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Abstract

STEROID ANALYSIS BY PH-MEDIATED
STACKING MEKC

by Liliya Bykova

This dissertation is based on research that led to the development and application of capillary
electrophoresis method for the analysis of sex steroid hormones in the blood or plasma of fish
species. The analysis of steroid hormones is essential to reveal chemical compounds that are
suspected in endocrine disruption, but it is challenging due to the similarity of the chemical
structures of steroids, their low concentrations, and limited volumes of plasma or blood samples in
fish available for analysis. There is therefore an acute need to develop reliable accurate and
systematic analytical methods applicable for the analysis of structurally similar steroid hormones at
very low concentrations. The method developed here is based on micellar electrokinetic
chromatography, a type of capillary electrophoresis that incorporates secondary equilibria. The
method utilizes pH-stacking for steroid preconcentration to improve the detection limits. This
method of pH-stacking is accomplished by using charged derivatives of cyclodextrin which
become neutral (protonated) or anionic (deprotonated) based on the pH of the sample buffer.
Preconcentration by means of pH-stacking occurs upon introduction of the sample into the
capillary at the pH junction, resulting in a fast and efficient separation analysis of steroids. Using
the developed method the separation of eight targeted steroids, that incl@de
dihydroxyprogesterone, ethynylestradiol, fiéstradiol, estrone, hydroxyprogesterone, 11-
ketotestosterone, progesterone, and testosterone is achieved in less than 4 min which is
substantially faster than steroid analysis by immunoassay, GC-MS or LC-MS. For all targeted
steroids, the within-day and day-to-day reproducibility in migration time is <1 and <2 % relative
standard deviation (RSD), respectively. The reproducibility in peak area obtained in aqueous
samples is below 6 % and 22 % (RSD) within-day and day-to-day respectively. The limits of
detection range from 2 to 14 nM using a 60 s electrokinetic injection. The method is validated by
measuring the recovery of standard steroids added to the aqueous or fish plasma samples prior to
sample preparation. The recovery of testosterone ghw@stradiol added to the fish plasma prior

to sample preparation range from 74 % to 102 %. The method is successfully applied to the



determination of sex steroid levels in blood plasma of yellow perch captured from natural aqueous

habitats. The results are compared to radioimmunoassay.
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INTRODUCTION

Rapid separation methods, such as capillary electrophoresis, are effective tools for screening the
chemical composition of a wide variety of samples constituents. The following chapters describe
the development of an effective anaytical method for steroid anaysis using capillary
electrophoresis. Chapter 1 provides the literature background of endocrine disruption and discusses
several known anaytical methods used for steroid analyses. Chapter 2 proceeds with a detailed
account of capillary electrophoresis, and describes the method developed in this work which is
based on the micellar electrokinetic capillary chromatography (MEKC). Chapter 3 is devoted to
in-capillary preconcentration methods, and much of the data in Chapter 3 is published in
reference [1]. Chapter 3 includes a comparison of chromatographic preconcentration and pH-
stacking preconcentration using charged cyclodextrin. The comparison indicates the latter
technique is much more reproducible for the targeted analysis. The method is evaluated using six
representative steroid hormones. The limits of detection were measured and stacking
enhancement factor was calculated and compared to the steroid analysis at non-stacking
conditions. Finally, Chapter 4 presents the application of the stacking-MEKC method to the
anaysis of steroids in fish blood or plasma samples. Data from this chapter comprises a
manuscript in preparation. The flushing protocol used to regenerate the inner surface of the
capillary in analysis of standard steroid samples needed to be modified in order to achieve
reproducible results when used for plasma sample extracts. The analysis of the plasma samples
required the development of an effective purification scheme to extract steroids while
eliminating interfering compounds. The method was validated by recovering steroids spiked in

the aqueous standard steroid solutions and in the fish plasma samples prior to extraction. To



investigate the effect of the differences among the fish species on the stacking, four different fish
species were used for analysis. The developed and optimized method was applied to the
determination of steroids in plasma of yellow perch fish. The MEKC results were compared to
the results independently measured by radioimmunoassay. The developed method allowed for
determination of the steroids in plasma samples with the improved limits of detection obtained

by the stacking preconcentration.



CHAPTER 1
BACKGROUND AND SIGNIFICANCE OF

ENDOCRINE DISRUPTION



1.1. PHENOMENON OF ENDOCRINE DISRUPTION

1.1.1. INTRODUCTION

The scientific interest in the occurrence of endwdisruption dates back to the
sixties and early seventies, when it was first regub that a synthetic estrogen,
diethylstilbestrol, can have adverse effects oregrpental animals and even humags (
The pioneering work of John McLachlan, Howard Bam other researchers has paved
the way to the present field of endocrine disrupt{®-6). However, the broad scientific
and social recognition of the endocrine disrupfooblem was due to the work of Theo
Colborn in the early nineties who found the evidetiwat certain non-hormone chemicals
may also affect the sexual development of numevoldaitife species 7).

It is now known that a variety of environmental tmanes and chemical pollutants
in the environment disrupt human reproduction caybirth defects, sexual abnormalities,
and reproductive failure. The threat of changeth@animal or human endocrine system
by xenobiotic compoundé&hemicals which are not normally produced or ik be
present in an organism but which are found in d#p lbecome a major issue facing
researchers today and continues to be a central &bpoxicological conferences, in the
general press, as well as in the political aré@al particular, the problem of endocrine
disruption has affected the state of West Virgimia2004, the researchers at the USGS
(U.S. Geological Survey) reported 80 % of the niass fish collected from the South
Branch of the Potomac River (Hardy County, WV) Harhale tissue developed inside
their gonodal tissue9¢12). Smallmouth bass are valued game fish in mudheUnited

States and a high occurrence of testicular oocfitésrsex) has gained great public
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attention (3, 14. Endocrine disrupting chemicals have been idegtiin some areas of
the Potomac Watershed, and it is suspected thatatigecontributing to these occurrences

(15, 18.

1.1.2. ENDOCRINE DISRUPTION, SOURCES AND CONSEQUENCES

An endocrine disrupting compound (EDC) is a chemmanpound that can
potentially disturb the normal communication betw#®& hormone and the cell receptor in
the living organism, leading to the malfunctioningetabolism or catabolism of sex
steroids, suppressed fertility and reproduction] awen complete sex-reversal in the
organism itself or its next generatidtv).

Among the significant sources of endocrine activeensicals affecting the
environment are the agricultural waste productsioapheric contamination, and sewage
(18-20. The number of registered and potential endodiseiptors is constantly growing.
These includealkylphenols 21), heavymetals 22), pesticides Z3), phthalates24, 293,
polycyclic aromatic hydrocarbond?AHs) and dioxin Z6), polychlorinated biphenyls
(PCBs) @7, 28, natural and synthetic steroid estroge®9),(and pharmaceutical drugs
(30-32.

All stages of the hormonal function of an organisan be affected including
hormone synthesis, storage/release, transportacieay receptor recognition/binding, and
post-receptor responses. The effects may be ibleersr irreversible, immediate or
latent. The intensity of the exposure depends onynfiactors including the dose of the

pollutant, the interval of exposure, the body weigitage of development etc. This



complexity creates unique challenges in the detecind measurement of endocrine

disruptors in the environment.

1.1.3. THE NEED FOR BIOMONITORS

The aquatic environment is exceptionally subjecteénobiotic damage. Water and
sediment can act as a sink for many types of potlufrom multiple sourcesThe
pollutants can be retained in the sediments andesuiently absorbed into the aquatic
organismsTo determine the safe maximum contaminant levéhénenvironment one has
to measure the rate of accumulation of pollutarytshe aquatic organisms, explore the
biochemical disruption mechanism and estimate tbssipility of disruptions in the
viability or fertility of the organisms and theiffgpring.

Biomonitoring is generally achieved by placing amnaal into the test water
containing a suspect chemical and observing iesceffon the animal. A simple toxicity
measure is the dose of a pollutant which kills 500P4he test animals (Lfg) (33).
Laboratory toxicity tests commonly inspect the efife of a single pollutant for a
relatively short period of time under controllednddions. Exploring similar effects in
the wildlife is equally important since the organss are exposed to lower levels of
complex mixtures, but over much longer time scales.

Fish accumulate pollutants in their fatty tissueshsas liver and gonads, but the
effects may become apparent only when concentsiilorsuch tissues reach threshold

level after several years. Thus the fish is a aatang-term biomonitor.



1.1.4. ENDOCRINE SYSTEM

The endocrine system is the chemical communicasgstem of the body
comprising many glands such as ovaries, testesrgas) adrenal, thyroid, and parathyroid.
The signals from the brain resulting from the exaérstimuli are modulated by the
hypothalamic-pituitary system as changes in thenbae secretion. The hypothalamus
produces gonadotropin releasing hormone which safig¢her release of gonadotropin
from the pituitary gland. Gonadotropin is a peptld@mone that acts on the glands to
stimulate secretion of sex steroid hormones anth@asmost concern in the context of
reproduction. The secreted steroids in turn imtighanges in the secondary sexual
characteristics, behavior, courtship, developmemd aaturation of the gamets, and
spawning (Fig. 1.1).

The endocrine signaling cascades similar to thafigure 1.1 provide several
sites where the endocrine signal can be reguldedexample, testosterone is secreted
by the testis but regulates its own secretion liyngaipstream at the pituitary gland and
hypothalamic gland. Peptide hormones are commdmyritermediate messengers along
a signaling cascade, while the terminal hormon@fien of nonpeptide origin (i.e.,
steroids). Toxicologically the function of the temal hormones appears to be most at
risk of chemical disruption, where the foreign nmlkes bind to the nuclear receptors of
these hormones in an agonistic or antagonistic era(®ection 1.1.6). The binding of a
xenobiotic substance to the receptor results inoabal receptor function with the
associated toxicological outcome.

Steroid hormones are lipophilic in nature and cartransferred in the circulatory

system from their point of origin to their targetsues only by specific carrier proteins
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such as sex hormone-binding globulin, corticostetmnding globulin, thyroxine-binding
globulin (transthyretin), and albumin. Sex hormdmeading globulin (SHBG) binds
testosterone, Prestradiol, and other sex steroids. Most steroatl tagroid hormonesx
95 %) are reversibly bound to proteins in the bldddon dissociation from the proteins,
the steroid hormones can cross the cell membranéiffusion due to their lipophilicity.
Therefore, the vitally critical parameter is not ttotal hormone concentration in the
plasma, but that of a free, unbound steroid.

The molecular mechanism of steroid receptor adiescribed by Nelson and Cox
(34) occurs as follows: after crossing the membranieftarget cell, the hormone binds
to specific receptor proteins in the nucleus. Tieeosd hormone receptors (SHR) include
the glucocorticoid, mineralcorticoid, progesteroaedrogen, and estrogen receptors. The
estrogen receptor is the major regulatory unit withe estrogen-signaling pathway. When
functioning normally, the hormone binding changbe tonformation of the receptor
protein. It forms homo- or hetero-dimers with othermone receptor complexes and binds
to specific regulatory regions, called hormone oesp elements, in the DNA adjacent to
specific genes. The binding regulates the transonf the adjacent gene(s), increasing or
decreasing the rate of the formation of mMRNA. Thertone-regulated gene thus produces
the specific cellular response to the hormone.

The bodily functions regulated by the endocrinetaysinclude reproduction,
energy production, metabolism, fetal developmerawth, and maturation. For example,
ovaries release estrogen, which is necessary fowtly fetal development, and
reproduction. The thyroid affects metabolism andirbrdevelopment, and the pituitary

controls other glands in the endocrine system. dit@ocrine system is very sensitive to
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very low levels of pollutants. Any anthropogenidstance, a substance caused by human
activity, can potentially interfere with any of theteps described above to cause a

disruption of the endocrine system.

EXTERNAL
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Figure 1.1. Endocrine signaling cascade of the reproductivaesy in the fish. (GhRH — gonadotropin
releasing hormone, GtH — gonadotropin, E2 B-&3tradiol, T — testosterone, 11KT — 11-ketoteséeone,
17,2@DHP — dihydroxyprogesterone). Reproduced with kiadmission of Springer Sciences froBb)



1.1.5. STEROID HORMONES

The major difference between the endocrine systetheofish and the mammals
are the steroid hormones. The main steroids irogelgssh, a large group of fishes with
bony skeletons, their interrelationship via biosysis and the major enzymes are shown in
Figure 1.2. The chemical structures of these steroan be found in Table Al, Appendix

1.

F45lcis 1

17,20a-dihydroxyprogesterone ophsD 17-hydroxyprogesterone
:,-/ pasoc7 |
Zﬁﬁ—nS;/ ;
17,20B-dihydroxyprogesterone | ¥ estrone
17[-HsD I I 17p-HSD
- Ij"isc'em:)m - .
testostercne ——— | 17B-estradiol
i |
11B-HSD | i
11-ketotestosterone estriol

Figure 1.2. Schematic demonstration of steroid biosynthesigelrost fish (for simplicity only major

pathways are shown). Reproduced with kind permissi&springer Sciences fror@5).

Steroids are oxidized derivatives of sterols. Thaye the sterol nucleus but lack
of alkyl chain attached to ring D of cholesteraidghey are more polar than cholesterol,
for which the logarithm of the partition coefficteflog P) is 9.9. A steroid hormone
molecule consists of a tetracyclic ring structurdhgubstituents at specific sites within the

molecule (Fig. 1.3.). The substituents are usulaylgiroxyl, carbonyl and alkyl groups.
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Very often steroids and their metabolites diffetyoly the presence or absence of one

functional group or a variation in the steric canfation of the ring.

Figure 1.3. Basic structure of a steroid molecule.

The biosynthesis of steroid hormones starts fraaoramon precursor, cholesterol,
and proceeds via a complex sequence of biocheneeations (Fig. 1.2). Kime3p)
describes this process quite nicely, and briefiplesterol is converted to pregnenolone by
the cholesterol side-chain cleavage enzyme (P4h0OBcegnenolone is then oxidized at
position C-3 by B-hydroxysteroid dehydrogenas&3A* isomerases BHSDs) producing
progesterone. The @&hydroxylation of progesterone by d-Fhydroxylase/G;oo lyase
(P450c17) results in the formation of 17-hydroxymsterone. 17-hydroxyprogesterone is
further converted to androstenedione by the lyasgity of P450c17. The final steps of
estrogen production are controlled by P450arom BAdSDs. Aromatase catalyzes the
aromatization of the androgens to estrogens, sucltararostenedione to estrone or
testosterone to estradid6), whereas 1F-HSDs are responsible for the interconversion
between 17-ketosteroids, like androstenedione atrdree, and 1¥hydroxysteroids, e.g.
testosterone and estradi@l7). Finally testosterone is converted to 11-ketotstroneln
teleost fish, 11-ketotestosterone is importantsexual differentiation and male sexual

development38).
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All steroid hormones act through nuclear receptmrschange the level of
expression of specific genes. Because hormones keaxe high affinity for their
receptors, very low concentrations of hormones dnaslar or less) are sufficient to
produce responses in the target tissues of the Tish exposure to hormonally active
compounds does not necessarily lead to adverset®effBorting out adverse effects of
endocrine disruptors is a scientific challenge ibus also practically important, since
exposure to such compounds through food, air, waater many household products is
everywhere and unavoidable. Therefore, in orderbsétter identify the biological

disruption, key steroids in the endocrine cycle tivasprofiled.

1.1.6. DISRUPTION OF HORMONAL REGULATION BY EXOGENOUS COMPOUNDS

The structural requirements and mechanisms ofraci@ndocrine disruptors are
complicated by the fact that there exist multiplay® to interfere with the endocrine
system. The predominant mechanisms of disruptionoofmone activity by xenobiotics
involve: (1) mimicking steroids by binding to theceptor and inducing (agonizing) or
inhibiting (antagonizing) the steroid response; (Rpdulating endogenous steroid
hormone levels.

To bind to the receptor, xenobiotics first competth hormones for the binding
to the carrier protein, which, as mentioned earbet as a vessel that distributes steroid
hormones throughout the body. For example, xenigBioestrogens can be both
endogenous (from within an organism) which regullagegrowth and development of their

target tissues, e.g. estradiol, and exogenous (frnatside of an organism) with estrogenic
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and/or anti-estrogenic activities that induce dnibit estrogenic response and may disrupt

the regulatory pathways, e.g. ethynyl estradiol.

1.1.6.1. Hormone Receptor Agonists

A hormone receptoagonistis a compound that binds to and activates a hoemon
receptor. Endogenous hormones, for exampfeekiradiol and &androstan-3,173-diol
(commonly known as dihydrotestosterone), functian agonists to their respective
receptors. Xenobiotics can act as receptor agomists stimulate receptor-dependent
physiological processes in the absence of the eamng receptor ligand (hormone).

The estrogen receptor is most susceptible to tloaistic action of xenobiotics
due to their diverse molecular structures. Compsuwwgich bind to the estrogen receptor
and induce receptor-mediated response, are terstiegjens or estrogen receptor agonists.
Whether a xenobiotic can fit into the binding-packé the receptor and function as a
receptor agonist is determined by the structuria@fxenobiotic and its electrical charge.
Some drugs are rather potent estrogens (i.e. dstitbgstrol); however, chemicals with
estrogenic activity are typically weak agonistshndictivity several orders of magnitude
less than that of Pfestradiol. However, adult males, young individualsd embryos all
have been shown to exhibit endocrine toxicity reisglfrom xenoestrogen exposure due
to the small amount of endogenouspg-Eétradiol in these individuals3§). The
physiological consequence of the xenoestrogeniwigcis typically feminization, for

example, breast development in males (gynecomg38a%0.
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1.1.6.2. Hormone Receptor Antagonists

Receptorantagonistsare chemicals that bind to a hormone receptor buhat
activate it. These chemicals inhibit receptor amtiby preventing the endogenous
hormone from activating the receptor. Estrogen pemeantagonists include certain
phytochemicals (i.e., flavonoids) and PCBs. Estnogeeptor antagonism typically leads
to de-feminization. In laboratory animal studiestregen receptor antagonists have been
shown to disrupt estrous cycles and damage fgrtilitemales 41).

Chemicals that known to bind to the androgen recejpt an antagonistic way
include, for example, the heart failure drugs, apmactone and cimetidine, and
antiandrogen prostate cancer drugs, cyproteron&atacand hydroxyflutamide4p).
Environmental chemicals that have been shown tas@ndrogen receptor antagonists
include the metabolites of the agricultural fundeivinclozolin, the DDT metabolitg,
p'-DDE, some hydroxylated PCBs, and the organophasphsecticide fenitrothiorQ).
Androgen receptor antagonism, unlike that of thieogen receptor, may result in de-

masculinization.

1.1.6.3. Mixed Agonists/Antagonists

Certain chemicals can function as either a receqgonist or antagonist, and are
referred to asnixed agonists/antagonistshe particular function depends on the level of
endogenous hormone in the organism, the conceorirafi the xenoagonist, the binding
affinity of the xenoagonist to the receptor, th@@entration of the endogenous, and the
binding affinity of the endogenous hormone to theeptor. For example, a weak agonist

may bind to a receptor and stimulate some low-legekptor-mediated activity in the
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absence of the endogenous hormone. However, iprdsence of the hormone, binding
of the xenobiotic to the receptor may prevent tineling of the endogenous hormone and
suppress the hormonal activity if the xenobiotia iweaker activator.

The drug tamoxifen functions as an estrogen recegpitagonist in reproductive
tissue but functions as an agonist with respetitéqreservation of bone mineral density
and reducing serum cholesterol concentratiddy. (Accordingly tamoxifen can function
as a prophylactic against the growth of estrogepessive breast cancers and
osteoporosis via two different mechanisms, estrageeptor antagonism and agonism,

respectively.

1.1.6.4. Inhibitors of Hormone Synthesis

Endocrine toxicants can cause antihormone actbytjowering the levels of the
endogenous hormones in the body. With steroid hoasochemicals typically elicit this
effect by inhibiting the enzymes necessary forgyrgthesis of the hormone. For example,
cytochrome P450 enzyme (CYP19) is responsibleneraromatization of testosterone to
form 175-estradiol. CYP19 inhibitors such as breast cam@atment drugs, fadrozol,
anastrozole, letrozole, can lower the endogenousesitadiol levels resulting in de-
feminization @45). Cytochrome P450s enzymes are also critical tmwa hydroxylation
reactions that contribute to the synthesis of ageine and other steroid hormones.
Inhibition of these enzymes can result in a vargtyantisteroid hormone effects. For
example, the agricultural and medicinal fungicigespiconazole, ketoconazole, and
fenarimol are capable of inhibiting P450 enzymed @uucing synthesis and circulating

levels of testosterone and other steroid hormomesgicological consequences of the
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lowering of the endogenous steroid hormone levets tgpically comparable to the

effects elicited by antagonists of the hormoneteptor.

1.2. LITERATURE METHODS FOR STEROID ANALYSIS

1.2.1. INTRODUCTION

Although the concentration of specific pollutantsyrbe analyzed at very low
levels, no single method can predict or detectEANCs present in an environmental
sample. Ultimately, this prevents the analysis ofmplex biological mechanisms of
endocrine disruption in one simple test. To addtkiss environmental problem, reliable
analytical methods must combine several types afyais includingin vivo andin vitro
bioassays, and analytical chemistry for the deteation of structurally similar steroid
hormones at very low concentrations. Monitoring tkey steroid hormones in the
endocrine cycle of fish is essential to provideight into the complex metabolism
involving steroid hormones and identify a biologidsruption. Hormones can  cause
endocrine disruption at very low concentrationst Example, steroid estrogens can be
harmful to the fish at a concentration as low &r@)/L @6). Profiling circulating steroids
in biologically relevant concentrations to deterenimow EDCs affect the endocrine system
thus requires highly sensitive analytical methodse separation of steroid hormones is
further complicated by the high hydrophobicity aérsid molecules and their similar
chemical structures. Finally, the analysis of steran fish plasma is difficult due to the
presence of interfering compounds and small amaiuthie fish blood plasma available.

