.4) (x10) 1.3 (1.3, 1.4) (x10)
ow1 (W) 4.3 (3.6, 5.1) (x10)
ow2 (h™) 6.5 (5.8, 7.3) (x10)
ws (Y 1.7 (1.6, 1.7) (x10) 1.8 (0.7, 2.9)
a (hh) 1.2 (0.5, 1.9) 0.71 (0.13, 1.3) 0.71 (0.13, 1.3)
B (hh) 0.89 (0.42, 1.4) 1.7 (0.7, 2.8)

Kq is the linear sorption coefficient,, andws are the first-order transformation rate coeffitsein the aqueous and reversibly sorbed phase
respectivelyo andf are the mass transfer rate constants betweemtie®as and reversibly sorbed phase, and the rblyeasid irreversibly
sorbed phase, respectively.



The estimated deconjugation/hydrolysis rate constar) for E2-17S on the solid phase
were much smaller than the oxidation rate const@aniE® to yield E1. Previous studies have
reported that hydrolysis is not a primary transfation pathway for the sulfate conjugates, E2-
17S (Bai et al., 2013a) and E2-3S (Scherr et @09% which can explain the low hydrolysis
rates estimated by the present model. Howeverativid of E2 is reported to be a very rapid
process on the soil surface (Colucci et al., 2084, E1 is known as a more common and
persistent estrogen than E2 in the environment gelaman et al., 2003), which is consistent with
the current modeling results with the great tramsfdion rates for E2.

The confidence in the mass transfer rate constamatsdp, were lower compared to other
parameters in Table 2. Thevalues of E2-17S were greater than the two hydabegt
metabolites, indicating a faster mass exchangedmatithe aqueous and reversibly sorbed phase
for the parent compound E2-17S. This is likely hseathat E2-17S was at higher levels in the
agueous phase than the hydroxylated metabolitpeciedly at the early stages of the batch
studies, which facilitated the mass transfer tosttrded phase. Also, tlevalues for E2-17S
were greater than those estimated for free E2 (¢).4y Fan et al. (2008), which may be due to
the higher mobility of E2-17S in the soil-water tgyas that enhanced the mass exchange

between the aqueous and solid phase.
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Conclusions

This study developed a comprehensive model to sitaihe coupled sorption and
transformation of E2-17S in the aqueous, reversbhped, and irreversibly sorbed phases of
various soil-water systems. The model could sudakgsdentify and quantify the multiple
governing processes based on the experimental@aten that all of the parameters were
estimated simultaneously, the parameters werecapdable confidence and uniqueness.
Moreover, compared to the previous study to esgridtparameters (Fan et al., 2008), the one-
site kinetic model was demonstrated to be ablémalate more complex scenarios with larger
numbers (36) of parameters. Although the assumgpticaty provide challenges in applying the
model to conditions such as column studies and Seéle studies, the model has given
significant insights in understanding the complexcgsses governing the environmental fate of
manure-borne estrogen conjugates.
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GENERAL CONCLUSIONS

This study hypothesized that the sulfate conjugaesttbgen, 1fF-estradiol-17sulfate (E2-
17S) could be a precursor to free estrogens ietkeonment. The objectives of this study were
to investigate the sorption and transformation 2f1ZS in various soil-water systems, under the
context of understanding the fate and transpomariure-borne estrogens. The soil batch
experimental results showed that soil organic aadmntent significantly influenced the aqueous
dissipation of E2-17S under both non-sterile apdlstsoil conditions. Sorption of E2-17S to
the soils was found limited with a reduced sorptdfinity compared to 1F-estradiol (E2),
which explains the frequent detection and highllewéE2-17S in surface runoff nearby
agricultural fields with manure application. The@gent sorption parameters can be useful
information to serve in fate and transport modeéing risk assessment studies related to
estrogens and estrogen conjugates. For metabolistmvays, hydroxylation was found to be the
primary transformation process for E2-17S in allss®econjugation/hydrolysis of E2-17S did
occur, but it was a minor transformation pathwaspared to hydroxylation, with low
concentrations of free estrogens (i.e. E2 and es}roeing released on the reversibly sorbed
phase. At last, the integrated one-site kinetic @hatbng with reasonable assumptions provided
reliable parameter estimates and gave significeiglts in understanding the complex
governing processes of E2-17S the soil-water system

In conclusion, althougk2-17S cannot be excluded as a precursor of fteegess in the
environment,hie present study implied that manure-borne E2-1&§ mot be a major
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contributor to the frequently detected free estnsge the surface and subsurface soil profile
after liquid manure application.
Further Studies

The present study utilized soil batch experimenistestigate the coupled sorption and
transformation of E2-17S in soil-water slurrieseTiesults indicated that deconjugation of E2-
17S occurred on the solid phase; however, under diesoil column conditions with greater soil
to water ratios, the deconjugation may be facédat-urther studies may need to elucidate the
sorption, degradation, and mobility of E2-17S il solumns to mimic the real-world
conditions.

Additionally, the present study stated that botitibiand abiotic metabolism of E2-17S
could occur in the soil-water systems. To furtliamitify the governing processes, studies are
needed to characterize the specific roles thaesaymes (e.g. sulfatase and cytochrome p450),
metal oxides (Mng), and clay minerals (smectite) play in the meteiolespecially

deconjugation of E2-17S.
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APPENDIX A. THE EXPERIMENTAL DATA FOR SYNTHESIS OF RADIOLABLED

MATERIALS

Table Al. Chemical shift assignments of NMR specfra/B-estradiol-3-glucuronide and g7

estradiol-17-sulfate.

Carbon/Proton E2° E2-3-B E2-3B-17S E2-17S Remark
Carbon E2-3B = E2-3-Benzoate
1 127.22 127.472 127.52 127.26 E2-3B-17S = E2-3-Benzoate-17-
2 113.72 119.791 119.839 113.762 Sulfate
3 155.84 150.127 150.105 155.892 E2-17S = E2-17-Sulfate
4 116.05 122.626 122.638 116.053
5 138.80 139.490 139.424 138.762 #Carbon assignments based on thg
6 30.72 134.857 134.947 132.535 values provided by Dionne et al.
7 28.83 28.268 28.177 28.477 (1997) for 17&-estradiol
8 40.50 40.144 40.292 40.335 ®The signal for C6 is masked unde
9 45.34 45,553 45.408 45.297 solvent peaks (Acetone —d6) in
10 132.32 30.694 30.533 30.71 values provided by Dionne et al.
11 27.53 27.480 27.471 27.48 (1997). The assignment for C6 is
12 38.00 37.992 37.981 38.00 based on the NMR spectrum
13 44.35 44.343 44.225 44.236 obtained under MeOH solvent.
14 51.26 51.327 50.779 50.778 s= singlet; d = dplt; t= triplet
15 24.03 24.043 24.106 24.1
16 30.68 30.560 29.223 29.219
17 82.49 82.455 88.216 88.186
18 11.71 11.677 12.238 12.192
Protoné
H, 6.527(d,a) 6.9375(d) 6.9035 (d) 6.527 (d)
H. 7.058(d,b) 7.4405(d) 7.3015 (d) 7.0605 (d)
Ha 6.467(s,c) 6.8920(d) 6.855 (s) 6.4665 (s)
Hiz 3.669 (t) 4.311 (t) 4.295 (t)
Benzoate moiety carbons
B-1 165.936 166.953
B-2 130.995 130.853
B-3 130.995 130.853
B-4 129.827 129.892
B-5B-6 129.827 129.892
139.385 139.265
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Figure A1l. NMR Spectra for Bfestradiol-17-sulfate synthesis (Proton).
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APPENDIX B. THE EXPERIMENTAL DATA FOR BATCH EXPERIM ENTS

Table B1. The experimental data from liquid sclatibn counting analysis for the radioactive
residue in the aqueous phase of non-sterile tapsoil

Time (h) 0 4 8 24 48 72 168 336
Concentratioh mg L*
Control A 0.55 0.60 0.60 0.62 0.59 0.60 0.59 0.61
Control B 0.55 0.60 0.60 0.62 0.59 0.59 0.63 0.60
Control C 0.55 0.60 0.58 0.58 0.59 0.60 0.59 0.60
Low A 0.55 0.32 0.29 0.20 0.11 0.09 0.08 0.07
Low B 0.55 0.33 0.28 0.18 0.08 0.07 0.06 0.06
Low C 0.55 0.33 0.27 0.18 0.08 0.07 0.06 0.06
Medium 2 A 2.89 2.18 2.00 1.52 0.89 0.60 0.44 0.45
Medium 2 B 2.89 2.58 2.40 1.83 1.08 0.70 0.61 0.54
Medium 2 C 2.89 2.73 2.50 1.92 1.15 0.65 0.48 0.48
Medium 1 A 8.92 7.00 6.49 5.14 3.17 2.02 1.58 1.38
Medium 1 B 8.92 7.13 6.68 5.33 3.29 2.16 1.72 1.49
Medium 1 C 8.92 7.31 6.73 5.53 3.37 2.20 1.58 1.54
High A 30.34 24.55 23.19 19.01 11.53 7.73 7.02 6.77
High B 30.34 25.33 24.26 20.20 12.11 8.18 7.37 7.14
High C 30.34 25.67 24.37 20.55 12.27 8.44 6.94 6.89

" Control = 0.6 mg L, Low = 0.6 mg [}, Medium 2 = 2.9 mg t, Medium 1 = 8.9 mg t, High

