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DHT Dihydrotestosterone

CYP Cytochrome P450
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ATP Adenosine triphosphate

STS Sulfatase

ADP Adenosine diphosphate

PAP 3 -plpospheadenosing -Nihosphate
UGTs Uridine diphosphoglucuronosyltransferase
UDPGA Uridine 5-diphosphoglucuronic acid

UTP Uridine triphosphate



PR Inorganicpyrophosphate

UDP Uridine Diphosphate

NADH Nicotinamide ademie dinucleotide

NAD+ Nicotinamide adenine dinucleotide ion
DHEAS Dehydroepiandrosterone sulfate

1 6-OH-DHEAS 1 6-hydroxydehydroepiandrosterone sulfate
LC-MS/MS Liquid chromatographyandem masspectrometry
LC Liquid chromatography

MS Massspectrometry

MeOH Methanol

ACN Acetonitrile

HPLC High performance liquid chromatography
UV/Vis UltravioletNisible

PDA Photodiode array

GC Gas chromatography

m/z Massto-charge

APCI Atmospheric pressure chemical ionization
ESI Electrosprayonization

RF Radio frequency

DC Direct current

CID Collisiouced dissociation

MRM Multiple reaction monitdng

GC-MS Gas chromatographyass spectrometry

El Electron impact

LLE Liquid-liquid extraction

SPE Solid phase extraction

LLOQ Lower limit of quantification
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AF Amniotic fluid

FDA Food and Drug Administration

QC Quiality control

SD Standard deviation

E3S Estriol sulfate

PD Pregnanediol

THE Tetrahydrocortisone
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1 1-lBSD1 1 1-fydroxysteroid dehydrogenase type 1
1 1-HSD2 1 1-ffydroxysteroid dehydrogenase type 2
An-G Androsterone glucuronide

Etio-G Etiocholanolone glucuronide

epiAn-G Epiandrosterone glucuronide

DHT-G Dihydrotestosterone glucuronide

DHEA-G Dehydroepiandrosterone glucuronide

T-G Testosterone glucuronide

epiT-G Epitestosterone glucuronide

E2-17G 1 7-éstradiol 17glucuronide
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1 Introduction

1.1 Steroids

1.1.1 Steroid classificatiomnd biosynthesis

Steroids are small biologically active molecugh a distinctive chemicalstructureof
seventeegarbonatoms arranged inebndensedngs:three cyclohexanes (ring A, B and
C) and one cyclopentane (ring ).D The 4ring skeleton is also called
cyclopentanperhydrophenanthrene (Figure 1@omes et al.,2009) Steroids are
ubiquitously presenn nature,e.g.,animals,plants,and fungi. Steroids play significant
roles as signaling molecules and constituents of cell mengrane

Cholesterol(Figure 1b)(Moss, 1989)as an essential component of cell membranes
influences their integrity, fluidity, and permeabilitf{Chatuphonpasert et al.2018) Its
presence habeen widely reportedin the body tissues ofertebratesand isespecially
found in high concentrations ibrain, liver and spinal cord. $t biosynthesisequires
various enzymesia a complex routdeginning with the condensation of two acetyl
coenzyme A (acetyCoA) (Oliveraet al, 2019) In addition cholesterol is the principal
precursor of vitamin Dbile acidsas wellasother steroid hormoneSteroid hormones
can be classifiedccording to their biologically activitigato progestogens, andreqs,

estrogens, glucocorticoids amidneralocorticoids.

Figure 1a. Cyclopentanephydrophenanthrene



Figure 1b. Cholester@nd carbon numbering

Progestogengprogesagens or gestagensre characterized bg 21-carbon skeleton
termed aspregnane skeletdr(Figure 2) Together with androgens and estrogeheyt
constitutethree types of sex hormone8s $owed in Figure 3cholesterol can be
converted to pegnenolone byhe cholesterol sidehain cleavage enzyme (CYP11A).
Pregnenolone is then the substfateahebiosynthesis of progesterone, which is tinest
important and major progestogen in the body. The biological function of progestogens is
the regulation othe female reproductive system, suchths menstrual cycle anthe
pregnancyprocesqSchiffer et al, 2019) Progestins are synthetic progestogens and are
usedfor maintaining early stages of pregnaneaynenorrheaand irregular menstrual

bleedingin medicine (Clark et §l2011).

Androgensare composed of a i&rbon skeleton which is callethandrostane skeleton
(Figure 2) Androgens are involved mainly in male sex development by binding androgen
receptors. Androgenare mainly synthesized in testes, ovaries and adrenal glands.
Androgenssynthesized inthe adrenal cortex are adrenal androgehkey include
dehydroepiandrostone (DHEA), testosterone T(), androstenedione 4A) and
dihydrotestosteronddHT) (Rainey et al.2004)

Estrogens have a skeletonl&carbon molegles with an aromatié-ring, known asan
estrane skeleto(Figure 2) Estrogens play a significant role in the development and

regulation ofthe female reproductive syste@Robinson et al.1977) There are three



major endogenous estrogensstrone (El), estradiol (E2) arebtriol (E3). Their
biosynthesihappensn all vertebrates and some insects.

Corticoids are also steroids with 21 carbons, characterized by a hydroxyl gposgian
21. Glucocorticoids and mineralocorticoids dhe two main types of corticosteroids
(Figure 3) Cortisol isthe mosimportant glucocorticoigwhile aldosterone ithe crucial
mineralocorticoid They are involved in the regulation of carbohydrate metabddisess
mechanismsimmune systemcardiovascular circulatioand blood electrolyte levels
(Williams, 2018)

Pregnane skeleton (C21) Androstane skeleton (C19) Estrane skeleton (C18)

Figure 2. The structural classification of steroids
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1.1.2 Steroid Conjugateand biosynthesis

Steroidhormone are synthesed by human endocrine glands and teecretednto the
blood circulation. The metabolism of sterdidrmone consists ophasel metabolism
and phasdl metabolismPhasd metabolism refers toxidation, reduction antdydrolysis
of functioral groups(e.g. hydroxyl or ketone groupajtached tahe steroid backbonat
different positions(Pranata et al., 2019Phasell metabolisminvolves conjugation
reactionswith a charged moietyither a sulfate group or éuguronic acidgroup(Jaentti
et al, 2006) Steroids are predominantly present as agajed formsn human urine and
blood (Mcnamara et al.2013)

The addition of sulfated and glucuronidated moieties to steroid backibmneaseshe
solubility of steroids Therefore, conjugatiorsiconsidered to keepathway for excretion.
The mainorganfor steroid inactivabn and catabolism is livebut this process caalso
take place ithekidney(Bélange et al, 2003)(Muelleret al, 2015) Figure 4dexemplifies
the sulfated and glucuronidated conjugation reactiomsdfosteronea major steroid in

human blood and urine.

o o o
HO. ol
STS UGTs
- - HO,
— «— oo

o B Sulfotransferase o : B-glucuronidase :
HO H HO' Y (o] z

A B A

oH

o=J H
7o
H

androsterone sulfate androsterone androsterone glucuronide

Figure4. Sulfated and glucuronidatedmugation reactions @ndrosteronéSTS,steroid

sulfatase; UGTs, uridine diphosphoglucuronosyl transfirase

For a long time, the biological role of conjugated sterog@fsainedess understoodt

has been believed thanly unconjugated steroid®uld pass through cell membranes to
interact with receptors arttlenexert biological effectéMueller et al., 2015)However
recentstudieshavefound thattonjugatedteroidscan be transported intelts by specific
transporters: dr example, sodiumdependent organic anion transporter (SOA&hH
transport biologically inactive sulfated steroids into specific cells, where they are
reactivated by the steroid sulfatase (STS) to biologically acthanjugated steroids
(Bakhaus et al., 201 {%eyer et al., 2017Androgen glauronides can be deconjugated
by multidrug resistance protein (MRPR)human gut lumexLi et al., 2019) MRP3can



transport estrone glucuronide (E3G), estradiol @lucuronide (E23G), estriol 3
glucuronides (E8G) and estriol 1glucuronides (EA6G) with rather high affinity,
whereas MRP4an only transpoiiE3-16Gin the vesicular transport assagrformed in

vitro (Jaervinen et g12017)

Formation of steroid sulfatéEigure 5)is catalyzed by sulfotransferasehich transfers
the sulfate groupf 3NphosphoadenosiAgNphosphosulfate (PAPS) to @lable steroid
hydroxyl groupgHobkirk, 1985)Hobkirk, 1993) The sulfate dondPAPSderives from
phosphorylation of adenas5Nphosphosulfate (APS)APS arises from adenosine
triphosphate (ATP) by ATRulfate adenylytransferas@n the other hand, sulfated
steroids are desulfated Isyeroidsulfatase (STS) to free steroids whale considered

theactive forms.