Natural and synthetic sex steroid hormones canradyzed by liquid or gas

chromatography coupled to mass spectrometry, imassay, or capillary electrophoresis.
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A number of papersi-60 reported the analysis of one or several steiidsitaneously
present in water, urine, or sediments. There arerfe@eports dealing with the blood or
plasma §1-88. A brief introduction to the benefits and limitats of the available methods

for steroid analysis is presented in the follonsegtions.
1.2.2. LC-MS AND GC-MS OF STEROIDS

Natural and synthetic sex steroid hormones have bealyzed by liquid or gas
chromatography coupled to mass spectrometry. Masgremetric detection allows for the
structural elucidation of steroids and steroid melites eliminating the need for
predictive identification of steroids in the sampled enabling identification of steroid
metabolites for which no immunoassay is availabgatope-dilution GC-MS is a
reference measurement procedure for plasma stdisidd in the database of the Joint
Committee for Traceability in Laboratory Medicin89). It has been widely used to
validate immunoassays for steroid analysis as tegyire more thorough validation due
to their cross reactivity90). Despite isotope-dilution GC-MS being a de-fagwid
reference method for steroid analysis, isotopetidituLC-MS/MS has been proven to
demonstrate the same accuracy for steroid angl9%is92 and is also used by clinical
laboratories for the analysis of steroid hormomth LC-MS and GC-MS provide very
low detection limits for LC-MS (2.8 — 70107 ng/L) (47-57, 61-71, 98and GC-MS (1 —
1.410° ng/L) (8, 59, 72-79 These methods cannot, however, be used forstasbid
profiling. It takes 20-45 min by LC-MS18, 50, 54, 56, 57, 61-65, R&and 14.5-35 min by
GC-MS 68, 72-74 to obtain a steroid profile, excluding samplegaration time. This is a

considerably long time, especially when severaldneah analyses or large-scale screening
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have to be performed. In addition, isotope-dilutnathods require isotope labeled steroid
standards which are expensive and not readily aailfor all the steroids of interest.
Another shortcoming is the large sample injectiolumes required by chromatography.
For example, a typical sample injection volume @MS is 2 — 10QL, and 1 — 2.5uL in
GC-MS. Additionally, liquid chromatography usesgawolumes of flammable, expensive,
and toxic mobile phases for analysis. While ligcimlomatography does not require sample
derivatization, gas chromatography method requiaatilization of the steroid analyte
which can be obtained by derivatization of the yeafor 40 — 130 min7A2, 73, 75, 76,
78). Also, the use of gas chromatography for theryndigradable chemicals such as

steroid hormones is questionable.

1.2.3. IMMUNOASSAY

Immunoassays are widely used in clinical laboratofor steroid analysis in the
serum or plasma. Immunoassay measures the coatoaminf the analyte using the unique
molecular recognition properties of an antibo8) (Immunoassays are widely applicable,
specific, and sensitive (LOD < 0.3 — 64 ng/BP{88, 96, 9Y. The instrumental equipment
is relatively cheap and accessible. However, thayais can be affected by the cross-
reactivity of antibodies with steroid metabolitesnh the sample matrix as many of the
immunoassays are preformed directly on a non-pdrifplasma or serum samples to
decrease the analysis time or on a sample predreatie the extraction or chromatographic
purification prior to incubation with an antibod95]. Immunoassay cannot be used for
steroid profiling, since the method is typicallyeddor analysis of one steroid at a time. To
analyze several steroids in a single sample onddwoeed to partition the sample and
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incubate each portion of the sample with a spectiieroid antibody. Typically
immunoassay requires 10-200 of a reconstituted plasma sample to be introdurcedch
well of a 96-well mirotiter plate for incubatio®, 85-87, 95, 97 Since the volume of
plasma sample available from a single fish is @ibycfrom 10pul to < 1000pl, the entire
sample of fish plasma is often used to determireesteroid only. Given the likelihood of
variations of steroid concentrations between fistsipa samples, profiling using multiple
fish plasma samples is error prone, not to mertti@nincreased analysis time since the
incubation time in immunoassay ranges from 45 @9 up to several hour8Q@-82, 84-
88, 99. Finally, the immunoassay analysis should beiooefl using GC-MS or LC-MS.
For example, isotope dilution GC-MS does not suffem cross-reactivity and does not
depend on the presence of interferences in plaamalss as a result it has been used as a
“gold” reference standard method for validating iomoassays89). Figures of merit for

steroid analysis reported in the literature arersanzed in Table 1.1.

1.2.4. CAPILLARY ELECTROPHORESIS

Capillary electrophoresis (CE) provides rapid andsaphisticated method
development, versatility, high efficiency and regioin, various modes to vary selectivity,
simple separation mechanism and extremely smalplsanolumes requiredg-10). CE
separations are faster comparing to other methisdas$ed above. For exampgbeevious
works reported steroid analysis separation times tban 14 min using conventional
capillaries 102-112 and less than 7 min with microfluidic devicd®®. In addition, in
CE the same instrument can be used for the separatid analysis of a wide range of
analytes such as large biomolecules (proteins atkic acids), metal and organic ions,
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enantiomers and neutral molecules. These advanw@ig€sE can help overcome the

shortcomings of LC-MS, GC-MS, and immunoassay tercsd analysis discussed earlier.

CONCLUSIONS

The goal of the research presented within the fraorie of this dissertation is the
development of an analytical technique which woaltbw for the high-throughput
determination of the low concentrations of endogersteroids in fish blood or plasma in
order to be able to control the cause and effetthie endocrine disruption in aquatic
fauna. As discussed above, many analytical methads been developed for the analysis
of steroids in environmental and biological sampl@espite the advantages of the low
detection limits these methods are time consumiy ae difficult to apply to volume-
limited plasma samples. These technical diffical8aggested a need for a new approach to
hormone analysis compatible with stringent demasidsgh throughput screening in real
life applications dealing with small sample volunaesl complicated matrix composition.

Chapter 2 discusses the fundamentals of capill&gtrephoresis, which was
chosen as the baseline approach for analysis afictaormones. Development of the
separation protocol using micellar electrokinehcoenatography under acidic conditions to
rapidly separate steroids is outlined in this chaats well. The developed method is

evaluated with respect to the selectivity and ntigretimes for analyzed steroids.
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Table 1.1. Figures of merit for steroid analysis by literatanethods. Literature search was limited to the ipabbns published by 2008 and reported analysis of

at least two (or one for immunoassay) of the follmvsteroids: progesterone (P), testosterone &jpre (E1), estradiol (E2), and estriol (E3). Skenwaas
either blood serum or blood plasma.

Sample Sample Analysis Linear
. Sample | Sample Derivati P injection ay LOD LOQ RSD Recovery
Steroid M ethod : : volume time range Ref.
matrix prep. zation volume, . (ng/L) (ng/L) (%) (%)
(mL) (ul) (min) (ng/L)
Various HPLC- 10 (most 1.010-
steroids | UV-VIS | Human | 4.010° - 3.010° 85.2 -
including E3, | diode | plasma SPE NO 2 20 Stféo('g)s)' 1.610° NR NR (R*> 99.9 61
E2,E1, P array 0.995)
T P'EE;' B2 Lcuv HS::[‘J?T:' SPE NO 0.08 NR 45 NR NR 4 400° NR 62
various (mu?t(i)step
steroids HPLC - : _
e | Toag | Serum | SPE NO 1 20 | gradient);|  NR NR wRo| L NR | 63
Inciuding £, 40 (linear
E2,E1, T, AD gradient)
Various Serum:
incﬁ?g;"zz Hlf'[;g " | gonodal|  SPE NO 10 25 30 NR NR NR NR NR | 65
EL T, AD, P tissues
LC- Inter- 93-108
11.9 10 - 600
(APCI)- | Human | Solvent 3.5 (E1); . assay: 2 (EQ);
B2, Bl | Ms/Ms | plasma | extraction YES 0.5 15 5 2.8 (E2) G(E%I)E’z) 4-20 5%925) 100-110 | %
' (n =20) ' (E2)
Intra-,
Deuterated EZ2 LC- Mouse | Solvent YES 0.05 NR NR NR 50 inter-day 5?&3104 83 69
and E1 MS/MS | plasma | extraction ' precision
0.995)
12.9
93.8-
100.9
LC- Serum; | Solvent (serum);
El, E2 (APCI)- urine ’ extraction YES 0.01 10 5 300- 71 NR NR NR 93.5- 70
MS/MS 107.9
(urine)
(n=2)
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Sample

_— Sample | .=~ . Linear
4 Steroid M ethod Sample Sample Derl_vatl volume injection An_alyss LOD LOQ RSD range Recovery Ref.
matrix prep. zation volume, time (ng/L) (ng/L) (%) (%)
(mL) (ng/L)
(pL)
510°
E2,E3,E1, | LC- NR (LC- I\ﬁg/&'g) Mg;ﬁs)
8 EE, MS/MS, | Water, SPE (GC-MS/MS): 1000 MS/MS); 65 (GC-’ NR @- 15)’ NR NR 90 71
diethylstilbest| GC- serum | (C18 col.) YES (water); 1(GC- MS/MS) 10°
rol MS/MS 2 (serum)| MS/MS) (GC-
MS/MS)
14 adrenal- 14.5- Intra-.
cortical separation assay. .
9 | steroidsincl. | Gc-ms | Blood | Solvent YES 1 2 (240 | 100-1000| NR | >0180i ) g a7
serum | extraction . inter- 100.0
El, AD, E2, total time) assay:
T.PES 6.0-19.0
Various
steroids incl. Fish
10 E1 E2, T, GC-MS plasma SPE YES 1lg 25 33 100 ng/k NR NR NR 85-118 73
AD, P
EDCs, E1, SPE-
11 | E2, E3, EE, P GC-MS | Serum NO 3.6 2 20 NR NR NR NR NR 74
T HPLC
SPE;
GC- solvent
12 El, E2 MS/MS Serum extra_ictlon; YES 2 2 6 1 2 10 NR 24 75
semi-prep.
HPLC;
1.410° -
Estramustine| SPE 1.410° | 3.210° | 1.3-14 | 1.510°
phosphate + | Human + (E1); (E1); (E1), (E1); i
131 metabolites: (S,\l/:g) plasma | solvent YES 1 2 15 0.5410° 2.210° 21-11 | 05410° | [0-90 | 76
E1l, E2 extraction (E2) (E2) (E2) —-0.3010°
(E2)
Solvent 4.5 (30 Inter-
14| E1,E2,E3 | GC-MS| Serum extraction YES 0.5 NR samples/ NR NR assay: 100-500 9967.4878- 77
day) 3.42:3.73| P9 :
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Sample

Sample

Linear

. Sample | Sample Derivati injection | Analysis LOD LOQ RSD Recovery
# Steroid Method matrix prep. zation volume volume, time (ng/L) (ng/L) (%) range (%) Ref.
L) | T (nglL)
GC- Solvent 50 50 -
15 El, E2, E3 (EN-MS Serum | extraction NO 0.2 NR 13 (E1, E2); NR NR 510° NR 78
1000 (E3)
8 (E2);
16| E2,P,T Ria | Blood NR NO 10 total NR | STAhrat oh oy NR NR NR NR 80
plasma roomT
64 (T)
17| ELEL RIA | HUMaN | e ction NO 1 200 | 1672001 47 €1 NR NR NR NR | 81
sulfate serum at 0°C
Solvent Intra-
E1l, E2,E3, T, extraction assay:
AD, 5a- Human | + column 12 hr at 2.6 -15 2.8-8.3; 61.2 -73.7
18 dihydrotestost RIA plasma | chromatog NG 1 NR +4°C pg/tube NR Inter- NR (n=90) 82
erone raphy + assay:
TLC 1.3-10.5
19| ELE2EL- 1 g, | Blood J SPE, NO 2 200 NR 07-6| NR | assy | NR 55-70 | 83
sulfate plasma HPLC ' < 18"
Intra-
<0.3 assay: 0.25-1000
Bovine | Sephadex overnight (EQ); 4.8-5.6; (EL); 94.5 (E1);
20| ELE2 BIA T plasma | LH-20 NG 0.1 100 at 4°C <12 NR Inter- | 1-5000 | 93.9 (E2)| &°
(E2) assay: (E2)
1.9-8.8
0-1000;
Intra-
. Cross-
Human assay: reactivity:
21 E2 Ela | SCUM NR NO NR 25 110 min 10 NR | 4124100 100 89.2- 1 g6
or Inter- (E1) 112.6
plasma 6a:_szaay:7 1.50%
' ' (E3)
0-18000;
Intra-
. cross-
assay. reactivity:
22 T pa | Human) g NO NR 10 110 min 50 NR | 2010001 g g60s 1041 g
serum Inter- (DHT) 127.5
assay: )
0.89%
4.4-8.4 (AD)
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Sample Sample Linear
4 Steroid M ethod Sample Sample Der|_vat| volume injection An_alyss LOD LOQ RSD range Recovery Ref.
matrix prep. zation volume, time (ng/L) (ng/L) (%) (%)
(mL) (ng/L)
(uL)
Intra-
Human assay:

23 P ElA | U™ NR NO NR 25 110min| 300 NR | 2471 0-50000; ) 8041 g9
or Inter- 118.6
plasma assay:

2.6-12.6
NR-not reported
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CHAPTER 2

DEVELOPMENT OF STEROID SEPARATION
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2.1. INTRODUCTION

The long term goal of the research presented sdhapter was to develop a CE
method for profiling steroids in blood plasma ofhfiwhich can assist in monitoring
endocrine disruption. In order to fully understahd principle of the analytical approach
used in this study a brief review of the capill@&igctrophoresis, micellar electrokinetic
chromatography (MEKC) and cyclodextrin-modified MEKased on introduction to the

high performance capillary electrophoresis by He{dgis presented below.

2.1.1. THEORY OF CAPILLARY ELECTROPHORESIS

Capillary zone electrophoresis (CZB) ionic species using narrow inner diameter
fused silica capillaries (< 10Am), high voltage up to 30 kV and on-line UV-visible
absorbance detection was first demonstrated byedsop and Lukacs in 1982)( who
also investigated the relationships between theatipeal parameters and separation
quality of CE 8, 4. The separation of analytes in CE is affectedtlwyg transport
processes: electrophoresis and electroosmosisndtheesult of both is the separation of
charged and neutral analytes. Separation of chaagalytes is based on their respective
charge-to-size ratios. Electrophoresis is the m@venof a charged solute through a
conductive solution toward or away from an elear¢dnode or cathode) by the electric
field. The movement of the solute depends on thkilityoof the solute and the magnitude

of the applied electric field and is called theceigphoretic velocity\():

vV, :'ueE (2.1)
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where values,, &, andE are ion velocity, electrophoretic mobility, andpéed electric
field, respectively. The electric field is a furmetiof applied voltage and capillary length (in

volts/cm). Electrophoretic mobility is dependenttba solute and the buffer properties:
fy=—— (2.2)

whereq, r, and /7 are ion charge and radius, and viscosity of thatieol, respectively.
Cationic solutes with the largest charge-to-sitie flzave therefore the highest net mobility
and elute faster toward the cathode. For aniongrérel is opposite while for neutral
(uncharged) solutes electrophoretic mobility isozdfigure 2.1 shows CE separation at
normal polarity where the cathode and the anodeatatke outlet and at the inlet of the

capillary respectively. The opposite arrangementhef cathode and the anode will be

referred to as reversed polarity in this dissetati
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Figure 2.1.Schematic representation of separated analyteshar@e and EOF.

Electroosmotic flow (EOF)s a distinctive element of CE. EOF is the bulk

movement of the solvent being dragged by the pe$ticharged ions migrating toward

the cathode. As mentioned above, CE is usuallyopedd in capillaries made from fused

silica. Surface charges on the interior of the l@yiinduce the formation of a double layer
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upon application of the electric field. In a fusslita capillary, the surface silanol (Si-OH)
groups are ionized to negatively charged silan(ﬁit@f) groups at pH above three. These
negatively charged silanoate groups attract pesyticharged cations from the buffer
solution, which form an inner layer of cations (Btéayer) at the capillary wall. The
density of these cations is not sufficient to nalize all the negative charges, so a second,
outer layer of cations (Gouy-Chapman layer) forifise electric potential at the sheer
plane of the double layer is called tteta ¢) potential While the inner layer is tightly held
by the Si-0 groups, the outer layer of cations is not tightsld because of its larger
distance from the silanoate groups. Under the émite of an electric field, the outer layer
of cations is pulled toward the negatively chargathode. Since these cations are solvated,
they drag the bulk buffer solution with them, treaising EOF, as represented in Figure
2.1. The existence of the EOF means that under alopwlarity neutral and charged
molecules, even negatively charged ones, will bepswalong towards the cathode.

The magnitude of EOF is highly dependent on theptHe running buffer because
the - potential is largely controlled by the ionizatiohthe acidic silanols on the capillary
wall. At pH < 3, the ionization is small and the EOF flow rateherefore not significant.
At pH > 9 the silanols are fully ionized and EOF flow retdigh. For example, in 20 mM
borate buffer at pH 9.0 in a 50m inner diameter capillary the velocity of EOF is
approximately 4 nL/s. The magnitude of EOF alsaekses with increased concentration
of the running buffer. Increasing ionic strengtluses double-layer compression, which
results in reduction of the level of EOF. Addititigehigher ionic strength will increase

the current across the capillary and increase ikeiHood of Joule heating and band
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broadening §, 6. EOF can be suppressed by chemically coatingirther surface of
capillaries 7-9) or by using acidic running buffet ).

EOF is generated throughout the entire length efctipillary and is characterized
by a flow profile that is plug-like in nature. Caagiently, solutes are swept along at the
same rate regardless of their radial position endapillary minimizing sample dispersion.
This is an advantage compared to the laminar flogoentered in pumped systems such as
in HPLC. In laminar flow, the solution is pushedrfr one end of the column. The solution
at the column walls moves slower than the solutiotihe middle of the column due to the
shear effect resulting in different solute speed®ss the cross-section of the column.
Therefore, the laminar flow tends to broaden thekpeas they travel along the column.

The apparent mobilitys, of a solute is the sum of its electrophoretic rityband the

electroosmotic mobility:

Ha = e+ HeoF (2.3)

Under normal polarity the apparent mobility of oatt species is therefore
generally greater than EOF (Fig. 2.1). Neutral gsedo not have charges and therefore
migrate as a single peak at the same velocity &5 B@parent mobility of anionic species
is smaller than EOF since the anions have eleabreib attraction toward the anode while
EOF is driven by the cathode attraction. If EOBti®ng enough, all species will migrate

towards the cathode allowing single run detectioall@analytes (Fig.2.1).
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2.1.2. INSTRUMENTATION

CE offers high efficiency, selectivity, and low taperation. CE instrumentation is
schematically shown in Figure 2.2-A. The key congmins the separation capillary filled
with running buffer. The length and inner diametka separation capillary typically range
from 30 to 100 cm and 10 to 1Q@m respectively. Both ends of the capillary are
submerged into buffer vials also containing platnelectrodes. The sample is introduced
at the inlet site by applying a high voltage patr{electrokinetic injection) or by pressure
(hydrodynamic injection). Migration through the dkgpy is driven by the applied field,
and analytes are detected on-capillary as they padstection window at the capillary
outlet. The high voltage power supply is capablswdplying up to 30 kV voltage across
the capillary to assist sample injection and sdjmaraMost commercial instruments use
UV-visible absorbance detection. This is accomplishn-capillary by burning off a
portion of the polyimide coating from the fusedcsilto form a detection window. The
output of the detector is a plot of detector respowersus time and is called an

electropherogram (Fig. 2.2-B).

Detector

Separation capilla
P \pAry F Amplifier H Interface ‘

Inlet Outlet
Sample
_—-7
W

or
Anode (1) Buffer Cathode (-} éﬁt‘\
HV power @
supply Time
A

Figure 2.2.Schematic diagram of a CE instrument (A), and sessmtative CE electropherogram (B).
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In CE the range of separated molecules is limitethbse carrying a charge. The
co-elution of neutral analytes in the CZE is on¢haf major limitations of electrophoresis.
Steroid molecules are neutral and therefore recmipseudo-stationary phase to assist
separation by means of secondary equilibria. Macadlectrokinetic chromatography is an

extension of capillary electrophoresis which iscugeseparate neutral moleculég-17).

2.1.3. MICELLAR ELECTROKINETIC CHROMATOGRAPHY (MEKC)

Micellar electrokinetic chromatography (MEKOpr the separation of neutral
compounds by adding surfactants suchs@dium dodecyl sulfate (SP® the running
buffer was first introduced in 1984 by Terabe aodworkers 11). Micellar electrokinetic
chromatography combines the phenomenon of EOF vaithform of partition
chromatography to expand the range of separatedcuniek including neutral molecules.
EOF drags all the neutral molecules through thellagpwith essentially the same rate.
Partition chromatography in its simplest form cstssiof a stationary phase and a mobile
phase where the separation of molecules is baselifferent affinities of the analytes for
the two phases. The separation of neutral anatgiese achieved by introducing charged
additives, such as surfactants, soluble polymemyrt ethers, cyclodextrins, antibodies,
and proteins into the running buffer solution. Thest popular additive is a surfactant.

The surfactant molecules are amphiphilic with botydrophobic (e.g., alkyl
moiety) and hydrophilic (polar or charged) grougsd they behave as solvated monomers
at very low concentrations. When the concentragsancreased beyond a minimum level,
termed thecritical micelle concentratio(CMC), these monomers spontaneously start to

form micelles. A micelle is an ordered aggregateswfactant monomers enclosing their
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hydrophobic tails and exposing polar head groupsitd the water or other polar solvents

(Fig. 2.3) 09).

Surfactant
concentration

anionic anionic
surfactant .
micelle
monomers

B N N e NP v N

Figure 2.3. Micelle formation (top). Sodium dodecyl sulfag&S) monomer (bottom).

The micelles in MEKC are the equivalent of theistatry phase in HPLC and

often called pseudostationary phase. Because escale not stationary, they are subject to

both EOF and electrophoresis. Separation in MEKiGus based on the different ability of

the analyte molecules to partition between thetswiland the inside of the micelles. In the

presence of EOF, all the analyte molecules anantlkelles will pass through the detector

window because the negatively charged micellestiracted to the anode, but the greater

magnitude of the EOF sweeps them toward the detattbe cathode end of the capillary.

In reality, solutes are distributed in MEKC betwettie pseudostationary and aqueous

phase and a partition coefficient (P) is defined as

p=—rs (2.4)
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where, Cps and Cs are the molar concentrations of a solute in theugasstationary and
aqueous phase respectively. Both, CMC and partitoefficient are temperature
dependent. An increase in temperature causes eaggin CMC, hence a decrease in
micellar concentration which consequently redubesrétention factor. On the other hand,
higher temperatures lower the partition coefficiantl also reduce the retention fact®)(
It is well known that temperature increase redutlsesiscosity of the running buffer which
ultimately increases electrophoretic and EOF vae&sciand reduces the migration time.
Therefore in order to maintain a reproducible MEK€paration temperature control is
critical (20).