=30mg *
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Table B2. The experimental data from liquid sclatibn counting analysis for the radioactive
residue in the aqueous phase of non-sterile subsoil

Time (h) 0 4 8 24 48 72 168 336
Concentratioh mg L*
Control A 0.55 0.57 0.54 0.59 0.57 0.57 0.55 0.55
Control B 0.55 0.56 0.56 0.56 0.59 0.56 0.58 0.56
Control C 0.55 0.58 0.57 0.57 0.56 0.58 0.55 0.57
Low A 0.55 0.53 0.51 0.43 0.39 0.38 0.27 0.17
Low B 0.55 0.52 0.51 0.45 0.39 0.37 0.27 0.15
Low C 0.55 0.52 0.49 0.44 0.40 0.35 0.25 0.19
Medium 2 A 2.89 2.87 2.87 2.55 2.19 2.00 1.48 0.96
Medium 2 B 2.89 2.90 2.88 2.56 2.26 2.01 1.47 1.00
Medium 2 C 2.89 2.85 2.84 2.51 2.26 2.02 1.53 1.04
Medium 1 A 8.92 9.21 9.15 8.02 7.06 6.48 5.14 4.05
Medium 1 B 8.92 9.13 9.06 7.76 7.04 6.12 4.83 4.18
Medium 1 C 8.92 8.96 8.63 7.79 6.98 6.28 5.05 4.03
High A 30.34 28.75 28.19 25.84 24.21 22.66 20.89 .020
High B 30.34 29.26 28.38 25.67 24.44 22.95 21.38 .939
High C 30.34 29.46 29.39 26.28 24.37 23.02 21.47 .699

T Control 210.6 mg L, Low = 0.6 mg [}, Medium 2 = 2.9 mg £, Medium 1 = 8.9 mg £, High
=30mg L
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Table B3. The experimental data from high perforoggdiquid chromatography and liquid

scintillation counting analysis for Bfestradiol-17-sulfate in the aqueous phase of teriles
topsoil.

Time (h) 0 4 8 24 48 72 168 336
Concentratioh mg L*
Control A 0.55 0.57 ND 0.52 0.55 0.58 0.55 0.58
Control B 0.55 0.58 0.55 0.55 0.56 0.59 0.60 0.57
Control C 0.55 0.58 0.66 0.55 0.57 0.58 0.54 0.57
Low A 0.55 0.28 0.36 0.12 ND ND ND ND
Low B 0.55 0.26 0.22 0.11 ND ND ND ND
Low C 0.55 0.27 0.26 0.14 ND ND ND ND
Medium 2 A 2.89 1.90 1.71 1.20 0.58 0.27 0.19 0.19
Medium 2 B 2.89 2.23 2.14 1.60 0.75 0.33 0.27 0.25
Medium 2 C 2.89 2.36 2.24 1.65 0.77 0.20 0.14 ND
Medium 1 A 8.92 6.69 6.53 4.42 2.23 1.16 1.05 0.95
Medium 1 B 8.92 6.89 6.12 4.71 2.35 1.25 1.22 0.96
Medium 1 C 8.92 6.97 6.42 4.94 2.50 1.24 1.06 0.99
High A 30.34 23.63 22.20 17.27 8.37 3.75 1.37 1.32
High B 30.34 24.76 23.31 18.54 8.90 3.61 1.36 1.43
High C 30.34 25.08 23.46 18.64 9.12 3.50 1.11 1.50

TControIl: 0.6 mg L}, Low = 0.6 mg [}, Medium 2 = 2.9 mg &, Medium 1 = 8.9 mg &, High =
30mg L

* ND = not detected
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Table B4. The experimental data from high perforoggdiquid chromatography and liquid

scintillation counting analysis for monohydroxygté&stradiol-17-sulfate in the agueous phase of
non-sterile topsoil.

Time (h) 0 4 8 24 48 72 168 336
Concentratioh mg L*
Control A 0.00 0.00 ND 0.00 0.00 0.00 0.01 0.01
Control B 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Control C 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Low A 0.00 0.01 0.01 0.02 ND ND ND ND
Low B 0.00 0.00 0.01 0.01 ND ND ND ND
Low C 0.00 0.01 0.02 0.01 ND ND ND ND
Medium 2 A 0.00 0.05 0.05 0.11 0.07 0.06 0.04 0.05
Medium 2 B 0.00 0.00 0.01 0.07 0.07 0.08 0.07 0.05
Medium 2 C 0.00 0.19 0.03 0.07 0.09 0.11 0.06 ND
Medium 1 A 0.00 0.07 0.14 0.20 0.29 0.25 0.12 0.12
Medium 1 B 0.00 0.04 0.09 0.17 0.18 0.21 0.13 0.12
Medium 1 C 0.00 0.04 0.07 0.16 0.16 0.21 0.15 0.15
High A 0.00 0.15 0.25 0.54 1.06 1.13 1.59 1.87
High B 0.00 0.14 0.20 0.48 0.94 1.34 1.73 1.97
High C 0.00 0.10 0.25 0.66 0.89 1.31 1.77 2.01

TControIl: 0.6 mg L}, Low = 0.6 mg [}, Medium 2 = 2.9 mg £, Medium 1 = 8.9 mg £, High =
30mg L

* ND = not detected
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Table B5. The experimental data from high perforoggdiquid chromatography and liquid

scintillation counting analysis for dihydroxy{fi-éstradiol-17-sulfate in the aqueous phase of

non-sterile topsoil.

Time (h)

0

24 48 72 168 336
Concentratioh mg L*
Control A 0.00 0.00 ND 0.00 0.00 0.01 0.00 0.00
Control B 0.00 0.00 0.03 0.00 0.01 0.00 0.00 0.01
Control C 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00
Low A 0.00 0.01 0.02 0.04 ND ND ND ND
Low B 0.00 0.02 0.03 0.02 ND ND ND ND
Low C 0.00 0.03 0.03 0.02 ND ND ND ND
Medium 2 A 0.00 0.10 0.12 0.17 0.20 0.20 0.09 0.10
Medium 2 B 0.00 0.05 0.06 0.15 0.25 0.23 0.15 0.09
Medium 2 C 0.00 0.07 0.11 0.16 0.28 0.28 0.17 ND
Medium 1 A 0.00 0.15 0.19 0.43 0.58 0.54 0.31 0.24
Medium 1 B 0.00 0.19 0.22 0.37 0.59 0.62 0.29 0.26
Medium 1 C 0.00 0.17 0.22 0.33 0.55 0.67 0.32 0.30
High A 0.00 0.54 0.63 1.03 2.00 2.67 3.65 3.12
High B 0.00 0.33 0.58 1.00 2.14 2.99 3.58 3.18
High C 0.00 0.39 0.50 1.04 2.03 3.38 3.71 3.00

TControl = 0.6 mg L}, Low = 0.6 mg [}, Medium 2 = 2.9 mg £, Medium 1 = 8.9 mg £, High =

30 mg L

* ND = not detected
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Table B6. The experimental data from high perforoggdiquid chromatography and liquid
scintillation counting analysis for B#estradiol-17-sulfate in the aqueous phase of teriles

subsoil.
Time (h) 0 4 8 24 48 72 168 336
Concentratioh mg L*
Control A 0.55 0.57 0.00 0.52 0.55 0.58 0.55 0.58
Control B 0.55 0.58 0.55 0.55 0.56 0.59 0.60 0.57
Control C 0.55 0.58 0.66 0.55 0.57 0.58 0.54 0.57
Low A 0.55 0.47 0.00 0.39 0.30 0.27 0.13 0.04
Low B 0.55 0.45 0.45 0.39 0.37 0.27 0.16 0.00
Low C 0.55 0.46 0.42 0.36 0.32 0.28 0.16 0.08
Medium 2 A 2.89 2.77 2.74 2.40 1.96 1.57 1.04 0.26
Medium 2 B 2.89 2.80 2.75 241 1.99 1.64 1.08 0.27
Medium 2 C 2.89 2.75 2.70 2.38 2.00 1.67 1.06 0.30
Medium 1 A 8.92 8.81 8.80 7.54 6.23 5.35 3.45 1.55
Medium 1 B 8.92 8.72 8.73 7.26 6.35 5.12 3.12 1.30
Medium 1 C 8.92 8.65 8.36 7.39 6.28 5.20 3.52 1.48
High A 30.34 28.08 27.53 23.88 22.58 20.40 15.76 .631
High B 30.34 28.57 27.60 24.32 22.56 19.86 15.68 .231
High C 30.34 28.77 28.64 24.95 21.86 20.50 15.54 3111

TControl = 0.6 mg L}, Low = 0.6 mg [}, Medium 2 = 2.9 mg £, Medium 1 = 8.9 mg £, High =

30 mg L
*ND = not detected
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Table B7. The experimental data from high perforoggdiquid chromatography and liquid

scintillation counting analysis for monohydroxygté&stradiol-17-sulfate in the agueous phase of
non-sterile subsoil.