The mechanism of steroid glucuronidation is depicted in Figure 6. Uridine
diphosphoglucuronosyl transferase (UGTs) is the enzyme transferring the glucuronyl
group from uridine 5diphosphoglucuronic acid (UDPGA) to steroidggikar, 2012)
UDPGA is synthesized froraridine diphosphateglucose(UDP-glucose UDPQ and
Nicotinamide adenine dinucleotide ionNAD") by UDPG dehydrogenase
Phosphorylase catalyzes the production of t§diRose from glucos@éNphosphate and
uridine triphosphate (UTP)n contrast -glicuronidase catalyzes the hydrolysis of
steroid glucur ongludumsidevsy cl eaving the D
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1.1.3 Adrenal steroidogenesis

1.1.3.1Adrenal steroidogenesis in fetus

During the development of the human fetus, the fetal adrenal glands appear around one
month after fertilization and then reach their maximum size relative to their adult
counterparts by the fourth fetal mor{tlorel et al., 2016§Shackleton, 1984)rhe fetal
adrenal glands have large capacity to produce stefisigisnoto etal., 2011) The fetal

adrenal gland differentiates into three zones from human adrenal anlage by the eighth

week of pregnancy:

1) An outer adult (permanent) zone: The adult zone remains unchanged during
pregnancy. The adult zone grows to form the adufidgafter birth. The adult zone
is responsible for the production of mineralocorticoids.

2) Atransitional zone: The transitional zone exists between the adult zone and fetal zone.
The transitional zone of the fetal adrenal glands is believed to be tloé fatal de
novocortisol production from the second half of gestation onwards. The transitional
zone exphegssesylagadraxdg s3feroid dehydrogena
HSD?2) after the 28th week of gestation which allows the conversion of pregnenolon
i nt o-OHipibgksterone. Thereafter, cortisol is synthesized through -21
hydr oxyl athydoxylatemm(Bigure 3)b

3) An inner fetal (transient) zone: The fetal zone increases the size of volume and
production of steroids as gestation progregdeskmann et al., 2006However, the
fetal zone gradually disappears several months after delivery. Thedetakecretes
tremendous amounts olud f a t-d"edoidsgpbarge amounts @HEA sulfate
( DHEAS) ar e s yhypdrokylmse/il720dydse in thd f@tdl adrenal glands.
DHEAS is then meydboxydehy drooelpsilandr ost er o
OH-DHE AS) -hydroxyl&sdlin fetal liver (\aing et al.2019)



1.1.3.2Adrenal steroidogenesis in fepdacental unit

In humans, the fetus develops in the uterus of the mother. The placenta connects the
developing fetus to the uterus of the mother via the umbilical cord. This system is known
as the feteplacental uni{Mayo, 2018) The synthesis and metabolism of steroids in the
feto-placental unit is quite complicated but important. Due to the difference in activity

of steroid metabolism between mother, fetus and placenta, the stenoidessed in

each of the three compartments are not the same. Figure 7 shows the steroid metabolism

pathways in the fetplacental unit.

1) Inthe fetal compartment, the fetal adrenal gtarahnot synthesize progesterone from
pregnenol one-hyidm o yistt elraod kdsH8BMNysstHorferg e nas e (-
1985)

2) Inthe placental compartment, pregnenolone is the main metabolite of cholesterol. The
lack of 1 7-tydroxylase/17, 2Qyase in the placenta leads to its incapability to
produce androgens-OB-PHEAS el §. méena®bhidzed6Uo
DHEA by sulfatase which afterwards is aromatized to E3.

3) In the maternal compartment, steroids synthestzgdhe mother, can cross the

placenta to enter the fetal compartment.
1.1.3.3Adrenal steroidogenesis in adults
In adults, the human adrenal gland consisth®inner medulla and surrounding cortex.

The medulla produces hormones such as adrenaline and noradrenaline. The cortex is
formed by three different laye(&reaves et al., 2018)

1) Zona glomerulosa: the outermost layer zone secretes mineralocorticoids, especially

aldosterone, which regulates salt and water balance.

2) Zona fasciculatathe middle layer zone produces glucocorticoidsgypially cortisol,

which maintains glucose homeostasis.

10



3) Zona reticularis: the innermost layer zone is responsible for the production of
androgens, predominantly DHEA/DHEASDHEA/DHEAS are neuroactive
neurosteroids anttheir secretion isinder the control of adrenocorticotropic hormone
(ACTH). DHEAS isthe nost abundant endogenous stei@rdulating in micro molar
concentrations in bloo@Campbell, 2020)DHEAS is converted to DHEA by sulfatase.
However, helevels of DHEA/DHEAS valy over lifetime(Remer et al.2005) They
remainin low concentrationsluring childhood untiadrenarchedefined as the onset
of increased production of DHEA/DHEAS llye adrenal cortex between age 6 and 8
years.At this point, he levels of DHEA/DHEAS markedly increase apelak at
between20 and 30 years of ageAfterwards, DHEA and DHEAS levels decrease
gradually. DHEA/DHEAS arethe precursaof other androgenand efrogens.
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1.2 Mass spectrometry

1.2.1 Liquid chromatographyandem mass spectromettyQ-MS/MS)

1.2.1.1 Liquid chromatographyl.C)

Chromatography is a separation technique to effectively isolate compoundsafrom
mixture. The difference in physiahemical properties e(g. adsorption capacity,
solubility, molecular size, molecular polarity, affinity, charge¢@ihpoundsn amixture
lead to different distribution coefficiehbetweenthe stationary phase artie mobile
phaseA stationary phasesuallyconsists omall particlesvhicharepacked intaglass

or metal tubeA mobile phase is usually a liquid or gas which flows through the stationary
phaseWhenanalytesmovewith themobile phasélow throughthe stationary phaséhe
compoundsvith a stronger affinityto the stationary phase will move more slowiye to
longer interaction timelheretention timds defined as the time of an analyte staying on
the column The chromatograms a plot ofretention time of analytesagainstdetector
responsesf analytesX axis representtheretentiontime; Y axis stads fortheresponse

intensity The area under the pealofsenusedfor quantification(Figure 8)

Liquid chromatography refers totgpe of chromatographysing liquid asthe mobile
phaseThe goal for analytical LC is to identify aperform qualitative and quantitative

analysis of the compounds.

Based orthetypesof stationary phaseaand mobile phasethere are several types of LC.
The most representative variants acgmal phase chromatography and reverse phase
chromatographyboth ofwhich are widely applieth the analysis diood, pharmaceutical
and clinical fields(Engel et al.,2019) (Romar et al, 2016) In normal phase
chromatographythe polarity ofthe stationary phase isigherthan that ofthe mobile
phase Silica gel isthe commorstationary phastor the retention of polar compounds
Organic solvents such a®xXane andchloroform are often used as mobile phase
Conversely, reverse phase chromatogragmploys norpolar stationary phase #ise
stationary phasge.g. C8, C18C30) while themobile phase is polaolventye.g. MeOH,
ACN, water)(Adaway et al.2015)

13
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The operational pressure thie LC systemforcing the mobile phasé¢o pass through the
column depends on the force of gravidygh performance liquid chromatograptiyPLC)
appliesmuch higher pressure to the systemd allowsmuch smaller particle size{f0

pum) and inner diameter (24.6 mm) ofthe analytical columnA HPLC instrumeh
typically includes a sampler, a column, pumps, a degasser, a detector and a computer.
The samplebrings the sample to the flow of mobile phasel introduces ionto the
column. Thepumps are resporide to deliverthe correct flow of mobile phase to the
column. The degassegmoveshubblesin the mobile phase. Thaetectortransformshe
amount ofcompounds flowing out frorthe column into signals. The computer controls

the entireinstrumentsystemand provides data analysiSommony used detectors are

UV/vis, photodiode arragPDA) or mass spectrometer.

1.2.1.2 Mass spectrometrfMS)

MS is a sensitivetechniquefor the detection, identificationand quantification of
molecules bymeasuring maste-charge (m/z) ratios of molecules.It is universally
applied to analyze a wide range of biological moleculesiuding hydrophilic and
hydrophobic molecule®NowadaysMS has become one tife most powerful analytical
techniqueslue toits high selectivity(specificity) and sensitivity ands often coupledto

other chromatographictechniques such akC or gas chromatography (GCThe
development of LOMS was started in the 1970s, capillaries was first used to connect LC
columns and MS ion sourcé€Ealrozeet al., 198).

The typical mass spectrometer consists of an ion source, a mass analyzer and a detector
(Ardrey, 2003)

In a mass spectrometearspledirst entertheion source by sample introductiosystem
Themolecules in samples atfeenionized to molecular and fragment ions with different
m/z ratios based on their different structurd$e ions are accelerated enterthe mass
analyzer which separatethe ions by their m/z ratis. In a timeof-flight mass
spectrometetheions withlowerm/z ratiswill travel faster andeachthedetector earlier
than the ions with higher m/z ratio¥he detector recordhe i o nsgréal. A nass
chromatgram is a chromatogram for specific definedassdata Usually the X-axis

represents time and theakis represents signal intensity.