In all separation techniques, the primary goabisi¢hieve good resolutioRs. In
CE, the resolution can be calculated from an apberogram using the following

equation,

2/t
Rs:
wt+a,

(2.5)

where4t is the difference in migration time of two anagft@ndw is the peak baseline
width in time units. The resolution in MEKC can ineproved by optimizing efficiency,
selectivity, and retention factor. The latter is trasiest to control since in general, there is
a linear correlation between an increasing conagoir of the surfactant. However, a
potential problem when using too concentrated stafds is an increase of Joule heating
due to an increase in the effective resistances, the dissipated power £ I°R) of the
running buffer 21). Even with the narrowest capillaries, an effitiemoling is necessary to

eliminate the excess heat generated by extremghyeiectric field.
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Another way of improving the resolution is to exdetme elution window. In the
separation of neutral analytes, all analytes eh#®veenteor and tmicele Hydrophobic
analytes totally retained in micelles elute witkerth attyicele On the other hand, very
hydrophilic analytes do not interact at all withcelles and elute with EOF. Even though
the elution window is often fairly small, the peadpacity can be very high because of the
high efficiency. It is also easy to manipulate sle¢ectivity by changing the physical nature
of the micelle such as size, charge, and geomatiybg using different surfactants. The
use of surfactants may have dramatic affect orEf@€ by interacting with the capillary
wall. When EOF is suppressed only charged pseudosiay phase migrates through the
agueous phase.

Unfortunately,CE separations of native steroids cannot be acaéshgal with the
use of only micellar hydrophobic pseudostationahage because lipophilisteroidal
compounds readily partition inside of SDS micellesagueous solutions and often co-
migrate. The separation of steroids by MEK€juires the secondary equilibrium by
means of the introductioof another additivéo the running buffer. One such additive is
cyclodextrin which is used to contrdig high affinity of steroids to the micelles andgh
the separation resolution and efficien€92-24. The background on cyclodextrin

chemistry is briefly discussed below.

2.1.4. CHEMICAL AND PHYSICAL PROPERTIES OF CYCLODEXTRINS

Cyclodextrins are well-known in host-guest chemisByclodextrin (CD) was first
mentioned in 1891 by Villiers; however, Schardingave the first detailed description of

the preparation and isolation of this group of roagclic molecules and helped develop
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the fundamentals of CD chemistry. Later in the E3ringsheim significantly advanced

the progress of CD research when he discoveredtbahic compounds have a tendency
to form complexes with crystalline CD25). The compounds are industrially synthesized
from the degradation of starch mediated by the lerapzymatic conversion. CDs are non-

toxic and can be widely used in food, medicatio eosmetics26).

Ty,

HU
Figure 2.4.Chemical structure of G—cyclodextrin molecule.

CD is a cyclic oligomer ofa-D-glucose. CD normally used in the analytical
separations are-cyclodextrin (six glucose unitsB3-cyclodextrin (seven units), ang
cyclodextrin (seven units). The CD molecule resesbh doughnut and is typically
represented as a shallow truncated cone (Fig. Bot)a molecule with m glucose units,
one cavity opening is contoured with m primary loygt groups and has a reduced
diameter compared to the other cavity opening aoetb with 2m secondary hydroxyl
groups. The interior of the cavity is decoratechvatrow of CH groups (C-3 carbons) then
a row of glycosidic oxygens, and then a row of Gblugs (C-5 carbons).

The hollow structure makes the cyclodextrin attvacsubjects for chemical studies
and applications. Whereas the interior of the gaist non-polar, the exterior of the

cyclodextrin is covered with hydroxyl groups makihgoluble in water47). At 25 °C, the
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least soluble i$-CD (1.85 g/100 mL), and most solubleytD (23.2 g/100 mL). These
compounds are therefore studied as “hosts” for stjumolecules capable of entering the
cavity partially or completely and forming non-ctar host-guest inclusion complexes.
Since cyclodextrins are neutral molecules, theyeredong with the EOF. In addition, they
are inert and stable at a wide range of pH valaed,have low UV absorptivity at short
wavelengths. These properties make them very usalditives in chromatographic
applications. Table 2.1 summarizes dimensions dndigal properties of cyclodextrin

molecules 29).

Table 2.1.Physical and chemical properties of CDs.

cD # gluc?r.:,e units, Sﬁr\:]vc,)l Solugilliltg)lci)nmv;/_ater, A A B, A c A

a 6 972 14.5 14.6 47-53 7.9
B 7 1135 1.85 154 6.0-6.5 7.9
% 8 1297 23.2 175 7.5-8.3 7.9

To overcome the limited selectivity of MEKC the &auh of cyclodextrins into the
micellar phase is used to prevent the elution ghllyi hydrophobic analytes with micelles.

This technique is referred to as CD modified MEKC.

2.1.5. CYCLODEXTRIN (CD) MopIFIED-MEKC

Due to the presence of a relatively hydrophobidtgam CDs, they act as another
pseudostationary phase and significantly contriiatéhe selectivity of the separation
system. When a CD is added into the micellar systtenCDs and micelles compete to

form inclusion complexes with the analyte. Becanatve CDs are neutral, the analytes
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having greater affinity to neutral CD migrate ag¢ telocity of the EOF. The success of
desired selectivity depends on the binding constdnthe analyte with CD and the
concentration of the CD, as the change in the cdreteon will shift the equilibrium
toward to or away from the formation of the anal@@ inclusion complex. Addition of a
very high concentration of CD might, however, distthe micelle formation2Q).

The literature publications reported the MEKC as@&lpf sex steroid hormones are
summarized in Chapter 1. Most works so far hawydver, focused mainly on the
optimization of the separation parameters and doepmrt required figures of merit, such
as LODs, the reproducibility of the method nonitdidation using biological samples. The
analysis of steroids by cyclodextrin modified MEKLthe focus of this dissertation and
will be discussed in details below in this chapfEne method is optimized to enable
selective and rapid analysis of steroids. Two paldr aspects are addressed: 1) how the
affinity of targeted steroids either to the micell® to CDs affects the migration order of
the steroids in basic and acidic separation medid,2) possible ways of manipulation and

optimization of the steroid separation speed asdiugon.
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2.2. EXPERIMENTAL

2.2.1. CHEMICALS AND MATERIALS

Sodium dodecyl sulfate (SDS), 3-[cyclohexylamingybpanesulfonic acid
(CAPS), 2-[cyclo-hexylamino]-ethanesulfonic acid HES), n-decanophenone, 11-
ketotestosterone, and testosterone were purchased Sigma-Aldrich (St. Louis, MO,
USA). HydroxypropylB-cyclodextrin (HPCD) was purchased from VWR (Weke§ler,
PA, USA). Steroids, androstenedionepZstradiol, estrone, 17-hydroxyprogesterone, and
progesterone were purchased from Steraloids, Irewgért, RI, USA). 1d-ethynyl
estradiol was purchased from Cayman Chemical (AmboA MI, USA). Sodium
phosphate monobasic salt was purchased from F&tientific (Fair Lawn, NJ, USA).
Methanol was purchased from EMD Chemicals (San ®@i€#f\, USA). Deionized water
was purified using ELGA Purelab Ultra (Lowell, MASA).

Buffered solutions were prepared by weighing sodidgents, dissolving them in
deionized water, and adjusting pH of the solutioithwaqueous solutions of 1IN
hydrochloric acid or 1N sodium hydroxide, as appaip. Standard stock solutions of each
sex steroid hormone were prepared by weighingheusolid steroid reagent and dissolving
it in methanol. Before use, all the prepared sfestock solutions were stored in a freezer
at —20 °C and in the dark to avoid possible degiaaaStock samples were diluted to a
desired concentration each day prior to use withptoper buffer. The CE background

electrolyte and the samples to be analyzed wepaped fresh every day prior to use.
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The presence of air bubbles should be eliminatetheg can be injected into a
capillary where they can cause large resistancengithe electrophoresis leading to
disruption or large fluctuations of the separatmmrent during electrophoresis (from
Ohm’s law: V = IR, where V is the potential applied across theusgon capillary in
volts, R is the resistance in ohms, and | is theeecti in amperes). Micro-sized air bubbles
can also be generated by Joule heating duringrefdxiresis, blocking the flow pathway
and causing the current fail. In order to remowe dissolved air bubbles trapped in the
solution the vials containing freshly made runnimgffers and samples were degassed
using vacuum for 1 min for 2 mL vial or 15 sec 850 L vial. Ultrasonication was also
used for this purpose when necessary. All bufféntems were filtered using 0.4m
porous filters before use to remove foreign pasiclvhich can clog the capillary or be
injected and interfere with the separation analysieducing extra peaks in the

electropherogram.

2.2.2. INSTRUMENTATION

CE measurements were carried out using a Beckmante€dP/ACE MDQ
capillary electrophoresis instrument (Beckman @uFullerton, CA, USA) (Fig. 2.5). The
instrument was equipped with a photodiode arrayvi$ible absorbance detection system
(PDA) which provided simultaneous determinatiorstgfroids at multiple wavelengths in a
single analysis or with photomultiplier tube (PMAhich allowed the detection of steroids

at a specific wavelength.
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Instrument Inside Capillary cartridge

Figure 2.5.Photographs of the Beckman® automated capillagtedphoresis machine used in the work. The

light source is a UV-visible absorbance, with a PMTPDA detector.

The electropherograms were collected at the wagtienof UV-light where the
analytes showed strong light absorption (200 nneftrogens, 254 nm for androgens and
progesterone, or 225 nm for all targeted sterokiéseparations were performed using 26
pum inner diameter (id), 36QAm outer diameter (od), 30 cm long fused silica s
capillary (Polymicro Technologies, LLC, Phoenix, AZSA) with the detection window
positioned 10.2 (short end separation) or 19.8lomg(end separation) from the cathodic
or anodic reservoir located at the sample inlee Tmperature of the capillary cartridge
and sample storage trays inside the instrumentmastained at 25 + 1 °C because the

distribution coefficients are temperature sensitive

2.2.3. MEKC AT PH 10 PROCEDURE

For this experiment, the running buffer containdggmM HPCD and 50 mM SDS
dissolved in 50 mM CHES buffered at pH 10 was u3ée steroid sample was prepared
by adding aliquots of standard methanol stock mwistof six sex steroid hormones,

estrone, 1@3-estradiol, estriol, testosterone,3-dihydroxyprogesterone and progesterone,
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to the running buffer. The concentration of eaehnastl in the final dilution was 200M. In
order to avoid steroid precipitation the organinteat was maintained at 20 % of methanol
in the sample. However, the addition of small aniewfi methanol increases the CMC of
SDS. In fact, when the methanol content of thetsmius 40% v/v or more the inverted
micelles begin to form. In an inverted micelle, tha@lar head-groups of the surfactant
monomers are centered in the interior while theghdlic tails stand out into the nonpolar
solvent 80). n-Decanophenone was used as the hydrophobidlenioarker. The sample
was hydrodynamically injected into a silica capilgeffective length to the detection
window L, = 19.8 cm) at 3.4 kPa (0.5 psi) for 4.0 sec. Separavas performed with a 16
kV potential drop across the capillary and normalbpty (cathode at the outlet), while
being monitored at a detection wavelength of 225 where all steroids absorb light

equally well and can be detected in a single run.

2.2.4. MEKC AT PH 2 PROCEDURE

The running buffer is comprised of 18 mM HPCD afdh@Vi SDS dissolved in 10
mM phosphate buffered at pH 2.0. Standard solutadrsteroids progesterone, d,203-
dihydroxyprogesterone, testosterone, androstenediestrone, I3estradiol, and estriol
were prepared in the running buffer at the conediotrs of 100uM progesterone and
17a,203-dihydroxyprogesterone, 15@M testosterone and [estradiol, 200 uM
androstenedione, and 250 estrone with the addition of 20 % methanol. Steeample

was injected into a bare fused silica capillarye@fve L, = 10.2 cm) at 3.4 kPa (0.5 psi)
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for 3.0 sec. CE was performed at 16 kV and revepséatity (anode at the outlet), and the

detection wavelength of 225 nm.

2.3. RESULTS AND DISCUSSION

2.3.1. STEROIDS TARGETED FOR ANALYSIS

The goal of the research presented in this diggartahapter was to develop a
rapid method to profile relative change in the atércomposition to better define
physiological dysfunction following exposure to ewdne-disrupting chemicals. A
simplified steroid metabolism pathway was used &sss for the steroids targeted for
analysis. The initial separation targets were pstgyene, hydroxyprogesterone, 11-
ketotestosterone, estrone, estradiol, and ethystyadiol. These analytes were selected
because of their role in enabling or disrupting themical messaging in blood plasma
samples. The presence of these steroidal compouadkl therefore offer insight into
the pathways involved in environmentally triggerexidocrine disruption in fishThe

molecular properties of the targeted steroids amensarized in Table 2.2.
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Table 2.2.Molecular properties of targeted sterdids

Steroid CAS # CAS name LogP HA HD MW
17-a-ethynyl 57-63-6 (170)-19-norpregna-1,3,5(10)-trien-20-yne- 4.5 2 2 296.40
estradiol 3,17-diol

17B-estradiol 50-28-2 (17B)-estra-1,3,5(10)-triene-3,17-diol 4.1 2 2 272.38
progesterone 57-83-0 pregn-4-ene-3,20-dione 4.0 2 0 314.46
Estrone 53-16-7 3-hydroxy-estra-1,3,5(10)-trien-17-one 3.7 2 1 270.37
Testosterone 58-22-0  (17B)-17-hydroxy-androst-4-en-3-one 3.5 2 1 288.42
Estriol 50-27-1  (16a,17B)- estra-1,3,5(10)-triene-3,16,17-triol 2.9 3 3 288.38
aa-dihydroxy 652-69-7 (20S)-17,20-dihydroxy-pregn-4-en-3-one 92 3 2 332.48
Progesterone

op-dihydroxy 1662-06-2 (20R)-17,20-dihydroxy-pregn-4-en-3-one 92 3 2 332.48
Progesterone

17-hydroxy- 68-96-2 17-hydroxy-pregn-4-ene-3,20-dione 29 3 1 330.46
progesterone

Androstenedione  63-05-8 androst-4-ene-3,17-dione 9 2. 2 0 286.41
11-keto 564-35-2  (17B)-17-hydroxy-androst-4-ene-3,11-dione 1.7 3 1 302.41
Testosterone

Log P — logarithm of partition coefficient; HA —mier of proton acceptors; HD — number of protonatlen

®alues reported b$cifinder version 2006; Chemical Abstract Services: Colusnl@@H, 2006; CAS #, MW, log D,
HA and HD calculated using Advanced Chemistry Depeient (ACD/Labs) Software V8.14 for Solaris (© 499
2008 ACD/Labs) (accessed on March 18, 2009).
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2.3.2. MEKC SEPARATION OF STEROIDS IN AN ALKALINE MEDIUM

In the early phase of the method developmeht steparation of sex steroid
hormones was performed in the basic medium by MER€. alkaline buffer consisted of
CHES buffered at pH 10. SDS was used as the miceti@ng agent due to SDS possesses
high aqueous solubility, low critical micelle comteation (8 mM), low UV molar
absorptivity, availability and small cosHPCD was usedas a cyclodextrin additive
Theoretically these separations are possible wainygneutraB—CD; however, HPCD has
higher aqueous solubility in contrast to an unstuietl CD(31), and it was therefore used

in this work The molecular substitution of the BB was not controlled.

2.3.2.1. Separation Mechanism

EOF has a high velocity at pH 10. Neutral cyclodestmigrate along with the
EOF while SDS micelles migrate slower due to ttaiodic electrophoretic mobility.
Neutral steroids are separated based on the differen the distribution coefficients
between a polar aqueous buffer and the non-polaeli@ior unoccupied cyclodextrin
cavities 82). Figure 2.6 illustrates a schematic diagram efdbparation process as well as
the acquired electropherogram for steroids sephrei@ pH 10 method. All targeted
steroids were separated in less than 3.5 minutgsstantially faster than standard
immunoassay analysis. The elution order of theogtern the basic medium corresponds
to increasing affinity of the analytes to SDS (F2g6, right). Estriol, 1f-estradiol, and

estrone migrate first due to their preferentiaétiattion with HPCDs while testosterone,
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a,B-dihydroxyprogesterone, and progesterone migratedlae to their stronger partitioning

into SDS micelles.

') —)
EOF " p-cD Low
High DHP B-CD affinity
pB-CD affinity
P
r misls
0.05 mAU
Buffer
HV power
supply
Normal polarity
20 25 30 35 40
~—  Vpcp~ VEOF Time (min)
—

v eph
—

V micelle = Y EOF ¥ V eph

Figure 2.6.MEKC of steroids in alkaline medium. Schematigydéan of the separation process is on the right
and the resulted electropherogram is on the ledt.—Eestriol, E2 — 1F-estradiol, E1 — estrone, T —
testosterone, DHP — &7203-dihydroxyprogesterone, and P — progesterone, at 0 each. Injection
conditions: 0.5 psi, 4.0 sec, E 19.8 cm. Separation at 16 kV, normal polaritytddgon at\=225 nm.

Separation of sriol, 17B3-estradiol, and estronie due to the difference in their
chemical structures, namely the presence of theopydic hydroxyl and ketone groups
attached to the ring D. According to the literatumgdrophilic hydroxyl groups remain
exposed to the solvent even after forming a complk cyclodextrin 28, 33. The
aromatic hydroxyl group is an exception to the héeause it can penetrate deeply into the
cyclodextrin cavity where it forms hydrogen-bonds @ne of hydroxyl groups in
cyclodextrin molecule34). The host-guest stoichiometry is reported to i35, 3§. The

pH 10 separation data shows that estriol has thkebt association with cyclodextrin
56



followed by 1B-estraiol and estrone at the experimental condition

2.3.2.2. Figures of Merit

Calibration curves for the separation of sex stefmrmones using MEKC were
determined from nine calibration curves measurger3day for 3 daysThe linear range
and correlation coefficients obtained for the pHsEparation system are summarized in
Table 2.3 below The curves were measured separately for eadit@nBetection was
performed by UV-visible absorbance at detectionelength of 200 nm for estrone, &7
esradiol, and estriol, or 254 nm for androstenegliodihydroxyprogesterone, and

progesterone.

Table 2.3.Linear range of steroid detection via pH 10 MEKeparation.

El E2 E3 AD a,B-DHP P
Linear range,uM
(x109) 0.50-4.0 0.50-16 0.50-16 0.50-16 0.30-1.0 0.50-16
R? 0.993 0.999 0.999 0.991 1.00 1.00

2.3.3. MEKC SEPARATION OF STEROIDS IN AN AcCIDIC MEDIUM

If the pH of the running buffer is less than thrélee velocity of the EOF
approaches zero and thus does not assist the separiathe analytes. In this experiment,
the separation of steroids under acidic conditiwas performed at reversed polarity (anode
at the outlet) because under suppressed EOF naghéal cyclodextrins, which have the
velocity of EOF, nor SDS micelles attracted to #meode would reach the detection
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window if the normal polarity (cathode is at thelet) was used. Phosphate buffered at pH
2.0 containing SDS and CD was used as a backgmenttolyte. At the reversed polarity

experimental conditions the SDS micelles carryitegyasd molecules migrate faster than

the EOF (Fig. 2.7, left). As a result, the steraidth higher affinity to the micelles will

migrate earlier followed by the steroids with highé#inity to the cyclodextrins.

2 e

v(B-CD)~0 " EOF ~0

SDS Low _ |t
+ p-caffinity | T ,
High
DHP p-CD affinity
‘ P
0.05 mAU E2
Buffer E1
HV power
supply
Reversed polarit e e
P y 1 2 3 4 5
> Vv B-CD =V EOF Time (mln)
v eph

—_—

V micelle = V EOF ¥ V eph

Figure 2.7. Electropherograms measured for steroids undeicas@gparation conditions. P — progesterone
(100 pM), DHP — 1%, 2@3-dihydroxyprogesterone (10QM), T — testosterone (15@M), AD —
androstenedione (2QM), E1 — estrone (250M), E2 — 1 B-estradiol (15QuM). Injection conditions: 0.5 psi,
3.0 sec. |, = 10.2 cm. Separation at 16 kV, reversed polabgtection atA=225 nm.

The resulting electropherogram is shown in Figur (@ight). All the steroids,
except for estriol, were separated in less thaniriutes.At pH 2.0, estriol (not shown)
migrates very slowly because of its strong affindythe cyclodextrin. As a result, estriol

peak is very broad, yielding small signal-to-naiggo and unsuitable for chromatographic
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guantitation. However, by manipulating the SDS QD ratio or the separation voltage it
is possible to force estriol to migrate faster aharp peak at the expense of lowering the
resolution for early migrating steroids. The effettthe capillary length to the detection
window and SDS to HPCD ratio on the separation ,tiresolution and selectivity is

discussed below.

2.3.4. EVALUATION OF MEKC OF STEROIDS IN STRONGLY AcIDIC MEDIUM (PH 2)

Separation in highly acidic media can be complatatence the analytes move
through the capillary much slower under suppres3@&. However, the separation time
can be decreased by increasing the separationgeolta can also be decreased by
decreasing the length of the capillary, albeithat éxpense of the resolution. Additionally,
an increased capillary length leads to a decreb#igecelectric field strength at constant
voltage (E = VIL, V — applied voltage, L — capilfdength) and higher voltages have to be
used for the separation. In CE, it is common &ant st method development using a shorter
capillary (typically 20 — 50 cm to the detectiomdow) and then change the length of the
capillary until the best resolution for all the bmes is achieved. The length of the
separation capillary used for both types of CE ysislwas 30 cm. In pH 10 method the
detection window was positioned 19.8 cm from thedtion point while the other end of
the capillary was positioned 10.2 cm from the desacvindow. This method is referred to
as the long end separation. In pH 2 method thetaféelength of the capillary was 10.2 cm
with the detection window positioned closer to thiet. This is the case of the short end

separation.
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Figure 2.8 shows the separation of steroids injeateshort and long ends of the
separation capillary. Even though the resolutioprowes, the detection signal decreases
for slower migrating analytes such as ethynyl e#fadue to band broadening effects
caused by longitudinal diffusion. Longitudinal di$ion is the diffusion of the solute
molecules from the center of the analyte zone ¢ontlore dilute regions in front of and
behind the zone. On the other hand it is evideat éhshort end separation under acidic
conditions results in at least 60 % faster separatomparing to the long end separation
and the separation efficiency (the narrow shapgbepeak) for ethynyl estradiol improved
dramatically which was predicted by the theory; boear, the resolution suffered in the
short end separation leading to the overlappinggéa testosterone and androstenedione

(Fig. 2.8-A).

