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Abstract

Endocrine disrupting chemicals (EDCs) are substances, which affect the hormone system in
organisms through interference with different signalling pathways. They can act as agonists
or antagonists on nuclear receptors at concentrations in the picomolar range and are
associated with diseases such as cancer, Type 2 diabetes, obesity and developmental
disorders. Existing analysis platforms for endocrine activity are generally inadequate, as they
either require several methods to detect this activity, or cannot assess the complex

interactions of hormone-active chemicals at all.

Therefore we developed a multi-chip microfluidic screening system to better assess the
adverse effects of EDCs on organisms. The screening platform includes a microfluidic
hanging-drop component to generate multi-cellular MCF (Michigan Cancer Foundation) -7
spheroids. 3D cell culture was used to better mimic in vivo tissue conditions and thus
improve the in vivo predictability of our assay. The cells are cultured in serum-free, phenol
red-free medium to ensure that no hormones or hormone-active substances are present,
thus circumventing possible interferences by these compounds on experimental results. In
order to avoid leaching of potential hormone-active components or additives from the plastics
conventionally used in cell culture, we have developed the microfluidic spheroid-generation

platform in glass.

The glass hanging drop platform allows through a parallel channel droplet well order a very
stable generation of six spheroids in time. A hydrophobic ring out of a UV curable
perfluoropolyether (PFPE) was introduced around the lower edge of each well onto the
hydrophilic platform, to support droplet formation and avoid spreading of the liquid. A 3D
printed incubation chamber with an integrated glass window was designed and constructed

to minimize evaporation and to detect the generated spheroids under the microscope.

Once formed, the spheroids can be automatically transferred to integrated perfusion micro
chambers for further cultivation. After incubation with known estrogen active substances
such as R-estradiol, bisphenol A, genistein, and nonylphenol, and antiestrogens such as
fulvestrant and tamoxifen the system allows a protein-microarray to be coupled to it, to
guantify ten biomarkers which are related to various endpoints of EDC action in organisms
and are secreted by MCF-7. Exposure of 2D cultured MCF-7 cells with the test substances
resulted in distinct protein secretion patterns. Stimulation of the cell line with Interleukin (IL)-
13 increased the secretion of low abundant proteins IL-6, Rantes and IL-8, which made them
detectable within the working range of the microarray. In parallel, a resazurin proliferation

assay determined the proliferating effect of these substances on the cancer cells.



The immobilization of Bisphenol A (BPA) in sciPOLY3D gel was investigated additionally, for
the development of an on-chip BPA binding inhibition assay, to quantify BPA in applied

samples in the screening platform.

The fluorescence-based microfluidic multi-chip screening platform for the analysis of
estrogenic and anti-estrogenic substances is a new in vitro tool for the high throughput
screening of endocrine active compounds in environmental and food samples, or their

general effects on molecular or cellular level.

Keywords: endocrine disruptor, microfluidics, MCF-7 cells, hormones, proliferation, protein
microarray, 3D cell culture, hanging drop system



Kurzfassung

Endokrin  disruptive Chemikalien (EDCs) sind Substanzen die durch Stérung
unterschiedlichster Signalwege Einfluss auf das Hormonsystem von Organismen nehmen.
Diese kdnnen als Agonisten oder Antagonisten, bereits in picomolaren Konzentrationen, an
nuklearen Hormonrezeptoren agieren und werden assoziiert mit Krankheiten wie Krebs,
Diabetes Typ 2, Obesitas und Reproduktionsstorungen. Bereits existierende analytische
Plattformen zum Nachweis von hormonaktiven Substanzen sind generell inadéaquat, da diese
meist mehrere unterschiedliche Methoden erfordern oder nur partikular die komplexen
Interaktionen dieser Chemikalien erfassen.

Fir eine bessere Beurteilung schadlicher Effekte auf Organismen durch EDCs haben wir ein,
auf Mikrofluidik basierendes, Multi-Chip Screening System entwickelt. Das neue Screening
System inkludiert eine mikrofluidische H&ngetropfen Komponente zur Generierung von
multizellularen MCF-7 Sphéaroiden. 3D Zellkultur wurde benutzt um besser in vivo
Konditionen nachahmen zu kénnen und so die in vivo Aussagekraft unseres Assays zu
verbessern. Die Zellen wurden in serum- und Phenol Rot-freiem Medium kultiviert um
sicherzustellen dass keine Hormone oder hormonaktive Substanzen die experimentellen
Ergebnisse beeinflussen. Um Auslaugen von potentiell hormonaktiven Komponenten oder
Zusatzen aus Plastik welche konventionell in der Zellkultur benutzt wird zu verhindern,
entwickelten wir eine Mikrofluidik basierende Spharoid generierende Plattform aus Glas. Die
glaserne Hangetropfen Plattform erlaubt durch eine parallele Anordnung der Kanéle und
Tropfenwells eine sehr stabile Generation von sechs Spharoiden auf einmal. Ein
hydrophobischer Ring aus dem UV-hartenden Perfluoropolyether (PFPE) wurde an der
unteren Kante jedes Wells in die hydrophile Plattform eingeflhrt, um die

Tropfchenformierung zu unterstitzen und das Verlaufen der Flissigkeit zu verhindern.

Eine 3D gedruckte Inkubationskammer mit einem integrierten Glasfenster wurde entworfen
und produziert um die Evaporation des offenen Systems zu minimieren und eine Detektion

von den Spharoiden unter dem Mikroskop zu gewabhrleisten.

Einmal geformt, kdnnen die Spharoide fir die weitere Kultivierung automatisch in integrierte
Mikroperfusionskammern transferiert werden. Nach Inkubation mit bekannten &strogen-
aktiven Stoffen wie 3-Estradiol, Bisphenol A, Genistein und Nonylphenol und Antiéstrogenen
wie Fulvestrant und Tamoxifen kdnnen zehn Biomarker welche von der hormonsensitiven
humanen Brustkrebszelllinie sekretiert werden durch einen integrierten Proteinmikroarray
guantifiziert werden. Die Exposition von MCF-7-Zell 2D Kultur mit den Testsubstanzen

resultierte in deutlichen Sekretionsmustern. Eine Stimulation der Zelllinie mit dem Interleukin



(IL)-1 @ erhohte die Sekretion von geringfligig exprimierten Proteinen wie IL-6 und IL-8 und

machte sie dadurch innerhalb des Arbeitsbereichs des Mikroarrays detektierbar.

Ein auf Resazurin basierender Proliferationsassay determiniert parallel dazu die

proliferierenden Effekte dieser Substanzen auf die Krebszellen.

Des Weiteren wurde die Immobilisierung von Bisphenol A in sciPOLY3D Gel getestet, fur die
Entwicklung eines On-Chip BPA Screeningassays, welcher als Erweiterung fiir die Screening

Plattform dient und BPA in applizierten Proben quantifiziert.

Die Fluoreszenz basierende Mikrofluidik Multi-Chip Screening Plattform fiir die Analyse von
Ostrogenen und antiostrogenen Substanzen ist eine neue in vitro Methode fir das
Hochdurchsatz-Screening von endokrin  aktiven Fremdstoffen in  Umwelt- und
Lebensmittelproben als auch fir die Erforschung von generellen Effekten auf molekularem

und zellularem Level.