15



lon source

The on sourcen LC-MS/MSis a device thajenerategonsfrom theanalytesvhich had
beenalreadyseparated by LCAtmospheric pressure chemical ionization (APCI)l an
electrospray ionization (ESI) are the main types of ionization ifMSIMS. Both of

themionize samples at atmosphepiessurdGomes et al., 2009)

As a soft ionizationESI (Figure 9a) isapable ofnterfacingbetweer.C, which operates
underatmospheri@ressureanda mass analyzewhich operatesindervacuum Figure
9a shows mechanism of ESI in positive mddering electrospraycompounds iriquid
phaseare tran®rmedinto the aerosl. First, the sample flow enters the E&bzzleand

is sprayd into a strongpositive electric field (high voltage#3kV-+5kV) with the
assistance d flow of nitrogenA Taylor cone is formedt the end of needlgecause of
the high voltage which helps togeneratedroplets. The solvent evaporates from the
positivecharged dropletsntil the density of charges increases to a l{Réayleigh limit)
at which theCoulomb repulsion force of charges offstite surface tension of droplets,
a Goulomb explosion takes place which generates smaller charged drépletan dry
nitrogen stream expels the solvent fraiargeddroplets. This process is repeated
continuously untilall analytes are ionized and ges phaseln negative mode, the
negative voltagdg-3kV--5kV) is applied to the needl®&egative charged dropletse

formed which leads to generate negative ions.

APCI (Figure9b)is also considered to laesoft ionization process but not as soft ag ESI

it operates at high temperature. Droplets are formed with the assistance of sheath and
auxiliary gasesAs dropletstravel througha heated vaporizer tube, the solh&and
sampls become vapazed High voltage is applied ta Corona discharge needle to
geneate solvent ions. These solvent ions react with aralfiteleculesn thegas phase

to form ions of analytefm thegas phase

16
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Quadruple mass analyzer

The mass analyzer is the heart of the mass spectrometer, which separates ions based on
mass to charge ratios. There are sevamhtypes of mass analyzers including magnetic
sector, time of flight, ion trap, and quadrupole which has been utilized istuwilies A
guadrumle mass analyzgiFigure 10)consistsof four parallelcylindrical rodsthatare

arranged to a squar&achrod carriesradio frequency (RF) and direct current (DC)
voltage.Thevoltageapplied tathequadrupol¢RF/DC) determinewhich ions cameach

the detectorOnly ions with certainm/z ratios can pasghe quadrupoleDue to their

unstable trajectoriesttoer ions which collide with the quadrupole rodsr are expelled

from thequadrupoleThe quadrupolenot onlyfunctions as a mass selectallowing ions

with specificm/z rangdo passhrough buttanalsobe operated in scan modectanduct

aspectrum scan bglteringRF andDC range
Triple quadrupole mass analyzer

As the name impliesa triple quadrupole consists of three quadrupolaselyQ1, Q2
and Q3(Figure 11) Q1 and Q3 are working as mass fatevhile Q2 isthe collision cell

to which a RF voltageis applied Due to the introduction of neutral gas (often
helium nitrogenor argor), thepressure in Q2 is highéFhe ions collide with neutral gas
in the collision cell and is fragmentead product ionsThe process in Q2 is called
collision-induced dissociation (CIDYhe ions produced in QBrough fragmentatioare
termedproduct ionsThe ions generated itheion source are called precursor or parent

ions.

There are several typical scan mottegcanbe operated bgtriple quadrupole: multiple
reaction monitor (MRM) mode, product ionascmode, precursor ion scan mode and
neutral loss scan mode. In the MRM mo@4&,and Q3 are set to select precursor ions and
product ions, respectivelyhis modeis to quantify specific compoundé very high

sensitivity(Lange et al] 2008).
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Figure 10.Schematic display of a quadrupole mass analyzer
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Detecto

A key element omass spectrometrgystems is thdetector It isused to convert a current

of individualions into measurable signa&ome of the commonly used deteciorsass
spectrometer are electron multipliers, array detector, photomultiplier conversion dynode
and image current detectorin our work, he detector for the quadrupole mass
spectrometers anelectron multiplier. An electron multiplier is a serial connection of
dynodes which ampi#és the current ofseparatedons into a measurable current of
electronsAt the final dynodethe accumulatedurrentis measured as a voltage pulise.

a mass spectrunthe X-axis stands forthe m/z ratios andhe Y -axis representsignal

intensity.

1.2.1.3 LC-MS/MS

The combinabn of LC and MS was aignificantachievemenin the field of analytical
chemistry The liquid coming from an LC is inherently incompatible witha mass
spectrometepperaing under high vacum (Ardrey, 2003) The ion source(e. g. ESI,
APCI) of LC-MS/MS s able tatransferthe sample moleculdsom liquid phaseanto the
gas phaselhe scheme of LBAS/MS analysis in MRM mode is represented in Figure
11. A sample solution containing analtyes of interest are introducad. @column by
mobile phasesTheanalytes with different physiechemical properties are separated by
the LC column. After elution from the LC column, the elueningoducedto the mass
spectrometerThe firstcomponenbf an LC/MS/MS systenis an ion source where the
compoundsreionizedand accelarated to a quadrupole mass anal@ndy.the ions with
specific m/z ratis are selected to pass through the first quadrupole (QE).selected
ions are then fragmented intoopluct ions by collision with an inert gasthe collision
cell (Q2) Generated product ions are transferred into the third quadrupole (Q3) where

only ions with specific m/z ratios are allowed to pass.
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product iors.
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1.2.2 Gas chromatographyass spectrometrgC-MS)

1.2.2.1 Gas chromatography

Gas chromatograph§¢C) is another type ofhromatographyGC is only applicabléo
volatile and thermally stablanalytes (Sanchez et al., 2013Jhe mobile phasgusually
aninertgas such asitrogen or heliumcarries thesamplesandpasgsthroughastationary
phase in the capillary column. The stationary phase is usually film (e.qg.
dimethylpolysiloxane)coated on the inner wall of a capillary colurand should be
selectedfor the application.The capillary column igkeptin an oven which can be
progranmed to ramp up/dowrthe temperature.The compounds in the mixturean
interact with the stationaryhpseat a different ratand show differeraffinitiesaccording

to theirphysicahemical propertie€Compounds witta weakaffinity will beeluted fir st
and the ones with higheraffinity will be retained on the ¢omn and elute lateiThe
separation efficiecgan be affected byhangingeitherthe temperature of the stationary
phase or the pressure of the mobile ph&sethe temperature increases, compounds
which have low boiling points elute from the columarlier than thosehichhave higher
boiling points. Therefore, there are twostilict separating forces, temperature and
interactions betweestationary phasand compoundsAs the compounds are separated
on the columnthey elute from the column and enter a detedtbe detector igble to
creat an electronic signal whmrerit detect he presence of a compourithe timeused

for each compound to reach the end of columtsigetention time.

1.2.2.2 Mass spectrometry

lon sourceof GG-MS

In contrast to LEMS, in which ESI and APClare employedgelectron impactEl)
ionization a hard ionizationmethod is typically employedin GC-MS. Herg the
molecules irthe gas phasenterthe ion sourceandinteract withenergetic electrons to
produce ionsThe electrons, accelerated to 70 eV and concentratedeamare emitted
from a metal filamentThen theelectron beanhits the sample gat® produce ionsThe
following diagramelucidate the mechanism dhe El ionization proceséFigure 12)

The molecules are fragmented into ions of lower rt@sharge ratios in a very

reproducible and characteristic way. The methottagfmentation can be explained by
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organic chemistry theorfHamming, 1972)Therefore, the mass spectrum can be used to
deduce structural information of the analytieis often applied to identify unknown
compounds by comparing them with reference spectra from a lifBarychez et al.,
2013)

Electron trap

-
O
e 4+ Mass
lon repeller >
9 O 0 o spectrometer
S+
00 / T Electron beam
®e
Sample entry e e e

Filament

Figure 12. Diagram adnEl ion sourceHigh-energy electronareobtained from a heated

filament and interact with the analytes to produce positive ions.

Quadrupole mass analyzsyupled to GC

The most common type of mass spectrometer (MS) hyphenated with a GC is the
guadrupole mass spectromefne quadrupole mass analyzer can be operated in either a
selecive ion monitoring (SIM) mode or a full scan modastead of measuring mass
transitions as MRM mode, the mass analyzer is set to monitor the masses of interest in
SIM mode.In SIM mode only ion fragments with certain m/z rasiare selectetb enter

the quadrupolein addition, he detection limiin SIM modeis lowerthan MRM mode

since thequadrupolds only measuringa small number of fragmentkiring each scan.

More scans can take place each secaridch enhances the sensitivity for preuhefd

ions.

23



Detectorof a typical GEMS

The detectoof GC-MS s an electron multiplieit isa series ofonnectedlynodesvhich

can emit electrons when an ion with kinetic enetgys it. This process of emitting
electrons is termeds "secondary emission"The electrors, increased gradually by
repeating this process, ateendetectedand displayed as a mass spectrinma mass

spectrum, the axis is the m/zatios,and the Yaxis is signal intensity.