A

]0_2 mAuU (225 nm)

0.0 1.0 20 3.0 4.0 5.0 6.0 7.0
Time (min)
Figure 2.8.Acidic MEKC of steroids injected hydrodynamica{ly.5 psi, 4 sec) at short end (A) and long end
(B). 350 uM progesterone (1); 25@M hydroxyprogesterone (2); 500M testosterone (3); 40QM

androstenedione (4); 3@ ethynyl estradiol (5). BGE: 40 mM SDS, 20 mM HPQ0 % methanol in 10
mM phosphate buffered at pH 3.1. Separation: 1&ukd normal polarity.
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The poorer resolution of testosterone and andrediene peaks in the short-end
analysis can be improved by changing the SDS/HP&to of the running buffer as
illustrated in Figure 2.9. As discussed earlieg #teroids with a higher affinity to SDS
micelles migrate first under acidic conditions aadersed polarity. The migration order of
steroids under acidic conditions (Fig.2.8-B) denti@tes that testosterone has higher
affinity to SDS comparing to androstenedione whmeferentially forms inclusion
complexes with CD. If the ratio of SDS to HPCD ighthe equilibrium will be shifted
toward the inclusion of the steroids inside of SDiSelle cores and therefore steroids will
spend more time travelling with the micelles thugrating faster and producing worse
resolution (Fig. 2.9-A). By increasing the amouhtH#®CD in the separation buffer the
equilibrium is shifted toward the formation of tirclusion complexes of steroids with
cyclodextrin cavities. Therefore, if the amountPCD in running buffer is increased
androstenedione can be separated from testost@rbaeeepresentative electropherograms
shown in Figure 2.9 were obtained using three ngrbuffers of different ratios of

SDS/HPCD: 2.2 (40 mM/18 mM), 2.0 (40 mM/20 mM), dnd (30 mM /18 mM).
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A

5 10.25 mAuU (225 nm)
SDS/HPCD=2.2

SDS/HPCD=2.0

SDS/HPCD=1.7

0.0 ' 1.0 ' 20 ' 3.0 ' 4.0 ' 5.0
Time (min)

Figure 2.9.Short end separation of steroids in acidic MEKBSSEHPCD is 2.2 (A), 2.0 (B), 1.7 (C). Sample
injected hydrodynamically at 0.5 psi, 4 sec. B0 progesterone (1); 250M hydroxyprogesterone (2); 500
UM testosterone (3); 400M androstenedione (4); 3Q@M ethynyl estradiol (5). BGE is SDS/HPCD, 20%
methanol in 10 mM phosphate buffered at pH 3.1a8#jon at 16 kV and normal polarity.

The electropherogram in Figure 2.9-C demonstraseselime resolution for all
peaks obtained using SDS/HPCD = 1.7 although ethgstyadiol peak is too broad if
SDS/HPCD< 1.7. The analysis time however is 40 % fastettershort end comparing to

the long end separation and is beneficial for #s¢ $creening of multiple steroid samples.

CONCLUSIONS

The separation of selected steroid hormones by ergional MEKC has been
conducted under both basic and acidic conditiohe. Study has shown that the migration
order of steroids depends on their affinity to kiyelrophobic cavities of SDS micelle or
cyclodextrin molecule and can be manipulated byhgimg the pH of the running buffer

and the polarity of the potential applied across shparation capillary. The resolution of
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the steroid peaks in the electropherogram dependbeoratio of SDS to cyclodextrin in
the running buffer and therefore can be controllBoe electropherograms measured at
basic conditions demonstrated the baseline separatisteroids in less than 3.5 min. The
separation in acidic medium under suppressed EGFagshieved in less that 5 min. The
latter was obtained using reversed polarity anthatsend separation with the effective
length of the capillary being 10.2 cm from the atijen point to the detection window.
Although the acidic method yields baseline resolpedks and fast separation of steroids,
the limits of detection for steroid analysis mugt be compatible with the low levels of
endogenous steroids in plasma. The development pfeeoncentration technique for
improving the steroid detection limits by MEKC-U\sible absorbance detection is the

subject of the next chapter.
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CHAPTER3

STEROID PRECONCENTRATION
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3.1. INTRODUCTION

While the MEKC separation described earlier is fastl consumes low sample
and reagent volumes, it has poor concentrationdimi detection if measured by UV-
visible absorption due to limited sample loadingas@ty andsmall path length for light
absorbance. In CE, the inner diameter of the separeapillary has to be smaller than 100
pm to minimize the solute dispersion caused by Jbelating and to obtain the high
separation efficiencylj. A detection window in a silica capillary is pegpd by burning
off polyimide coating from a segment of the capyllaDue to a small diameter of the
capillary, the path length for light absorbancensll (from Beer’s law: AsbC, wheree is
the molar extinction coefficient of the sample sGhe sample molar concentration, and b is
light path that equals to the capillary diametenyl aherefore the detection limits are
frequently poor and in the range of>0 10" M (2).

The capillary dimensions lead to injection volunwsa few nanoliters. If the
injection volume is much larger than 1 % of theatdength of the capillary, sample
overloading occurs and the peaks broad®n \(Vithout improved detection limits CE
cannot be used in bioanalytical studies such alysasaf very low levels of steroids in
biological fluids. The approaches for the enhancgroéthe detection limits in CE include
the use of laser-induced fluorescende %), electrochemical detectior,(7), and mass
spectrometry § as they allow the low detection limits comparing UV-visible
absorbance; chemical derivatizatid); (extended length cells in UV-visible absorbance
detectors (z-cells, bubble cells)( 1) and sample enrichment by means of the liquid-

liquid extraction 12), selective membrane extractid8), and solid phase extractioh4j,
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which are carried out before or after the capillelgctrophoresis analysis. However, these
methods are not directly applicable to the goathid dissertation. For example, steroid
molecules are neutral and require the use of MEK@amation which is not directly
compatible with a mass spectrometer detector dtieetmon-volatile surfactant molecules
that contaminate the ionization chamber, reducihg fonization efficiency and
deteriorating the limits of detectiod). Steroids also lack of chromophores, required for
LIF analysis, and would therefore need to be chaltyicnodified.

An in-capillary sample preconcentration method t@na good alternative for
steroid preconcentration without the use of expendetectors and other modification of
the instrument or time-consuming derivatization g@mpretreatment. The current in-
capillary sample preconcentration techniques asedan electrokinetic injection of large
sample volumes. These techniques combine the sanppddion and separation in a single
capillary and are based on the changes in ther@pdaretic velocity of the analytes at the
boundary between the sample and the running bafiees. This allows narrowing the
analyte bandwidth and increasing the amount of sammple that can be loaded into
capillary leading to a better detection.

A series of preconcentration techniques used inbamation with CE have been
developed and include: field amplified sample stagksweeping, isotachophoresis, pH-
stacking, or chromatographic preconcentratib, (17. Field amplified sample stacking
involves ions electrophoretically migrating througtow-conductivity buffer solution into
a high conductivity buffer solution. The migratimgns slow down dramatically at the
boundary of the two buffers and preconcentra® (9. Isotachophoresis is performed

with a discontinuous buffer in which the sample eas between the background
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electrolyte of higher (leading electrolyte) and &wterminal electrolyte) electrophoretic
mobilities @0). The ionic species are preconcentrated accortbnghe difference in
mobility by applying an electric field. The precemtration by pH-stacking occurs at the
boundary of two buffer solutions of high and low (#1). Sweeping is based on the ability
of non-polar analyte molecules to partition intpseudo-stationary phasg?. Finally,
chromatographic preconcentration uses silica bermbfied by immobilized ligand which
captures and preconcentrates a target analytegihaca (23).

The present chapter discusses the design and iparfoe of two preconcentration
techniques that were developed for steroid analygls) a chromatographic
preconcentration by means of a modified silicarchgé integrated in-capillary, and (2) a
pH-stacking using functionalized cyclodextrins. Botethods can improve the selectivity
and concentration limits of detection for steroidalgsis and enable efficient steroid
separation analysis in complex mixtures such a®dolplasma. Investigation of the
influence of several parameters that are used t@irobmore efficient and more

reproducible chromatographic separations is alscudsed.

3.2. EXPERIMENTAL

3.2.1. CHEMICALS AND MATERIALS

CarboxymethyB-CD, SDS, 3-[cyclohexylamino]-1-propanesulfonicca¢CAPS),
11-ketotestosterone, and testosterone were pudtifiase Sigma-Aldrich (St. Louis, MO,
USA). HPCD was purchased from VWR (West Chester, BSA). Steroids, 13-
estradiol, estrone, 17-hydroxyprogesterone, andggsterone were purchased from
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Steraloids, Inc (Newport, RIl, USA). d+ethynyl estradiol was purchased from Cayman
Chemical (Ann Arbor, MI, USA). Sodium phosphate mlbasic salt was purchased from
Fisher Scientific (Fair Lawn, NJ, USA). Methanchsvpurchased from EMD Chemicals
(San Diego, CA, USA). Deionized water was purifising ELGA Purelab Ultra (Lowell,

MA, USA). Buffered solutions and standard stocluton of each sex steroid hormone
were prepared as described in Section 2.2.1. Theing buffer and the samples to be

analyzed were prepared fresh every day prior to use

3.2.2. INSTRUMENTATION

All CE measurements were carried out as describesection 2.2.2. Briefly, the
electropherograms were collected at the wavelength&V-light where the analytes
showed strong absorption (200 nm for estrogens 2@l nm for androgens and
progesterone). All the separations were perfornsgagu25um id, 360um od, 30 cm long
fused silica separation capillary (Polymicro Tedbgaes, LLC, Phoenix, AZ, USA) with
the detection window positioned 10.2 cm from thiadic reservoir located at the sample
inlet. The capillary cartridge and sample traysdeghe instrument were maintained at 25
+ 1 °C while the trays holding the vials filled tvithe separation buffer were maintained at
the room temperature which varied from 20 to 24AICvials containing running buffers

and samples were treated before analysis as dedanliSection 2.2.2.

3.2.3. CAPILLARY PACKING PROCEDURE

This type of preconcentration design uses siliadbevith an immobilized ligand

as a preconcentration plug held inside of the séipar capillary by a porous frit. The
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stationary phase captures and preconcentrateartetdd analytes. Silica beads modified
with hydrophobic alkyl groups are widely used imeesed phase liquid chromatography as
a packing material for chromatography columns. Tinderial is ideal for strong retention
of hydrophobic compounds, including steroids, dretdfore was utilized in this project.

A pressure packing technique called slurry packmag used in-house to fabricate a
capillary with the built-in stationary phase precentration cartridge similar to a previous
work by Hoyt and colleague24). The polyimide coating was first removed from amel
of a bare fused silica capillary (26n id) using a heating element. To make a temporary
frit a small amount of silica was then introducetbithis end of the capillary by gently
tapping the end of the capillary into a vial coniag the silica beads. The temporary frit
was formed with a heating element. Slurry comprisédstable bond chromatography
packing material Zorbax SB-C8 with the particleesaf 5 micron (Agilent Technologies
Inc., Santa Clara, CA, USA) and isopropyl alcohalswplaced into a closed pressurized
stainless steel container with two connectors. @irtke connectors was attached to a high
pressure LC system pump while the other one wasemted to the fritless end of the
capillary. After a high pressure had been appleethé capillary, the slurry was introduced
into the capillary where it was held by the temppifat while only the liquid component
passed through. The packed capillary was then ssivety flushed with methanol and
water at 14x1DkPa (2x18 psi). While the capillary was flushed with watke tstationary
phase was gently sintered using commercially availdnnova capillary fitting device.

This procedure resulted in the formation of anoftierwhich held the stationary phase in
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place. The temporary frit with the excess of ttiessphase was then removed by trimming

the cartridge to ~ 1 mm length and was used fofuttieer CE experiment.

3.2.4. CHROMATOGRAPHIC PRECONCENTRATION MEKC PROCEDURE

Prior to each analysis, the capillary with the ahatographic cartridge was
sequentially flushed with acetonitrile: water (5@, v/v), water, 0.1 N hydrochloric acid,
and the separation buffer which was 10 mM SDS imM phosphate buffered at pH 2.0.
Acidic conditions were preferred due to the stabiif the stationary phase at pH <Z5)
Standard solution of estradiol in methanol was teduin the mixture of methanol:
separation buffer (20: 80, v/v) to §0 concentration and injected at 69 kPa (10 psi) for
15 sec onto the activated preconcentrator. Thaegtasteroid molecules were eluted from
the stationary phase by flushing it with acetoleitti0 mM phosphate buffered at pH 2.0
(70:30, viv) at 17 kPa (2.5 psi) for 1 min and thethn the separation buffer only at 6.9 kPa
(2.0 psi) for 1 min. After elution the sample waslgzed in-capillary by MEKC at 16 kV,

reversed polarity, and the detection waveleng@®06fnm.

3.2.5. PH-STACKING MEKC PROCEDURE

3.2.5.1. The Role of Cyclodextrins

Several books26, 27 and a number of article2&-31) are dedicated to CD host-
guest chemistry. An important characteristic of Gbaking them useful is their unique
ability to solubilize lipophilic molecules in themolecular cavities forming inclusion

complexes. This is accomplished without formatidércleemical bonds and changing the
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guest molecules structure. The selectivity of tinteraction is governed by the size,
geometry, and physicochemical properties of botlalyé® and CD. Intramolecular
interactions occur as the secondary hydroxyl gratp§2 and C3 (see Figure 2.4) can
form hydrogen bonds. This restricts the free movama their relative positions,
maintaining the freedom of motion of the hydroxybgps 27, 33. The cavity of the
cyclodextrin is moderately hydrophobic, makingritenable to a wide variety of organic
guests. Van der Waals and hydrophobic interactavasbelieved to be the main factors
involved in complexation33-39. However, steric effects and hydrogen bondiny jgla
role as well 87, 3§. The size of the cavity and the CD ring structsreery important. A
tight spatial fit of the guest is necessary to nmaze the interaction energy due to non-
covalent bonding or allow complexation. Selectivgydetermined by the size, structure,
and physiochemical properties of both the guest@DdIin chromatographic applications,
the formation of an inclusion complex is benefid@m nonpolar analytes increasing their
solubility in water. Many groups can be introdugetd the CD structure to increase the
solubility of CDs 89). In this dissertation neutral and charged CDwdg¢ines are used for
the preconcentration and separation of steroid boes

CarboxymethyB-CD was chosen as a preconcentration agent. Thigpaond is
commercially available and readily soluble in conmmdCE running buffers.
Sulfobutylether-CD is a popular anionic CD and high aqueous solubility. However, it is
relatively unaffected by pH due to its plKeing too low for stacking at pH 2.8Q).
Additionally, this material is more expensive andltiple labeled sulfobutyletheg$-CD

can lead to peak broadening since the electropboretility changes with the degree of
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substitution. CMCD molecules form inclusion conxgle with steroids in aqueous
solutions 41, 43. Kano and co-workers4@) reported an apparent piéf ~ 5 for 2,3-di-
O-carboxymethylB-CD (25 °C, 0.1 M NaCl). The pkof CMCD is suitable for stacking
a sample prepared in a basic medium and injectaccapillary filled with acidic running
electrolyte. In the basic solution carboxylic greugurrounding CMCD molecule will
become deprotonated thus making the entire molebalenegatively charged which
allows electrokinetic injection into the separation capill Alternatively, while in the
solution with low pH the carboxylic groups will herotonated back producing neutral
CMCD molecule (Figure 3.150me physical and chemical properties of CDs usele

research are summarized in Table 3.1.
pH>5.0 i
(COOH), (COO),
pH<5.0

Figure 3.1.Dissociation of CMCD molecule depends on pH ofgbleition.

Table 3.1.Cyclodextrins used in the research.

Solubility in water, g/100

CcD e MW ae R

B-CD 1.8 1135 H
CarboxymethyB-CD 5.0 1541 -CHCOOH
Hydroxypropyl$-CD 33 1483 _CHCH(CHy)OH
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3.2.5.2. Stacking Mechanism

Steroid standards prepared in methanol were dilitetbsired concentrations with
an aqueous solution comprised of 1 mM CMCD in 50 @MPS buffered at pH 10. The
concentration of methanol in the final sample wa$65to aid the dissolution of a
hydrophobic steroid. The running buffer compris€8@ mM SDS, 13 mM HPCD in 200
mM phosphate buffered to pH 2.5. No methanol wakeddo the running buffer.

The capillary was first filled with the running lberf followed by the injection of a
deionized water plug at 13.8 kPa (2 psi) for 6 Jéw steroid sample was then injected
electrokinetically upon application of 10 kV higlltage at reversed polarity for 60 sec.
The neutral steroid molecules carried by the CMGAisch are fully deprotonated
(negatively charged) at high pH were driven inte sieparation capillary. Once in contact
with the acidic running buffer, the neutral ster@B complex concentrated in a narrow
zone at the pH junction. The negatively charged &i&lles migrated as a function of
electrophoretic mobility towards the anode, whicisviocated past the detection window.
The velocity of the neutral HPCD was insignificast the EOF was suppressed (see Fig.
3.2-A). Following stacking, the reverse polarityrat 16 kV was started and the separation
was initiated by replacing the sample vial withaghodic reservoir containing 30 mM SDS,
13 mM HPCD in 200 mM phosphate buffered at pH 2ZFBgure 3.2). The steroids
partitioned or associated competitively with theSSBnd CDs and were separated as

illustrated in Figure 3.2-B,C,D.
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Figure 3.2.Schematic representation of pH-stacking using fanatized cyclodextrin.

3.2.5.3. Capillary Flushes

A special preconditioning and washing sequencepea®rmed on each capillary

to ensure more reproducible separation conditidristhe beginning of each day the

capillary was conditioned with several timed flusla 172 kPa (25 psi). The sequence of

these flushes was 5 min methanol, 5 min water, 26011 N hydrochloric acid, 5 min

water, 25 min running electrolyte comprised of 3M DS 13 mM HPCD, 200 mM

phosphate buffered at pH 2.5. In between runsdpdiary was flushed at 172 kPa (25

psi) for 2 min with the running electrolyte. The thenol was used to rinse the capillary

interior after steroid stacking analysis. To suppréhe ionization of the silica surface

silanol groups and as a

result the EOF 0.1 N hydooc acid was used. The water was
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used to remove any excess of the iGhs and finally the capillary was filled with the

running electrolyte used for the separation.
3.3. RESULTS AND DISCUSSION
3.3.1. CHROMATOGRAPHIC PRECONCENTRATION OF STEROIDS

The chromatographic preconcentration by meansveirsed-phase silica gel beads
forming an in-capillary preconcentration plug wawestigated and demonstrated good
concentration enhancement despite several prodediordations. In the following
experiment the acidic separation buffer was usebitlad steroid separation was optimized
at acidic conditions under suppressed EOF due emthferential use of silica packing
material stable at low pH for the fabrication ofe tipreconcentration cartridge. The

preconcentrator used in this study is schematidaltrated in Figure 3.3.

Figure 3.4 shows electropherograms obtained foMB&C separation of the 60
uM 17B-estradiol with and without the in-capillary chraimgraphic preconcentration step.
The represented data confirms that the use of dhe ghase preconcentrator produces
higher estradiol peak while keeping its width sm#lie injection of the same sample at the
same conditions without the preconcentrator resolta broad and short sample peak,
significantly degrading the separation efficiendye injected sample volume using the
plug was approximately 75 times larger comparingh® volume of the sample injected
using conventional MEKC under acidic conditions.isTmumber was estimated by
comparing the injection time and pressure usedatilic MEKC and chromatographic

preconcentration MEKC in this work. However, whilenducting this study it was noticed

78



that after just a few days of use the preconcemtgdtig could be easily pushed out of its
place and out of the separation capillary with d@ipplied pressure. The biggest technical
issue of this technique was the sensitivity of gieconcentrator to the storage conditions
and incompatibility with the solvents usdBlecause of these technical difficulties, pH-
stacking was tested as an alternative preconcemtratethod which could be integrated

into a CE instrument without interfering with thet@amation 44-46.
EOF|

- +

capillary injection V

C8 stationary phase plug

Figure 3.3.Schematic representation of the stationary phasmpcentration cartridge
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] J”L_ with plug
- M
% ’“L‘"fl{d%—- E

‘ ‘ N no plug
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3.3.2. PH - STACKING OF STEROIDS

Stacking can be used for charged and neutral congispguch as steroid hormones.
The effective mobility of weak acids and baseshm tapillary is a function of pH. This
mode of stacking utilizes a pH junction formedre boundary of two buffer zones, when
the buffer solutions of low and high pH values iteoduced into a separation capillary.
The analyte preconcentration at the pH junctiaeferred to as pH-stacking (Fig. 3.5). The
efficiency of pH-stacking depends on the pH of #udutions, the concentration of the

sample matrix, as well as the p&f the stacked molecule.

ijunctlon detector

High pH Low pH
© ®

inlet outlet

Figure 3.5.Formation of pH-junction at the interface of tiasic and acidic, buffer solutions.

Preconcentration by pH-stacking can be carriedusirig modified cyclodextrins.
Only a few papers reported stacking preconcenirgimr to MEKC separation of neutral
steroids. Quirino and colleagues’ demonstrated up to a 280-fold stacking enhancemen
for steroid determination using on-line sample preentration that was accomplished by
using stacking and sweeping under pH-suppressed iBEQke presence of sulfateg
cyclodextrin. Urban and co-workerd8) studied the separation of three anabolic steroids
(methyltestosterone, methandrostenolone and testost) using charged CD derivatives

and online reverse migrating sample stacking waityd-volume injection followed by
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MEKC with UV-visible absorption. The detection limiobtained for these compounds
were approximately 2.8x10- 5x10° M while the sensitivity enhancement factors were i
the range from 100 — 190n another report byMunro and co-workers4() sweeping
afforded detection of approximately 430 nM estrand estradiol (S/N 55) using a 99 s
hydrodynamic injection of steroids in sulfat@dCD followed by separation using an
agueous separation buffer comprising borate, phaispleholate, and acetonitrile. Britz-
McKibbin and colleagues49) demonstrated over a 100-fold enhancement using a
dynamic pH junction-sweeping preconcentration wittrate andy-CD. In the present
work, pH-mediated stacking of anionic steroid-CD compgexXellowed by MEKC
provides at least a 500-fold enhancement in detectimit over hydrodynamic
introduction of native steroids. The separation gets were progesterone,
hydroxyprogesterone, 11-ketotestosterone, estestediol, and ethynyl estradiol. These
analytes vary in CD affinity and therefore servedaamodel sample set to demonstrate
the possibility of quantitative analysis followirgample stacking by means of CD
inclusion for molecules with different molecularachcteristics.