Time (h) 0 4 8 24 48 72 168 336
Concentratioh mg L*
Control A 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01
Control B 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Control C 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Low A 0.00 0.01 0.00 0.00 0.02 0.01 0.04 0.03
Low B 0.00 0.00 0.01 0.01 0.03 0.04 0.03 0.00
Low C 0.00 0.00 0.02 0.02 0.03 0.04 0.02 0.02
Medium 2 A 0.00 0.01 0.01 0.06 0.06 0.18 0.16 0.33
Medium 2 B 0.00 0.02 0.04 0.02 0.07 0.14 0.15 0.26
Medium 2 C 0.00 0.03 0.03 0.03 0.13 0.14 0.19 0.32
Medium 1 A 0.00 0.06 0.10 0.16 0.35 0.42 0.61 0.97
Medium 1 B 0.00 0.05 0.05 0.18 0.26 0.41 0.84 1.36
Medium 1 C 0.00 0.04 0.09 0.14 0.34 0.40 0.71 0.95
High A 0.00 0.20 0.18 1.19 0.66 1.25 2.43 4.04
High B 0.00 0.19 0.22 0.49 0.79 1.56 2.75 4.20
High C 0.00 0.25 0.24 0.53 1.27 1.07 3.47 3.90

TControIl: 0.6 mg L}, Low = 0.6 mg [}, Medium 2 = 2.9 mg £, Medium 1 = 8.9 mg £, High =
30mg L

* ND = not detected
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Table B8. The experimental data from high perforoggdiquid chromatography and liquid

scintillation counting analysis for dihydroxy{fi-éstradiol-17-sulfate in the aqueous phase of
non-sterile subsoil.

Time (h) 0 4 8 24 48 72 168 336
Concentratioh mg L*
Control A 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Control B 0.00 0.00 0.03 0.00 0.01 0.00 0.00 0.01
Control C 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00
Low A 0.00 0.00 0.00 0.01 0.02 0.04 0.05 0.06
Low B 0.00 0.00 0.00 0.00 0.03 0.03 0.04 0.00
Low C 0.00 0.01 0.00 0.02 0.02 0.03 0.03 0.03
Medium 2 A 0.00 0.02 0.01 0.04 0.09 0.20 0.21 0.31
Medium 2 B 0.00 0.03 0.02 0.07 0.11 0.15 0.19 0.37
Medium 2 C 0.00 0.02 0.01 0.06 0.10 0.14 0.23 0.33
Medium 1 A 0.00 0.10 0.09 0.17 0.40 0.54 0.94 1.18
Medium 1 B 0.00 0.11 0.10 0.19 0.33 0.48 0.71 1.17
Medium 1 C 0.00 0.08 0.10 0.17 0.24 0.47 0.65 1.23
High A 0.00 0.22 0.26 0.57 0.78 0.80 2.13 3.18
High B 0.00 0.21 0.23 0.64 0.85 1.31 2.34 3.14
High C 0.00 0.16 0.30 0.63 1.02 1.09 1.75 3.44

TControIl: 0.6 mg L}, Low = 0.6 mg [}, Medium 2 = 2.9 mg £, Medium 1 = 8.9 mg £, High =
30mg L

* ND = not detected
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Table B9. The experimental data from liquid sclatibn counting analysis for the radioactive

residue in the aqueous phase of sterile topsoil.

Time (h)

0

4

8

24

48 72 168 336

Concentratioh mg L*
Control A 0.56 0.51 0.49 0.52 0.50 0.54 0.51 0.50
Control B 0.56 0.52 0.53 0.50 0.51 0.54 0.50 0.51
Control C 0.56 0.50 0.52 0.52 0.53 0.54 0.50 0.51
Low A 0.56 0.19 0.15 0.07 0.07 0.07 0.07 0.06
Low B 0.47 0.29 0.25 0.31 0.17 0.16 0.12 0.11
Low C 0.47 0.30 0.27 0.22 0.17 0.17 0.12 0.11
Medium 2 A 3.14 1.33 0.80 0.50 0.44 0.47 0.36 0.38
Medium 2 B 3.14 141 0.82 0.52 0.46 0.46 0.34 0.38
Medium 2 C 3.14 1.35 0.93 0.53 0.47 0.45 0.34 0.37
Medium 1 A 6.56 4.12 2.88 151 1.39 1.30 1.02 0.92
Medium 1 B 6.56 4.46 3.22 1.77 1.69 1.67 1.64 1.59
Medium 1 C 6.56 3.55 2.55 1.42 1.29 1.22 0.91 0.88
High A 17.77 14.01 11.25 6.38 5.98 6.19 6.49 5.91
High B 17.77 14.08 11.13 5.99 5.72 5.79 5.92 5.32
High C 17.77 13.46 11.88 6.57 5.61 5.89 6.15 5.93

TControl = 0.5 mg L}, Low = 0.5 mg [}, Medium 2 = 3.2 mg £, Medium 1 = 7.4 mg £, High =

18 mg L*
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Table B10. The experimental data from liquid sdlatibn counting analysis for the radioactive

residue in the aqueous phase of sterile subsoil.

Time (h) 0 4 8 24 48 72 168 336
Concentratioh mg L*
Control A 0.56 0.51 0.49 0.52 0.50 0.54 0.51 0.50
Control B 0.56 0.52 0.53 0.50 0.51 0.54 0.50 0.51
Control C 0.56 0.50 0.52 0.52 0.53 0.54 0.50 0.51
Low A 0.56 0.46 0.45 0.46 0.39 0.41 0.34 0.23
Low B 0.56 0.46 0.47 0.42 0.40 0.38 0.29 0.19
Low C 0.56 0.48 0.47 0.44 0.42 0.40 0.25 0.14
Medium 2 A 3.35 2.97 2.95 2.99 2.85 2.79 2.66 2.67
Medium 2 B 3.35 3.05 3.07 3.06 3.05 3.00 2.78 2.71
Medium 2 C 3.35 3.15 3.13 3.11 3.10 3.01 2.95 3.07
Medium 1 A 6.56 6.80 6.54 6.44 6.03 5.60 4.28 3.13
Medium 1 B 8.18 7.60 7.63 7.58 7.44 7.37 7.36 7.18
Medium 1 C 8.18 7.76 7.80 7.78 7.96 7.55 7.38 7.22
High A 18.06 16.75 16.62 16.33 16.61 15.90 15.54 405
High B 18.06 16.89 17.12 19.07 17.12 16.28 16.46 .894
High C 18.06 17.11 17.23 16.24 17.30 16.49 16.64 .6215

TControl = 0.5 mg L}, Low = 0.5 mg [}, Medium 2 = 3.2 mg £, Medium 1 = 7.4 mg £, High =

18 mg L*
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Table B11. The experimental data from high perfaroediquid chromatography and liquid

scintillation counting analysis for B#estradiol-17-sulfate in the agueous phase ofistepsoil.

Time (h) 0 4 8 24 48 72 168 336
Concentratioh mg L*
Control A 0.56 0.50 0.48 0.52 0.45 0.53 0.48 0.46
Control B 0.56 0.50 0.53 0.48 0.48 0.51 0.48 0.49
Control C 0.56 0.49 0.53 0.49 0.51 0.53 0.47 0.49
Low A 0.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Low B 0.47 0.27 0.24 0.26 0.14 0.13 0.00 0.00
Low C 0.47 0.28 0.26 0.19 0.14 0.13 0.00 0.00
Medium 2 A 3.14 0.95 0.44 0.06 0.08 0.02 0.03 0.02
Medium 2 B 3.14 0.98 0.42 0.07 0.01 0.04 0.05 0.06
Medium 2 C 3.14 0.97 0.49 0.04 0.08 0.02 0.05 0.02
Medium 1 A 6.56 3.40 2.06 0.36 0.20 0.18 0.15 0.14
Medium 1 B 6.56 3.80 2.44 0.48 0.24 0.26 0.22 0.23
Medium 1 C 6.56 2.92 1.71 0.23 0.18 0.14 0.10 0.12
High A 17.77 12.18 9.37 2.79 1.32 1.15 1.03 1.01
High B 17.77 12.57 9.40 2.33 1.15 1.40 0.86 0.89
High C 17.77 12.07 10.51 3.45 1.05 1.21 1.10 0.97

TControl = 0.5 mg L}, Low = 0.5 mg [}, Medium 2 = 3.2 mg &, Medium 1 = 7.4 mg £, High =

18 mg L*
*ND = not detected
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Table B12. The experimental data from high perfaroediquid chromatography and liquid

scintillation counting analysis for monohydroxygté&stradiol-17-sulfate in the agueous phase of
sterile topsoil.

Time (h) 0 4 8 24 48 72 168 336
Concentratioh mg L*
Control A 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Control B 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Control C 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01
Low A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Low B 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00
Low C 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Medium 2 A 0.00 0.13 0.09 0.08 0.06 0.06 0.04 0.04
Medium 2 B 0.00 0.16 0.15 0.10 0.06 0.08 0.06 0.04
Medium 2 C 0.00 0.13 0.21 0.12 0.06 0.07 0.03 0.06
Medium 1 A 0.00 0.34 0.30 0.28 0.23 0.22 0.16 0.14
Medium 1 B 0.00 0.26 0.25 0.30 0.38 0.34 0.41 0.29
Medium 1 C 0.00 0.31 0.26 0.27 0.37 0.27 0.14 0.12
High A 0.00 0.93 0.72 1.22 1.39 1.53 1.40 1.89
High B 0.00 0.78 0.80 1.20 1.36 1.93 1.29 1.01
High C 0.00 0.67 0.37 0.95 1.30 1.44 1.50 1.43

TControIl: 0.5mg [}, Low = 0.5 mg [}, Medium 2 = 3.2 mg &, Medium 1 = 7.4 mg £, High =
18 mg L

* ND = not detected
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Table B13. The experimental data from high perfaroediquid chromatography and liquid

scintillation counting analysis for dihydroxy{fi-éstradiol-17-sulfate in the aqueous phase of

sterile topsoil.