Schisselworter: endokrine Disruptoren, Mikrofluidik, MCF-7 Zellen, Hormone, Proliferation,
Proteinmikroarray, 3D Zellkultur, Hange Tropfen System
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1. General introduction

1.1. Endocrine disruptors

Endocrine disrupting chemicals (EDCs) are described as “exogenous substances or mixtures
that alter functions of the endocrine system and consequently cause adverse health effects
in an intact organism, or its progeny, or (sub) populations” (Damstra et al., 2002). They are
highly heterogeneous and can be classified as naturally occurring and synthesized chemicals
(Kabir et al., 2015). Naturally occurring EDCs can be found in food as for instance
phytoestrogens from soybean such as genistein or mycotoxins such as zearalenone.
Synthesized EDCs are grouped as industrial used chemicals (solvents and lubricants) and
their side products (e.g. dioxins, polychlorinated biphenyls), plastic additives (bisphenol A
(BPA)), plasticizers (e.g. bis (2-ethylhexyl) benzene-1,2-dicarboxylate (DEHP)), pesticides
(e.g. atrazine, 2,4-dichlorophenoxyacetic acid (2.4-D), dichlorodiphenyltrichloroethane
(DDT)), fungicides (e.g. vinclozolin) and pharmaceutical products (e.g. diethylstilbestrol
(DES), ethinyl estradiol) (Diamanti-Kandarakis et al., 2009b). The chemical structure of the
less than 1000 Da small EDCs is quite diverse, and consequently they are able to affect
different mechanism within an organism. Additionally some of the chemicals show endocrine
activity only after being metabolized. Nevertheless some distinct structural features indicate

estrogenic, thyroidogenic and glucocorticoid activities (Kidd et al., 2012).

1.1.1. The endocrine system

To better understand the mechanism of endocrine action, it is important to visualize and
comprehend the complexity of the endocrine system. This system consists of several
interacting organs and tissues, which are communicating with each other by signaling
molecules, the so called hormones. By this, various processes in organisms such as cell
differentiation in early developmental stages, bone formation and organ function are
controlled. Figure 1 shows the human endocrine system with its main glands, organs and
target tissues. Around 50 different hormones and hormone related molecules (e.g. cytokines)
are secreted by glands or endocrine cell containing tissues and organs. Many organs and
tissues are targeted by sex steroids and can thereby also be affected by EDCs. Among them
are breast, uterus, cervix and vagina, organs which are directly connected to reproduction
processes, but also the brain, the hypothalamic-pituitary-gonadal system, bones, muscles
and skin (Marieb, 2015; Neave, 2007).
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Figure 1: Section of the human endocrine system with the main endocrine glands (pituary,
pineal, thyroid, parathyroid and adrenal glands), organs containing endocrine cells (pancreas,
thymus, gonads (ovaries and testicles) and hypothalamus) and hormone targets (adipose
tissue, bone, muscle, heart) (Hadley and Levine, 2006). Pictures of the endocrine system, liver
and adipose tissue arrived from the clip art gallery of Microsoft Office Professional Plus
PowerPoint 2010.

1.1.2. Exposure sources, and routes of EDCs, and their stability

The sources of exposure to EDCs are manifold and different in the world. The presence of
different EDCs in the environment continuously changes due to legal restrictions or residue
regulations in use, the introduction of new chemicals, and distribution of EDCs with
substantial differences between countries (Kidd et al., 2012). Humans can be exposed for
instance to bisphenol A (BPA) via food packaging, baby products and house dust. In the
moment only the European Union and North America (USA, Canada) made regulations to
ban BPA out of baby products, while BPA in food packing or other products with BPA content
do not underlie any restrictions. The production and use of nonylphenol, a substance, which
is not easily biologically degradable and so highly bioaccumulated in the environment is
prohibited in the European Union, while the USA only recommends to decreases the use.
For Asia and South America it is still widely available, due to little regulations (Baluka and
Rumbeiha, 2016; Soares et al., 2008). The main exposure routes in humans are dermal

contact, oral uptake or inhalation (Kidd et al., 2012; Yang et al., 2015). Once in the body
11



some, EDCs can accumulate in bones or fat tissue or they can be transferred to fetuses via

the placenta (Yang et al., 2015).

Generally, naturally occurring or industrially manufactured chemicals with endocrine effects
find their way to humans in direct or indirect manner (See: Figure 2). The major route of
exposure for humans to EDCs is food. Next to direct exposure to natural food ingredients
with endocrine potential such as genistein from soybean or hop from beer, the exposure to
EDCs occur often via indirect paths such as contamination of food due to production
processes, packaging material, residues of agrochemicals in food and feed (Karabin et al.,
2016; Kidd et al., 2012; Patisaul and Jefferson, 2010; Yang et al., 2015).

Environment

/ Air - Soil - Water \
A o T

4

Agriculture/Livestock I
Farming _— v +————| Industrial Chemicals

e g biozides, lipophilic .
chemicals Municipal Effluent

Human
D
Foodand Food packaging -
~ = e - i — Housewares and
e.g. biozides, plasticizers, e > ) R >
phytohormones — Bqosire RES Furnitures

Dermal (e.g. cosmetics)
4 * Inhalation (e.g. plasticizers )
Oral (e.g . food contaminants)

. Transplacental (from mother to child)

/ +  Accumlation (lipophilic chemicals) e —
3 ...
ST T “..., Personal Care Products

e.g. contraceptiva e.g. plasticizers-packaging,

.._./\-._.ﬂ

Figure 2: Exposure sources for humans and environment and major exposure routes of EDCs
for humans. The exposure by EDCs can be direct (=) by the raw chemical or indirect (-->) by
treatments or manufacture processes (Kidd et al., 2012; Yang et al., 2015). Free Stock Image 3D
Human Character arrived from cute-pictures.blogspot.ro.

Other significant sources are housewares and personal care products. These contain
endocrine active substances such as the volatile phthalates used as plasticizer in flooring
and wallcovering and getting released fast into the environment or parabens which serve as

preservatives in cosmetic or pharmaceutical products. In Table 1 sources are listed with
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applications of the respective endocrine active substances and their chemical classes

(Diamanti-Kandarakis et al., 2009a).

Table 1: Sources of exposure to EDCs and EDCs applications and characterizations (Dodson et
al., 2012; Gore, A.C. et al., 2014). Abbreviations see: Table of abbreviations.

Sources Application Substance class Substances
Agriculture Pesticides Organochlorides, triazine DDT, Lindane,
Atrazine
Cosmetics, Preservatives, solvents, | Parabens, phthalates, glycol | Butylparaben,
personal care UV-filter ethers DEHP, 2-
products butoxyethanol
Food Phytoestrogens Isoflavone, coumestans Genistein, daidzol

Food packaging

Plasticizer and plastic
additives

Phthalates, bisphenols

DIDP, BPA, DINP

Housewares Wallpaper, flooring Phthalates BBP, DEHP
Pharmaceuticals | Contraceptiva Synthetic steroides Ethinyl estradiol
Municipal Natural hormones steroides Estradiol,
effluent (animals, human) testosterone
Industrial Surfactants (removing Alkylphenols, phthalates Nonylphenoal,
effluent oil), plasticizer dibutyl and
butylbenzyl
phthalates

Some EDCs are more persistent in the environment than others. By this they can accumulate

in the food chains and reach high concentrations in humans and animals. BPA has a short

half-life of 4-8 hours and is therefore not considered to be bioaccumulative, but still spread in

the environment and persistent enough to find its way into the body of human and animals.