The selectivity toward the targeted steroids rexgua proper balance between the
SDS and CD. Under reversed polarity, the androgedsprogesterone used in this study
migrate faster than estrogens as they have hidfeityato SDS micelles. Changes in the
CD concentration affected the separation time asdlution. For example, using 30 mM
SDS and 18 mM HPCD, progesterone, hydroxyprogaestend 11-ketotestosterone were
baseline resolved in less than 5 minutes, but figeation times of the remaining estrogens

increased and the peaks broadened substantialigniiyy electrolyte comprised of 30 mM
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SDS and 10 mM HPCD degraded the resolution of mtegene, hydroxyprogesterone, and
11-ketotestosterone, but resulted in the basekselution of estrone, estradiol, ethynyl
estradiol in under 5 minutes. The electropherogs&iown in Figure 3.6 was obtained
using running buffer comprised of 30 mM SDS andri HPCD. The run was finished
in less than 5 minutes. Sample stacking with tleegxure described in Section 3.2.5 was
not affected by varying degree of carboxymethylssitition, as there was no change in the

overall charge for CD under the loading at pH 1@uaonng stacking at pH 2.5.

T
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Figure 3.6displays superimposed electropherograms resultong §tacking and separating the blank (solid)
and sample containing 6 steroids (dot). Data wHeated at 254 nm and 200 nm. The analytes ardddlas
follows: P — progesterongiiP — 17-hydroxyprogesteron&1 —estrone 11KT — 11-ketotestosteron&E —
17a-ethynyl estradiolE2 — 17B-estradiol. Separation conditions are summarizetéxth Reproduced with

permission fromg8).
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Figure 3.7 displays the background subtracted electropheragi@nG steroids following analyte stacking.
The electropherograms were collected simultaneouslyg PDA detection. The analytes are labeled as
follows: P — progesterone;iP — 17-hydroxyprogesteron&l — estrone, 11KT — 11-ketotestosteronelP —
17a-ethynyl estradiolE2 — 17B-estradiol. Peaks labeled * are an artifact remplfrom the background

subtraction. Separation conditions are outlinetgxh. Reproduced with permission froB8).
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3.3.2.1. STACKING EFFECTED BY CONDUCTIVITY OF THE WATER PLUG

A CE or MEKC analysis comprises three steps: (9Hing the capillary with the
separation buffer of a certain pH; (2) the sampjedtion, and (3) the electrophoresis of
the analytes. In CE the electric potential appéerbss the separation capillary causes the
ions in the solution to migrate generating the teleacurrent flow. The ability of an
agueous solution to conduct the electric currepedds on the concentration of the salts
dissolved in water and is called a conductivityghly concentrated solutions are more
conductive than those with the lower contents egfrons and therefore less resistant.
Conductivity of very dilute solutions can be delsed by Kohlraush laws0) which sums

the conductivity contributions of all ions in thelstion:
A=pE(A T) (3.1)

where/1 is conductivity,o is density of waterd; andc; are equivalent ionic conductance
and concentration of an iom respectively. On the other hand, the conductiwofya
solution is inversely proportional to the electfied (Equation 3.2) and to resistivity

(Equation 3.3):
J=0/E (3.2)

wherel is the current density aritlis the electric field strength.

g== (3.3)
P
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In order to accomplish better stacking in the pmeseethod, a water plug was
introduced into the separation capillary immediatafter filling it with the phosphate
buffer and right before the sample injectigks a result, the low conductivity should
provide an ion-vacant region to concentrate negatms deeper into the capillary away
from the injection point as well as ensure propdramcement of the electric field at the
injection point. The higher electric field, in tyrimcreaseshe electrophoretic velocity of
the anionic CMCD molecules (Equation 2.1) whicdrry the neutral steroid analytes
injected electrokinetically into the capillaryater zonetoward the pH-junction
preconcentration boundary.

In this experiment, in the beginning of each CE thencapillary was rinsed at 172
kPa (25 psi) for 2 min with the running buffer. Tha water plug was hydrodynamically
injected by 14kPa (2 psi) pressure for 13.5 sesed@ and 0 sec right before the sample
injection performed for durations of time: 5, 10, 20, 60, and 80 sec.

According to Fig. 3.8, stacking was not affectedthyy conductivity of the water
plug in contrast to previous work®1, 52. In fact, the effectiveness of the sample
stacking did not depend on the presence or thenebs# the water plug in the capillary.
However, to provide a small ion-free region for gtacked sample a water plug injected
for 6 sec was used in the further studigse length of the water plug injected for 6 sec
was measured to be 5.5 mm or 5.4 % of the effectyllary length. This measurement
was conducted by injecting the water at 2 psi thi® capillary containing the running

buffer and measuring the migration time of the watag to the detection window.
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Figure 3.8. The effect of water plug on sample stacking. Bfahe peak area versus sample injection time.
Sample was injected electrokinetically at 8 kV avaks 400uM ethynyl estradiol in 10 mM CMCD, 5%
methanol, 50 mM CAPS buffered at pH 10. BGE was8@ SDS, 10 mM HPCD in 50mM phosphate

buffered at pH 2.5. Separation: at 16kV and nomoddrity. Water plug injection: 2 psi 13.5 sec.(), 2 psi 6
sec (- - ), no plug (—)

3.3.2.2. STACKING TIME OPTIMIZATION

CE separation is affected by the length of thectige plug. This is because the
longer the sample plug the broader the peak inr¢kalted electropherogram. Sample
preconcentration by pH-mediated stacking providesyato concentrate sample molecules
in a narrow zone at the boundary of two buffer sohs of different pH values allowing
the increase of the injection time without saciiigcthe efficiency. Using electrokinetic
injection, charged ions can be easily introduced the capillary as a result of their

electrophoretic migratiorb@, 59.
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As mentioned earlier all CE measurements were aiaduusing a Beckman
Coulter P/ACE MDQ capillary electrophoresis instamh (Beckman coulter, Fullerton,
CA, USA). This instrument is fully automated and maged using 32 Karat™ v7.0
Software. The software provides numerous contral amalysis functions allowing
programming various capillary electrophoresis rufbe programming option of the
instrumental software allows injecting sample viita voltage of up to 10 kV for no longer
than 99.9 sec. Both options allow controlling theeation to reach the injection voltage, so
called “ramp time”. However, while in the separatmption a desirable ramp time has to
be set, the injection option compensates the rammgp automatically, therefore the precise
injection time is known. In this work the injectimoltage was selected to be 10 kV as it's
the highest possible voltage that can be appliedthbyinstrument for the electrokinetic
injection. However, in order to determine the oiimjection duration that would provide
the best sample signal, the limited timing condsimeeded to be exceeded. To increase the
injection time limits the separation option avaiéaln method programming was used.
With this option a sample can be injected for tifenite duration of time.

The following set of experiments uses only one oglerethynyl estradiol, a
potential endocrine disruption compound and a carapb of birth control pills. The
concentration of ethynyl estradiol in 1 mM CMCD sdenwas 1QuM. The data obtained
with the use of the injection option correlateshvilie data measured using the separation
option for sample injection which is demonstratedrigure 3.9. A 60 sec injection was
chosen to be the optimal duration despite the maxirsample stacking being obtained

with the injection at 10 kV for 70 sec. The furthecrease in the duration time of the
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sample injection resulted in lower sample stackifigs can be due to the fact that longer
injection durations can lead to the EOF formatiothie water region of the capillary which
will slowly drag the CMCD anions toward the cathddeated at the inlet and therefore
away from the pH-junction and even out of the dapjlback to the sample vial. The 70
sec injection however, resulted in the splittingetfynyl estradiol peak due to the sample
overloading.Injection plug lengths longer than the diffusiomtrolled zone width will
proportionally broaden peak width and in extremsesadistorted peak shapes, peak
broadening and peak splitting is observB8).(The appearance of the peak splitting can
be due to sample overloading, or electromigratimpetsion, that can occur due to the
differences in the electric field between the savgid the separation buffer if the plug is
too wide £6). In this study a water plug was introduced inc¢hpillary before the sample
was injected. This created a capillary region witgh electric field comparing to the
region of the capillary filed with the separationffer containing SDS and HPCD. As
mentioned earlier upon application of the injectimitage both anionic CMCD carrying
steroids and SDS micelles present in the capilayld start moving toward the anode.
However, because of the high electric filed in wader filled region, CMCD anions will
migrate much faster toward the pH-junction wereythall be slowed down and
preconcentrated. At the same time some steroidsesgahange into micellar phase
located on the other side of the pH-junction aradtsnoving toward the outlet. If the
injection duration is short, the SDS micelles antgthe capillary upon application of the
separation voltage will move faster toward the latax zone where they will catch up the
micelles which have already moved toward the ouwti¢h steroids reached the junction

during the first seconds of the stacking injectitinthe injection time is too long, the
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micelles entering the capillary will be separated & longer distance from the first
micellar band carrying the steroids. Therefore it pgak will appear in the resulting
electropherogram.

The peak areas were used for signal quantitatidhegsprovided longer dynamic
ranges comparing to the peak heights. The increage=ak heights were not linear as the
sample concentration increased due to the band&no®y effects.
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Figure 3.9. Stacking enhancement versus injection time. Sanmpéeted electrokinetically at 10 kV by
injection (blue) and separation (red) options mittstrument method programming. Sample isl#0ethynyl
estradiol in 1 mM CMCD, 5% methanol, 50 mM CAPSferdd at pH 10. BGE is 30 mM SDS, 13 mM
HPCD in 50mM phosphate buffered at pH 2.5. Separatit 16kV and normal polarity.
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3.3.2.3. The Effect of CMCD Concentration on Stacking Efficiency

The use of charged CMCD for steroid stacking isaative as it requires no
chemical derivatization of steroids. The effecttioé addition of CMCD to the sample
solution and its effect on the stacking enhancerasntdemonstrated in Figure 3.10, that
plots the estradiol peak area versus CMCD condsmran the sample buffer. The
studies confirmed that the maximum stacking wasaiobtl with the use of 1 mM
carboxymethyB-CD. The further increase of CMCD concentrationrdased the signal
area as seen in the Figure 3.11.

There are a few reasons for lower stacking at igeeln CMCD concentration. 1)
As the concentration of CMCD increases, there ghdni chance of injecting empty
CMCDs into the capillary due to their higher eleptnoretic mobility comparing to those
CDs carrying steroids. Therefore fewer steroidsl wé preconcentrated at the pH-
junction. 2) It is known from the literature thaD&teroid complex is mostly 1:1 ratio,
although 2:1 complex formation can take place al (8&). If this were the case, one
steroid molecule would be “locked up” by two CD malles and this would affect the
interaction with SDS micelles which serve to remeteroids from the stacking zone and
carry them toward the detection window. 3) Finadlg,the concentration of CD increases
compared to the concentration of SDS in the rundioffer, the equilibrium will be
shifted toward the formation of the steroid-CD cdexpas discussed in Section 2.3.4 and
away from incorporation into micellar phase, therefdecreasing the steroid detection

response. The steroid concentration in the sampkes chot determine the optimal
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concentration of CMCD if increased from 500 nM @ dM that still provides the best
stacking efficiency using 1 mM CMCD. Based on thebservations 1mM CMCD was

chosen as the optimal concentration for bettekstgaefficiency.
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Figure 3.10. Stacking enhancement versus CMCD concentratiothénsample buffer. Sample is M
estradiol in CMCD, 5% methanol in 50 mM CAPS, pH Rainning buffer: 30 mM SDS, 13 mM HPCD in
phosphate, pH 2.5
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Figure 3.11.Representative electropherograms of the stackihgreement versus CMCD concentration in

the sample buffer. CMCD in the sample: A —5 mM; B mM, C — 1 mM, peak labeled as * p¥ estradiol,

3.3.2.4. Stacking versus Phosphate Concentration

Figure 3.12 shows the importance of adjusting tbecentration of phosphate
buffer for improving of the stacking efficiency. f8e phosphate was used for the
preparation of the running buffer, it was importamtmaintain not only a particular and
constant pH but also a proper buffer capacity far teproducible separation. Buffer
concentration has a significant effect on the E@€ahse it changes tidegootential on the
capillary wall. As the concentration of the buffecreases, the ionic strength increases as

well, thus loweringl-potential and EOF. Moreover the higher the iorrersgth of the
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buffer in use the more chance of getting Jouleihgagdffect in the capillary due to high
separation currents. In the present case, EOF wasessed because the surface silanol
groups were protonated at the low pH of the sejpar&tuffer. However, it was necessary
to find out how large a phosphate concentratioridcbe used without causing excessive
Joule heating.

The separations were performed in the presenc®,0f% 100, 150, and 200 mM
phosphate buffered at pH 2.5 containing 30 mM SB$ 18 mM HPCD. The sample was
10 uM ethynyl estradiol injected at 10 kV for differeshtrations of time 50, 60, 70, 80, and
90 sec. The use of 200 mM phosphate produced ttestacking effect measured in the
peak area as shown in the figure below. The 60saatwle injection was still the most
advantageous since the longer sample injectiordupeal distorted electropherograms due

to peak broadening.
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Figure 3.12. Stacking enhancement versus concentration of pladspbuffer and sample injection time.
Sample injected electrokinetically at 10kV. Samel0 pM ethynyl estradiol in 1 mM CMCD, 5%
methanol, 50 mM CAPS buffered at pH 10. BGE is 3@ 8DS, 13 mM HPCD in phosphate buffered at pH
2.5. Separation: at 16kV and normal polarity.

3.3.2.5. Stacking versus Methanol Concentration in Sample Matrix

The effect of added methanol on stacking enhancemes investigated by
increasing the volume fraction of methanol (0.12,15, 7, 9, 10, 15, 20, 30, 50 %, v/v) in

the sample containingidM estradiol in 1 mM CMCD, 50 mM CAPS at pH 10. Tplet of
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the peak area measured for preconcentrated estvadsois the percentage of methanol in
the sample is illustrated in Figure 3.13. It isdevit that the formation of steroid-CMCD
inclusion complex takes place even in the absehogethanol in the sample. The addition
of 5 % methanol increases the peak area by 6 %uvé¢he area for the sample without
methanol. The results show that the further ineedghe methanol amount in the sample
shifts the equilibrium away from the formation oMCD-steroid inclusion complex, thus,

lowering the stacking efficiency.
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Figure 3.13.Stacking enhancement versus methanol contentisample buffer. Sample iguM estradiol in
1 mM CMCD, methanol, 50 mM CAPS, pH 10. Runningféuf30 mM SDS, 13 mM HOCD in 200 mM
phosphate, pH 2.5. Injection performed electrokiadly at 10 kV for 60 sec. Separation performed&kV
and normal polarity.
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3.3.2.6. Stacking versus pH of the Sample Buffer

An effective preconcentration by means of pH-staglkidepends on the pH of the
buffer solutions used to create the pH-junction amate importantly on the pKof the
analyte to be preconcentrated. As mentioned eark&ICD used for stacking

preconcentration has pk 5. From the Henderson—Hasselbalch equation:

_ [A]
pH = pKa+ |OQM (3.4)

CMCD is expected to be fully (100%) deprotonateptat= 7, and fully protonated at pH =
3. To completely suppress EOF, the pH of the rupminffer must be less than 3. Only
phosphate (pK~ 2.1) was suitable for being used at pH < 3. Témmme containing
steroids was prepared in 50 mM MOPS buffer at @td subject to stacking procedure as
described in Section 3.2.5. The results demonstisteeking enhancement for the steroids
as expected (see Fig. 3.14-A). However a 10 timedtetb stacking enhancement was

achieved using pH 10 CAPS. Figure 3.14-B, C.
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Figure 3.14.Stacking enhancement versus pH of the samplerb&&mple contains 1AM progesterone,
testosterone and androstenedione in 5 % methamM ICMCD, and A — 50 mM MOPS, pH 7.0; B — 50
mM CAPS, pH 10. C — measured fopll progesterone, testosterone and androstenedid$ imethanol, 1
mM CMCD in 50 mM CAPS, pH 10. Injection performext 60 sec at 20 kV.

3.3.2.7. Stacking Enhancement

In capillary electrophoresis, sample injection igfhhinjection parameters (voltage
and pressure) typically leads to band broadeni#)g The developed stacking method
allows to use longer injection time without saciifg separation efficiency. The advantage
of the developed stacking method is demonstratddguare 3.15 by comparing the upper
trace (stacked for 60 seconds) with the lower trangected electrokinetically for 2

seconds). Enhancement in limits of detection fahesteroid was calculated by dividing
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the LOD obtained by means of stacking-CE by the LOBtained with the use
conventional MEKC and hydrodynamic injection.

For stacking-CE analysis the limits of detectiorrevaeasured at a signal-to-noise
ratio of 3. The signal and noise were determinedhaspeak height and the standard
deviation of the baseline respectively. LODs wesasured at 200 nM progesterone (n=9),
200 nM hydroxyprogesterone (n=6), and 500 nM kstosterone (n=7), 50 nM estradiol
(n =9), 70 nM estrone (n=10) and 70 nM ethynytagBol (n=7). Each sample containing
only one steroid was prepared in 1 mM CMCD, 50 mAPS, pH 10 and was analyzed by
stacking-MEKC as described in Section 3.2.5. That$ of detection for conventional
MEKC analysis of steroids were calculated by theesgrinciple. A series of samples
containing 50uM concentration of each steroid were prepared énrtimning buffer (30
mM SDS, 13 mM HPCD in phosphate, pH 2.5, 5% methama injected at 0.5 psi for 3
sec. The peak areas were measured and used fhingt@nhancement evaluation. The
calculated enhancements in limits of detectionrepeesented in Table 3.2. The stacking-
MEKC method demonstrated at least 350-fold up @03fbld improvement in LODs over

the conventional hydrodynamic injection.
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Figure 3.15.Sample containing 500 nM estrone (E1), ethynybe#tl (EE), and estradiol (E2) is injected at

10 kv, for 60 s (upper trace) or 2s (lower trage)limM carboxymethyB-CD diluted in 50 mM CAPS

buffered at pH 10. The electropherogram is obthirgng 30 mM SDS, 13 mM HPCD, 200 mM phosphate
buffered at pH 2.5. Reproduced with permission f(66).

Table 3.2. Enhancement in limits of detection for steroids amged by stacking-CE
electrokinetically versus conventional MEKC withdngdynamic injection.

Steroid LODaye LOD LOD
(STACK) (MEKC)  ENH
nM mM
1 progesterone 7.1 5.3 746
2 hydroxyprogesterone 15 5.3 353
3 dihydroxyprogesterone 11 4.7 427
4  testosterone 4 3.5 875
5 estrone 3.1 2.1 677
6 11-ketotestosterone 14 5.9 421
7  ethynyl estradiol 4.7 2.2 468
8 estradiol 2.9 3.2 1103

For experimental conditions see text.

injected
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3.3.2.8. Stacking Figures of Merit

This section outlines the figures of merit that destrate the effectiveness of the
developed and optimized stacking approdéagures of merit (Table 3.3) were obtained
using a 10 kV 60 second stacking injection and @aisdion buffer containing 13 mM
HPCD, 30 mM SDS in 200 mM phosphate buffered at285 The baseline in the
electropherograms that results from sample stadkatgsome distortion (see for example
Figure 3.7). The data shown in Figure 3.7 weraiabtl from successive runs of a sample
and blank and subsequently processed using a spestgrogram.

For all steroids, the within-day and day-to-dayroejpicibility in migration time
was< 1 % RSD and< 2 % RSD, respectively. The within-day and day-to-day
reproducibility in peak area was9 % ands< 22 % RSD, respectively. The day-to-day
reproducibility was affected by the variations mom temperaturédrom 20 to 24°C,
which changes the solubility of the steroid in caymethyl-CD. Although a dedicated
thermostat was not available at the time of measen¢s, the use of calibration curves
within-day almost completely circumvents this issdee to reasonable temperature
stability during the day.

Linear ranges were determined from nine calibratiorves (3 per day for 3 days)
and measured at 0.5M hydroxyprogesterone, estrone, ethynyl estradml astradiol,
0.75uM progesterone, 11-ketotestosterone. The curves measured simultaneously for
6 analytes. Detection was performed by UV-visildeabance at detection wavelength of
254 nm for progesterone {R> 0.98), hydroxyprogesterone {R> 0.97), and

ketotestosterone (R> 0.99), or 200 nm for estradiol {R 0.99), estrone (R> 0.98), and
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ethynyl estradiol (&> 0.99). The data from individual curve fitting afeown in Table 3.3.
Under the experimental conditions, calibration esgrior steroids with higB-CD affinity
(estradiol, ethynyl estradiol, and estrone) arealyeabtained in the range from 250 —
10,000 nM. Progesterone, 11-ketotestosteronehyaixyprogesterone were measured at
254 nm to maximize absorbance. By using a photiedarray, all steroids were detected
within a single run. The different detection waregjth and lowe3-CD affinity of
progesterone, 11-ketotestosterone, and hydroxypregme resulted in higher limits of
detection and a smaller concentration range of afineresponse. Finally,
hydroxyprogesterone formed a split peak, especiatlyhigher concentrations. This
splitting of hydroxyprogesterone may result fromersbisomers or from multiple

complexation equilibria with carboxymeth4CD.

Table 3.3. Stacking - MEKC Figures of Merit

Reproducibility

Steroid LOD (nM) Linear Within day (n=10) Day-to-day (n= 3)

Range (uM) i i i i

Time (min)  Area (x10°) Time (min)  Area (x10)

progesterone 7.1+0.7 0.25-1.0 247+0.01 ARG 2.49 +£0.02 13+ 0.0
hydroxy- 15+1 0.25-0.75 2.74 £0.02 0.81 +£0.05 2,014 0.78 £ 0.03
progesterone
estrone 3.1+0.38 0.25-5.0 355+0.03 52%05 3.61+£0.06 55%09
11-keto 14+3 0.50 - 10. 3.68+£0.03 1501 3.74 £0.07 1.2+03
testosterone
ethynyl estradiol 4.7 +0.4 0.25-10. 421+003 7.6+05 4.30 +0.08 79+04
17B-estradiol 29+0.6 0.25-5.0 439+0.04 89105 45+0.1 8.8+0.2
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CONCLUSIONS

A preconcentration technique using the chromatdgcappreconcentrator
positioned in-capillary for enhancement of the diba limits for steroid analysis by CE
has been demonstrated. The benefit of this preotnati®n approach is the possibility to
inject a much larger sample volume opposed to auiveal CE or MEKC while
maintaining a high efficiency separation. Howevee, technical limitations of this method,
the resulting low reproducibility and very soplaated packing procedure preclude its
application in systematic and high throughput sureg of steroid hormones required to
detect endocrine disruption.