Time (h) 0 4 8 24 48 72 168 336
Concentratioh mg L*
Control A 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Control B 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Control C 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00
Low A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Low B 0.00 0.01 0.00 0.01 0.02 0.01 0.00 0.00
Low C 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00
Medium 2 A 0.00 0.21 0.23 0.34 0.28 0.33 0.25 0.27
Medium 2 B 0.00 0.23 0.22 0.34 0.33 0.29 0.21 0.24
Medium 2 C 0.00 0.19 0.20 0.34 0.29 0.31 0.23 0.25
Medium 1 A 0.00 0.36 0.46 0.78 0.93 0.81 0.64 0.59
Medium 1 B 0.00 0.34 0.44 0.84 0.96 0.92 0.91 0.99
Medium 1 C 0.00 0.29 0.54 0.75 0.66 0.80 0.66 0.58
High A 0.00 0.83 1.06 2.17 2.69 2.97 3.50 2.66
High B 0.00 0.63 0.80 2.29 2.61 1.99 3.34 3.03
High C 0.00 0.58 0.73 1.62 2.39 2.41 3.04 3.15

TControl = 0.5 mg L}, Low = 0.5 mg [}, Medium 2 = 3.2 mg &, Medium 1 = 7.4 mg £, High =

18 mg L*
*ND = not detected
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Table B14. The experimental data from high perfaroediquid chromatography and liquid

scintillation counting analysis for B#estradiol-17-sulfate in the agqueous phase ofisteuibsoil.

Time (h) 0 4 8 24 48 72 168 336
Concentratioh mg L*
Control A 0.56 0.50 0.48 0.52 0.45 0.53 0.48 0.46
Control B 0.56 0.50 0.53 0.48 0.48 0.51 0.48 0.49
Control C 0.56 0.49 0.53 0.49 0.51 0.53 0.47 0.49
Low A 0.56 0.39 0.43 0.43 0.34 0.36 0.26 0.16
Low B 0.56 0.39 0.46 0.40 0.36 0.33 0.23 0.13
Low C 0.56 0.42 0.45 0.42 0.36 0.33 0.19 0.09
Medium 2 A 3.35 2.84 2.79 2.90 2.68 2.59 2.42 2.51
Medium 2 B 3.35 2.97 2.91 2.94 2.69 2.78 2.49 2.47
Medium 2 C 3.35 3.04 2.97 2.97 2.81 2.79 2.73 2.77
Medium 1 A 6.56 6.50 6.21 6.16 5.58 5.01 3.11 1.33
Medium 1 B 8.18 7.15 7.17 7.02 6.68 6.58 6.46 6.46
Medium 1 C 8.18 7.35 7.46 7.22 6.85 6.93 6.34 6.53
High A 18.06 16.21 15.69 15.77 15.44 14.55 14.35 114
High B 18.06 16.22 16.69 18.32 15.73 15.26 15.30 .6A3
High C 18.06 16.51 16.43 15.59 16.08 15.90 15.45 784

TControl = 0.5 mg L}, Low = 0.5 mg [}, Medium 2 = 3.2 mg &, Medium 1 = 7.4 mg £, High =

18 mg L*
*ND = not detected
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Table B15. The experimental data from high perfaroediquid chromatography and liquid

scintillation counting analysis for monohydroxygté&stradiol-17-sulfate in the agueous phase of
sterile subsoil.

Time (h) 0 4 8 24 48 72 168 336
Concentratioh mg L*
Control A 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Control B 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Control C 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01
Low A 0.00 0.02 0.00 0.01 0.02 0.00 0.02 0.01
Low B 0.00 0.01 0.00 0.00 0.00 0.01 0.03 0.00
Low C 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.00
Medium 2 A 0.00 0.07 0.09 0.05 0.09 0.10 0.12 0.11
Medium 2 B 0.00 0.04 0.10 0.07 0.11 0.10 0.23 0.15
Medium 2 C 0.00 0.03 0.07 0.09 0.17 0.13 0.12 0.21
Medium 1 A 0.00 0.22 0.22 0.14 0.24 0.28 0.41 0.56
Medium 1 B 0.00 0.30 0.35 0.44 0.46 0.62 0.68 0.49
Medium 1 C 0.00 0.27 0.23 0.36 0.93 0.46 0.79 0.40
High A 0.00 0.32 0.67 0.35 0.91 1.06 0.87 0.83
High B 0.00 0.49 0.25 0.47 1.15 0.68 0.72 0.65
High C 0.00 0.34 0.59 0.46 0.95 0.28 0.74 0.62

TControIl: 0.5mg [}, Low = 0.5 mg [}, Medium 2 = 3.2 mg &, Medium 1 = 7.4 mg £, High =
18 mg L

* ND = not detected
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Table B16. The experimental data from high perfaroediquid chromatography and liquid

scintillation counting analysis for dihydroxy{fi-éstradiol-17-sulfate in the aqueous phase of

sterile subsoil.

Time (h) 0 4 8 24 48 72 168 336
Concentratioh mg L*
Control A 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Control B 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Control C 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00
Low A 0.00 0.00 0.00 0.00 0.01 0.01 0.03 0.02
Low B 0.00 0.03 0.00 0.00 0.01 0.02 0.02 0.04
Low C 0.00 0.03 0.00 0.00 0.02 0.02 0.02 0.01
Medium 2 A 0.00 0.01 0.01 0.01 0.03 0.03 0.05 0.05
Medium 2 B 0.00 0.01 0.03 0.02 0.01 0.04 0.03 0.07
Medium 2 C 0.00 0.02 0.02 0.01 0.02 0.02 0.04 0.06
Medium 1 A 0.00 0.05 0.04 0.08 0.17 0.26 0.70 1.19
Medium 1 B 0.00 0.10 0.05 0.08 0.17 0.11 0.13 0.12
Medium 1 C 0.00 0.07 0.03 0.14 0.12 0.11 0.14 0.20
High A 0.00 0.13 0.18 0.13 0.19 0.18 0.19 0.33
High B 0.00 0.11 0.12 0.19 0.14 0.19 0.29 0.51
High C 0.00 0.10 0.13 0.12 0.15 0.14 0.32 0.19

TControl = 0.5 mg L}, Low = 0.5 mg [}, Medium 2 = 3.2 mg &, Medium 1 = 7.4 mg £, High =

18 mg L*
*ND = not detected

131



APPENDIX C. THE EXPERIMENTAL DATA FOR BATCH EXPERIM ENTS OF STOP

VIALS

Table C1. The experimental data for the stop vialag non-sterile topsoil with 0.6 mg'bf
17B-estradiol-17-sulfate.

Time  Aqueous Phase Sorbed Phase Total Recovery
(h) Water Extract Acetone Extract Non-extractable (%)
C (dpm) assayed by LSC
0 28820 0 0 0 28820 100
4 16241 1276 430 7569 25516 89
8 14356 1744 1246 11469 28815 100
24 6425 1459 995 19256 28136 98
48 5087 2284 1129 21591 30091 104
72 3772 1459 1218 20249 26696 93
168 5223 1588 1457 18578 26845 93
336 2509 1191 1877 17055 22631 79

Table C2. The experimental data for the stop vialag non-sterile subsoil with 0.6 mg bf
17B-estradiol-17-sulfate.

Time  Aqueous Phase Sorbed Phase Total Recovery
(h) Water Extract Acetone Extract Non-extractable (%)
C (dpm) assayed by LSC
0 28820 0 0 0 28820 100
4 26660 614 325 3176 30775 107
8 25900 2976 354 2345 31575 110
24 24156 2617 922 2730 30424 106
48 20315 2640 675 3854 27484 95
72 17157 3048 674 4142 25021 87
168 10357 2326 1452 6250 20386 71
336 3818 1290 566 10792 16466 57
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Table C3. The experimental data for the stop vialag sterile topsoil with 0.5 mg'of 17p-
estradiol-17-sulfate.

Time  Aqueous Phase Sorbed Phase Total Recovery

(h) Water Extract Acetone Extract Non-extractable (%)
“C (dpm) assayed by LSC

0 24550 0 0 0 24550 100
4 12914 748 281 8373 22316 76
8 13959 715 703 6094 21472 87
24 11359 893 749 7167 20167 82
48 8743 1026 432 7684 17885 73
72 8012 809 745 9703 19269 78
168 5659 724 540 9593 16516 67

336 3721 414 1058 11603 16796 68

Table C4. The experimental data for the stop vialag sterile subsoil with 0.5 mg*lof 17p-
estradiol-17-sulfate.

Time  Aqueous Phase Sorbed Phase Total Recovery

(h) Water Extract Acetone Extract Non-extractable (%)
“C (dpm) assayed by LSC

0 29420 0 0 0 29420 100
4 23814 1591 298 2015 27719 94
8 23417 722 281 1294 25714 87
24 23739 725 235 1691 26389 90
48 20984 983 275 1977 24219 82
72 19642 1238 437 3210 24528 83
168 19723 773 260 3139 23895 81

336 11681 716 795 3913 17104 58
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Table C5. The high performance liquid chromatogyagnd liquid scintillation counting data for
the aqueous metabolites in stop vials with nonistarpsoil.