1.2.2.3 GC-MS

GC-MS is the combination of GC and MB can beappliedto analyzecompoundsoth

in a qualitative and quantitativeway. In short summary, the vaporized samples are
injected onto the columkeptin a temperatureontrolled chamber. The samples get
separated on the column as the carrier gas moves through the cahahtinen enters the
ion source. They are bombarded with @@t of energetic electrons, whicanionize
and fragment the molecules. Tioemedions include the molecular isandorionsfrom
fragmentation. The ions are accelerated and rapalgctechccording to thie m/z ratios

in a mass analyzefhe abundancef ions is thendetectedoy measuring the current of
generate@lectrons when the ions strike the detector, 848ing as the detector for GC
generates a chromatogram indicating the quantitpofpound andtheirretertion times
(Figure 13).
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1.2.3 Steroid analysis bgnass spectrometry

1.2.3.1 Steroid analysi®y immunoassay vs. mass spectrometry

Reliable determination of steroids in biological fluids is essential for clinical diagnosis
and researcf\Wudy et al, 2018) Steroids were measured traditionallyitmmunoassays,
e.g.radioimmunoassayt that time, immunoassays provided the opportunity to measure
active steroid molecules directly in biological fluittsneeddesssample preparation and
analyzing timeis saved(Krasowski et al., 2014)However, coss reactivity between
structurally similar steroidgoseda challenge fothespecificity of immunoassay3aylor

et al.,2015) Due to the complex components of biological samplesnatrix can affect

the measurementshen the samples are directypalyzed Significant interlaboratory
variability wasalsoobserved even in commonly applied asS@alogera et al., 2013)
Moreover, mmunoasays cannot measure different analytes simultaneobstause of

the specific antibody and antigen reaction.

Whenwe retrospectively revievaethe publications over the last few decades found

an increas in thenumber of applications of mass spectromatrgteroid analysisThe

fast development of mass spectrometry in steroid analysis is mainly because ¢diits bet
specificity, high sensitivity and reproducibilifghackleton, 2010)Steroicdmics refers

to the systematic study ods manysteroids as possible in a given systelS coupled

with separation technigues such as LC ort@&€ the ability to analyze multiple steroids
simultaneouslyMS playsanincreasinglyimportant rolen thestudying steroidmics and
diagnosing disorders of steroid synthesis and metabdlikare is litle doubt that mass
spectrometry methods will bemethe superior method in the future for steroid analysis
(Taylor et al., 2015)

1.2.3.2 Steroid analysis bC-MS/MS vs. GGMS

The first application othe online chromatographgnass spectrometry method to steroid
hormone analysis can be traced back to 1@8l@ackleton, 2010) GC-MS representsra
advanced technique with higihromatographic resolution amdproducible ionization.
GC-MS has the advantage béaving thebeter chromatographicesolution andt is a
superior technology fdhe separation of epimeric steroidfehardionization technique

(ion impact ionizatiop applied in GEMS can completelffragmentthe moleculgons
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into differentproduct ionsn a repetitive wayBloem et al., 2015Furthermore GGMS
in scan modés considered as a discovery tool fmvel steroid metabipkésand is suitable
for nontargeted steroid profilingdowever, due to the necessary derivatization step and

the long GCGolumn,GC-MS analysis is tim&onsuming for sample workup and analysis.

The combination ofjluadruple mass analyzevith HPLC weredeveloped in 19804.C-
MS, combining the separation abilities &fPLC togetherwith the mass analysis
capabilitiesof mass spectrometris a powerful tool in steroidt is increasingly used to
replace immunoassay methods becausdésobettersensitivity and specificityLC-
MS/MS is also the method of choice for the determination of intact conjugated steroids
(Wudy & Choi et al., 2016)The soft ionizationtechniqued(typically APCI or ESI)
employedin LC-MS/MS make the quantification of intasteroid conjugates (steroid
sulfates or glucuronidedsfeasible becaussteroid conjugates alwayshow specific
fragmentation patternis triple quadruple mass spectromelry losing the sulfated or
glucuronidated groupFurthermore, e analysis time of LGAS/MS is usuallymuch
shorter than G@1S. Nowadays, LEMS/MS is usedfor steroid analysis in clinical and
research laboratory for its high throughmdpdsensitivity, reducedsamplepreparation

andcomplexsteroiddetermination.

In conclusion, GEMS and LGMS/MS are two complementary technique€-MS/MS
is more suitable fotargeted profiling ofsteroid metaboliteand complex, e.gintact
conjugated steroid&SG-MS is excellenforc h a r a c tfiegerprint® of gferoitdsn a

biological system
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Table 1.Comparison of the performanoéLC-MS/MS and GGMS in steroid analysis

Items LC-MS/MS GC-MS
sample preparation less intensive intensive
derivatization less necessary | necessary
column short long
analysis time short long
resolution poor excellent
sample throughput high low
guantitative steroid analysis yes yes
intact steroid conjugates detection yes no
3-hydroxy-5-ene steroids quantification| poor good
saturated steroids poor good
4-ene steroids good good
unknown steroidgharacterization limited good

1.2.3.3 Samplepreparatiorin steroid analysis

Sampleworkupis a crucial step both for L&MS/MS and GEMS analysisThe compéx
compositiors of biological samplescan cause ion enhancement or ion suppression
ionization process. Moreover, the specificity of the measurensnbe also affected
Theultimateobjective of sample preparationtgsextracta solution containing primarily
analytes Sample preparatiorshould selectively remove interferencesand extract
compounds of intere§tom biologicalsamplesin addition, some analytes are present in
rather low concentrations in the sampkbgy can be also concentrated throsgimple

workup. Therefore, very specific areffective sample workup procedures are needed.

Internal standards are commonly added before sample worlagorteet for the loss of
analytes during sample workup and analysis. ddreectchoice of internal standards
steroid analysis byC-MS/MS and GEMS can improve the accuracy and precision of
analysis. The proper internal standards should be chemsiatilar to the analytes, but
theyshould neithebe naturally present in the samples reactivewith the components
in the samples. Internal standards should show the sah@¥ior in terms oéxtraction,
chromatographyand ionizationas their corresponding analyteBhe first choice of
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internal standards would be corresponding stable isotopidddleeialytes. Staturally
similar compounds e.g. epimeran be also used for internal standards if corresponding

stable isotopic labelled internal standaadsnot available.

The most common methods used for sample cleanup are protein precipitgtiah, li
liquid extraction(LLE) and solid phase extractig8PE) Proteirs aregenerally present
in biologicd fluids, such as serum, urine aathniotic fluid They arelarge molecules
which affect themeasuremestof steroidsby blocking analytical colums due to their
size. Alsq they bind to steroids which increags the irreproducibilityof analysis for
example the phenolic Aring of estrogensanbind to proteirs in serum(Sanchez et al.,
2015) Protein precipitation is often done by adding organic solv&restrifugation is
used to removéhe precipitaten the sampled.LE separate compounddased ortheir
solubility in two solvents withdifferent polarities usually water (polar) andrganic
solvents (nofpolar). For SPE(Figure 14) a solid adsorbens packed io a cartridge.
As the sample passthrough the cartridge, the compouradteretaired by the stationary
phase (e.g. silica gel)According to the physical andhemical properties of the
compounds, the wash solvents are chosen to selectively remove interfdéreinceain
analytes Clean extracts are obtained by washing the cartridge sathents which
selectively elute the analyteSPEis the method of choici our studiefWang et al.,
2018)(Wang et al., 2021)

Loading
Conditioning sample Washing Elution

Cartridge

Figure 14. General steps for solid phase extraction

The sample preparatiofior GC-MS measurementausually involving two steps, is
different from that for LEMS/MS. The first step is hydrolysis, which cleave the
conjugate group from steroids. The second step is derivatizB@ivatization is usually
not neessary in sample preparation fordMiS/MS. Nevertheless, derivatizatiomaso

be appliedto sample preparatiofor LC-MS/MS to improve the sensitivity of steroids.
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GC-MS is suitable for the determination of volatile and thelynstiible compounds. As
steroids are not inherently volatile for @IS analysis, derivatization is necessary to
increase their volatility and thermal stability of steroids.dur GGMS study we
convered hydroxyl and ketone groups of steroids to methylaxiemd trimethylsilyl
derivatives, respectiveliyNVooding et al., 2013)Figure 15) Derivatization modifies the
physim-chemical propertiesof compoundsenhancingtheir volatility and thermal
stability and decreases the anadyi®@ p o Maraovet, \derivatization increases

molecular weight of analytes, separating them flamwmmolecular weighinterferencs.

HOR, o (CH3)3SIOH,C
"I|OH NOCH3
0L \/OSi(CHy)s
HsC” “NH, *HCI
CH,
\
o~ DNSiCH:,
Sh, HaCON

Figure 15 Methoximation andiylation of 1 7-tydroxy progesteronghe keto groups
are derivatized to methyloxime éithe hydroxyl group is derivatized ttomethylsilyl

ethes.