In contrast, a newly developed pH-mediated stacktgKC method for the
preconcentration of selected sex steroid hormoeesodstrated outstanding performance
and stacking efficiency exceeding two orders of mitage with targeted steroids. The
analysis of parameter space revealed that theasedeamount of CMCD and methanol in
the sample buffer result in lower stacking efficignHowever, the high concentration of
the running buffer improves the stacking. The wittlay and day-to-day reproducibility of
this method, and the low limits of detection justifs promise for the determination of

steroids in fish plasma samples which will be pnése: in chapter 4.
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CHAPTER 4

MODIFICATION OF THE METHOD

FOR ANALYSIS OF FISH PLASMA
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4.1. INTRODUCTION

In the previous chapter, a newly developed pH-ntediatacking MEKC method
for analysis of sex steroid hormones was evaluasaty aqueous solutions prepared from
steroid standards, and demonstrated reproduciblerpgnce and low limits of detection.
To fully demonstrate the applicability and effiaogrof the method in endocrine disruption
studies, it was required to apply the method tblifeasamples such as wild fish blood or
plasma. Two major challenges in this analysis lagestmall volume of the fish plasma and
the presence of interfering compounds, which obsthe CE separation.

The fish have long been used as biosentinel madelsater quality in biological
studies, mainly because of the concerns assoamtkdhe increased production, use, and
disposal of chemicals in the environmett3]. Both, the wild fish and the fish exposed to
pollutants in a laboratory can provide valuableoinfation for studying the effects of
endocrine disruption. The fish acquires EDCs v dfils, skin, and the diet, including
plants and smaller invertebrates, which in turnuaadate pollutants from the water or
sediments during their lifecycle. The physiologicistem of the fish is similar to
mammals, including humans, and many of the poltuiteduced disorders are likely to
have similar effects. The reproductive endocringtesy is particularly similar within the
vertebrates4). Furthermore, the accumulation of pollutantshia tmuscle of the edible fish
has clear implication for the human health.

Recent effort has focused on the “environmentiabgsens” — industrial chemicals
that may mimic natural estrogens. EDCs affeciefteogen receptor in the fish, as well as
the metabolism or catabolism of sex steroids, finumarily disrupting the fertility of the
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fish. Suppressed reproduction and signs of fentioizan the male fish, as well as sexual
dimorphism (differences in the body appearance based on seg),mainly due to
estrogenic hormones such as3¥stradiol, estrone, and ethynyl estradiol, or hmren
mimics 6, 6). The concentration of estrogenic steroids inafeatic environment ranges
from 0.010 ng/L to 7.0 ng/L7( 8. Steroid estrogens can be harmful for the fista at
concentration as low as 2.0 ngA).(

Several factors must be considered when usingdisést for effects of EDCs. The
temperature, photoperiod, diet, availability of wpag substrates, proximity and
reproductive readiness of the potential mates, #ied water quality all affect the
reproductive status, ovulation, and spawning ih (5. Seasonal and daily changes in sex
hormone levels must be considered in sampling sebebecause there can also be a
significant contribution of extrinsic factors, suahk the stress from capture, handling and
confinement which have a rapid effect on the sexboe levels in the fish blood plasma
(10). The fish species desirable for EDC analysis khbe easy to breed and handle in the
laboratory, readily available year round, widesgreand economically feasible. Finally, it
is important to choose species with the well-stideproductive biology.

Endocrine disruption in fish can be monitored usppigysical and chemical
biomarkers. Disrupted fertility of fish can be avated by the number and viability of the
eggs, fertilization, the survival of the offsprirthe physiological abnormalities in size and
growth, and histology (the anatomical study of iiieroscopic structure of animal tissue).
Vitellogenin has been used as a biomarker for exjgo anti-estrogenic compounds in

several fish studiesl{-16. Vitellogenesis is the process in which the laigenin, a
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female egg protein, is synthesized by the liverasponse to endogenous estrogen and
then absorbed by growing oocytes, where it providagition for the developing
embryos 17). Plasma vitellogenin concentrations increasendugexual maturation of
female fish 18), and can reach tens of milligrams per milliliter some species. In
contrast, the concentration of the endogenousgstrcn male fish is too low to trigger
the expression of the vitellogenin gene therefany Vittle vitellogenin can be detected in
male fish (9). However, vitellogenesis can be induced if thdenfessh is exposed to
various concentrations of natural and syntheticogenhs present in wate@). For
example, 0.1 ng/L of 1F-ethinylestradiol can cause a significant increastne plasma
vitellogenin concentration after a relatively brieXposure Z1, 29. Although the high
levels of vitellogenin can be related to endocudsuption, it is essential to control the
levels of sex steroid hormones in plasma. This datermine whether the high
concentrations of vitellogenin in male or immatéemale fish were caused by exogenous
EDCs and not by the endogenous secretion pfekiradiol, and whether the presence of
estrogenic EDCs had a negative effect on endogestersd secretior2).

It has been mentioned earlier that the reprodudticeleost, as in vertebrates, is
controlled by the brain-pituitary-gonodal axis (8@t 1.1.4.). In male teleost, 11-
ketotestosterone and testosterone are the mosttempandrogens that control a variety of
reproductive processe®4-27). Estradiol, in turn, is the primary female estogn charge
of gonodal development while,p-dihydroxyprogesterone is responsible for final

maturation of teleost oocyte2§, 29. The four steroids were therefore selected tp hel
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identify and study the occurrence of intersex &iggl by endocrine disruption and to
monitor reproduction in the fish.

In the present chapter, the complex compositiaim@plasma samples required the
development of a sample purification proceduresteroid extraction prior to the stacking
preconcentration and CE separation. Four differiestt species: catfish Idtalurus
punctatu$, smallmouth bassMjicropterus dolomie)y largemouth bassMicropterus
salmoide} and yellow percl{Perca flavescensvere used in order to ensure that method
can handle the differences in the blood samplen ftfifferent fish. An improved three-step
extraction procedure, introduced here for the firsie, allows for the separation of the
endogenous steroids from fatty acids and highlbyliplic interferences such as cholesterol
prior to CE-analysis. The method is applicablevi@ume-limited plasma samples.

Finally, the optimized sample preparation procedislowed by pH-mediated
stacking MEKC was applied to the analysis of endogs steroids in plasma of the yellow
perch Perca flavescensgaptured from natural aquatic environments. Tleilte were
obtained with an external standard calibration elamd compared to the results measured
by means of the standard addition method. The dped method was validated by
measuring the recoveries of the standard steraldecato fish plasma before extraction.
The steroid levels quantified in yellow perch plaswere also measured and compared to

radioimmunoassay method as a reference method.
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4.2. EXPERIMENTAL

4.2.1. CHEMICALS AND MATERIALS

CMCD, SDS, 3-[cyclohexylamino]-1-propanesulfonic idac (CAPS), 11-
ketotestosterone, and testosterone were purchased Sigma-Aldrich (St. Louis, MO,
USA). HPCD was purchased from VWR (West Chester, BSA). Steroids,a,a-
dihydroxyprogesteroneq,3-dinydroxyprogesterone, Bestradiol were purchased from
Steraloids, Inc (Newport, RI, USA). Sodium phogphamonobasic salt was purchased
from Fisher Scientific (Fair Lawn, NJ, USA). Metlh was purchased from EMD
Chemicals (San Diego, CA, USA). Ethyl acetate pashased from Mallinckrodt (ACS
grade, Phillipsburg, NJ, USA). MOPS was purchasethfAlfa Aesar (Ward Hill, MA,
USA). Deionized water was purified using ELGA PatelUltra (Lowell, MA, USA).
Buffered solutions were prepared as described @tid®e3.2.1. Standard stock solution of
each sex steroid hormone was prepared and storddsasbed in Section 3.2.1. Stock
samples were diluted to a desired concentratioh eay prior to use with the proper
buffer. The running electrolyte and the samplebdanalyzed were prepared fresh every
day prior to use. The sample buffer comprised aiM CMCD, 5% methanol in 50 mM
CAPS, pH 10. The running buffer comprised of 30 r8MS, 13 mM HPCD in 200 mM

phosphate, pH 2.5.

4.2.2. INSTRUMENTATION

All CE measurements were carried out using a Beok@aulter P/ACE MDQ

capillary electrophoresis instrument (Beckman @vuFullerton, CA, USA) equipped with
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a photodiode array UV-visible absorbance detectistem as described in Section 3.2.2.
The separations were performed in a|#8 id, 360um od, 30 cm long fused silica
separation capillary (Polymicro Technologies, LIEDoenix, AZ, USA) with the detection
window positioned 10.2 cm from the cathodic reseracated at the sample inlet. The
separations were conducted at 25 + 1 °C. To prekierdisruption in the separation current
during the electrophoresis all vials containingsfilg made running buffers and samples
were subject to vacuum degassing for short pewbdsne: 1 min for 1 mL vial or 15 sec

for 250uL vials. Ultrasonication was also used for thisgmse when it was necessary.

4.2.3. CE SEPARATION

CE separations preceded by pH-stacking precontemtravere performed as
described in Chapter 3, Section 3.2.5. Brieflyyagstestandards prepared in 1 mM CMCD,
5% methanol in 50 mM CAPS buffered at pH 10 wejected electrokinetically at 10 kV
for 60 sec in silica fused capillary filled with ethrunning buffer and containing the
deionized water plug injected before the sampl@dhiction at 13.8 kPa (2 psi) for 6 sec.
The running buffer comprised of 30 mM SDS, 13 mMGHPIin 200 mM phosphate
buffered to pH 2.5. Following the sample loadirtgg teverse polarity run at 16 kV was

initiated to accomplish the separation of the stisro

4.2.4. FisH BLoOD/PLASMA SAMPLES

All blood and plasma samples of the fish used is thiork were generously
provided by our colleagues Christy Foran, and Jendtueckle from WVU Department

of Biology; Kristine Willett of the University of Msissippi; Luke R. lwanowicz and
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Vicki S. Blazer from U.S. Geological Survey Leeto@aience Center, Kearneysville, WV.
Whole blood is a bodily fluid that flows throughetimeart, arteries, veins, and capillaries
carrying nourishment, electrolytes, hormones, vitsmrantibodies, heat, and oxygen to the
tissues of an organism. Blood contains red blodts,cevhite blood cells, and platelets
suspended in fluid calleglasma Plasma is obtained by separating the liquid porof
blood from the cells and constitutes about 55 %lobd volume. Plasma contains 90 %
of water, the rest 10 % constitute albumin (the anaj protein
constituent), fibrinogen (responsible for the efatof blood), globulins, glucose, mineral
ions, hormones and carbon dioxide. Frozen plasn@asma frozen within hours after
being collected in order to preserve clotting fegtestored for one to seven years, and

thawed before used for research or medical purp@&es

4.2.5. PLASMA COLLECTION BY USGS

Plasma collection was performed by Luke R. Ilwanewef USGS, and is
described briefly here. During early March 2008lowl perch were collected from the
Choptank or Severn Rivers (U.S. state of Marylashating their spring spawning run.
Fyke nets were deployed for fish capture and cleededly. Yellow perch were removed
from the nets and transported to the US Fish & WédService, Chesapeake Bay Field
Office (Annapolis, MD) for processing. Fish wereimained at the USGS laboratory in
aerated water from the collection site for transpod prior to plasma sample collection.
The fish were euthanized with a lethal dose oftne methane sulphonate (Finquel MS-
222) (Argent Labs, Redmond, WA). The blood was drdmem the caudal vessels from

each fish with a heparinized syringe, transfered theparinized vacutainer, and stored
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on wet ice. The plasma was collected by centrifggime vacutainers at 1000xg for 20
min at 4 °C. The plasma was removed and stored 80 2C in cryovials. While

vitellogenin (an egg-yolk precursor protein) cortcations were not measured in 2008
female fish, the fish collected during the sameetim 2007 had measurable vitellogenin

concentrations ranging from 2 — 10 mg/mL.

4.2.6. PLASMA PRETREATMENT PROTOCOL # 1

Ethyl acetate was employed to extract free sterorthones prior to CE separation
as the first step of the plasma sample pretreatnkemtthis experiment the whole blood
sample of the female wild catfiskcialurus punctatusfrozen for 6 years was used. The
steroids were extracted from the blood using edlogtate similar to a procedure described
in (22). Briefly, 250puL (0.28 g) of thawed blood was extracted three sinvéh 750uL of
ethyl acetate. This was accomplished by agitatiegstample using a vortex mixer for 5
sec, then spinning it for 5 min at 4,000 rpm arfiC4ollowed by the removal of the top
organic fraction. The three ethyl acetate fractisrese pooled, evaporated to dryness
under the stream of nitrogen gas, and reconstiiatéte sample buffer containing 1 mM
CMCD, 5 % methanol in 50 mM CAPS buffered at pH AGlow chart of the extraction
protocol with ethyl acetate is illustrated in Figut.1. The reconstituted extract was then
preconcentrated using pH-stacking and analyzed ByUE-visible absorbance detection

analysis as described above Section 3.2.5.
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V (ethyl acetate) = vortex 1 min

3xV (plasma) centrifuge 5 min (4 °C; 10,000 rpm)
1 repeat 2X
1
pool 3 ethyl acetate fractions
1
0 evaporate to dryness at 20 °C

l

1*V(plasma) reconstitute in 5% methanol/95% 1 mM CMCD, 50 mM CAPS (pH 10)
l
pH stacking-CE analysis

Figure 4.1.Flow chart of the plasma extraction protocol #1.

4.2.7. PLASMA PRETREATMENT PROTOCOL #2

The ethyl acetate extracts of fish plasma samplke® viurther purified by strong anion
exchange extraction cartridges. In the experimemiasma sample from a single catfish
was split into two fractions each at 4{1R in volume. Only one of the two fractions was
spiked with 14 ng estradiol (50. pmol). Both fraas were then extracted three times
with ethyl acetate (as described in Section 4.E6).each sample the three ethyl acetate
fractions were pooled, evaporated to dryness utigerstream of nitrogen gas, and
reconstituted in a solution comprised of 5% metha®d% agueous 5mM MOPS
buffered at pH 7.0. To facilitate the removal o flatty acids collected in the extract, the
solution was then loaded on a disposable quatermaiyie (N) strong anion exchange
(SAX) cartridge (BAKERBOND speTM Quaternary Amindsmbsable extraction
columns, J.T. Baker, Phillipsburg, NJ, USA) actdhtwice by consecutive washes with 6
mL of methanol, 6 mL of water and 6 mL of 5 mM MOB&fered at pH 7.0 (see Fig.
4.2). A quaternary amine is a strong base andseass a positively-charged cation that
exchanges or sequesters anionic species in theosolli can therefore be used to isolate

and discard them. The piéf a bonded quaternary amine functional groupery wigh (>
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14) and leaving it charged at all pHs when in conwith an aqueous solution. For an

anionic compound of interest, the pH of the matnixst be 2 pH units above its pfor it

to be charged. Therefore, to extract fatty acid§,(p 5) a buffer solution of pH 7 was

used. Following introduction of the sample, theuomh was rinsed with 1 mL of solution

comprised of 5 % methanol, 95 % aqueous 5 mM MOHed at pH 7.0. The eluted

fraction was evaporated to dryness using a roteapa@ator and reconstituted in HQ

of the solution comprised of 5 % methanol, 23 MM T 50 mM CAPS buffered at pH

10. The sample was preconcentrated and analyz€dEkas described in Section 3.2.5.

V (ethyl acetate) =
3%V (plasma)
)

é

1xV(plasma)

before use

activated 2X with

6 mL methanol

6 mL water

6 mL 5 mM MOPS (pH 7.0)

vortex 1 min

centrifuge 5 min (4 °C; 10,000 rpm)

repeat 2X

!

pool 3 ethyl acetate fractions

1

evaporate to dryness at 20 °C

!

reconstitute in 5% methanol/95% aqueous 5 mM MOPS buffered at pH 7.0

)
apply to N* SAX
!

elute in 1 mL of 5% methanol/95% aqueous 5 mM MOPS buffered at pH 7.0
evaporate to dryness at 20 °C

)

reconstitute in 5% methanol/ 95% 1 mM CMCD, 50mM CAPS, pH 10

1
pH-stacking-CE analysis

Figure 4.2.Flow chart of the plasma extraction protocol #2.

4.2.8. PLASMA PRETREATMENT PROTOCOL #3

For this study plasma samples from bass and ygdeneh were used. An aliquot

of a thawed plasma sample was split in half. Onhe dalf was spiked with a
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gravimetrically determined amount of steroids, 2 of estradiol and 14 ng of
testosterone. Each fraction was transferred inse@arate borosilicate glass vial and
extracted with the volume of ethyl acetate thathiee times larger than the sample
volume. After adding ethyl acetate, the solutionswaixed for 1 min using a vortex
mixer and then centrifuged for 5 min at 10,000 rmal 4 °C. The organic fraction was
then removed. Extraction was repeated two morestirard three ethyl acetate extracts
were pooled together and evaporated to drynessaah temperature using a Savant
SpeedVac® concentrator. Each dry extract, spikeduaispiked, was reconstituted in the
solution comprised of methanol: 5mM aqueous MOPfebed at pH 7.0 (20:80, v/v).
The solution was loaded on a quaternary amine dape extraction column
(BAKERBOND spé] Quaternary Amine disposable extraction columns$, Baker,
Inc., Phillipsburg, NJ, USA) to remove fatty aciestracted with ethyl acetate. Before
use, the ion exchange column was activated twicedmgecutive washes with 6 mL of
methanol, 6 mL of water and 6 mL of 5 mM MOPS brdteéat pH 7.0. The column with
the loaded sample was washed with 1 mL of meth&wiM aqueous MOPS buffered at
pH 7.0 (20:80, v/v). The eluted solution was theaded onto a C18 extraction column
(Supelco Discovery DSC-18 SPE tube bed, Sigma étdriSt. Louis, MO, USA),
activated in advance twice with 5 mL of methanall &mL of water. The column was
then washed with 1 mL of water, and the retainedogds were eluted with 1 mL of
methanol: water (75:25, v/v) solution. The eluteacfion was evaporated to dryness at
room temperature using the SpeedVac® concentrdtoe. dry sample was finally

reconstituted into 30 microliters of solution comsprg 5 % methanol, 1 mM CMCD in
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50 mM CAPS buffered at pH 10, and finally analybsdpH-stacking MEKC (see Fig.

4.3).
V (ethyl acetate) = vortex 1 min
3xV (plasma) centrifuge 5 min (4 °C; 10,000 rpm)
l repeat 2X
pool 3 ethyl acetate fractions
1
ﬂ evaporate to dryness at 20 °C
1
1xV(plasma) reconstitute in 100 pL of 20% methanol/80% aqueous 5 mM MOPS (pH 7.0)

1
apply to N* SAX

before use 1

activated 2X with

6 mL methanol

6 mL water

6 mL 5 mM MOPS (pH 7.0) elute steroids in 1 mL of 20% methanol/80% aqueous 5 mM MOPS (pH 7.0)
1
apply to RP C18

before use i

activated 2X with . . i

5 mL methanol — rinse with 1 mL water — discard

5 mL water !
elute steroids in 1 mL of 75% methanol, 25% water
1
evaporate to dryness at 20 °C
1

reconstitute in 5% methanol/ 95% 1 mM CMCD, 50mM CAPS (pH 10)

1
pH-stacking-CE analysis

Figure 4.3.Flow chart of the plasma extraction protocol #3

4.2.9. RADIOIMMUNOASSAY PROCEDURE BY USGS

Plasma samples from yellow perch were analyzethiosex steroids Brestradiol
(E2) and testosterone (T). All samples were quedtiia radioimmunoassay (RIA) by
Luke R. Iwanowicz of USGS. Estradiol antibodies 4#2anti-estradiol-6-BSA) were
purchased from Gordon Niswende€oflorado State University, Fort Collins, CO).
Testosterone antibodies (polyclonal anti-testosieiR156/7) were purchased from Coralie
Munroe (UC School of Veterinary Medicine, Davis, JCAXxtraction efficiencies were
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determined for the sex steroids, and all assayge walidated and optimized for yellow
perch.

Plasma samples were extracted twice in a ten-fodéss of diethyl ether prior to
RIA. Plasma estradiol concentrations were deterthusing the RIA method of Sower and
Schreck 81) with slight modifications. The samples and estladtandards were
solubilized in 200uL of room temperature phosphate buffered salinatige(PG) buffer
(0.1% knox gelatin in Dulbecco’s phosphate buffesatine). 100uL of anti-estradiol
antiserum was added to the samples, vortexed andbated at room temperature for 30
min. The same volume of PG buffer was added tostudesignated to determine non-
specific background and total counts per minuteMIH-ollowing incubation 10Q.L of
tritiated 1P-estradiol (5000 CPM in PG buffer) was added totaltles, vortexed and
incubated at room temperature for 60 min. Sampkre Wwnmediately cooled in an ice bath
for 30 min and 50Q.L of ice-cold charcoal-dextran solution (0.63 %aditke charcoal and
0.4 % dextran in PG buffer) was added. Samples wertexed, incubated on ice for 15
min and centrifuged at 2200 g<for 20 min at 4C. Supernatant was then decanted into
scintillation vials containing 4 mL of OptiPhaseSdfe 2 scintillation fluid (Perkin Elmer,
Waltham, MA, USA) and mixed well. Sample CPM wereasured using a Tri Carb
Liquid Scintilation Counter (Perkin Elmer, WalthaMA, USA) and mean sample CPM
was determined over an 8 minute integration timlesamples were run in duplicate and
plasma estradiol values were interpolated from andsird curve. Plasma hormone
concentrations were interpolated from the standamye using curve fitting software
(Prism 4.0, GraphPad Software Inc.). The same proeewas repeated on fresh plasma

samples for the determination of testosterone ugsrgpecific antibody.
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4.3. RESULTS AND DISCUSSION

4.3.1. FOUR STEROIDS TARGETED FOR ANALYSIS

This study focuses on four steroids referred téckssical reproductive steroids”
considered to be important members of the endoa@ystem functioning in teleost fish:
estradiol, a,3-dihydroxyprogesterone, testosterone, and 11-kstmtterone (Fig. 1.1).
These four steroids were selected as targetsdaarihlysis as their control can assist in the
identification and study of the occurrence of isgrtriggered by endocrine disruption and
to monitor reproduction in fish speci€i).