Polychlorinated biphenols (PCBs) have to be numbered among the highly environmental

persistent substances. They get globally distributed via water and air and accumulate due to

their high lipid solubility in adipose tissue of humans and animals (Kidd et al., 2012). An US

study in pregnant woman from 2003-2004 showed an high amount of endocrine active

substances from many different chemical classes (See: Figure 3), whereas the highly

persistent PCBs with 34 % and volatile organic compounds (VOCs) with 20 % represented

the most prominent groups (Woodruff et al., 2012).
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Figure 3: Endocrine relevant chemicals accumulated and measured in pregnhant woman in the
United States of America in the years 2003-2004 within the National health and Nutrition
Examination Survey (NHANES) Data from Woodruff et al., (2012) (See: Table of abbreviations).

Natural steroidal EDCs such as estradiol, estrone, estriol and testosterone are described as
endocrine substances with higher potency compared to non-steroidal anthropogenic
generated EDCs. They are directly released from humans and mammals by excretion into
the environment and found in significant amounts in sewage or treated waste water (Kidd et
al., 2012).

1.1.3. Endogenous and exogenous estrogenic chemicals

The steroid hormones Estrone (E1), estradiol (E2), and estriol (E3) are the three major
naturally occurring forms of estrogen, whereas estradiol is the most potent and affine
endogenous ligand. Estrogens are produced in human in the ovaries, placenta, liver, adrenal
glands and breasts within the steroidogenesis by conversion of androstenedione and
testosterone. This reaction is catalyzed by key enzyme for estrogen synthesis, the

aromatase (Nelson and Bulun, 2001) (See: Figure 4).

Estrogens have important functions in males and females and are involved in the
development and regulation of the female reproductive system and secondary sex

characteristics as well as in lipid metabolism, protein synthesis and the pathogenesis of
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diseases (e.g., cancer, neurodegenerative/cardiovascular diseases) (Kiyama and Wada-
Kiyama, 2015).
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Figure 4: Overview of the human steroidogenesis. Major classes and subclasses of steroid
hormones inclusive their enzymatically conversion are shown. Chemical changes are

highlighted in white and estrogens in red (Haggstrém et al., 2014).

The chemical structure of estrogen compounds is divers, but they often consist of a phenol
ring similar to the endogenous steroid hormone estrogen and do not contain halogens (Kidd
et al., 2012) (See: Figure 5).

In general, estrogenic compounds show different binding preferences and binding affinities
for both nuclear receptor subtypes with variation for animals and humans (Matthews et al.,
2000). Table 2 contains a selection of endogenous and exogenous ligands of the human

estrogen receptor and their binding affinity to the receptor. There are described due to their
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relative binding affinity (RBA) to the estrogen receptor (ER) in relation to the most affine
endogen ligand, 173-estradiol (RBA=100%) as weak (log RBA <-2), moderate (log RBA 0 to
—2), or strong binder (log RBA > 0). Natural steroids, such as 17(3-estradiol, estriol and

estrone, as well as synthetic steroids (diethylstilbestrol, ethynyl estradiol) exhibit strong

affinities to the estrogen receptor with log RBA over zero. However, synthetic estrogens

show with an RBA of 400 for diethylstilbestrol and 190 for ethynyl estradiol much greater

affinities compared to 173-estradiol (See: Table 2) (Blair et al., 2000).

OH
H HO (o}
m
OH

nonylphenol genistein
— OH O CH
«w=CH HO OH ®
1 °
HO' ‘
HsC CH
3 3 o
17a-ethinylestradiol bisphenol A zearalenone
B
OH
HO” : 5""((:HZ)QSO(CHz)sc::zcF3
tamoxifen fulvestrant (ICI-182,780)

Figure 5: Chemical structures of some natural and synthesized estrogenic

(A) and

antiestrogenic (B) compounds and their structural similarity to the endogen steroid hormone

17R-estradiol.
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Table 2: Human estrogen receptors (ER), half maximal inhibitory concentration (IC50), relative
binding affinities (RBA) and Log RBA values of selected ER agonists and antagonists arrived
from a competitive ER binding assay. Binding affinities are relative to 17(-estradiol and
calculated by division of the IC50 of 17R3-estradiol by the one of the competitor (Blair et al.,
2000).

Estrogenic compounds IC50 (M) ER RBA (%) Log RBA

Agonists

Diethylstilbestrol 23+0.1x10" 400 2.60
Ethynyl estradiol 47+06x10™" 190 2.28
17R-estradiol 8.9+0.3x107" 100 2.00
Estriol 9.3+1.8x10° 9.7 0.99
Estrone 1.2+0.3x10° 7.3 0.86
Nonylphenol 2.6+0.3x10° 0.035 -1.46
Bisphenol A 1.7 £0.6 x 10® 0.008 -2.11
Antagonists

ICI-182,780 (Fulvestrant) 24+1.1x10° 38 1.57
Tamoxifen 5.6+0.1x10° 1.6 0.14

Synthetic chemicals modulate estrogenic action in a direct and indirect way and include
estrogen as well as anti-estrogen active substances. Antiestrogens or estrogen antagonists
prevent the action of estrogen agonist by blocking the estrogen receptor (ER) and/or
inhibiting hormone production in individuals. They include selective estrogen receptor
modulators (SERMs) such as tamoxifen and the selective estrogen receptor degrader
(SERD) fulvestrant as well as aromatase inhibitors and antigonadotropins. However,
aromatase inhibitors and antigonadotropins do not reduce the response to estrogen, they
decrease hormone levels by suppressing the production and are therefore distinguished from

antiestrogens (See: Figure 6) (Thiantanawat et al., 2003).

EDCs can even show, depending on the tissue, opposite effects of endocrine disrupting
action. BPA and alkylphenols such as nonylphenol show for instance estrogenic as well as
anti-androgenic effects by binding on estrogen and androgen receptor (H. J. Lee et al.,
2003). Depending on the chemical structural element, they are receptor agonists or
antagonists and are able to affect male and female reproduction, breast development,
cancer, metabolism, obesity, neuroendocrinology and cardiovascular endocrinology (Kabir et
al., 2015).
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Figure 6: Estrogenic and antiestrogenic action. 1. Direct action via nuclear ER. Binding of
antagonists can inhibit the transcription of downstream genes of the ER receptors, while
agonists activate it. 2. Suppression of hormone synthesis, which result in no binding to the
receptors.

1.1.4. Mechanism of action

The action of estrogenic active substances is categorized into genomic and non-genomic
pathways, which belong to the intracellular network and the autocrine/paracrine signaling
describing the extracellular network (See: Figure 7). The genomic pathway includes the
binding of endogenous or exogenous estrogenic ligands such as 17@-estradiol and
nonylphenol to the ER ligand binding domains. Due to activation by the ligand, the ER
translocate into the nucleus where it binds to a specific estrogen response element (ERE) of
the DNA. This event initiates the transcription of target genes, which results in cell signaling

(Kiyama and Wada-Kiyama, 2015).
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Figure 7: Genomic, non-genomic pathways and autocrine/paracrine signaling of estrogenic
active substances. Adapted from Kiyama and Wada-Kiyama, 2015.