Time (h) E2-17S OH-E2-17S diOH-E2-17S Total

¢ (dpm) assayed by LSC

0 28820

4 13333 2396 463 16192
8 5235 7301 1526 14062
24 902 3647 1829 6377
48 571 2146 2368 5085
72 371 1376 1968 3716
168 2367 812 1639 4818
336 232 908 1154 2294

Table C6. The high performance liquid chromatogyagnd liquid scintillation counting data for
the aqueous metabolites in stop vials with nonitetsubsoil.

Time (h) E2-17S OH-E2-17S diOH-E2-17S Total

¢ (dpm) assayed by LSC

0 28820

4 18371 6391 916 25678
8 5730 18789 993 25512
24 7373 15563 1074 24009
48 3420 15268 1541 20229
72 2660 12673 1681 17014
168 2267 5621 1967 9855
336 341 1112 2364 3818
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Table C7. The high performance liquid chromatogyagnd liquid scintillation counting data for
the aqueous metabolites in stop vials with steojesoil.

Time (h) E2-17S OH-E2-17S diOH-E2-17S Total

¢ (dpm) assayed by LSC

0 24550

4 1153 8095 3389 12638
8 2127 9583 2175 13885
24 1981 6426 2664 11070
48 1051 4868 2803 8722
72 506 3686 3770 7962
168 385 2618 2629 5632
336 185 1021 2507 3713

Table C8. The high performance liquid chromatogyagnd liquid scintillation counting data for
the aqueous metabolites in stop vials with staulesoil.

Time (h) E2-17S OH-E2-17S diOH-E2-17S Total

¢ (dpm) assayed by LSC

0 29420

4 8140 14286 1224 23650
8 5818 16427 1064 23308
24 4268 18128 1039 23434
48 2286 16884 1612 20781
72 4659 13208 1630 19497
168 2702 14831 2048 19581
336 1302 7791 2483 11576
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Table C9. The high performance liquid chromatogyagnd liquid scintillation counting data for
the reversibly sorbed phase in stop vials with stamHe topsoil.

Time (h) E2-17S OH-E2-17S diOH-E2-17S E2 E1l Unknown Total
4C (dpm) assayed by LSC

4 313 158 779 17 158 22 1446

8 1094 850 792 26 31 44 2837

24 675 286 1249 21 91 41 2363
48 380 413 2019 57 158 82 3110
72 346 200 1416 33 178 89 2261
168 1146 464 749 58 213 201 2832
336 1064 335 768 164 340 225 2896

Table C10. The high performance liquid chromatolgyagnd liquid scintillation counting data
for the reversibly sorbed phase in stop vials with-sterile subsoil.

Time (h) E2-17S OH-E2-17S diOH-E2-17S  E2 E1l Unknown Total
C (dpm) assayed by LSC

4 198 132 352 10 9 110 812

8 1311 1206 603 9 4 83 3216

24 1217 970 873 4 46 314 3424
48 1283 775 832 23 33 282 3227
72 1518 973 679 17 27 296 3511
168 1028 673 800 76 150 684 3411
336 440 189 542 41 80 204 1496
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Table C11. The high performance liquid chromatolgyagnd liquid scintillation counting data
for the reversibly sorbed phase in stop vials starile topsoil.

Time (h) E2-17S OH-E2-17S diOH-E2-17S E2 E1l Unknown Total
4C (dpm) assayed by LSC

4 95 121 728 0 1 3 948

8 750 137 460 9 13 4 1373

24 584 190 784 14 13 3 1588
48 795 228 480 4 15 ND 1521
72 896 222 393 9 44 3 1567
168 543 159 408 16 60 3 1189
336 579 105 481 17 165 9 1357

Table C12. The high performance liquid chromatolgyagnd liquid scintillation counting data
for the reversibly sorbed phase in stop vials sttrile subsoill.

Time (h) E2-17S OH-E2-17S diOH-E2-17S  E2 E1l Unknown Total
4C (dpm) assayed by LSC

4 1017 634 23 2 19 44 1740

8 408 61 281 36 16 25 828

24 497 259 224 7 0 1 988
48 564 250 400 4 40 10 1269
72 671 579 653 22 41 6 1971
168 397 284 443 7 10 6 1147
336 769 244 255 46 183 5 1503
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APPENDIX D. METABOLITES SPECIATION AND CHARACTERIZA TION BY HIGH

PERFORMANCE LIQUID CHROMOTOGRAPHY
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Figure D1. Chromatogram of aqueous phase speciatithre non-sterile subsoil at 4 h.
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Figure D2. Chromatogram of aqueous phase speciitithre non-sterile subsoil at 8 h.
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Figure D3. Chromatogram of aqueous phase speciatithre non-sterile subsoil at 24 h.
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Figure D4. Chromatogram of aqueous phase speciitithe non-sterile topsoil at 24 h.
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Figure D5. Chromatogram of aqueous phase speciitithe non-sterile topsoil at 48 h.
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Figure D6. Chromatogram of aqueous phase speciitithe non-sterile topsoil at 72 h.
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Figure D7. Chromatogram of aqueous phase speciatithre non-sterile topsoil at 336 h.
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APPENDIX E. THE C SOURCE CODE FOR PAPER 4

#include <stdio.h>
#include <stdlib.h>
#include <math.h>

#include "sharefunc.h"
#include "ESSRSort.h"
#include "ESES.h"

#include "lInltyps.h"
#include "cvode.h"
#include "cvdense.h"
#include "nvector.h"
#include "dense.h"

#define Ith(v,i) N_VIith(v,i-1)
#define 1Jth(A,i,j)) DENSE_ELEM(A,i-1,j-1)
#define SIM2

#undef OUTPUT
#undef REFINE

#define MV 200.0
#define WT1 10000.0

int NEQ, tn, dim;

double RTOL, ATOL;
double TO, T1, Tm;

ESfcnTrsfm *trsfm;

double wlun, w2un, w3un;
double wlus, w2us, w3us;
double willn, w2In, wa3ln;
double wils, w2ls, w3ls;
double slu, s2u, s3u;
double alu, a2u, a3u;
double blu, b2u, b3u;
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double kd1u, kd2u, kd3u;
double s1l, s2l, s3l;
double all, a2l, a3l;
double bll, b2l, b3,
double kd1l, kd2l, kd3l;

double *w_mun, *w_mus, *w_mlIn, *w_mls;
double **a_mun, **a_mus, **a_min, **a_mls;
double *c_mun, *c_mus, *c_min, *c_mls;

double transform(double x);

void fitness(double *, double *, double *);

static void difeq(integer N, real t, N_Vector y, Wector ydot, void *f_data);
double square(double xxx);

double **ReadWA(const char file[], const int iRoegnst int iCol);

double *ReadC(const char file[], const int iRow);

int main(int argc, char **argv) {
int i, es, constraint, miu, lambda, gen, retry;
unsigned int seed;
double *ub, *Ib, gamma, alpha, varphi, pf;
double *sim_para;

ESParameter *param,;
ESPopulation *population;
ESStatistics *stats;

seed = shareDefSeed;
gamma = esDefGamma,;
alpha = esDefAlpha;
varphi = esDefVarphi;
retry = esDefRetry;

pf = essrDefPf;

es = esDefESSlash;

constraint = 1;

dim = 36;
miu = 300:;
lambda = 3500:;

gen = 100000000;
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ub = NULL,;
Ib = NULL;

ub = ShareMallocM1d(dim);

Ib = ShareMallocM1d(dim);

sim_para = ShareMallocM1d(dim);

trsfm = (ESfcnTrsfm *)ShareMallocM1c(dim * sizeBffcnTrsfm));

for (i=0;i<dim; i++)
trsfm([i] = transform;

for (i = 0; i < dim; i++) {

Ib[i] = 1e-8;
ub[i] = 1.0;
}
#ifdef SIM2
#ifdef OUTPUT

sim_para = ReadC("sim2_para.txt", dim);

for (i=0;i<dim; i++) {
ubli] = sim_paralil;
Ib[i] = ubli];

#endif
#ifndef OUTPUT

#ifdef REFINE
sim_para = ReadC("sim2_para.txt", dim);

for (i=0;i<dim; i++) {
ubl[i] = sim_parali] * 3.0;
Ib[i] = sim_para]i] * 0.3;
}
#endif

#ifndef REFINE
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#endif
#endif
#endif

NEQ = 52;
RTOL = le-4;
ATOL = le-4;
TO =0.0;
T1=0.1;

Tm = 338;

w_mun = ShareMallocM2d(7, 4);
w_mus = ShareMallocM2d(7, 4);
w_mln = ShareMallocM2d(7, 4);
w_mls = ShareMallocM2d(7, 4);

a_mun = ShareMallocM2d(7, 6);
a_mus = ShareMallocM2d(7, 6);
a_min = ShareMallocM2d(7, 6);
a_mls = ShareMallocM2d(7, 6);

¢c_mun = ShareMallocM1d(7);
¢c_mus = ShareMallocM1d(7);
¢_min = ShareMallocM1d(7);
c_mls = ShareMallocM1d(7);

w_mun = ReadWA("w_mun.txt", 7, 4);
w_mus = ReadWA("w_mus.txt", 7, 4);
w_min = ReadWA("w_min.txt", 7, 4);
w_mls = ReadWA("w_mlis.txt", 7, 4);

a_mun = ReadWA("a_mun.txt", 7, 6);
a_mus = ReadWA("a_mus.txt", 7, 6);
a_min = ReadWA("a_min.txt", 7, 6);
a_mls = ReadWA("a_mls.txt", 7, 6);

c_mun = ReadC("c_mun.txt", 7);
c_mus = ReadC("c_mus.txt", 7);
c_min = ReadC("c_min.txt", 7);
c_mls = ReadC("c_mis.txt", 7);
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ESInitial(seed, &param, trsfm, fitness, es, casty dim, ub, Ib,
miu, lambda, gen, gamma, alpha, varphiy ré&population,
&stats);

while (stats->curgen < param->gen)