The endogenous levels of 11-ketotestosterone, autigse of testosterone, in the
blood plasma of teleost fish are reported to bédrign males than in female33(37).
Although sexual development and behavior of theensgecies is commonly due to
testosterone, the dominant androgen in male telé®stll-ketotestosterone2).
Testosterone is also secreted by both sexes; howestosterone levels in the female fish
plasma are elevated during the breading seasonit@armbncentration in most female
samples is found to be comparable or higher thaininithe male fish plasma%g, 3§. The
concentrations of the female hormone estradiohagieer in female fish plasma. Estradiol
is produced in the follicle of the developing o@wthilea,3-dihydroxyprogesterone is one
of the key mediators for the final oocyte matunat(®9). The molecular properties of the

targeted steroids are summarized in Table 2.2.
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4.3.2. OPTIMIZED CAPILLARY FLUSHES

After the developed CE-method was first appliedh® fish plasma extracts, the
migration times of steroids became irreproducilstamf run to run and their detection
signals decreased dramatically even in the starskamples. This stimulated a need in a
new capillary flush protocol development. The poeproducibility of the analysis of
plasma samples was traced to nonspecific surfaserg@itbn of the impurities extracted
from the blood/plasma samples, and introduced tido separation capillary during the
sample injection. One way to overcome this probheams to change the separation capillary
daily. However, the frequent change of the capillamot only costly and time consuming
but also has a potential of introducing systematieasurement errors. Therefore the
flushing protocol used to regenerate the inneraserbf the separation capillary has been
modified by replacing the methanol wash used imtioening described in Chapter 3 with
1 N sodium hydroxide. @hditioning the separation capillary with a strdvage actively
regenerates the inner capillary surface by dissglhthe silica substrate and therefore
helps remove any compounds remaining in the caypibidter the blood/plasma sample
analysis 40).

The recent work was conducted under the conditdrsippressed EOF when the
charges of the silica surface were eliminated leysinppression of the dissociation of the
surface silanol groups. The new capillary flushcpdure, however, introduced a slight
change in the steroid migration times. The newqualt for capillary flushes used at the
beginning of each day included sequential timedhis at 172 kPa (25 psi) for 15 min
with IN sodium hydroxide, 5 min water, 25 min 0.Ihjtrochloric acid, 5 min water, 25
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min with running buffer. Running electrolyte wasngarised of 30 mM SDS, 13 mM

HPCD in 200 mM phosphate buffered at pH 2.5. Inveen runs, the capillary was flushed
at 172 kPa (25 psi) for 2 min with the running &lelgte. Due to the change in the
migration times for two of the previously analyzesieroids, estradiol and 11-
ketotestosterone, the linear range, the within-giay day-to-day reproducibility in peak
area and migration time were determined with the flash set. o newly selected

steroids, a,3—dihydroxyprogesterone and testosteromesre included in the method

evaluation studies.

4.3.3. METHOD SELECTIVITY

The selectivity of the method for the four targetteroids was assessed using a
set of eight steroids mixed in a single sample. s€heeight steroids:a,p-
dihydroxyprogesterone, Bfestradiol, estrone, ethynyl estradiol, hydroxymstgrone,
11-ketotestosterone, progesterone, and testostemwaee analyzed using stacking-
MEKC. All eight steroids were baseline separated tre resulting electropherograms
are represented in Figure 4.4. The representativackgoound subtracted
electropherograms are shown in Figure 4.5. Thedrackd subtraction was not used for
the peak quantitation as it does not affect theoayrcibility of steroid analysis.

Interference from androstenedione was also studfetdrostenedione is a
precursor of testosterone in the steroid biosymheathway. A sample containing both

steroids was analyzed at the stacking conditiom®& fesolution for both steroids was

124



calculated as described in Section 2.1.3 (Equ&ibhand wag 0.91 at the experimental

conditions.

2 mAu (254 nm)

I 2.5 mAu (200 nm)

0.0 0.5 1.0 15 2.0 25 3.0 35 4.0
Time (min)
Figure 4.4 illustrates the raw electropherograms obtained &osteroids simultaneously present in the
analyzed sample. Data collected at 254 nm (top)prdgesterone (500 nM); (2),3-dihydroxyprogesterone
(500 nM); (3) hydroxyprogesterone (M); (4) testosterone (IM); (6) 11-ketotestosterone {@V).Data
collected at 200 nm (bottom): (5) estrone (500 nMl);ethynyl estradiol (250 nM); and (8)3-@stradiol (250
nM).
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*
0.2 mAu (254 3
2 mAu ( nm) 6
1
2 MM
*
5
*
0.5 mAu (200 nm) 78
*
4 UU
D.ID 1:0 2:0 3I.0 4‘.0
Time (min)

Figure 4.5.Background subtracted electropherograms obtaine@ &ieroids simultaneously present in the
analyzed sample. Data collected at 254 nm (top)prdgesterone (500 nM); (2),3-dihydroxyprogesterone
(500 nM); (3) hydroxyprogesterone |(®1); (4) testosterone (tM); (6) 11-ketotestosterone (M). (B) Data
collected at 200 nm (bottom): (5) estrone (500 nMl);ethynyl estradiol (250 nM); and (8)3-@stradiol (250

nM). The separation conditions are summarizedxn te
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A separate study was conducted in order to deterthi@ migration time foa,a-
dihydroxyprogesterone, an isomer @f3- dihydroxyprogesterone that can possibly be
present in plasmatl, 429 and interfere with the separation. The resultaaiestrated that
a,a- dihydroxyprogesterone co-migrated with progesterduring the analysis (Fig. 4.7).
Baseline resolution of these two hormones can bheeaed by adjusting the SDS/HPCD
ratio in the background electrolyte. However, botlthem were baseline separated from
a,B- dihydroxyprogesterone, which is typically presahimuch higher concentration levels
in the fish plasma4(l, 49. The electropherogram in Figure 4.7 shows tharsd¢ipn of the
three steroids. Progesterone amd- dihydroxyprogesterone were not analyzed in this

study because of their expected low concentratiotite fish plasma.

{ 2 mAuU (254 nm)

2.0 25

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Time (min)

Figure 4.6. Stacking electropherograms of (1) progesteroneq(@-dihydroxyprogesterone; and (8)f-

dihydroxyprogesterone. Concentration of each isfi@d0Data collected at 254 nm.
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4.3.4. FIGURES OF MERIT OF MODIFIED METHOD

The linear regression parameters for the calibmatiarves and all the figures of
merit in this chapter were derived from the samplék four targeted steroids. The linear
range for each steroid was determined from ninéradiion curves (3 per day for 3 days).
Curves were measured simultaneously for 4 analytes detection was performed by UV-
visible absorbance at detection wavelength of 284for dihydroxyprogesterone {R
0.990), testosterone {R 0.997), and ketotestosteroné £R0.995), or 200 nm for estradiol
(R > 0.996). The within-day and day-to-day reproduitibilvere measured at 1j0M
dihydroxyprogesterone, testosterone, 11 ketotestost, and 0.5QuM estradiol. The
within-day and day-to-day reproducibility of thegration time was< 1 and< 2 % RSD
respectively for all four steroids. The correspogdvalues of the peak area ranged from 1

to 6 % RSD and from 1 to 20 % RSD. The data arevzanzed in Table 4.1.

Table 4.1. Stacking - MEKC Figures of Merit Reproducibility

Within day (n=10) Day-to-day (n= 3)

Steroid LOD Linear Range Time Area (x10) Time Area (x10)

(nM) (uM) (min) (min)
a,B-Dihydroxy  11+3 0.20-5.0 245+000 1.1,£0.0 2.43+£0.03 14+ 0.0
progesterone
Testosterone 4+1 0.10 - 14. 2.93+0.01 0 3.0.0, 2.86 £+ 0.07 35+03
11-Keto 14+3 0.50 - 10. 3.33+0.02 @ 0. 3.23+0.04 1.0+0.2
testosterone
173-Estradiol 29x0.6 0.050-5.0 3.88 £0.03 84+0.1 3.8206 8.3+x0.1
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4.3.5. DEVELOPMENT OF THE PLASMA SAMPLE PURIFICATION METHOD

Blood plasma is a complex mixture and contains meompounds that can
interfere with the analysis of steroids by stackimgconcentration. Therefore, the analysis
of plasma samples by the developed method reqaidal/elopment of a thorough sample
purification protocol. Many methods exist for bigical samples purification, including the
extraction with organic solvents and different camabons of solid phase extractiofh3(
44). Steroid hormones are present in plasma in & (innconjugated) or conjugated form
such as sulfated and glucuronidated conjugates. fide lipophilic steroids can be
extracted from plasma using non-polar organic sisie As mentioned earlier,
immunoassay is widely used in biological labora&®itio measure circulating steroid levels
in fish. In immunoassay analysis the extractiostefoids from biological fluid samples is
often accomplished using ethyl acetate or dietligere @2, 45. The organic solvent
denatures carrier proteins releasing hormones asi@stradiol and testosterone bound to
SHBG with high affinity 46). Therefore the total concentration of the stespfdee and
bound, can be determined while the hydrophilicaall and glucuronidated conjugates
remain in the aqueous fraction (i.e. plasma) aé#ryl acetate extraction has been
performed.

One of the biggest concerns in this extraction wetls the potential to
concentrate trace impurities from the extractiolvestt. Therefore the blank extractions
of deionized water employing 4.5 mL of reagent grathyl acetate and ACS grade ethyl

acetate (99.5% purity) were first performed. Theuhs demonstrated reagent grade ethyl
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acetate contained a large number of interferinkpeamparing to the ACS grade ethyl
acetate (99.5% purity) which was therefore usddriier studies.

Additionally, the other lipid constituents of blgace. cholesterol and fatty acids,
are also extracted in the organic phase. Cholédtasovery high affinity to CD cavities
and competes with the steroids of interest fornstigng inclusion complexes with CDs
(47). The fatty acids in turn are anionic at the pH dling to the presence of the
carboxylic group and therefore are driven into Haparation capillary along with the
CMCD molecules carrying lipophilic compounds andréfore are preconcentrated at the
pH-junction. Both types of compounds will interfexéh the separation of the steroids by
the developed stacking-MEKC and have to be elirathat

The limitation of the sample pretreatment usingyaethyl acetate for stacking-
MEKC analysis is demonstrated in Figure 4.7. Fay &xperiment the catfish fish plasma
sample was pretreated with ethyl acetate as descimbmethods Section 4.2.6. As seen
in the Figure 4.7-A the electropherogram contamggl highly intensive co-migrating
peaks in the migration time interval from 0 to 2nmihe nature of these interfering peaks
is caused by the compounds extracted in ethyl tec#tat either have very high affinity
to the SDS micelles or are anionic and thereforgrate early driven by their anodic
attraction. No steroids were detected in this samphe electropherogram in Figure 4.7-
B was measured for the same reconstituted plastnacebut ten times diluted with the
sample buffer. The dilution decreased the conceotrand as a result the signal of the

interfering compounds, however, no steroids wetealed in the sample as confirmed in
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the electropherogram C (Fig. 4.7) measured fodthémes dilute extract spiked with 10

UM ethynyl estradiol and estrone.

10 mAu (200 nm)

mAuU-

B
E1 EE C
00 10 20 30 40 50

Time (min)

Figure 4.7.The electropherograms obtained for the catfisbdlextract. A — ethyl acetate extract reonstituted
in 1 mM CMCD, 5% methanol, 50 mM CAPS, pH10. (*rknown interference from blood, ? — steroid
migration time window). B — extract, ten times tBlwith the sample buffer; C — extratetn times diluted
with the sample buffer, spiked with 10 ethynyl estradiol (EE) and estrone (E1). Stacléogditions are

outlined in text.
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In order to eliminate the presence of the charg#ty ficids another blood sample
was subject to extraction by anion exchange usisigodable cartridges. The method was
applied to the blood sample from male catfish froftg 6 years. The plasma sample was
pretreated prior to analysis as described in Seetid.7. The spiked portion of the plasma
sample reconstituted in 1ImM CMCD did not containaamalyte peak for estradiol in the
electropherogram. This is likely due to the preseoicneutral lipids, such as cholesterol,
co-extracted in ethyl acetate, which solubilize skexoids so their association with CMCD
is significantly reduced. This was prevented byeaasing the concentration of CMCD in
the sample to 23 mM, which provided more cyclodexavailable for capturing estradiol
from the sample. However, standard solutions abstaeconstituted in agueous CMCD
with the concentration greater than 1mM yield adowetector response (Section 3.3.2.3).
As a result, the determination of steroids in bloeguired the analyte quantification using
a method of standard addition and increased cartemt of CMCD. A three point
standard addition curve was obtained for each sar(fl > 0.999) by analyzing the
reconstituted sample as well as the reconstitiaatpke spiked successively with 6.0 ng of
estradiol. Using this method, a concentration tfesl in the unspiked blood sample was
0.38+ 0.04uM that corresponds to 56 0.6 ng in the sample analyzed, or in other words
14 + 1 ng/mL blood. The sample spiked with an additiohdl ng estradiol prior to
extraction contains a concentration of .9.1 uM, which corresponds to 2 2 ng in the
sample analyzed, equivalent to 110 % extractioovery. The advantage of the standard
addition calibration method is a constant compasif the matrix for all the samples.

However, in this study a three point external séaddalibration curve would be a better
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option as it decreases the total analysis timeghwvisi beneficial for high throughput sample
screening. In addition, to properly carry out ttendard addition method the sample has to
be split in 4 equal volume fractions. An increasuafume of the steroid standard is added
to each portion of the sample and then dilutechéodame final volume with the sample
buffer. In this work, the total volume of the resttuted plasma extract was 30 microliters
and further spiking and dilution of such small vakiwould be an error prone, therefore
the standard addition was performed by repeatquilkyng the sample with the standard. In
this case, the response was normalized to accaunthé dilution factor, which was
minimized by keeping the total volume change less 5.5 %. However, in this case the
same sample was analyzed subsequently for at4etastes, after which it could not be
used for further analysis if necessary. Therefoeectitical steps in the sample preparation
protocol needed to be changed in order to: (1) meéhaverall steroid recovery while
eliminating the interfering compounds extractedrfrplasma and (2) allow for a 3-point
standard calibration curve instead of the standddition. These led to the optimization of
the sample preparation protocol by including adthénd final extraction step in the
extraction protocol. This extraction step utilizeseversed phase C18 extraction column
used to eliminate interference from neutral highigophilic substances, such as
cholesterol, and was measured as described iro8eLf.8. The steroids were eluted in the
solvent containing 75% methanol and therefore ceasily be dried out. The complete
improved extraction scheme is outlined in Figur8 4nd includes three stages: (1)
extraction with organic solvent, ethyl acetate; ¢@mnbination of (1) and a strong anion
exchange extraction cartridge; (3) combination2)fand a reversed phase C18 extraction

cartridge.
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Most aquatic exposure studies require a reasonatgg population for statistical
significance, therefore there was the need formated sample preparation and fast
instrumental analysis to provide high sample thhqug. For faster sample preparation in
this study a vacuum box with twelve cartridge haddeas used. Comparing to the gravity
flow methods the use of the vacuum box offers maypéd flow rates by applying increased
vacuum to each extraction cartridge holding a samplerefore, the extraction proceeds
with the same rate and twelve samples can be m@@@multaneously reducing the total
analysis time. In commercial laboratories sampldipation protocol can be accomplished
using robotic systems which increase the speelleofample preparation and the number

of the samples purified up to 96 and more.

4.3.5.1. The Evaluation of the Steroid Elution from the SAX Cartridge

Ethyl acetate extracts require reconstitution inemmys buffer before loading them
onto a SAX cartridge. Because steroids are lipaplsbmpounds they cannot be
dissolved in agueous solutions, therefore the motddf small amount of methanol to the
dried out extract assisted steroid dissolution.fdd@nt percent concentrations of
methanol in 5 mM aqueous MOPS buffered at pH 7€l dsr reconstitution of the dried
ethyl acetate extracts before loading them onto 8AXridge were tested. The methanol
content was minimized to avoid the possible losstefoids out of the extraction column,
during sample loading. The concentrations teste weethanol: 5 mM MOPS (15:85,
20:80, and 25:75, v/v). Aqueous samples contaitithgg of testosterone were prepared
and extracted as described in Section 4.2.7. Thparated extracts were reconstituted in

30 pl of the sample buffer containing 1 mM CMCD and Igmad by the stacking-MEKC
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as described in Section 3.2.5. The solution coragrif methanol: 5 mM MOPS (20:80,
vlv) resulted in 64% testosterone recovery. Theth&rr increase of methanol
concentration did not improve the recovery, thaefanethanol: 5 mM MOPS (20:80,

v/v) was used in the further studies.

4.3.5.2. Recovery of Standard Steroids from C18 Cartridge

The purpose of the present experiment was to deterthe amount of methanol
required for elution of the targeted steroids friira C18 silica while leaving the highly
lipophilic compounds such as cholesterol being imeth by C18 cartridge. The
experiment was conducted using estradiol due thigh hydrophobicity (log P = 4.1)
comparing to the other targeted steroids (Tablg Zf2e optimal amount of the methanol
used to collect the most of the estradiol fromdardridge should be sufficient to elute the
rest of the targeted steroids as they are lespiidbic and require more polar solvent.
Each steroid sample comprised of 2.7 ng of estlam®pared in 1 mL of methanol: 5
mM MOPS (20:80, v/v) was loaded onto a pre-activade described in Section 4.2.8
C18 cartridge and then eluted with 1 mL of elutsmivent comprising deionized water
and different volume percent concentrations of raedth (25, 35, 45, 55, 65, 75, 85, 95,
100, %v). The Figure 4.8 demonstrates the plotstifadiol percent recovery versus the
amount of methanol used to elute the steroid from €18 extraction cartridge. The
elution solution containing methanol: water (75:2&) was used in the further studies as
it is just enough to give the highest recovery stfadiol (90 %) from the cartridge. The

further increase in methanol content also resultech high recovery of estradiol.
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However, it can cause the elution of highly lipdghcholesterol form the C18 cartridge

and therefore was avoided.
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Figure 4.8.Plot of the estradiol recovery (%) versus the parcencentration of methanol in water used to

elute steroids retained by C18 extraction cartridigeng the plasma sample pretreatment.
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4.3.5.3. Stability Studies

Two estradiol standards were compared in ordetudysthe stability of steroids
over the storage period. Two sets of four solutioh% puM estradiol samples prepared in
the sample buffer were analyzed by stacking-CE. flilsé set was prepared using the
freshly made estradiol stock in methanol preparechfa recently purchased powdered
chemical. The second set was prepared out of thead-old solution of estradiol in
methanol made using a solid estradiol stored fgeds in dark at room temperature. The
representative electropherograms are shown in &igud. The peak areas for the fresh
estradiol set were (1g+ 04)x10° and for the old estradiol standard peak area Wast(
1)x10° (n=4).
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Figure 4.9.Representative electropherograms for the steraiuilgy study. A — 1.QuM estradiol prepared
from fresh standard (peak area =,24.10°), B — 1.0uM estradiol prepared from the aged standard (peak
area = 15.x 10°). Samples were prepared in the sample buffer @ongaCMCD and subject to stacking-
CE analysis as described in the text.

137



The signals measured for both estradiol sample d@tsonstrated no statistical
difference which suggests that if the steroid stigcktored properly (in case of the solid
reagent — in a dark dry place at room temperatamd, in case of the methanol stock
solution — in a dark dry place at — 20 °C) degriadat less than 4 % during the storage
period. However, it was important to eliminate tbss of the steroids due to photo- or
thermal degradation during the sample preparatiocgulure, which consists of several
steps including extraction, evaporation and sampt®nstitution. The corresponding

study is discusses in the following section.

4.3.5.4. Effect of Temperature During Dry Down on the Recoveries

Although the literature reports consider the phaggradation to be the primary
reason for the decomposition of testoster@t®&50 (the kinetics of the photo-degradation
was not studied in this research), the experimataalies in this research demonstrated that
testosterone is partially decomposed under theuanfte of the heat. In the early
experiments for the steroid recoveries a rotarypekator was used for the gentle removal
of the solvents form the sample solutions befooemstituting them in the sample buffer
containing CMCD. The rotary evaporator device idelsl a condenser, a temperature
controlled water bath for the sample heating, ancdh@um system for the vapor being
drawn off of the sample. The samples to be evagdnahere placed in clear glass vials but
to prevent exposure to ambient light the rotarypevator was covered with the layers of
aluminum foil. To speed up the evaporation proa#sagueous samples of > 2 mL the
temperature of the water bath was increased toC50rRe highest percent recovery of

testosterone prepared using this evaporation systas) only 64 %. An alternative
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experiment was conducted using a SpeedVac ® caatentdevice that evaporates
samples containing water at room temperature. $&stme samples covered to prevent
their exposure to the ambient light were evaporaaed20 °C and the recovery of
testosterone pretreated this way was 93 %. Basetthisrthe dry down of the samples

extracts was further carried out at the room teatpes using SpeedVac® concentrator.

4.3.5.5. Recovery of Standard Steroids from Aqueous Solutions

The sample extraction steps were studied usingaagustandards as well as fish
plasma samples. Prior to estimating total recovehg recovery of estradiol and
testosterone at each step of the optimized extractcheme (Fig. 4.3) were measured
using aqueous solutions of both steroids. The mgostudy was performed by taking a
sample of deionized water, splitting it in half. IQwne half was prepared by adding a
desired amount of steroids (2.7 ng of estradiol &g of testosterone) to deionized
water with 5% of methanol present to avoid sterprdcipitation. Each sample was
extracted with ethyl acetate as described abovgertion 4.2.6, evaporated to dryness,
reconstituted in CMCD matrix and subjected to CHkpasation. The recoveries of
estradiol and testosterone, extracted in ethyladéeewvere 106 % of each. Then the
recoveries for testosterone and estradiol fromaettyn columns were measured. The
agueous sample of testosterone and estradiol veakedoon a quaternary amine SAX
cartridge, followed by C18 cartridge applicatiorhrde elution fractions were collected,
fraction 1 and 2 were 1 mL of methanol: water (35\Vv) each, and fraction 3 was 100
% methanol. The highest recovered concentratiosterbids was measured only in the

first fraction, 91 % recovery for estradiol and &4recovery for testosterone. No spiked
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steroids were found in fractions 2 and 3. The tssale summarized in Table 4.2. The
advantage of these elution techniques is a higbvesy of steroids from the extraction
columns in a small volume of the solvent (1 mL),ileheaving highly lipophilic

substances, which require less polar solvent foticel, strongly retained on C18

material.