ERs are divided in two classes: intercellular nuclear estrogen receptors (ERa and ERp)
located in the cytosol and involved into the genomic pathway and membrane estrogen
receptors (mMERs). Membrane estrogen receptors include G-protein coupled receptors such
as the G-protein coupled estrogen receptor (GPER (GPR30)), ER-X and ER-a36 which are
variants of the nuclear ERs (Soltysik and Czekaj, 2013). The mERs and/or other non ER
related receptors are part of the non-genomic pathway. They rapidly transduce signals after
activation by estrogen through crosstalk and/or bypassing. In addition there are nuclear
estrogen—related receptors (ERR) with their own response elements. They don’t bind to
estrogens but they do mediate their signaling by cooperation with different kinds of
autocrine/paracrine signaling and affect therefore other hormones, tissues and the hormone
synthesis itself (Kiyama and Wada-Kiyama, 2015; Misawa and Inoue, 2015; OECD, 2015).
The signaling pathways linked to estrogenic active substances are manifold (e.qg.
phosphatidylinositol-4,5-bisphosphate  3-kinase  (PI3K), mitogen-activated  protein
kinases/extracellular signal-regulated kinases (MAPK/ERK) pathway and nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB)). They are mostly associated to cell
growth and proliferation, differentiation and development, apoptosis, metabolism,

inflammation and carcinogenesis (Kiyama and Zhu, 2014) (See: Table 3).
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Table 3: Examples of endogenous and exogenous estrogenic and antiestrogenic compounds
and their involvement in signaling pathways (See: table of abbreviations) (Kiyama and Wada-
Kiyama, 2015).

Estrogenic compounds | Signaling Pathway

Agonists

Diethylstilbestrol ¢ ERRa
e GPER/PKA/ERK/CREB/testis

Ethynyl estradiol o ER/MAPK/cell growth
1713 estradiol e mER/ERK/Ca2+/proliferation
Zearalenone e ER/Wnt/anti-reproduction
e ERa
Genistein e GPER/ERK/c-Fos/cell growth
e ERaq, ERB

e GPER/IL-1B/MAPK /inflammation
e ER0/IGF-1R/IRS-1/Akt/carcinogenesis
e ERa/MAPK/NF-kB/AP-1/differentiation

Nonylphenol e ER/NF-kB/NO/inflammation

Bisphenol A e ERa
e GPER/ERK/c-Fos/transcription

Antagonists

ICI-182,780 (Fulvestrant) e ERa/Wnt/B-catenin/carcinogenesis
e ER/HER/c-Src/proliferation

e GPER/TGF-B1/Smad/migration

e GPER/ERK/calpain/cell adhesion

Tamoxifen e Cell growth (ER-independent)

e ER/apoptosis (ER-dependent/ independent)
o ERA/IIGF-1R/EGFR/MAPK/proliferation

o ERa/Wnt3A/B-catenin/differentiation

The phytoestrogen genistein was reported to be involved in differentiation events, mediated
by induction of ERa gene expression due to the activation of the MAPK (mitogen-activated
protein kinase) /NF-kB/AP-1 (Activator protein 1) signaling pathway (Liao et al., 2014). In
addition the phytoestrogen inhibits inflammation processes through the membrane receptor
GPER by shifting the interleukin (IL)-113 activation of MAPK (Luo et al., 2012) (See: Table 3).

1.1.5. Issues of EDCs action

EDCs” action in organisms bring along different issues, which have to be considered in the
course of their evaluation. First of all the age of exposure has to be taken into account
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because of different effects on especially sensitive age groups, such as unborn, children or
elderly persons, and the well-known higher risks in early developmental stages (Kabir et al.,
2015). They may not only affect the exposed human but also following generations by
epigenetic effects in the germline, due to modification in DNA methylation and histone
acetylation. Latency due to EDCs exposure is most often a consequence of exposure in early
developmental stages. Furthermore it is important to mention that individuals are exposed to
mixtures of different EDCs with different potencies. These mixtures can show additive, i.e. a
summing up of the effects of single EDCs or synergistic effects, which are even higher than
the additive. EDCs are known to show higher potencies in low exposure levels compared to
higher doses, the so-called low-dose effects. They even show a non-monotonic dose
response (See: Figure 8). Low-dose effects as well as nhon-monotonic dose response were
already known for hormone and neurotransmitter action and are lately also discussed for
EDCs (Diamanti-Kandarakis et al., 2009a).

Monotonic Curve Non-monotonic Curves

Response
Response
Response

Y
N

Y

Dose Dose Dose

Figure 8: Comparison of monotonic and non-monotonic dose-response curves. Monotonic
curves show a proportional increase or inversely proportional decrease of response with the
dose. Non-monotonic curves are U-shaped, inverted U-shaped, or even more complex and
characterized by different responses for intermediate or low and high doses, but with potential
higher effects for low doses. Figure adapted from Fagin, 2012.

1.1.6. State of the art of in vitro methods for investigating estrogenic action

The evaluation of estrogenic chemicals and their action in organisms is performed with
various methods, such as ligand-binding assay, reporter-gene assay, transcription assay,
protein assay, signaling pathways analysis, cell assay and animal tests (See: Figure 9)

(Kiyama and Wada-Kiyama, 2015). Table 4 gives an overview of assigning methods with
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assay principles, endpoints, advantages and disadvantages. However, internationally
accepted standard methods assessing potential endocrine effects on chemicals for human
health and environment, the so called OECD Test Guidelines (TG), provide an in vitro test
battery with focus on endocrine mechanisms and pathways such as ER binding affinity
(OECD TG 493), ER transactivation (OECD TG 455, 457), steroidogenesis (OECD TG 456)
and MCF-7 cell proliferation assays (OECD, 2017; Soto et al., 1995).
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Figure 9: Overview of methods used to detect estrogenic activity by determination of the
signaling network of estrogen and estrogen like chemicals. The red letters indicate the
methods used to evaluate the corresponding action. Adapted from Kiyama and Wada-Kiyama,
2015.

Ligand-binding assays focus on the binding of a test substance in competition with
radiolabeled 17R3-E2 to the ERs and can evaluate therefore the relative binding affinity of the
substance to the receptors (See: Table: 4). Differentiation between agonists and antagonist
was not possible in the first assays (Kiyama and Wada-Kiyama, 2015). The assay was
further developed by introduction of a split Venus fluorescent protein, which produces a
fluorescence signal after conformational changes of the receptor ligand binding domain
through binding of an estrogenic chemical which is able to distinguish agonistic and

antagonistic action (Mclachlan et al., 2011). Results of ligand binding assays cannot be
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extrapolated to the complex mechanism of the endocrine system in vivo and test substances
can influence the assay performance by pH changes or denaturation of the receptor protein
and they do not provide more information on further gene transcription (OECD, 2015).