ESStep(population, param, stats, pf);

ESDelnitial(param, population, stats);

ShareFreeM1c((char *) trsfm);

ShareFreeM1d(ub);

ub = NULL,;
ShareFreeM1d(lb);

Ib = NULL;
ShareFreeM1d(sim_para);
sim_para = NULL;
ShareFreeM1d(c_mun);
c_mun = NULL,;
ShareFreeM1d(c_mus);
c_mus = NULL;
ShareFreeM1d(c_min);
c_min = NULL;
ShareFreeM1d(c_mls);
c_mls = NULL,;

ShareFreeM2d(w_mun, 7);
w_mun = NULL;
ShareFreeM2d(w_mus, 7);
w_mus = NULL;
ShareFreeM2d(w_mln, 7);

w_min = NULL,;
ShareFreeM2d(w_mls, 7);
w_mls = NULL;

ShareFreeM2d(a_mun, 7);
a_mun = NULL;
ShareFreeM2d(a_mus, 7);
a_mus = NULL;
ShareFreeM2d(a_min, 7);
a_min = NULL;
ShareFreeM2d(a_mls, 7);
a_mls = NULL;
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return O;

}

void fitness(double *x, double *f, double *g) {
real ropt{OPT_SIZE], reltol, t, tout;
long int iopt[OPT_SIZE];
N_Vector y;
real abstol,
double sum1, sum2, sum3, sum4,
sumr_mun=0.0, sumr_mus=0.0, sumr_mIn=0.0, sume=0rls
aceton_mun=0.0, aceton_mus=0.0, aceton_min=0eformamlIs=0.0,
combus_mun=0.0, combus_mus=0.0, combus_mIn=0mbese mlis=0.0;
void *cvode_mem;
int iout, flag, i, iPos = -1,

#ifdef OUTPUT
FILE *mun, *mus, *mlin, *mls;

#ifdef SIM2

if ((mun = fopen("mun_output2.txt", "w")) == NULL)
printf(“fopen %s failed'\n", "mun_output.txt");
exit(-1);
}
if ((mus = fopen("mus_output2.txt", "w")) == NULL)
printf(“fopen %s failed'\n", "mus_output.txt");
exit(-1);
}
if ((mIn = fopen("mIn_output2.txt", "w")) == NULL]
printf(“fopen %s failed'\n", "min_output.txt");
exit(-1);
}
if ((mls = fopen("mls_output2.txt", "w")) == NULLJ
printf(“fopen %s failed'\n", "mls_output.txt");
exit(-1);
}
#endif
#endif

suml =0.0;
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sum2 = 0.0;
sum3 = 0.0;
sum4 = 0.0;
sumr_mun= 0.0;
sumr_mus= 0.0;
sumr_min= 0.0;
sumr_mis= 0.0;

wlun = (trsfm[0])(x[0]);
w2un = (trsfm[1])(x[1]);
w3un = (trsfm[2])(x[2]);
wlus = (trsfm[3])(X[3]);
w2us = (trsfm[4])(x[4]);
w3us = (trsfm[5])(x[5]);
wlln = (trsfm[6])(X[6]);
w2ln = (trsfm[7])(X[7]);
w3ln = (trsfm[8])(X[8]);
wlls = (trsfm[9])(X[9]);

w2ls = (trsfm[10])(x[10]);
w3ls = (trsfm[11])(x[11]);

slu = (trsfm[12])(x[12]);
s2u = (trsfm[13])(x[13]);
s3u = (trsfm[14])(x[14]);
s1l = (trsfm[15])(x[15]);
s2| = (trsfm[16])(x[16]);
s3Il = (trsfm[17])(X[17]);
alu = (trsfm[18])(x[18]);
a2u = (trsfm[19])(x[19]);
a3u = (trsfm[20])(x[20]);
blu = (trsfm[21])(x[21]);
b2u = (trsfm[22])(x[22]);
b3u = (trsfm[23])(x[23]);

kd1lu = (trsfm[24])(x[24]);
kd2u = (trsfm[25])(x[25]);
kd3u = (trsfm[26])(x[26]);

all = (trstm[27])(X[27]);
a2l = (trsfm[28])(x[28]);
a3l = (trsfm[29])(X[29));
b1l = (trsfm[30])(x[30]);
b2l = (trsfm[31])(x[31]);
b3l = (trsfm[32])(x[32]);
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kd1l = (trsfm[33])(x[33]);
kd2l = (trsfm[34])(x[34]);
kd3l = (trsfm[35])(x[35]);

if (kd1lu <= kd1l || kd2u <= kd2! || kd3u <= kd3l)
(*f) = 800000000000.0;
g[0] = 0.0;
return ;

}

if (wlun <=wllin || wlus <= wlls) {
(*f) = 800000000000.0;
g[0] = 0.0;
return ;

}

if (w2un <=wz2In || w2us <= w2Is) {

(*f) = 800000000000.0;
g[0] = 0.0;
return ;

}

if (S1u <=s1l || s2u <= s2| || s3u >= s3I) {
(*f) = 800000000000.0;
g[0] = 0.0;
return ;

}

if (kd3u < kd1u || kd1lu < kd2u) {
g[0] = 800000000000.0;
return ;

}

if (kd3l < kd1l || kd1l < kd2l) {
(*f) = 800000000000.0;
g[0] = 0.0;
return ;

}
y = N_VNew(NEQ, NULL);

for (i = 1; i <= NEQ; i++)
Ith(y, i) = 0.0;
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Ith(y, 1) = 1.0;

Ith(y, 14) = 1.0;
Ith(y, 27) = 1.0;
Ith(y, 40) = 1.0;

reltol = RTOL;
abstol = ATOL;

cvode_mem =
CVodeMalloc(NEQ, difeq, TO, y, BDF, NEWTON, S&eltol,
&abstol, NULL, NULL, FALSE, iopt, ropNULL);

if (cvode_mem == NULL) {
printf("CVodeMalloc failed.\n");
exit(1);

}

CVDense(cvode_mem, NULL, NULL);

for (lout = 1, tout = T1; tout <= Tm; iout++, tba iout * T1) {
flag = CVode(cvode _mem, tout, y, &t, NORMAL);

if (flag != SUCCESS) {
(*f) = 800000000000.0;

g[0] = 0.0;
return ;

}

iPos = -1,

if (lout == 40.0)
iPos = 0;

if (lout == 80.0)
iPos = 1;

if (lout == 240.0)
iPos = 2;

if (lout == 480.0)
iPos = 3;

if (lout == 720.0)
iPos = 4;

if (lout == 1680.0)
iPos = 5;

if (lout == 3360.0)
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iPos = 6;

if (IPos==0||iPos==1||iPos ==2 || iIPes3H|iPos == 4 || iPos ==5 || iPos ==
6) {

aceton_mun = Ith(y,5)+Ith(y,6)+Ith(y,7)+Ith(y,8jk(y,9)+Ith(y,10);
combus_mun = Ith(y,11) + Ith(y,12)+Ith(y,13);

if (IPos == 0)
sumr_mun = sumr_mun+(aceton_mun/combus_mun06)3 WT1;

if (IPos ==1)
sumr_mun = sumr_mun + (aceton_mun/combus_mu4186) * WT1,;

if (iPos == 2)
sumr_mun = sumr_mun + (aceton_mun/combus_mutb0Q) * WT1,;

if (IPos == 3)
sumr_mun = sumr_mun + (aceton_mun/combus_mut206) * WT1,

if (IPos == 4)
sumr_mun = sumr_mun + (aceton_mun/combus_mui34Q) *WT1;

if (IPos == 5)
sumr_mun = sumr_mun + (aceton_mun/combus_muti/760) * WT1,

if (IPos == 6)
sumr_mun = sumr_mun + (aceton_mun/combus_mutb9@) * WT1,;

suml = suml + square(lth(y, 1) - w_munl[iPos][OBauare(lth(y, 2) - w_munl[iPos][1]) +
square(lth(y, 3) - w_mun[iPos][2]) + square(lthdy,- w_mun[iPos][3]) + (square(lth(y, 5) -
a_mun[iPos][0]) + square(lth(y, 6) - a_mun[iPos][%]square(lth(y, 7) - a_mun][iPos][2]) +
square(lth(y, 8) - a_mun[iPos][3]) + square(Itlgy- a_mun[iPos][4]) + square(lth(y, 10) -
a_munl[iPos][5]))+ square(lth(y, 11) + Ith(y, 12)th(y, 13) - c_mun[iPos]);