1.2.3.4 Method validationin steroid analysis

Method validation is of great importance time establishment of an analytical method
(Food and Drug Administration, 2018} method @n not be used for sample analysis
before validationThe objective of method validation is to demonstrate the reliability of
amethod for determination of concentrations of analytesspecific matrixThemethod
validation should be appropriate for the irded purpose dhe study The parametersf
validation in our studghould include accuracy, precision, lower limit of quantification

(LLOQ), linearity of calibration curveseleadtity and matrix effect.

Accuracyof a method meanthe closeness othe measuredconcentratiorto the real
concentrationof an analte. Accuracy is determined by analysis of quality controls
containing known amounts of analytes. Accuracy should be measured using a minimum
of 3 concentrations anddeterminations per concentration. The mean values should be

within 15% of the nominal values except at LLO&here it should not exceed%0
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Precision describes the closeness of values obtained&mmatemeasuremestof the

same sampléo each otherPrecision should be measured using a minimum of 3
concentrations and 5 determinations per concentraflde precision should be
determined as coefficient of variation (CV) at each concentration level. The values should
not exceed 15% excefor the LLOQ, where it should not exceed 20%.

One discriminatebetweerintra-day accuracy/precision and inigay accuracy/precision
Intraday accuracy/precisioassesses th@ccuracy/precisiomluring a single analytical
run. Interday accuracy/precisiomeasureshe accuracy/precisionrofive differentruns
(Wharf, 2011)

LLOQ is the lowest concentratioaf an analyte to beleterminedwith acceptable

precision and accuradgr agivenmethod.

The a@librationplot in bioanalytical methods the relationship between the concentration
of the analytendsignal intensityThe o most common regression models used in LC
MS/MS and GGMS are linear and quadratic regression mo(disosaviet al, 2018)

Selectivity is also called specificity. It is the ability of the method to differensiate
quantifythe analyte of interest a samplen the presence of other interference

Matrix effect assessmenevaluate the difference in responseof ionization in the
presenckabsence of matrix. It is investigated by plotting response ratios of spiked
analytes in charcodteated fluids with full sample workup against the same
concentrations of standards prepared directly in the reconstitutiotiosolwithout

sample workuplf there is an increase iresponse, it means the matrix enharite
ionization process (ion enhancement). Vice versa, a decrease of response means ion

suppression.
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1.3 Motivation and objectivef the study

Steroidsfunction biologically as signaling molecules and important components of cell
membrans. They are present iniological fluids inunconjugated and conjugated forms,
e.g. steroiculfates andsteroid glucuronided o study the steroids iniological samples,
appropriate analytical methods are requif@ampared to immunoassayG-MS/MS and
GC-MS are both advanced techniques in steroid analySi16/MS with soft ionization
such as APCI and ESI muitable for theanalysis ofintact steroid conjugates. GEIS
which has the advantage of better chromatographic resohstibe superior technology

to study metabolomics and metabolism disorders.

The objective of the study wasdevelop analytical methods anddeterminethelevels
of steroidgn variousbiological fluidsbased on mass spectromgit-MS/MS and GE
MS).

The first objedve was to developand validatea sensitive and selectivieC-MS/MS
method forreliable determination oboth free and sulfated steroidshomanamniotic
fluid (AF). The new LGMS/MS method was then applied @stablishreference values

of 14 free andb sulfated steroids iAF of mid-gestation

The second goal was tizlineate steroid hormone metabolites in AF by a comprehensive
targeted GEMS method The levels of 52 sterogincluding pregnenolone and-OH-
pregnenolone metabolites, dehydroepiandrosterone andtidbalites, progesterone and
17-OH-progesterone metabolites, sex hormones as well as corticosterone and cortisol
metabolites in AF of migjestation were measured.

A newanalyticalmethodwas needefbr future studies to investigatbiological roles of
steroid glucuronides. Thus,a new LGMS/MS method fordetermining steroid
glucuronidesvas developed and validatéthe method was then usedgaina deepr

understandin@f steroidglucuronides excretion pattern in human urine.
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2.1 Publication 1

Characterizing the steroidal milieu in amniotic fluid of mid-gestation: A LC-MS/MS
study.

Rong Wang Dov Tiosano, AlbertoSanchezGuijo, Michaela F. Hartmann, Stefan A.
Wudy. Journal of Steroid Biochemistry and Molecular Bioldgylume 185, 2019, Pages
47-56.

Abstract

Here we present a néwdeveloped and fully validated L-MIS/MS method for the
targeted analysis of 20 unconjugated antfatedsteroids in 65amniotic fluid AF)

samples during midestation.The method requires 600 pL of ABample preparation
included protein precipitation, centrifugation, solid phase extractiordaridatization.

The method is capable of measuing pr o g e st e-hyanoxyprogesieibne,
testost r on e, estrone, e st r a eestradiol 3sudaget estriolo3| estro
sulfate (E3S) ledtradiol 175 u | f a thpdroxydehfdooepiandrosteronsulfate
(160H-DHEAS), dehydroepiandrosterone sulfate (DHBApregnenolone sulfate 1 7 U
hydraxypregnenolone  sulfate testosterone $ate, epitestosterone sulfate
dihydrotestosterone sulfate, androsterone sulfeg@ndrosterone sulfatand 3, 170D
ardrostenediol 3ulfate The performance of the method was evaluated at three quality
control levds for each compoundanging from low limit of quantification to high limit

of quantification The method showed good accuracy and pmtid.inearity for each
analytewas above 0.99The imit of quantification ranged between 0.2 and 1.7 ng/mL

for the 20 compound&xcept DHEAS, all other sulfated steroids were quantified by LC
MS/MS in AF for the first time. We have produced MS based reference values for 20
steroids in AF of miegestation. DHEAS and E3S were both strongly correlated with
160HDHEAS, thus confirming the classic concept of the fdtcental unit. Our LE

MS/MS method can be used fatureprenatal dagnosiof steroidmetabolisndisorders

Contribution
The first authorcarried outhe studyaccording to the advice of her supervisor. The first
author performed and optimized proceduresé&mple workup, instrumental analysis and
dataanalysis The first author created all the figures and tables for the manuscript and
drafted the manuscript. ‘€hdrafted manuscript wasreviewed supplementedand

corrected together with abither ceauthors.
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ARTICLE INFO ABSTRACT

Keywords: Growth and development of an embryo or fetus during human pregnancy mainly depend on intact hormone
Amniotic fluid biosynthesis and metabolism in maternal amniotic fluid (AF). We investigated the hormonal milieu in AF and
Steroid

developed a liquid chromatography-tandem mass spectrometry (LC-MS/MS) methad for the determination of 14
sulfated and 6 unconjugated steroids in AF. 65AF samples (male: female = 35: 30) of mid-gestation ranging
from 16" week of gestation to 25" week of gestation were analyzed. Reference data of 20 steroid levels in AF of
healthy women were provided. 13 sulfated and 3 unconjugated steroids were for the first time quantified in AF
by LC-MS/MS. Highest concentrations were found for pregnenolone sulfate (PregS: mean + SD, 8.6 *= 3.7 ng/
mL), 17a-hydroxypregnenolone sulfate (170HPregS: 4.9 + 2.0ng/ml), epitestosterone sulfate (eTS:
7.3 % 3.6ng/mL), 16a-hydroxydehydroepiandrosterone sulfate (160H-DHEAS: 21.5 + 10.7 ng/mL), andros-
terone sulfate (AnS: 9.2 + 7.4ng/mL), estrone sulfate (E1S: 3.0 = 3.0ng/mL), estriol 3-sulfate (E3S:
8.1 + 4.0ng/mL) and estriol (E3: 1.2 = 0.4 ng/mL). Only testosterone (T) showed a significant sex difference
(p < 0.0001). Correlations between AF steroids mirrored the steroid metabolism of the feto-placental unit, and
not only confirmed the classical steroid pathway, but also pointed to a sulfated steroid pathway.

Liquid chromatography (LC)
Mass spectrometry (MS)

1. Introduction

Activity of the hypothalamus-pituitary-adrenal axis can be detected
as early as 8" -12™ week of gestation [1]. Corticotrophin releasing
hormone (CRH) is produced by fetal hypothalamus and placenta. CRH
stimulates the pituitary to secrete adrenocorticotrophic hormone
(ACTH). ACTH stimulates fetal adrenals to synthesize dehydroepian-
drosterone sulfate (DHEAS) from cholesterol. DHEAS from fetal

adrenals is thereafter hydroxylated at position 16« in fetal liver by
cytochrome P450 CYP3A7 [2]. DHEAS and 160H-DHEAS are main
precursors for estrogen production in placenta (Fig. 1).