Reporter or transactivation assays investigate the transcription of a downstream reporter
gene after binding of the receptor-ligand-complex to the specific DNA response element
(See: Table: 4). Different reporters such as R-galactosidase (lacZ), chloramphenicol
acetyltransferase (CAT), luciferase and green fluorescent protein (GFP), different cell
systems (mammalian cells, yeast cells) and different receptor/reporter constructs are applied
(Kiyama and Wada-Kiyama, 2015). A famous representative is the CALUX (Chemically
Activated Luciferase expression) bioassay from Sonneveld et al., (2005) for the detection of
androgenic, estrogenic, progesterone and glucocorticoid action via quantification of the
luciferase protein in different assays using stable transformed human osteosarcoma cells
(US-0OS). Cells which do not express endogenous receptors have to be transfected with two
plasmids for receptor or reporter gene. These assays are robust and sensitive, but exhibit
artefactual or off-target interferences which desire internal controls (Gasparri and Galvani,
2010). Yeast cells are frequently used for this assay formats, due to a fast performance. The
Yeast Estrogen Screen (YES) assay uses fluorescence—based reporters (Bovee et al., 2004,
Leskinen et al., 2005). However the discrimination of agonistic and antagonistic action is not
possible in the yeast system and due to a bad membrane permeability of lipophilic
substances and differences in enzymes, transport proteins and signaling pathways leads to

divergent responses compared to human cells (Kiyama and Wada-Kiyama, 2015).

Analysis of the transcriptome is described as one of the most effective methods to predict
estrogenic activity (See: Table: 4). Techniques such as DNA microarrays, real time
polymerase chain reaction (PCR) or next-generation sequencing are applied to quantify ER
downstream genes or specific marker genes for instance trefoil factor (TFF) -1 (pS2),
progesterone receptor (PGR, PR), breast cancer 2 (BRCA2) or apolipoprotein (APOAL,
ApoA-1) (Kiyama and Wada-Kiyama, 2015). An advantage of this analysis is that it provides
expression profiles of the individual chemical, which can be correlated to genes with
importance for cell functions. However, while being useful for pre-screens to identify potential
candidates it is hard to correlate gene expression levels to protein levels which are reflecting

cell functions (Vogel and Marcotte, 2012).

Protein assays like enzyme linked immunosorbent assay (ELISA), western blotting or mass
spectrometry are only applied for single ER proteins or protein biomarkers such as TFF1
(pS2), PGR (PR), cyclin D1 (CCDN1), APOAL1 (ApoA-1), stromal cell-derived factor 1 (SDF-
1, CXCL12) or vitellogenin, whereas proteome microarrays for analysis of estrogenic action

not exist (See: Table: 4). Techniques such as ELISA are additionally applied as screening
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systems for endocrine chemicals in the environment or in food matrices (Habauzit et al.,
2010; Kiyama and Wada-Kiyama, 2015).

Cell assays used for prediction of estrogenic action are mostly based on cell growth and
proliferation (See: Table: 4). One prominent representative is the E-Screen developed by
Soto et al., (1995). Common cell lines used in cell assays are estrogen receptor positive
breast cancer cell lines, such as the breast cancer cell lines MCF-7 and T-47D. These cell
lines are hormone sensitive and proliferate in presence of estrogen active substances (Al-
Bader et al., 2011). For the determination of the proliferation by live/dead stains or metabolic

activity, colorimetric or fluorometric methods are applied (Riss et al., 2013).
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Table 4: Overview of test battery for estrogenic substances with assay principles, advantages and limitations

Assay class Assay principle /Endpoint Advantages Limitation Reference
Ligand binding assays Nuclear receptor-ligand interactions | ¢ Easy and fast to perform e no discrimination between agonists (Li and
(e.g. ELRA, QSAR) (relative binding affinity), detection via | ¢  High throughput and antagonists (c.a.) Gramatica,
antibodies or bimolecular fluorescence e poor sensitivity 2010; Mclachlan
complementation etal., 2011;
Seifert et al.,
1999)
Reporter-gene assay Quantification of e.g. luciferase, GFP e Initiating transcription of target ¢ Interferences by other receptors (Sonneveld et
(e.g. CALUX®, YES/YAS) expression due to transcription of genes by ligands e Yeast systems: no discrimination al.,
target genes e Higher sensitivity than e.g. ELRA agonists and antagonists; limit in 2005)(Routledge
membrane permeability for lipophilic and Sumpter,
substances, different proteins and 1996)
pathways
Yeast two-hybrid assay B-galactosidase activity e Determination of endocrine active | e  Not be accurate enough to represent (Nishikawa et
substances mammalian or human systems al., 1999)
Transcription assay Quantification of DNA/RNA e Gene-expression profiles o Dependent on concentrations within (Francois et al.,
(e..g. microarrays, PCR) expression of ER genes, specific according to the chemicals linear range 2003; Kiyama
marker genes or genes respondingto | e  Fast and effective e Assay interference related genes and Zhu, 2014)
estrogen
Protein assay Qualitative and quantitative of protein e Verification of estrogenic potential | e  Sets of protein markers for proteomic (Sumpter and
(e.g. ELISA, Western blot) screening e Sensitive profiling seldom used Jobling, 1995)
e Direct screening of EDCs e Focus on single biomarkers like
Cell assay Cell Proliferation after substance e EScreen: easy to use, high e EScreen: cells from different sources (Hecker and
(e.g. EScreen, exposure (MCF-7 cells/) throughput, fast screening tool give different responses, lack of Giesy, 2008;
Steroidogenisis assay(S.A.)) e S.A. investigation of effects on xenobiotic metabolism Odum et al.,
Detection of modulators of steroid hormone synthesis and cell | ¢  S.A.: Metabolic capability of cells 1998; OECD,
steroidogenesis by quantification of viability, cell line expresses all the unknown, Interference with mineral 2011; Soto et
E2/T (H295R cells) key enzymes for steroidogenesis and glucocorticoid pathway al., 1995)
Signaling pathway assay Signaling pathways relating to e.g. e Information about the mechanism e Using of various assay formats (Totta et al.,
(e.g. microarray, cytometry) | apoptosis, cancer, cell growth, of chemical action and 2004)
differentiation, development, involvement in different pathways
inflammation
Enzyme assay Determination of °H,0 deveoloped e High sensitivity and reproducibility | e  Limited to inhibitory effects (EPA, 2011)
(aromatase assay) during the conversion of *H-ASDN to e Easytouse e No answer for mechanisms

estrone in presence of test chemical
quantified by liquid scintillation
counting - measure of aromatase
activity

Interaction of test compound with other
enzymes; changes on aromatase
activity

Use of radioactive material
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1.2. Biomarkers

Biomarkers were first defined as “cellular, biochemical or molecular alterations that are
measureable in biological media such as human tissues, cells or fluids” by Hulka et al., 1990.
Thirteen years later the definition was extended to “a biomarker is a characteristic that can
be objectively measured and evaluated as an indicator of normal biological processes,
pathogenic processes or pharmacological responses to therapeutic intervention” (Naylor,
2003). In general biomarkers are classified as prognostic, predictive and pharmacodynamic
biomarkers, and can be further subdivided depending on their clinical application as
molecular (genomic, transcriptomic, proteomic, metabolomic), cellular or imaging biomarker
(Gainor et al., 2014; Mayeux, 2004; Muller and Dieterle, 2009).

Prognostic biomarkers give indications about the status of a disease by measuring the
increase or decrease of e.g. the secretion of disease specific proteins in blood. They can be
directly (as a main factor within the disease) or indirectly (as effect of exposure/disease
dependent change) associated with a disease. Predictive biomarkers detect the response to
a drug or toxin and its activity. They are highly sensitive and specific. Pharmacodynamic
biomarkers are used to analyze the effect of a drug to its target. Additionally they give further
information about dosing, proof of mechanism and concept and further understanding of
responsive or resistant action (Gainor et al., 2014). Biomarkers are used in clinical and basic
research and clinical practice as well as in the close related field of toxicology (Strimbu and
Tavel, 2010).