Table 4.2.Recovery of standard #estradiol and testosterone from aqueous solutions.

Steroid Spiked Recovered

ng ng %

17 B-estradiol

EA extraction 2.7 29+0.6 106
(N") SAX + RP C18 fraction 1~ 2.7 25+0.2 91
Testosterone

EA extraction 14 15+3 106
(N") SAX + RP C18 fraction 1 14 12+2 84

EA = ethyl acetate
SAX = strong anion exchange cartridge

RP C 18 =reversed phase C18 cartridge
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4.3.5.6. Steroid Recovery from Fish Plasma

To determine whether the biological origin of tiehfspecies can affect the steroid
analysis using the optimized procedure, four daffierfish species: catfishcfalurus
punctatu$, smallmouth basgMicropterus dolomieu),largemouth basgMicropterus
salmoides)and yellow perchRerca flavescensyere used for investigation. Each blood or
blood plasma sample was split in half. One half uraspiked and analyzed to measure the
endogenous steroids. The other half of the plasamapke was spiked with 2.7 ng of
estradiol and 14 ng of testosterone and was usedetsure the recovery of steroids
comparing to the unspiked sample. The sample ptetent and sample analysis were
performed similar to the method described in Sacdd2.8. Briefly, each sample was
extracted with ethyl acetate, evaporated to drynes®nstituted in MOPS, loaded on a
guaternary amine SAX cartridge, followed by C18radge purification. The first 1 mL of
methanol: water (75:25, v/v) was collected, evaigarao dryness, reconstituted in CMCD
buffer and analyzed by CE as described in 3.2.5chAematic flow-chart for sample
pretreatment is illustrated in Figure 4.10.
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Not spiked 27ngE2and14ngT
| l

Subject to Figure4.3.  Subject to Figure4.3.
Extraction protocol Extraction protocol

| |

Yield: endogenous Yield: steroid
concetrations recovery

Figure 4.10.Steroid recovery from fish plasma. Flow chartha plasma sample preparation.
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The results are summarized in Table 4.3. All theceatrations were measured

using a three-point external standard calibratimvee The estradiol recovery ranged from

74 % in catfish blood to 85 % in yellow perch plasrand testosterone recovery ranged

from 77 % in catfish blood to 102 % in largemoutis® (R> 0.98). Figure 4.11 illustrates

representative electropherograms of estradiol astbiterone recovery from a catfish

blood sample. After running the sample by CE, is\wspiked with additional amounts of

targeted steroid and reanalyzed. The increaseeopdlak at a specific migration time for

each added steroid confirmed the presence of¢heidin the sample.

Table 4.3.Recovery of standard steroids from fish plasma.

Steroid Sample Spiked Recovered Linear regression data pammet
volume
ul ng ng % Slope Intercept R
(x10)
17B-estradiol
Catfish* 120 2.7 2.0x+0.2 74 19+1 -0.120. 0.998
Smallmouth bass 100 2.7 2.1+0.078 14 + 0.1+0.Q 1.000
Yellow perch 100 2.7 2.3+0.6 85 17+1 -6.2.3 0.997
Testosterone
Catfish* 120 14 11+1 77 34+0.2 £00.1 0.997
Smallmouth bass 100 14 120, 94 3.1+09 0.1+0.Q 1.000
Largemouth bass 100 14 440, 102 3.1+0.9 0.1+£0.Q 1.000
Yellow perch 100 14 12+3 84 2604 Q.2 0.982

* - catfish blood stored at -80 °C for 7 years.
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Figure 4.11. Steroid recovery data from a single catfish bl@adnple. Lower trace in A and B is the
electropherogram obtained for the unspiked calfisbd extract. Top trace in A and B is catfish ll@piked

with 14 ng of testosterone and 2.7 ng dB-Estradiol prior to extraction. In A, * is recovdrestradiol; in B, *

is recovered testosterone.
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In teleost fish 11-ketotestosterone is importantsixual differentiation and male
sexual development5{, 52 and is a mediator of altered cellular functiondan
differentiation, which makes steroid availabilitysseptible to environmental signals.
While performing the measurement of the steroidhenfish plasma it was noticed that
the levels of 11-ketotestosterone were much higberparing to the results reported in
the literature. Although both testosterone and étbiestosterone strongly absorb light at
the 254 nm wavelength they also produce low detectesponse at 200 nm as
demonstrated in Figure 4.12-A. The intensity of peak corresponding to the migration
time of testosterone in the reconstituted fish mpkasdid not deviate from the effect
observed for a standard steroid mixture, howeWwer opposite was observed for the peak
corresponding to the migration time of ketotestaste (Fig. 4.12-B). The intensity of
this peak was much higher at 200 nm than at 254hus suggesting the presence of an
interfering compound which migrates at the sameetias 11-ketotetsosterone. 11-
ketotestosterone was not quantified in the follagyvitsh studies as it requires mass-
spectrometry detection in order to evaluate thareadf the interference and eliminate its

presence from the sample for the accurate 11kébdstesone detection.
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Figure 4.12.The electropherograms representing the analysé s#fmple containing standard T, 11 KT,
and E2 (A), and yellow perch plasma extract (Bedilopherograms shown in solid are measured at 200
nm, electropherograms represented in dotted lires@asured at 254 nm. Standard sample contabtd 2
nM of estradiol, 550 nM testosterone andvP11 ketotestosterone. Standard samples were @@ parl
mM CMCD, 5% methanol in 50 mM CAPS buffered at pi The blood extract was reconstituted in the

same sample buffer. The separation conditions attmed in the text.

145



4.3.5.7. Calibration Method and Effect of Plasma Volume on Stacking

The results obtained with the use of a three pextérnal standard calibration
curve were compared to the results measured wiirea point standard addition method.
The effect of the plasma sample volume on the amalgf steroids by the stacking-
method was studied as plasma volume can causatiamee in steroid recovery because
the amount of extracted steroids as well as thefering compounds increases with the
increased plasma volume. A plasma sample fromglesiellow perch fish was used for
this experiment. A 10QlL plasma volume was subjected to extraction wittylehcetate
and two solid-phase extraction columns as descnbeSection 4.2.8. An endogenous
concentration of testosterone measured using a ffoimt standard calibration curve was
equal to 12 + 04 ng/mL plasma (R= 1.000). By means of a standard addition method
11 + 1 ng of testosterone was measured per 1 nplasfa (R= 0.990). As a standard
addition curve the sample was sequentially spikétd @.85 ng of testosterone. Figure
4.13 is a representative example of a three pdamdsrd addition method used for
analysis a yellow perch blood plasma sample. Thalt® obtained by both calibration
methods demonstrated close values, based on wBapoat standard calibration curve
was further used for all the measurements.

In order to investigate how the volume of plasmketafor analysis affects the
recovery of steroids the higher amount of the splaema sample was extracted. The
endogenous concentration of testosterone analyr@@0uL of the same yellow perch

plasma sample was found to bes18.05 ng/mL of plasma (R= 1.000). Thus, the
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extraction procedure combined with stacking-CE ysialwas not limited by a plasma

sample volume.
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Figure 4.13.lllustrative stacking electropherograms obtaingdhe method of standard addition for a blood
plasma sample from a single yellow perch fish. Tdveer trace is unspiked plasma sample. A threatpoi
standard addition curve {R 0.990) was obtained by repeatedly spiking therpiaextract with 0.85 ng of

testosterone. Peak labeled T is testosterone.
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4.3.6. METHOD APPLICATION TO THE STEROID ANALYSIS IN YELLOW PERCH

The stacking-MEKC method was applied to the anslgsia larger set of yellow
perch fish provided by the researchers from USGS8 whre interested in studying the
possibility of endocrine disruption in yellow percfellow perch Perca flavescensare a
valued resource in the Chesapeake Bay watershedhaendreat Lakes as they are
exploited commercially and recreationally. Histatlg, yellow perch in the Chesapeake
Bay have supported a major commercial fishery, ab iHowever, the harvest declined
from over one million pounds per year around 190066,000 pounds in 199(%3).
Landings rebounded to nearly 300,000 pounds by ,2002en primarily by catches in
the Head-of-Bay regiorb). In 1989, these population declines led to concraband
recreational closureb4). While some rivers have reopened their recreatidishery,
several suburbanized tributaries (Severn, MagoBoyth, and West Rivers) have not.
One operational hypothesis for the decline ofopelperch in these rivers was that urban
growth and development near the watersheds redticedwater quality, thereby
decreasing recruitment succe88)( Poor yellow recruitment has been observed in the
Severn River, while stocks remain rather healtthexChoptank River.

In the method application study eleven fish plasasaples were analyzed by pH-
stacking MEKC. The fish samples were collected iy USGS researchers from two
different sites: Severn River and Choptank Rivagriiced and processed for plasma
samples as described in Section 4.2.5. The reptigdwharacteristics of the yellow perch
fish used in this research have been studied ligreift fish biologists for several years
(56-61). The plasma levels of estradiol, testosteronerkeldtestosterone and
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dihydroxyprogesterone in male and female yellowclpere summarized in Table 4.4. For

female fish the concentration range for steroigg@sma are: 0.1 — 5 ng/mL estradiol; 0.1 -

30 ng/mL testosterone; 0.1 — 2 ng/mL dihydroxypsbgene. In the male fish the reported

levels of the steroids in plasma are: 0.2 — 8 ng/itketotestosterone range; 0.1 — 8

ng/mL testosterone; 0.01 — 0.02 ng/mL estradiol.té values reported in the literature

were determined by radioimmunoassay.

Table 4.4.Levels of plasma steroids in yellow perch fish sugad by RIA reported in the literature.

Female yellow perch Male yellow perch Ref.
E2, ng/mL T, ng/mL DHP, ng/mL 11KT, ng/mL Tg/mL E2, ng/mL
04+0.1to0
20+0.5t0 20+0.5+t0 25+0.5+t0
3.0 £ 0.3 (fall);
3.0 £ 0.5 (fall); 4.0 £ 0.5 (fall); 6.0 £0.5 (fall);
0.2 +0.1to Not reported Not reported | 56
20+0.5t0 20+£0.5t0 2.0+£0.2to
25105 ] . .
. 8 + 3 (winter) 7 +2 (winter) 8 £ 4 (winter)
(winter)
0.20+£0.05
Not reported Not reported Not reported 0.1t0 4.3 0.01 to 0.02 57
t0 0.6 +0.3
0.087t0 0.155 0.4691t00.793  Not reported 0.523881 0.856t0 1.035 Not reported 58
0.08 £0.05to
0.1to 30 Not reported Not reported Not reported ot idported | 59
5.13+1.42
0.1lto3x1 0lto7%1 0.1t02.0+£0.5 8.021. 28+0.8 Not reported| 60

If 200 pL of blood is collected from each fish, extractew aeconstituted in a

sample volume suitable for automated CE measuream@a uL) the endogenous

concentrations of steroids in this sample are degeto be for the female fish: 2.5 - 120
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nM estradiol; 2.3 — 690 nM testosterone; 2.0 - MDdihydroxyprogesterone. In male fish
samples these concentrations will be: 4.4 — 180 IriMketotestosterone; 2.3 — 190 nM
testosterone; 0.25 - 0.50 nM estradiol. The liraftdetection of the developed method are
reported in Table 4.1 and are 29.6 nM estradiol, 4 1 nM testosterone, 14 3 nM
dihydroxyprogesterone and 43 nM 11-ketotestosterone. The linear range ofhikthod

is 0.050 - 5.QuL estradiol, 0.10 — 1AL testosterone, 0.20 - 5. dihydroxyprogesterone,
and 0.50 — 10uL 11-ketotestosterone. Due to the low concentratioihthe endogenous
steroids in fish only major steroids were quantifie this work. The results for steroids
measured in yellow perch by stacking-CE are sunzedrin Table 4.5. The results are
obtained from a three point external calibratiomveu Because of the limited plasma
volumes available for this study, the obtained galwere based on a single analysis for
each yellow perch sample. Each analyzed plasmanelwas 20Qul except for SE 21,
which was 25Qul. As seen from the data the concentrations obstermeasured by the

developed method were at the higher range of theatad levels reported in the literature.
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Table 4.5.Analysis of endogenous steroids in blood plasmaetidw perch

Testosterone  Testosterone Estradiol Estradiol Dihydroxy-
progesterone
Plasma Fish | Stacking-CE  RIA Stacking-CE ~ RIA Stacking-CE
sample sex | (ng/mL (ng/mL plasma) (ng/mL (ng/mL plasma) (ng/mL
codé plasma) plasma) plasma)
1 2 1 2

SE 21 F 28g+ 04 25.16 26.67 15+04 1.35 1.21 -
SE 24 F 13.+ 04 10.91 11.73 | - 0.97 0.93 16+7
SE 25 M 30+ 05 29.28 26.64 | - 0.264 0.203 | 166
SE 26 F 43+ 09 4159 396 |- 0.997 0924 | 5%7
SE 28 F 1.3+0.9 2.68 191 - 0.688 0.725 34+6
SE 29 M 9.3+0.8 7.34 7.82 | - 0.277 0.31 11+7
SE 32 M 15+05 13.55 12.94 1.3+0.3 0.248 0.281 -
CH 23 F 0.9+0.6 0.986 1.0 1.7+0.8 1.44 1.62 -
CH 24 M 48+0.6 4.69 4.74 | - 0.294 0.221 | -
CH 27 F 202 27.22 28.38] - 0.993 1.07 19+8
CH 36 M ND 30.52 27.8 200 0.281 0.392 -

#Results are obtained using a 3 point external rdidn curve (n = 1). Each analyzed plasma voluras w
200l except for SE 21 which was 250 ° SE - Severn River; CH - Choptank River; ND — netetimined:;

and (—) — below lowest standard, not quantified.
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4.3.7. METHOD COMPARISON TO COMMERCIALLY AVAILABLE TECHNIQUES

There are two ways to evaluate the accuracy ofdthesloped method: (1) by
performing the recovery studies of the steroid-freasma that is spiked with
gravimetrically determined amounts of a steroid af® by comparison to the
measurements obtained by an independent methodiomedical laboratories steroid
hormones are frequently quantified by immunoasselyrtique (Section 1.2.3). Most of the
immunoassays used are commercially available kitsich contain all the reagents
required to perform an instrumental measuremenstefoids in biological samples.
However, a few publications reported a need for enthrorough validation of the
commercial immunoassay kits prior to ué2-65. The lack of specificityand the need of
a different assay for each steroid are the majoblpms associated with immunoassays
for the steroidsTaieb and co-worker$6) conducted a study in which they compared ten
different commercially available immunoassay kitghwisotope-dilution GC-MS for
analysis of testosterone in sera of 116 men, woamehchildren. They concluded that
none of the immunoassays tested were fully relifdtmeanalysis of testosterone. Seven
immunoassays demonstrated systematic 46% overéstmand the other three showed
systematic 12% underestimation of the testosterdenels compared to the results
obtained by the isotope dilution GC-MS. The possitdasons for the poor agreement
between the results obtained by the two method®:w@r) matrix effect; (2) cross-
reactivity of the antibody with structurally similateroids and metabolites; (3) the limit of

detection and sensitivity of the immunoassay. Otéports suggested the measurement of
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plasma testosterone by current commercially availabmunoassay is also a matter of
concern for similar reason87, 69.

Isotope-dilution GC-MS, another reference metho@c{idn 1.2.2) requires
expensive isotope standards and in order to beeabfar method comparison in our lab,
the method had to be developed and optimized vatipect to the fish plasma sample
matrix. In order to save time an attempt to findhtcact laboratory groups who had
validated the isotope-dilution GC-MS method in-f@asd would be interested to analyze
a few fish plasma samples prepared by our methoithéopresence of targeted steroids and
method comparison. Due to difficulty locating anymonercial laboratories capable of
isotope-dilution GC-MS analyses of steroids a falaoratories which analyzed steroids by
isotope-dilution LC-MS/MS were contacted. It waswh previously that isotope-dilution
LC-MS/MS demonstrates the same accuracy for stemadysis as isotope dilution GC-
MS (69-71) and is more popular in the clinical laboratori®sveral contract laboratories
have been contacted?, personal communication by L. Bykpyaowever, most indicated
concern that their methods have not been validatetthe fish plasma matrices. Therefore,
the developed method was evaluated by performirgy rkcovery studies and by
comparison to immunoassay which was available ftemJSGS collaboration group.

As expected some steroids were below the limit eiection, some fell into the
expected concentration range, while some steroate Wetected at higher concentrations
than expected. The results were compared to radiaimassay as described in Section
4.2.9. The 80 % of the results measured by stagREgvere close to and deviated by no
more than 20 % from the results measured by radminoassay. Testosterone was not

detected by the stacking method in the sample CHUgsto a shift in the baseline of the
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electropherogram caused by unknown reasons thexfaréd with the detection of the
testosterone peak. The levels of estradiol in SBERPCH 36 exceeded the results reported
by radioimmunoassay by > 74% and could be due ¢ofdlst that the peak areas for
estradiol measured by stacking-CE correspondedhdocbncentrations at the very low
region of the calibration curve where larger stadddeviations were observed. The
concentration of estradiol in samples SE 24-26,228and CH 24, 27 was not quantified
because the peak areas for estradiol correspoondin tconcentrations below the lowest
steroid standard in the calibration curve. Dihygqmogesterone, in turn, was not measured
by radioimmunoassay and, therefore, could not Ingpeoed to stacking-CE. However, the
presence of dihydroxyprogesterone was determinddeirfemale plasma samples SE 24,

26, 28, and CH 27 as well as in two male plasmagtsnSE 25, and 29 by stacking-CE.

4.3.8. FIsH INSIGHT

While in males the levels of 11-ketotestosterong @stosterone remain constant
throughout the year, the high levels of testosieliarfemale fish are due to the fact that no
estradiol needs to be produced after the vitellegsn(formation of the yolk of an egg) in
the females 17). Because the yellow perch in this study were wapk during their
spawning which occurs after the vitellogenesishigh levels of testosterone in the female
fish (see Table 4.5) are not surprising. The presai dihydroxyprogesterone in female
samples SE 24, 26, 28, and CH 27 suggests thenpeeséthe developing oocytes in these
fish species, while the presence of dihydroxyprtagese in two male plasma samples, SE
25 and 29, is alarming because it can be assocrdtbdthe presence of the developing

eggs in the males. Both, SE 25 and 29, samples eadlected from the Severn River
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where the recruitment of the yellow perch poputatias been decreasing over the past few
years due to the water pollution caused by thedraghanization of the surrounding areas
(55). Ethynyl estradiol, a component of the birth cohpills and a potential EDC, was not
found in the fish plasma samples. The data fokethtestosterone is not included (Table
4.5) as it co-migrates with an unknown interfereand thus requires a mass-spectrometry

analysis in order to determine it.

CONCLUSIONS AND FUTURE DIRECTIONS

Chapter 4 demonstrated the development of a tiepeextraction protocol for the
plasma pretreatment prior to the stacking-MEKC ysialwhich was validated using the
aqueous steroid samples and the extracts of tseplérom four different fish species. The
optimized extraction protocol followed by pH-staudMEKC method was applied to the
analysis of steroids in the plasma of yellow peaxold the obtained results were validated
by immunoassay. The method showed good promisthéoanalysis of steroids in plasma
samples.

In future studies, the method can be applied teroftfsh species, wild or lab
maintained. The lab maintained fish, for examplpadase medaka, is widely used in
biological studies due to their ability to reprodua the lab and the short period of the
development of sexual differentiation, which is rertely important for monitoring
endocrine disruption. The small size of the fisloves for the statistical description of a
large fish population. Using robotic systems avdédan many pharmaceutical laboratories,

it is possible to multiplex the set of the sampglespared for analysis simultaneously to a
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minimum of 96 samples. Therefore the total sampéparation time will be considerably
decreased.

Additional studies may include the analysis of $keroid conjugates circulating in
the plasma, glucuronides and sulfates. Plasma sangan be treated by enzymes for
hydrolysis of the steroid conjugates. Simultaneamalysis of all the sample constituents is
important because it is desirable to determineombf the targeted steroids but also any
interfering compounds or unexpected steroid metigsolvhich may appear as a result of
the fish exposure to the EDCs. CE-MS can be usedtfactural elucidation of those
steroids and conjugated steroids for which no statsdare available.

The method can be incorporated on a microchipeatera portable device that can
be used for the field studies. This device wilhrehate the need of collecting fish plasma
samples and sending them over to chemistry labeatdor profiling steroids in fish
samples.

Finally the method can be applied for analysistefasds in human plasma. In this
dissertation research the developed method wasgedppl the analysis of a human serum
certified reference material with a known conteffit estradiol. Human serum (7
estradiol, high level) certified reference matenias purchased from RT-Corp (Laramie,
WY). The sample was certified by BCR (Community &uw of Reference, the former
reference materials program of the European ConmmissA certified concentration of
17B-estradiol present in human serum standard was #.847 nmol/L measured by
isotope dilution GC-MS. The method used differeotopic labeled internal standards and

chromatographic columns, following extraction wit,Cl, and clean-up by solid-phase
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extraction. The standard was reconstituted follgwinstructions in the certificate of
analysis. However, the obtained results for thead&il concentration measured in human
serum standard were inconclusive because of thpleamatrix effect. This was expected
to occur as the composition of human serum diffiens the composition of fish plasma
and the levels of endogenous steroids in fish @teeh than those in humans. Therefore the
analysis of human biological fluids requires a resideration of the plasma/serum

pretreatment scheme prior to the use of the stggRia analysis.
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APPENDIX

Table A.1.Chemical structures of sex steroid hormones enasplayresearch.

17-a-ethynyl estradiol 17pB-Estradiol

Progesterone Estrone

Testosterone Estriol
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op-Dihydroxyprogesterone

17-hydroxy-progesterone Andorstenedione

11-Ketotestosterone
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