Fetal plasma or serum directly reflects the hormone levels in fetuses.
But it is highly risky and complicated to obtain such samples in utero.
Some studies on steroid concentrations in umbilical cord blood were
made after delivery [4]. AF which is swallowed and excreted by the
fetus also provides information on fetal hormone concentrations [3].

Abbreviations: AF, amniotic fluid; LC-MS/MS, liquid chromatography-tandem mass spectrometry; CRH, corticotrophin releasing hormone; ACTH, adrenocortico-
trophic hormone; DHEAS, dehydroepiandrosterone sulfate; 4A, 4-androstenedione; epiAn, epiandrosterone; CAH, congenital adrenal hyperplasia; MeOH, methanol;
ACN, acetonitrile; APCI, atmospheric pressure chemical ionization; ESI, electrospray ionization; LOD, limit of detection; LOQ, limit of quantification; QC, quality
control; SD, standard deviation; RIA, radicimmunoassay; DNSC, dansyl chloride; PregS, pregnenolone sulfate; 170HPregS, 17a-hydroxypregnenolone sulfate; eTS,
epitestosterone sulfate; eT, epitestosterone; 160H-DHEAS, 16a-hydroxydehydroepiandrosterone sulfate; AnS, androsterone sulfate; E18S, estrone sulfate; E3S, estriol
3-sulfate; E3, estriol; Prog, progesterone; 170HProg, 17a-hydroxyprogesterone; E1, estrone; E2, 17-estradiol; E2S, 17f-estradiol 3-sulfate; TS, testosterone sulfate;
DHTS, dihydrotestosterone sulfate; AnDiolS, 3f,17p-androstenediol 3-sulfate; d;DHTS, [16,16,17a-D3] Sa-Androstan-17B-ol-3-one 17-sulfate; d5TS, [16,16,17a-D3]
4-Androsten-17f3-ol-3-one 17-sulfate; dzeTS, [16,16,173-D3] 4-Androsten-17a-ol-3-one 17-sulfate; doProg, [2,2,4,6,6,17,21,21,21-D9] 4-Pregnen-3,20-dione;
dg170HProg, [2,2,4,6,6,21,21,21-D8] 4-Pregnen-17a-ol-3,20-dione; d;T, [16,16,17-D3] 4-Androsten-17-ol-3-one; d4E2, [2,4,16,16-D4] Estra-1,3,5(10)-trien-317 -
diol; d3E3, [2,4,17-D3] 1,3,5(10)-Estratrien-316a,17 B-triol; d4E1S, [2,4,16,16-D4] Estra-13,5(10)-trien-3-0l-17-one 3-sulfate; d4E2S, [2,4,16,16-D4] 17[3-Estradiol 3-
sulfate; dgDHEAS, [2,2,3,4,4,6-D6] 5-Androsten-3p-ol-17-one 3-sulfate; d4Preg$, [17a,21,21,21-D4] 5-Pregnen-3p-ol-20-one 3-sulfate; d,170HPreg, (21,21,21-D3]
5-Pregnen-3[3,17a-diol-20-one; d;170HPregS, [21,21,21-D3] 5-Pregnen-3p,17a-diol-20-one 3-sulfate
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Fig. 1. Steroid metabolism of the feto-placental unit. 160H-DHEAS from fetus contributes to 90% of placental E3 [3].

Studies found AF levels of testosterone and 4-androstenedione (4 A) to
be higher in male than female fetuses during mid-gestation [5,6].
Furthermore, steroid analysis in AF allowed for the prenatal diagnosis
of 21-hydroxylase deficiency [7,8].

Most studies on steroids in AF have been carried out by im-
munoassays for several decades [6,9-12]. Due to drawbacks of im-
munoassays such as cross-reactivity, less efficiency and matrix inter-
ferences, GC-MS and LC-MS nowadays have become the main
prevalent tools for the qualitative and quantitative analysis of steroids
[13]. Homoki et al. were the first to analyze AF samples by mass
spectrometry [14]. Wudy et al. have been the first to publish stable
isotope dilution/GC-MS based reference data on six unconjugated
steroids in AF of mid-gestation of normal and congenital adrenal hy-
perplasia (CAH) fetuses [15]. Only one paper by Fahlbusch et al. has
used LC-MS/ MS to analyze eleven AF steroids so far [16].

For a long time, the biological role of conjugated steroids was un-
clear. Only unconjugated steroids have been considered as active forms
which pass through cell membrane to interact with nuclear receptors
[17]. Recently, studies found that sulfated steroids have another bio-
logical function. They are not only water-soluble excretion products,
but they can also enter cells by specific uptake carriers and modulate
the intracellular milieu [18]. As far as we know, no other sulfated
steroids, except for DHEAS, have yet been quantified in AF by LC-MS/
MS. The current study provides reference data on multiple un-
conjugated and sulfated steroids via LC-MS/MS in AF.

2. Materials and methods
2.1. Chemicals

Progesterone (Prog), 17a-hydroxyprogesterone (170OHProg), estrone
(E1), 17B-estradiol (E2) and estriol (E3) were obtained from Makor

chemicals 1td. (Rehovot, Israel). Estrone sulfate (E1S), 17p-estradiol 3-
sulfate (E2S), estriol 3-sulfate (E3S), 17f-estradiol 17-sulfate (E2-17S),
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16a-hydroxydehydroepiandrosterone sulfate (160H-DHEAS), dehy-
droepiandrosterone sulfate (DHEAS), pregnenolone sulfate (PregS), 17a-
hydroxypregnenolone sulfate (170HPregS), testosterone sulfate (TS),
epitestosterone sulfate (eTS), dihydrotestosterone sulfate (DHTS), an-
drosterone sulfate (AnS), epiandrosterone sulfate (epiAnS) and 3f,17p-
androstenediol 3-sulfate (AnDiolS) were bought from Steraloids Inc.
(Newport, RI). T was obtained from Sigma-Aldrich (Taufkirchen,
Germany). [16,16,17a-D3] 5a-Androstan-17f8-ol-3-one  17-sulfate
(d;DHTS), [16,16,17a-D3] 4-Androsten-17f-o0l-3-one 17-sulfate (d3TS)
and [16,16,173-D3] 4-Androsten-17a-ol-3-one 17-sulfate (d;eTS) were
from LGC Standards GmbH (Wesel, Germany). [2,2,4,6,6,17,21,21,21-
D9] 4-Pregnen-3,20-dione (dyProg), [2,2,4,6,6,21,21,21-D8] 4-Pregnen-
17a-0l-3,20-dione (dg170OHProg), [16,16,17-D3] 4-Androsten-17f3-ol-3-
one (dsT), [2,4,16,16-D4] Estra-1,3,5(10)-trien-3,17p3-diol (d4E2),
[2,4,17-D3]1,3,5(10)-Estratrien-3,16a,17f-triol (d3E3), [2,4,16,16-D4]
Estra-1,3,5(10)-trien-3-0l-17-one 3-sulfate (d4E1S), [2,4,16,16-D4] 17f-
Estradiol 3-sulfate (d4E2S), [2,2,3,4,4,6-D6] 5-Androsten-3f-o0l-17-one 3-
sulfate (dsDHEAS), and [17,21,21,21-D4] 5-Pregnen-3p-ol-20-one 3-
sulfate (d,PregS) were purchased from C/D/N Isotopes Inc. (Quebec,
Canada). The IS for 170HPregS, [21,21,21-D3] 5-Pregnen-3f,17a-diol-
20-one 3-sulfate (d3170HPregS), was synthesized in-house from
d3170HPreg (C/D/N Isotopes Inc.) [19].

Water (LC-MS grade), ammonium hydroxide and formic acid were
purchased from Fluka (Taufkirchen, Germany). Methanol (MeOH),
acetonitrile (ACN), acetone, n-hexane, and chloroform were obtained
from Merck (Darmstadt, Germany). Ammonium acetate, dansyl
chloride and sulfur trioxide trimethylamine were from Sigma-Aldrich.
SepPak C18 cartridges (200mg) were from Waters Corporation
(Milford, MA), Sodium bicarbonate and zinc sulfate were from Roth
(Karlsruhe, Germany).

2.2. Sample collecting

65 pregnant women (21-43 years of age), which underwent
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Fig. 2. Workflow of sample preparation.

amniocentesis agreed to participate in the study by allowing to in-
vestigate the amniotic fluids that remained after cytogenetic studies
that were found to be normal. None of the pregnant women received
any drug along the pregnancy. All participants signed a written in-
formed consent and the study was approved by the Rambam Health
Care Campus Helsinki Committee.