1.2.1. Biomarkers in toxicology

In toxicology research, particularly biomonitoring, biomarkers are used for the exposure
assessment of humans/organisms to drugs or chemicals and they are classified as
biomarker of exposure, effect and susceptibility (Nordberg, 2010). The exposure to a
chemical substance or its metabolites for instance measurements of bisphenol A
concentrations can be measured in body fluids or tissues such as blood, urine and saliva.
Quantifiable changes of the health of an organism including the early stages of a disease,
picture the effect of an exposure. These types of biomarkers are mainly used because they
provide additional information about uptake, metabolism or distribution of a substance.
Different individuals respond differently to the effects of an exposure to one specific
chemical. They own individual natural characteristics such as polymorphisms of the
cytochrome P450 genes, which can affect the function of the identically named enzymes
involved in xenobiotic metabolism in humans or animals. This makes the organism more or

less susceptible to the effects of an exposure (Nordberg, 2010; Zhou, 2009).
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The characteristics for a biomarker of drug safety assessment were defined by the European
Commission in 2005. A new biomarker: ”i) should be specific for certain types of injury; ii)
indicates injury in a variety of experimental species as well as humans; iii) can be used to
bridge across nonclinical/preclinical studies to clinical and surveillance types of studies; iv)
should be more effective at indicating injury than other biomarker currently used; v) used
instead of classic biomarkers, not in addition; vi) can be easily measured (in real time) even
at a later stage (measurement is not strongly time dependent); vii) more reproducible and
sensitive than the original toxicity endpoint it would replace and viii) reduces the number of
individuals tested (animals or humans)” (Campion et al., 2013). These characteristics can
also be applied to exposures to hazardous compounds by food or through the environment
(Swenberg et al., 2008).

1.3. Microarrays

Microarrays are generic terms for miniaturization of molecular biology techniques on a solid
substrate and arose from Roger Erkins ambient analyte immunoassay in the year 1989. This
method allows the parallel quantification of thousands of probes with low material input in a
very sensitive way. In general microarrays are classified as biochips generated of biological
molecules for instance: DNA, proteins or cells, or chemical microarrays which is based on
arraying of small organic molecules, peptides or sugars (Xu and Lam, 2003). The concept of
Roger and Erkins (1989) was successfully converted into DNA microarrays for gene
expression profiling (Schena et al., 1995; Sutandy et al., 2013). The further development of
the DNA microarrays was based on their limitations such as the often missing correlation
between gene and protein expression (Kopf and Zhahary, 2007; Zhu and Snyder, 2001) and
the increasing request for more insights into the function of biological processes and
research of complex biological samples. Proteins as the central functional unit in cellular
processes can be detected with protein microarrays. The principle of protein microarrays is
based on highly specific antigen-antibody interactions for the detection of an entire set of
proteins in parallel using a small sample volume by providing a good reproducibility (Haab,
2005; Kopf and Zharhary, 2007). Protein microarrays are nowadays used for biomarker
discovery, antibody characterization, the determination of protein expression, evaluation of
protein-protein interactions, drug development and disease diagnostics (Stoevesandt et al.,
2009). Over the time different microarray techniques, utilized also artificial recognition
elements such as MIPs and aptamers and were expanded to cell, cell lysate and tissue
based systems (Hong et al., 2017; Menger et al., 2016; Rothbauer et al., 2015; Witt et al.,
2015). Current advancements in the field were made by functional integration of
microfluidics. The so called microfluidic based micromosaic technology overcomes the

challenges of bulk dependence and diffusion limitation for transcriptome, genome, proteome
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and cell based applications. Existing microfluidic platforms are microbead-based, centrifugal
system-based or merged systems, for instance combined protein and cell arrays measuring
protein secretion of cells utilizing a microfluidic delivery system for reagents or samples (Dixit
and Aguirre, 2014; Nahavandi et al., 2014; Tourovskaia et al., 2005).

1.3.1. Assay principles of protein microarrays

In general, protein microarrays can be classified into three main classes the analytical,
functional and reverse phase protein assays (Kricka et al., 2006; Sutandy et al., 2013). The
immobilized capture molecules, for instance antibodies catch the corresponding analytes
from a single sample in analytical assays (Hartmann, 2009; Chen and Zhu, 2006). In
reverse-phase microarrays cell or tissue lysates or antigen targets are immobilized for
simultaneous analysis of single proteins via antibody recognition (Boellner and Becker,
2015). Functional assays are based on the analysis of functional activity of one or more
proteins. Analysis of protein-protein binding, biochemical activity or immune responses are
possible with these platforms making them a valuable tool for high throughput in drug and
biomarker discovery (Hu et al., 2011). Analytical protein arrays are mainly used for medical
screening within the diagnosis and pathogenesis of diseases (Greenbaum et al., 2002; Lee
et al., 2008).

Different assay formats are applied for analytical protein microarrays. Direct, competitive,
binding inhibition and sandwich assays (See: Figure 10) are performed in a microarray
format, the choice of one of them depends on the availability of reagents and the assay
requirements. The sensitivity of the assay format is mainly determined by the binding affinity
of the antibodies (Cox, 2012; Darwish, 2006; Sauer et al., 2011).

A direct assay format involves the immobilization of the antigen to the surface (See: Figure
10). The antigen interacts directly with the target molecules such as antibodies. A species
specific labeled antibody is added for the detection resulting in direct proportional relationship
between target concentration and signal (See: Figure 10 (1)) (Cox, 2012; Kingsmore, 2006).

In a sandwich assay, two antibodies bind to two different specific epitopes of the antigen or
target (See: Figure 10 (1)). The capture antibody is immobilized onto a surface. After binding
the antigen, the detection antibody is added to sandwich the antigen. The detection can be
performed with a single antibody or an antibody pair containing a primary antibody for the
binding to the antigen and a secondary antibody, which binds species specific to the primary
antibody. The detection antibody is directly conjugated to a reporter (fluorophore, biotin,
enzymes) for quantification. In consequence of increasing antigen concentrations, the
amount of bound detection antibody increases, as well as the signal intensity. The
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concentration of analytes in the sample is therefore proportional to the signal intensity
(Sittampalam et al., 2016).
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Figure 10: Direct, sandwich competitive and binding inhibition immunoassay formats with
corresponding calibration curves are shown (1 and 2). Direct and sandwich formats show a
direct proportional relationship of analyte concentration and signal (1), and competitive and
binding inhibition formats an inversely proportional analyte-signal correlation (2) (Cox, 2012).

In the competitive format, defined amounts of antibody are immobilized. They capture added
labeled or unlabeled analytes from the sample. The analytes compete with each other for
binding to the limited binding sites. In case of less unlabeled analytes in a sample, a high

amount of labeled analytes bind to the antibody and results in high signal intensities (See:
Figure 10 (2)) (Sittampalam et al., 2016).

In binding inhibition assays the analytes are immobilized on the surface, whereas labeled
detection antibodies, first incubated with analytes in the sample, are applied on the

immobilized probes. The more analyte in the sample the less antibodies are free to bind to
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the immobilized probes. As a result, signals generated via binding of labeled molecules are

inversely proportional to the analyte concentration (See: Figure 10, (2)) (Sauer et al., 2011).