#ifdef OUTPUT

fprintf((mun, "%d\t", iout);
fprintf(mun, "%f\t %f\t %f\t %f\t\t", Ith(y, 1)Ith(y, 2), Ith(y, 3), Ith(y, 4));
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fprintf(mun, "%f\t %f\t %f\t %At\t\t", w_mun[iPs][0], w_munl[iPos][1],
w_mun[iPos][2], w_mun][iPos][3]);

fprintf(mun, "%f\t %f\t %f\t %f\t %f\t %f\t\t", th(y, 5), Ith(y, 6), Ith(y, 7), Ith(y,
8), Ith(y, 9), Ith(y, 10));

fprintf(mun, "%f\t %M\t %f\t %f\t %f\t %N\t\t\t",a_mun[iPos][0], a_mun[iPos][1],
a_munl[iPos][2], a_mun[iPos][3], a_mun[iPos][4], aumfiPos][5]);

fprintf(mun, "%f\t %f\n", Ith(y,11)+Ith(y, 12)+k(y, 13), c_mun[iPos]);

#endif
aceton_mus = Ith(y,18)+Ith(y,19)+Ith(y,20)+1thZg)+Ith(y,22)+1th(y,23);
combus_mus = Ith(y,24)+Ith(y,25)+Ith(y,26);

if (IPos == 0)
sumr_mus = sumr_mus+(aceton_mus/combus_mu$04).2 WT1;

if (IPos == 1)
sumr_mus = sumr_mus + (aceton_mus/combus_mdé50) * WT1,

if (IPos == 2)
sumr_mus = sumr_mus + (aceton_mus/combus_mdg&5®) * WT1,;

if (IPos == 3)
sumr_mus = sumr_mus + (aceton_mus/combus_m@e50) * WT1,

if (IPos == 4)
sumr_mus = sumr_mus + (aceton_mus/combus_ma&32) *WT1,

if (IPos == 5)
sumr_mus = sumr_mus + (aceton_mus/combus_ma46m) * WT1,;

if (IPos == 6)
sumr_mus = sumr_mus + (aceton_mus/combus_muadg7%®) * WT1,

sum2 = sumz2 + square(lth(y, 14) - w_musl[iPos][0pquare(lth(y, 15) - w_musJ[iPos][1]) +
square(lth(y, 16) - w_musJ[iPos][2])+ square(Ithly) - w_mus[iPos][3])+ (square(lth(y, 18) -
a_musJiPos][0]) + square(lth(y, 19) - a_mus[iPop]f.square(lth(y, 20) - a_mus|iPos][2]) +
square(lth(y, 21) - a_mus[iPos][3]) + square(Itl®) - a_mus][iPos][4])+ square(lth(y, 23) -
a_musJ[iPos][5]))+ square(lth(y, 24) + Ith(y, 25)tk(y, 26) - c_mus[iPos]);
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#ifdef OUTPUT
fprintf(mus, "%d\t", iout);
fprintf(mus, "%f\t %f\t %f\t %f\t\t", Ith(y, 14)]th(y, 15), Ith(y, 16), Ith(y, 17));
fprintf(mus, "%f\t %f\t %f\t %N\t\t\t", w_mus[iPs][0], w_mus[iPos][1],
w_mus[iPos][2], w_mus][iPos][3]);

fprintf(mus, "%f\t %f\t %f\t %f\t %f\t %A\t\t", th(y, 18), Ith(y, 19), Ith(y, 20),
Ith(y, 21), Ith(y, 22), Ith(y, 23));

fprintf(mus, "%f\t %f\t %f\t %M\t %f\t %ft\t\t",a _mus[iPos][0], a_musJ[iPos][1],
a_musJiPos][2], a_musJ[iPos][3], a_mus[iPos][4], aigfiPos][5]);

fprintf(mus, "%f\t %f\n", Ith(y, 24) + Ith(y, 25} Ith(y, 26), c_mus[iPos));

#endif
aceton_min = Ith(y,31)+Ith(y,32)+Ith(y,33)+1thBd)+Ith(y,35)+Ith(y,36);
combus_min = Ith(y,37)+Ith(y,38)+Ith(y,39);

if (IPos == 0)
sumr_min = sumr_min + (aceton_mlIn/combus_mIm992) * WT1;

if (IPos ==1)
sumr_min = sumr_min + (aceton_mlIn/combus_mIm979) * WT1,;

if (iPos == 2)
sumr_min = sumr_min + (aceton_mlIn/combus_mI©0989) * WT1;

if (IPos == 3)
sumr_min = sumr_min + (aceton_mlIn/combus_mI®80R5) * WT1;

if (IPos == 4)
sumr_min = sumr_min + (aceton_mlin/combus_mI®182) *WT1;

if (IPos == 5)
sumr_min = sumr_min + (aceton_mlIn/combus_mIm0483) * WT1;

if (IPos == 6)
sumr_min = sumr_min + (aceton_mlIn/combus_mIr2881) * WT1;

sum3 = sum3 + square(lth(y, 27) - w_min[iPos][0Bauare(Ith(y, 28) - w_miIn[iPos][1]) +
square(lth(y, 29) - w_min[iPos][2]) + square(IthBQ) - w_mIn[iPos][3]) + (square(lth(y, 31) -
a_min[iPos][0]) + square(lth(y, 32) - a_mIn[iPod)[* square(lth(y, 33) - a_mIn[iPos][2]) +
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square(lth(y, 34) - a_min[iPos][3]) + square(Ith®®) - a_mIn[iPos][4])+ square(lth(y, 36) -
a_min[iPos][5]))+ square(lth(y, 37) + Ith(y, 38)ith(y, 39) - c_min[iPos]);

#ifdef OUTPUT
fprintf(min, "%d\t", iout);
fprintf(min, "%f\t %f\t %f\t %A\t\t", Ith(y, 27),Ith(y, 28), Ith(y, 29), Ith(y, 30));
fprintf(min, "%f\t %M\t %f\t %A\\\t", w_mIn[iP][0], w_min[iPos][1],
w_min[iPos][2], w_mIn[iPos][3]);

fprintf(min, "%f\t %f\t %f\t %f\t %f\t %A\t\t", th(y, 31), Ith(y, 32), Ith(y, 33),
Ith(y, 34), Ith(y, 35), Ith(y, 36));

fprintf(min, "%f\t %f\t %M\t %f\t %f\t %A\t\t\t",a_min[iPos][0], a_mIn[iPos][1],
a_min[iPos][2], a_mIn[iPos][3], a_mIn[iPos][4], aImAPos][5]);

fprintf(min, "%f\t %f\n", Ith(y, 37) + Ith(y, 38} Ith(y, 39) , c_mIn[iPos]);
#endif

aceton_mls = Ith(y,44)+Ith(y,45)+Ith(y,46)+1thdy,)+1th(y,48)+Ith(y,49);
combus_mls = Ith(y,50)+Ith(y,51)+Ith(y,52);

if (IPos == 0)
sumr_mls = sumr_mls + (aceton_mis/combus_ml|496B) * WT1,

if (IPos ==1)
sumr_mls = sumr_mls + (aceton_mis/combus_ml865[7) * WT1,

if (iPos == 2)
sumr_mls = sumr_mls + (aceton_mis/combus_ml863D) * WT1,

if (IPos == 3)
sumr_mls = sumr_mls + (aceton_mis/combus_mlg48%1) * WT1,

if (IPos == 4)
sumr_mls = sumr_mls + (aceton_mis/combus_mI871) *WT1;

if (IPos == 5)
sumr_mls = sumr_mls + (aceton_mis/combus_ml2088) * WT1,

if (IPos == 6)
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sumr_mls = sumr_mls + (aceton_mis/combus_ml204®) * WT1,

sum4= sum4 + square(lth(y, 40) - w_mls[iPos][0OBquare(lth(y, 41) - w_mls[iPos][1]) +
square(lth(y, 42) - w_mils[iPos][2]) + square(Ith@3) - w_mlIs[iPos][3]) + (square(lth(y, 44) -
a_mils[iPos][0]) +square(lth(y, 45) - a_mils[iPos)[t]square(Ith(y, 46) - a_mls[iPos][2])+
square(lth(y, 47) - a_mis[iPos][3]) + square(Ilt/4g) - a_mls[iPos][4])+ square(lth(y, 49) -
a_mils[iPos][5]))+ square(lth(y, 50) + Ith(y, 51)th(y, 52) - c_mls[iPos]);

#ifdef OUTPUT

fprintf(mls, "%d\t", iout);

fprintf(mls, "%f\t %f\t %f\t %f\t\t", Ith(y, 40)Ith(y, 41), Ith(y, 42), Ith(y, 43));

fprintf(mls, "%f\t %f\t %f\t %N\t\t\t", w_mlis[iP&][0], w_mls[iPos][1],
w_mis[iPos][2], w_mls[iPos][3]);

fprintf(mls, "%f\t %f\t %\t %f\t %f\t %f\t\t", th(y, 44), Ith(y, 45), Ith(y, 46),
Ith(y, 47), Ith(y, 48), Ith(y, 49));

fprintf(mls, "%f\t %f\t %f\t %f\t %f\t %f\t\t\t",a_mls[iPos][0], a_mils[iPos][1],
a_mils[iPos][2], a_mls[iPos][3], a_mls[iPos][4], alsfiPos][5]);

fprintf(mls, "%f\t %f\n", Ith(y, 50) + Ith(y, 51 Ith(y, 52), c_mils[iPos]);

#endif

}
}
g[0] = 0.0;
N_VFree(y);

CVodeFree(cvode_mem);
(*f) = suml1 + sum2 + sum3 + sum4 + sumr_mun + sunus + sumr_mlin + sumr_mls;