2.3. Sample preparation and analysis

The workflow of sample preparation is depicted in Fig. 2. 600 pL of
AF were spiked with 25 pL of an internal standard cocktail, respectively.
The concentration of each internal standard was 250 ng/mL. Samples
were placed on the shaker for 15 min of mixing. Then the samples were
precipitated by 1mL of a solution consisting of 80% ACN and 20%
aqueous ZnSO, (89g/L) and shaken for 15 min After 10 min of cen-
trifugation at 14,500 g, the supernatant was transferred to a glass tube
with 3 mL of water and then mixed. Then a SepPak C18 cartridge was
pre-conditioned with 3 mL of methanol and 3 mL of water. Thereafter
the mixture was loaded onto the cartridge, washed first with 3 mL of
water, then 3 mL of hexane. Then, with 4 mL of chloroform, the un-
conjugated steroids were eluted. After that, 4 mL of methanol were used
to elute the sulfated steroids. The eluents from chloroform and me-
thanol were both evaporated at 40 °C under a stream of nitrogen.

After chloroform extraction, a derivatization step was applied to
improve the sensitivity for estrogens. The dried samples were cooled
down to room temperature and then 100 pL of 0.1 M sodium bicarbo-
nate solution was added to each sample, followed by addition of 100 pL
of dansyl chloride acetone solution (1.0 mg/mL). Samples were capped,
shaken well and put into a 60 °C heating block to react for 10 min. Fig. 3
shows the derivatization reaction. The derivatives were cooled down to
room temperature again. Then the derivatives were evaporated, 200 uL
of diluent (0.3% formic acid in 50% methanol/water) were added. An
Agilent 1200SL HPLC system (Waldbronn, Germany) equipped with an
Accucore defender guard column (10 x 2.6 mm, 10 um, Thermo Fisher
Scientific, Dreieich, Germany) and an Accucore Polar Premium column
(50 x 4.6 mm, 2.6 ym, Thermo Fisher Scientific, Dreieich, Germany)
was applied for chromatographic separation. LC-MS grade water served
as mobile phase A, while methanol was used as mobile phase B. The
injection volume was 30 pL. The detailed LC gradient can be found in
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Supplementary data. The total time for a single run was 8.5min A
Thermo Scientific triple quadrupole mass spectrometer (TSQ, Quantum
Ultra, Dreieich, Germany) equipped with an APCI probe operating in
positive mode was utilized for detection and quantification of steroids.
The capillary temperature was set to 200 °C, and the vaporizer tem-
perature was 350 °C. The sheath gas and arbitrary gas were 35 psi and
5 psi, the discharge current was 4.0, and the collision energy was 1.5.

The dried samples from the methanolic fraction were directly re-
constituted with 200 pL of diluent (79.75% water, 10% MeOH, 10%
ACN, and 0.25% ammonium hydroxide) respectively. Centrifugation
was applied to remove undissolved substances. 20 pL of the final solu-
tion were injected on an Accucore Phenyl-X column (100 x 2.1 mm,
2.6 um, Thermo Fisher Scientific, Dreieich, Germany) to achieve chro-
matographic separation. The solvent A was H,O/ACN (85/15, v/v) with
pH 7 adjusted by 10 mM ammonium acetate, Solvent B was MeOH/ACN
(70:30, v/v). Supplementary data shows the detailed LC gradient.
Electrospray ionization operating in negative mode was applied to
analyze the samples. The capillary temperature was set to 270 °C, and
the vaporizer temperature was 350 °C. The sheath gas was 50 psi. The
auxiliary gas was 20 psi. The voltage was -3,500V and the collision
energy was 1.5,

2.4. Method validation

Linearity of the method was assessed by spiking different con-
centrations of standards and constant concentrations of IS into 600 L
of stripped urine for each analyte and was calculated by plotting re-
sponse ratios of calibration points against their corresponding con-
centrations, The calibration range for each analyte is shown in Tables
la and 1b. Limit of detection (LOD) was determined at a signal-to-noise
ratio higher than 3. The lowest calibration level was considered as limit
of quantification (LOQ). Quality controls (QCs) were prepared by
spiking different concentrations of each analyte into stripped AF. Re-
covery of analytes was determined by comparing the response ratios of
extracted QCs against that of spiked standards and IS in charcoal-
treated AF post-extraction. The intra-day accuracy (%CV) and precision
(%RE) of the method were evaluated by the results from five replicate
analysis of QCs. The inter-day accuracy and precision were evaluated
by analyzing 5 replicate QCs on each level on five different days. To
evaluate urine as the surrogate matrix for AF, the calibration curve was
prepared in stripped urine but QC samples were prepared in stripped
urine and stripped AF. Acceptable accuracy for QCs prepared in both
matrixes indicates the surrogate matrix is suitable.

2.5. Data analysis and statistics

Data analysis was performed by Microsoft excel 2010 and XLSTAT
(https://www.xlstat.com/). Concentrations of steroids were shown as
mean *+ standard deviation (SD), median, minimum and maximum.
The results of female fetuses and male fetuses were compared by Mann
Whitney U test (a = 0.05). Correlations were calculated by Pearson'’s
correlation coefficient (R). The values close to —1 or 1 are strongly
negatively or strongly positively correlated with each other [20].

3. Results
3.1. Sample information

The gestational age for samples was 18.8 = 1.8 (Mean *+ SD)
weeks (median 18.3 weeks, range 16.0-24.6). The mothers’ age was
35.6 + 4.3 (Mean *+ SD) years (median 36.5, range 21.0-43.0). No
differences were found between males and females in terms of gesta-
tional weeks and mothers’ age.
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Fig. 3. The derivatization reaction between E1 and dansyl chloride was carried out at 60 °C for 10 min in 0.1 M NaHCO, buffer.
Table 1a
Validation parameters for unconjugated steroids in AF.
Prog 170HProg T E1 E2 E3
IS dsProg ds170HProg dsT d,E2 d,E2 d;E3
Linearity (ng/mL) 1.7-66.7 0.2-8.3 0.2-8.3 0.2-8.3 0.2-8.3 0.2-8.3
R* = 0.99 = 0.99 = 0.99 = 0.99 =0.99 =0.99
LOD (ng/mL) 0.3 0.1 0.1 0.1 0.1 0.1
LOQ (ng/mL) 1.7 0.2 0.2 0.2 0.2 0.2
LOQ Precision %CV 8.7 16.4 5.8 19.8 17.4 18.9
LOQ Accuracy %RE 117.9 105.9 104.5 88.2 95.8 113.6
Matrix effect
QC1 91.9 90.6 91.1 85.2 109.3 97.4
QC 2 98.3 102.5 101.5 111.0 90.4 110.4
QC 3 107.4 106.2 99.0 103.2 93.8 108.0
Intra-day precision (CV%)
QC1 1.9 82 4.2 12.7 11.0 14.1
QC2 1.0 3.7 1.2 2.8 2.7 6.1
QC 3 1.4 3.6 0.7 5.6 1.8 3.2
Intra-day accuracy (CV%)
QC1 102.1 105.8 101.6 113.3 103.7 99.6
QC2 104.8 98.6 102.9 101.7 102.0 98.8
QC3 101.4 97.7 100.6 102.9 98.3 96.0
Inter-day precision (RE%)
QC1 7.3 53 89 12.4 3.8 13.1
QC2 4.3 4.0 1.7 6.7 7.7 5.7
QC3 4.6 10.0 1.4 6.6 9.8 4.4
Inter-day accuracy (RE%)
QC1 104.6 105.1 109.8 100.4 100.3 104.4
QC2 102.1 98.1 102.6 104.4 94.0 106.6
QC3 100.5 99.7 99.9 97.1 88.8 102.8
Recovery (%)
QC1 103.8 109.2 97.9 95.0 95.0 110.7
QC2 109.9 113.0 93.5 107.7 90.5 107.3
QC3 103.0 87.0 106.3 101.8 97.7 102.5
QCs (ng/mL)
QC1 25 0.25 0.25 0.25 0.25 0.25
QC2 33.3 3.3 33 3.3 3.3 3.3
QC3 66.7 6.7 6.7 6.7 6.7 6.7

3.2, Sample analysis and method validation

The chromatograms of sulfated steroids spiked into steroid-free
matrix are shown in Fig. 4. Regarding the chromatograms of un-
conjugated and sulfated steroids of a real sample, refer to Supple-
mentary data.

A concentration of derivatization buffer of 0.1 M sodium bicarbo-
nate, 10 min of derivatization time, reconstitution solution (containing
0.3% HCOOH) were found to ensure optimal derivatization. We com-
pared the chromatographic behavior of our analytes on two columns,
Thermo Scientific Fisher C18 and Accucore Polar Premium. The
Accucore Polar Premium column tended to be the optimal one for better
resolution of analytes.

Mass spectrometry conditions were evaluated under different
parameters including vaporizer temperature (450 °C, 400 °C, 350 °C),
capillary temperature (325°C, 275°C, 200°C), sheath gas (35 psi,
45 psi, 55 psi), auxiliary gas (2 psi, 5 psi, 10 psi) and discharge current
(3.0, 4.0, 6.0). Best signals were obtained at 350 °C (vaporizer tem-
perature), 200°C (capillary temperature), 35psi (sheath gas), 5psi
(auxiliary gas), and 4.0 (discharge current), MS transitions and para-
meters for sulfated steroids determination can be found in Reference
[19].