The binding inhibition and competitive formats are frequently applied for the determination of
high abundance proteins, as they show less assay sensitivity compared to a sandwich
format. In addition they are performed for small molecules (<10kDa) assays due to less
binding sites on the molecule, steric hindrance for antibodies and antibody availability (Ekins,
1987; Self et al., 2013; Slagle and Ghosn, 1996). Different assay formats can be perfectly
combined on one chip for instance for the detection of low and high abundant proteins
(Sauer et al., 2011).

1.3.2. Protein microarrays — from fabrication to analysis

From the fabrication to the analysis of a protein microarray, five main steps are involved:
surface functionalization, probe immobilization, assay or chip processing, detection of targets
and the data analysis (See: Figure 11). In order to get protein microarrays with a high
sensitivity and specificity, each of these steps has to be optimized. The following chapters

(1.3.3 — 1.3.10) explain more in detail which techniques are applied for the whole procedure.
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Figure 11: Scheme of the five main steps of a protein microarray. From fabrication to analysis.
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1.3.3. Surface functionalization and strategies for probe immobilization

To ensure activity and proper orientation of the probes on surfaces, an efficient
immobilization strategy is important. In order to achieve a good assay performance, the
accessibility of binding sites of the probes in their conserved native structure is crucial
(Rusmini et al., 2007). To fulfill the requirements, several immobilization strategies were
employed: physical (adsorption, electrostatic), affinity- and covalent- binding. Which one to
choose depends on chemical and structural properties of the probe molecule and required

orientation and density of the probes on substrates (Rusmini et al., 2007).

The functionality of a substrate can be established by coating with reactive polymers or direct
activation of the substrate. Coatings of reactive polymers can be applied with several
techniques such as dip-coating and spin-coating. The functionalization of the substrate
decides about the binding strength of the probe to the surface. It is further important to gain
an optimized density of functional groups for the immobilization of an adequate amount of
probes with a good accessibility to the target, whereas low non-specific binding is required
(Choi and Lee, 2011).

Glasses, plastics and metals are the most frequently applied substrates. Glass such as
borosilicate, soda-lime or quartz, are chemical resistant, thermally stable, and show a low

autofluorescence, which is important when working with fluorescence (Tao et al., 2007).

Electrostatic immobilization and adsorption belong to the group of physical immobilization
techniques, which are based on intermolecular interactions of proteins with the surface such
as electrostatic forces and hydrophobic or polar interactions (Rusmini et al., 2007). Physical
immobilization is frequently applied for ELISA, western blot and protein microarray methods
due to its simple implementation. In protein microarrays physical adsorption is especially
used for the immobilization of large proteins. Nitrocellulose (Stillman and Tonkinson, 2000),
poly-L-lysine (Haab et al., 2001) or hydrogels (Wang et al., 2002; Xu and Lam, 2003) are
often used for this immobilization technique. Physically immobilized molecules are randomly
or statistically oriented on the surface. Physically adsorbed molecules often suffer from weak
binding and therefore an easy detachment from surfaces and finally a decrease in signal
intensity (Liddel, 2005; Sutandy et al., 2013). Especially adsorption of molecules in randomly
orientation can result in blocked binding sites or denaturation of proteins, due to hydrophobic

interaction and loss of biological functionality (Gong and Grainger, 2007).

Immobilization of molecules using affinity is a chemically mild and reversible process
especially for sensitive proteins such as receptors, and molecules are highly oriented. In
nature the strongest affine and high resistant binding known is biotin-streptavidin with a KD
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of 10 M™ and therefore often used in protein arrays (Narang et al., 1997). For instance
(strept-)avidin is coated on the substrate, while biotin is conjugated to the recognition
element/probe. Immobilization takes place after applying the probe complex on the substrate
by interaction of biotin and streptavidin. Protein A and G (Anderson et al., 1997), chelators,
calixarenes and DNA directed orientation and immobilization of molecules are other options
(Xu and Lam, 2003).

Covalent immobilization of molecules to surfaces via binding between accessible side groups
of amino acids of proteins and the functional groups presented at the surface. Table 5 shows
the variety of functional groups, when dealing with proteins and their appropriate reaction
partner. Glutaraldehyde- and epoxy- functionalized substrates are highly reactive against
amines and form strong and stable bonds over wide temperature- and pH-ranges (Huy et al.,
2011; Mateo et al., 2000a). Furthermore, epoxy reacts with sulfhydryl- and hydroxyl-groups.
Its binding to the functional amino acids groups influences minimal the chemical structure of
proteins (Mateo et al., 2000b). Covalent immobilized molecules are statistically oriented and
can be even partly controlled by considering the surface pKa, the isoelectric point of proteins
and the pH of the immobilization buffer (Hernandez and Fernandez-Lafuente, 2011). This
immobilization strategy is preferentially used for small molecules and peptide microarrays
(Xu and Lam, 2003).

Table 5: Functional groups of amino acids with interaction partner for probe immobilization
(Rusmini et al., 2007).

Functional groups of amino acids Surface functionalization
Amines-NH2 Epoxy

Carboxylic acid

Aldehyde

Active ester (NHS)

Sylthydryl-SH Maleimide
Epoxy

Carboxyl-COOH Amine

Hydroxyl-OH Epoxy

1.3.4. Immobilization of small molecules

There are a number of strategies for the immobilization of small molecules on solid supports
such as glass. Low molecular weight probes are frequently conjugated to large
macromolecules for instance bovine serum albumin (BSA) (Sun et al, 2009),

oligonucleotides (Zuo and Ye, 2008), polypeptides (Baltzer, 2011) or polymer dendrimers
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(Heegaard et al.,, 2009) to increase the access to the small molecule for the detection

molecule by surface area enlargement.

In addition, molecules can be direct covalently bound to the surfaces via functional moieties.
To conjugate the molecules to their carrier, functional groups such as amine (-NH,), carboxyl
(-COOH), sulfhydryl (-SH) or carbonyl (-CHO) are required (Kéhn et al., 2003).

The coupling between large proteins and small molecules is frequently mediated by
crosslinkers. 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) is one of
the most frequently used. It forms active intermediates with COOH-groups and
spontaneously reacts in a second step with primary amines. It is water soluble, which allows
direct bioconjugation without preliminary organic solvent dissolution (Kluger and Alagic,
2004; Thermo Fischer, 2009). The choice of an efficient cross-linker is important due to its
influence on the final binding behavior. There is a variety of cross-linkers on the market, with
different spacer arm lengths or functional end groups (Kluger and Alagic, 2004). However,
the choice is limited for small molecules with few functional groups especially molecules
containing only hydroxyl- and hydrocarbyl-groups such as estradiol or bisphenol A.
Annunziato et al., (1993) conjugated small molecules such as estradiol and progesterone to
proteins using the heterobifunctional cross-linker p-maleimidophenyl isocyanate (PMPI).
PMPI connects hydroxyl-containing molecules such as haptens via isocyanate groups to
proteins with its sulfhydryl-reacting maleimide group. In addition hydrogels were used for the
immobilization of small molecules such polyethylene glycol (PEG) with active esters for the

immobilization or sol-gel (Ahn et al., 2012; Marsden et al., 2009).

1.3.5. Probe printing techniques

Protein microarray probes are transferred onto solid surfaces such as glass, plastic or metal
by printing. The printing techniques are generally divided in non-contact and contact
methods. Printing has to guarantee the transfer of hundreds of probes in pico- to nanoliter
volumes onto the substrate with high reproducibility (Kricka et al., 2006).