#ifdef OUTPUT
fclose(mun);
fclose(mus);
fclose(min);
fclose(mls);
printf("%f\t %f\t %\t %M\t %fA\n", suml, sum2, sBnsum4, suml + sum2 + sum3 +

sum4);
exit(0);

#endif
return;

}

static void difeq(integer N, real t, N_Vector y, Wector ydot, void *f_data) {
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double Clun, C2un, C3un, C4un;
double S1un, S2un, S3un, S4un, S5un, S6un;
double SS1un, SS2un, SS3un;

double Clus, C2us, C3us, C4us;
double Slus, S2us, S3us, S4us, S5us, S6us;
double SS1us, SS2us, SS3us;

double C1In, C2In, C3In, C4ln;
double S1in, S2In, S3In, S4In, S5In, S6In;
double SS1In, SS2In, SS3In;

double Clls, C2Is, C3ls, CA4ls;
double Slls, S2Is, S3Is, S4ls, S5ls, S6ls;
double SS1ls, SS2Is, SS3ls;

C1lun = Ith(y, 1);
C2un = Ith(y, 2);
C3un = Ith(y, 3);
C4un = Ith(y, 4);

S1un = Ith(y, 5);
S2un = Ith(y, 6);
S3un = Ith(y, 7);
S4un = Ith(y, 8);
S5un = Ith(y, 9);
S6un = Ith(y, 10);

SS1un = Ith(y, 11);
SS2un = Ith(y, 12);
SS3un = Ith(y, 13);

Clus = Ith(y, 14);
C2us = Ith(y, 15);
C3us = Ith(y, 16);
C4us = Ith(y, 17);

Slus = Ith(y, 18);
S2us = Ith(y, 19);
S3us = Ith(y, 20);
S4us = Ith(y, 21);
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S5us = Ith(y, 22);
S6us = Ith(y, 23);

SS1us = Ith(y, 24);
SS2us = Ith(y, 25);
SS3us = Ith(y, 26);

Clin = Ith(y, 27);
C2In = Ith(y, 28);
C3In = Ith(y, 29);
C4lin = Ith(y, 30);

S1in = Ith(y, 31);
S2In = Ith(y, 32);
S3In = Ith(y, 33);
S4in = Ith(y, 34);
S5In = Ith(y, 35);
S6In = Ith(y, 36);

SS1in = Ith(y, 37);
SS2In = Ith(y, 38);
SS3In = Ith(y, 39);

Clls = Ith(y, 40);
C2Is = Ith(y, 41);
C3Is = Ith(y, 42);
Cdls = Ith(y, 43);

Sils = Ith(y, 44);
S2Is = Ith(y, 45);
S3ls = Ith(y, 46);
Sdls = Ith(y, 47);
Sb5ls = Ith(y, 48);
S6ls = Ith(y, 49);

SSllis = Ith(y, 50);
SS2Is = Ith(y, 51);
SS3ls = Ith(y, 52);

Ith(ydot, 1) = -wlun * Clun - w2un * Clun - MValu * (kd1u * Clun - S1lun);
Ith(ydot, 2) = wlun * C1lun - w3un * C2un - MV * aZ (kd2u * C2un - S4un);
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Ith(ydot, 3) = w2un * Clun - MV * a2u * (kd2u *&ln - S5un);
Ith(ydot, 4) = w3un * C2un - MV * a3u * (kd3u * @ - S6un);

Ith(ydot, 5) = (alu * (kd1u * Clun - S1un) - s1&1un) * MV;

Ith(ydot, 6) = (s1u * S1lun - s2u * S2un - blu *UB* MV,

Ith(ydot, 7) = (s2u * S2un - s3u * S3un - b2u *UBR* MV,

Ith(ydot, 8) = (a2u * (kd2u * C2un - S4un)) * MV,

Ith(ydot, 9) = (a2u * (kd2u * C3un - S5un)) * MV,

Ith(ydot, 10) = (a3u * (kd3u * C4un - S6un) + s383un - b3u * S6un) * MV,

Ith(ydot, 11) = blu * S2un * MV;
Ith(ydot, 12) = b2u * S3un * MV;
Ith(ydot, 13) = b3u * S6un * MV;

Ith(ydot, 14) = -wlus * Clus - w2us * C1lus - M\a1u * (kd1lu * Clus - S1us);
Ith(ydot, 15) = wlus * C1lus - w3us * C2us - MV 2a* (kd2u * C2us - S4us);
Ith(ydot, 16) = w2us * Clus - MV * a2u * (kd2uCG3us - S5us);

Ith(ydot, 17) = w3us * C2us - MV * a3u * (kd3u *4Qs - S6us);

Ith(ydot, 18) = (alu * (kd1lu * Clus - S1lus) - £181us) * MV;

Ith(ydot, 19) = (slu * S1us - s2u * S2us - b1u2us) * MV;

Ith(ydot, 20) = (s2u * S2us - s3u * S3us - b2u3us) * MV;

Ith(ydot, 21) = (a2u * (kd2u * C2us - S4us)) * MV,

Ith(ydot, 22) = (a2u * (kd2u * C3us - S5us)) * MV,

Ith(ydot, 23) = (a3u * (kd3u * C4us - S6us) + $383us- b3u * S6us) * MV,

Ith(ydot, 24) = blu * S2us * MV,
Ith(ydot, 25) = b2u * S3us * MV,
Ith(ydot, 26) = b3u * S6us * MV,

Ith(ydot, 27) = -wlln * ClIn - w2In * C1lIn - MV “all * (kd1l * ClIn - S1ln);
Ith(ydot, 28) = wlln * C1lln - w3In * C2In - MV * 2 * (kd2l * C2In - S4In);
Ith(ydot, 29) = w2In * ClIn - MV * a2l * (kd2l * GIn - S5In);

Ith(ydot, 30) = w3In * C2In - MV * a3l * (kd3l * @In - S6In);

lth(ydot, 31) = (all * (kd1l * C1in - S1In) - s1IS1In) * MV:
Ith(ydot, 32) = (s1l * S1In - s21 * S2In - b1l *2B) * MV;

Ith(ydot, 33) = (s2I * S2In - s3I * S3In - b2l *3k) * MV

lth(ydot, 34) = (a2l * (kd2l * C2In - S4In)) * MV;

Ith(ydot, 35) = (a2l * (kd2l * C3In - S5In)) * MV;

Ith(ydot, 36) = (a3l * (kd3l * C4ln - S6In) + s3IS3In - b3l * S6In) * MV:
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Ith(ydot, 37) = b1l * S2In * MV;
Ith(ydot, 38) = b2l * S3In * MV;
lth(ydot, 39) = b3l * S6In * MV;

Ith(ydot, 40) = -wlls * Clls - w2Is * Clls - MV &1l * (kd1l * Clls - S1ls);
Ith(ydot, 41) = wlls * Clls - w3ls * C2Is - MV *24* (kd2| * C2Is - S4ls);
Ith(ydot, 42) = w2Is * ClIs - MV * a2l * (kd2| €3ls - S5Is);

Ith(ydot, 43) = w3Is * C2Is - MV * a3l * (kd3l * @ls - S6ls);

Ith(ydot, 44) = (all * (kd1l * Clls - S1ls) - silS1ls) * MV;

Ith(ydot, 45) = (s1l * Slls - s2| * S2Is - b1l 28) * MV;

Ith(ydot, 46) = (s2l * S2Is - s3I * S3Is - b2l BB) * MV,

Ith(ydot, 47) = (a2l * (kd2l * C2ls - S4ls)) * MV;

Ith(ydot, 48) = (a2l * (kd2l * C3ls - S5Is)) * MV;

Ith(ydot, 49) = (a3l * (kd3I * C4ls - S6ls) + sBIS3Is - b3l * S6Is) * MV,

Ith(ydot, 50) = b1l * S2Is * MV;
lth(ydot, 51) = b2l * S3Is * MV;
Ith(ydot, 52) = b3l * S6ls * MV;

}

double transform(double x) {
double y;
y=X
returny;

}

double square(double xxx) {
return xxx * xxx * 10000.0 * 10000.0;
}
double *ReadWA(const char file[], const int iRoegnst int iCol) {
char buf[shareDefMaxLine];
char **sl;
FILE *fp:
inti=0,n,k=0;
double **pData = NULL,;

if ((fp = fopen(file, "r")) == NULL) {
printf(“fopen %s failed'\n", file);
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exit(-1);

}
pData = ShareMallocM2d(iRow, iCol);

while (fgets(buf, shareDefMaxLine, fp) = NULL) {
ShareChop(buf);
sl = ShareSplitStr(buf, "\t", &n, shareDefNullNo)

if (n!=iCol) {
printf("line failed: %s\n", buf);
exit(-1);

}

for (k = 0; k <iCol; k++)
pData]i][k] = atof(sl[k]);

i=i+1;
}

return pData,;

}

double *ReadC(const char file[], const int iRow) {
char buf[shareDefMaxLine];
char **sl;
FILE *fp:
inti=0,n,k=0;
double *pData = NULL;

if ((fp = fopen(file, "r")) == NULL) {
printf(“fopen %s failed'\n", file);
exit(-1);

}

pData = ShareMallocM1d(iRow);

while (fgets(buf, shareDefMaxLine, fp) = NULL) {
ShareChop(buf);
sl = ShareSplitStr(buf, "\t", &n, shareDefNullNo)

if(n>1){
printf("line failed: %s\n", buf);
exit(-1);
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}
pDatali] = atof(sl[0]);
i=i+1

}

return pData;
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