The method validation followed the FDA (Food and Drug
Administration, U.S. Department of Health and Human Services) and
EMA (European Medicines Agency) guideline for bioanalytical method
validation, The performance of the method is summarized in Tables 1a
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Table 1b
Validation parameters for sulfated steroids in AF.

Pregs 170HPregS  160H-DHEAS DHEAS AnDiolS  AnS epiAnS  DHTS TS eTs E1S E258 E2-178 E3S
1S d;PregS ds170HPregS dgDHEAS dsDHEAS d;DHEAS d;DHTS d;DHTS d;DHTS diTS  dseTS  d,E1S  d,E28  d,E25  dE2S
Linearity (ng/mL)  0.7-83.3 1.7-83.3 1.7-100.3 0.7-83.3 0.7-83.3 0.7-83.3 0.7-83.3 07-83.3 0.7-83.3 0.7-83.3 0.7-83.3 0.7-83.3 0.7-83.3 0.7-83.3
R? =099 =099 = 0.99 > 0.99 = 0.99 =099 =099 =099 =099 =099 =099 =099 =099 =099
LOD (ng/mL) 0.2 0.2 0.8 0.2 0.3 0.5 0.5 0.5 0.2 0.2 0.2 0.2 0.3 0.2
LOQ (ng/mL) 0.7 1.7 1.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 1.7
LOQ Precision (CV%) 10.3 17.3 4.9 13.0 19.0 19.5 13.0 17.8 11.7 7.6 7.0 6.4 3.6 7.43
LOQ Accuracy (RE%) 108.7 80.3 93.71 99.8 1111 87.5 86.0 1108 109.3 108.3 94.6 90.0 108.1 84.6
Matrix effect
QC1 103.1 87.9 93.81 1127 95.7 107.4 106.4 1138 100.6 99.5 95.2 88.8 105.3 85.2
QC2 104.7 88.2 108.3 97.3 99.0 97.7 94.5 100.4 97.8 95.0 96.3 99.2 104.7 97.6
QC3 98.6 96.5 104.3 103.8 102.6 101.1 104.8 101.7 98.4 103.0 98.4 102.0 103.7 113.5
Intra-day precision (CV%)

QC1 3.1 13.4 3.0 10.4 14.2 14.1 7.4 7.2 8.9 3.7 3.4 21 5.5 4.6
QCcz2 7.0 1.0 2.1 6.8 9.4 11.5 3.2 1.8 17 1.5 3.8 1.5 3.9 7.5
QC3 6.1 4.9 1.4 8.0 8.5 9.3 3.2 2.4 3.0 2.7 4.9 1.6 2.5 3.8
Intra-day accuracy (CV%)

QC1 97.6 98.9 107.0 88.0 88.6 90.1 98.3 102.0 106.4 97.2 93.8 92.1 110.6 92.0
QC2 95.9 106.2 88.6 89.1 92.1 91.1 100.4 100.0 99.4 96.3 101.1 100.2 104.1 94.6
QCc3 98.4 102.2 94.2 90.0 92.6 89.1 104.9 1044 99.8 1006  101.6 102.9 1026 91.2
Inter-day precision (RE%)

QCc1 5.7 7.4 13.0 7.3 10.5 8.6 1.4 5.0 3.8 3.8 5.5 6.6 5.1 10.6
QC2 4.3 7.3 6.0 7.6 4.4 5.9 2.5 3.4 5.3 3.2 2.3 3.5 2.8 3.1
QC3 3.1 5.2 7.1 6.5 4.8 5.9 2.8 2.3 2.0 2.2 3.5 1.6 21 5.3
Inter-day accuracy (RE%)

QC1 107.0 105.7 95.99 100.8 101.6 99.6 98.8 104.4 104.7 99.7 103.4 103.6 106.9 90.5
QC2 103.6 98.0 105.7 101.4 99.6 99.9 101.3 102.2 107.7 101.3 102.1 104.4 105.4 86.6
QCc3 103.0 106.3 104.2 101.3 99.5 98.2 103.6 103.9 102.1 103.9 106.3 104.6 106.2 89.9
Recovery(%)

QC1 103.0 86.6 94.2 93.6 96.7 102.5 90.4 110.1 104.9 98.2 104.1 99.7 100.5 100.7
QC2 101.3 96.19 94.2 94.5 97.8 95.1 100.5 106.8 105.0 97.1 101.9 103.2 105.3 104.1
QC3 102.6 98.5 103.2 104.7 102.6 101.7 103.9 107.5 108.3 108.0 103.5 106.0 110.4 112.7
QCs (ng/mL)

QC1 1.7 3.3 3.3 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7 3.3
QC2 8.3 8.7 8.7 8.7 8.7 8.7 8.7 8.7 8.7 8.7 8.7 8.7 8.7 8.7
QC3 66.7 66.7 66.7 66.7 66.7 66.7 66.7 66.7 66.7 66.7 66.7 66.7 66.7 66.7

and 1b. The method showed good linearity in the calibration range, the
linear regression model fitted all calibration curves well with R > 0.99
and the weighting factor 1/x for all analytes. As it can be seen in Tables
la and 1b, the method showed good accuracy (unconjugated steroids:
88.8%-109.8%; sulfated steroids: 86.6%-110.6%) and precision (un-
conjugated steroids: 1.0%-14.1%; sulfated steroids: 1.0%-14.2%) for
all QCs. Recovery was good for all QCs, ranging from 87.0% to 110.7%
(unconjugated steroids) and from 86.6% to 112.7%. No matrix effects
were observed for all QCs (unconjugated steroids: 85.2%-110.4%;
sulfated steroids: 85.2%-113.8%).

3.3. Concentrations of steroids in AF

The hormone levels in AF were summarized in Table 2. The levels of
Prog, 170HProg, E3, 160H-DHEAS, DHEAS, E3S, EIS, eTS, PregS,
170HPregS and AnS in the samples lay within the calibration range. For
T, E1, E2, AnDiolS, epiAnS, DHTS, TS, E2S and E2-17S, the con-
centrations were mostly below their LOQs. All the sulfated steroids we
measured did not show any gender difference. Among the unconjugated
ones, only T exhibited a significant sex difference (P < 0.0001).

3.4. Correlation of steroids

Correlation analyses were made between steroid concentrations of
samples. Results were shown in Fig. 5. Strong positive correlations were
found between 160H-DHEAS and DHEAS, 160H-DHEAS and E38S. Also,
there were strong correlations between170HPregS and PregS, E3 and
E3S.
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4. Discussion
4.1. Sample analysis and method validation

Protein precipitation and solid phase extraction are common sample
preparation methods. They were used to obtain clean extracts of target
analytes [27]. Sample preparation in our study was a modification of
previous methods developed in our laboratory [19,28]: unconjugated
steroids were eluted from SepPak C18 column by chloroform, sulfated
steroids were eluted by methanol.

Derivatization was introduced to improve the sensitivity of estro-
gens. Dansyl chloride has been used as a derivatization agent in the
determination of estrogens [29]. Sodium bicarbonate provided an al-
kaline environment. While the pH-values of 0.1 M and 0.2M sodium
bicarbonate solutions were both in the range of 8.0-9.0, respectively,
we chose a 0.1 M NaHCO; because less acidic reconstitution solution
was needed later for neutralization to facilitate ion detection in positive
mode. The E1 and the E2 derivatives only differed by 2 Da (m/z 504.2
and 506.1), while they formed the same product ion. The product ion
m/z 171.0 was formed in all estrogen-dansyl derivatives by cleavage of
the S—C bond of the sulfonyl group. Therefore, baseline separation was
needed. We chose an Accucore Polar Premium column because — in
contrast to a C18 column - it permitted complete separation of all es-
trogen derivatives.

As not enough AF was available for method development and
method validation, we had to find a suitable alternative. AF is a fluid
similar to urine. It is swallowed and excreted via the kidneys by the
fetus [30]. Human urine is affordable, easy to obtain, and identical to
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Fig. 4. Chromatograms of spiked standards sulfated steroids (10 ng/mL) in steroid-free matrix.

AF in terms of solubility and extractability [31]. To prepare stripped
matrix, AF and urine were treated by charcoal. The evaluation of matrix
effects showed that urine was adequate as a surrogate matrix for AF (see
Tables 1a and 1b). Therefore, we chose urine as the surrogate matrix in
our analysis.

4.2. The levels of steroids in AF of mid-gestation

Our results were compared with the available literature as shown in
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Table 2. The determination of steroids in AF in the last century was
dominated by immunoassay. The first attempt to use mass spectrometry
in determination of AF steroids was made by Homoki et al. [14]. In this
study, AF steroids were measured after LH-20 fraction and enzymatic
hydrolysis in pooled AF by gas chromatography followed by mass
spectrometric identification (full scan modus). So far, most un-
conjugated steroids and DHEAS have been quantified by LC-MS/MS in
AF. In this paper, we not only publish concentrations of various un-
conjugated, but also for the first time various sulfated steroids of AF in
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