Inkjet printing, aerosol jet printing, electro-hydrodynamic jet printing and dispensing printing
belong to the group of non-contact printing techniques (Shin et al., 2015). These techniques
are used for a variety of materials to replace expensive photolithographic processes or as
non-surface-destructive technique for printing of sensitive molecules. A widely used printing
method for delivery of biological molecules or cells is the piezoelectric inkjet printing
technique. Droplets getting ejected through an applied current on a piezo element, which
flexes and forces a droplet from a liquid reservoir out of a nozzle (Shin et al., 2015) (See:
Figure 12A). These nozzles are most often made of glass or ceramic with different coatings,
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to adapt to each probe viscosity or chemical properties of solutions. This printing type needs
complex equipment and prints with high precision in micrometer range (5-150 pM), it is
independent of surface material characteristics and most suitable for hydrogel and

nitrocellulose surfaces (Ru et al., 2014a).

In contrast, contact printing deposits the probes on the substrate by direct contact. For this
technique pins made of metal or silicon are used. The pins can be solid and require re-
dipping after each print. Quilt and split pins contain a small probe reservoir allowing the
deposition of several spots without re-dipping, whereas the pin determines spot volume and
size (See: Figure 12 B). The split makes them also more susceptible for clogging. Between
50 um and 500 pm spots can be printed with this technique by using smaller volumes than
the non-contact printers. The spot size depends on the wettability of the surface, the print
buffer composition, printing humidity and of course the size of the pin itself (Austin and
Holway, 2011).
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Figure 12: Principles of non-contact and contact printing. Non-contact printers dispense the
probes without contact to the surface using nozzles. The dispensing of the probe is supported
by a piezoelement contained in the nozzle (A). Contact printers despose the probe via contact
to the surface using solid, split or quilled pins (B) (Austin and Holway, 2011; Ru et al., 2014b).
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In consequence of a large surface-to-volume ratio, evaporation occurs during printing which
influences the stability and activity of proteins by changes in concentration or pH (Wu and
Grainger, 2006). In order to protect and stabilize the proteins on the chip, different print buffer
compositions were developed. Components such as trehalose, sucrose or glycerol are
hydroxylated and are therefore able to increase the stability of proteins by building of
hydrogen bonds with water molecules (Lee and Kim, 2002). Detergents such as Tween 20,
CHAPS or sodium deoxycholate are added in the print solution to avoid protein aggregation
and to minimize denaturation or prohibit intermolecular interactions and enhance wetting of
the chip surface (Choi et al., 2007; Domnanich et al., 2009).

1.3.6. Recognition elements — The capture molecules in immunoassays

Classic biological recognition elements such as antibodies, aptamers, proteins, peptides and
small organic molecules, but also synthesized biomimetic probes such as molecularly
imprinted polymers (MIPs) are used for the specific recognition of analytes in immunoassays
(Hoff et al., 2010; Kricka et al., 2006; Menger et al., 2016; Rusmini et al., 2007; Witt et al.,
2015). The decision for a recognition element depends on the research question and also on

the availability on the market.

1.3.6.1. Antibodies

Antibodies, also known as immunoglobulins (lg), are 150 kDa Y-shaped glycoproteins
produced by immune cells as key proteins within the immune response of the body (Liddel,
2005).

They belong to the immunoglobulin superfamily and are made of structural units consisting of
two large heavy and two small light chains (See: Figure 13). Due to their type of heavy chain,
they define five different fragment constant (Fc) regions and therefore five isotypes in
mammals. The main mammal isotypes are IgA, IgD, IGE, IgG and IgM with different
locations and roles within the immune response (Maverakis et al., 2015). The structure of the
different antibodies is quite similar. A small region of the light chains at the Y-tip is very

variable, allowing millions of different antibodies to exist.

Antibodies recognize specific sequences of molecules, named the antigen, via their fragment
antigen binding (Fab) region. The Fab region contains a paratope at each end of the y-
shaped protein, which specifically recognizes and binds a particular epitope of the antigen
(Schroeder and Cavacini, 2010). Due to their high affinity and specificity, they are applied as

recognition elements in analytical methods such as enzyme linked immunosorbent assay
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(ELISA) or protein microarray, in which monoclonal, polyclonal antibodies or antibody

fragments are used (Leca-Bouvier and Blum, 2005).
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Figure 13: Structure of an IgG antibody. In general antibody monomers are divided into a Fab
(fragment antigen binding) (orange) region with antigen binding sites and FC (fragment,
crystallizable) region (blue) for cell interactions. They build of heavy (blue) and light (orange)
chains, whereas the heavy chain defines the antibody class. Both consist of a variable (upper
part) and a constant region (Schroeder and Cavacini, 2010).

The communication of the antibody with other immune cells is mediated via the Fc region,
which is located at the base of the antibodies. The Fc region binds to specific Fc receptors
on for instance immune cells, which are mediated by the glycan structure within the Fc region
(Maverakis et al., 2015). The ability of binding to a specific receptor leads to a specific
immune response. IgGs are the most common immunoglobulins in the body. They are highly
abundant after immunization, have target affinities in the lower nM range and are very stable
within the isolation and purification process. IgGs can bind two identical antigens to their two
paratopes (Liddel, 2005).

Antibodies arrive via immunization of animals by an injected immunogen. Size and nature of

the immunogen, exposure time and the recognition by the host as external molecule affect
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the immunogenicity. Most potent immunogens are proteins and polysaccharides. Proteins
with a molecular mass of 2000 g/mol or bigger are immunogenic, while smaller molecules,
the haptens, have to be conjugated to carriers such as bovine serum albumin (BSA).
Antigen-specific antibodies will then be produced by B-cells and secreted in the blood
stream. The antibodies are afterwards isolated from the serum and purified mainly with
Protein A or G (Liddel, 2005) .

Polyclonal antibodies derive from a heterogeneous mixture of antibodies, the polyclonal
antisera, with varying binding affinities, specificities and isotopes. They recognize not only
the epitopes of the immunogen, but also foreign matter. Polyclonal antibodies are fast and
inexpensive to produce, whereas the purity of the immunogen and the purification of the

serum influence the specificity of them (Liddel, 2005).

Monoclonal antibodies are produced by fusion of isolated B-cells from the spleen of an
immunized animal and immortal myeloma cells, a technique developed by Kdhler and
Milstein (1975). As a result hybrid cells, the so called hybridomas are generated which have
the ability to produce and secrete highly specific antibodies. After cultivation, the antibodies
are obtained from the cell supernatant and can be further purified using the technique
mentioned earlier. Due to their high specificity, monoclonal antibodies are usually preferred

for immunoassays (Liddel, 2005).

1.3.6.2. Recognition via small organic molecules

Small organic molecules with a low molecular weight such as hormones, pharmaceuticals or
toxins are not used very frequently as recognition elements for analytical protein arrays. They
have typical lower binding affinities compared to the already mentioned capture elements,
the antibodies. These low molecular weight molecules are normally more often implemented
in functional assays to study molecule-protein interactions or drug target identification
(Uttamchandani et al., 2005).

However, existing immunoassays for small molecules detection, especially estrogenic active
substances such as bisphenol A (BPA), nonylphenol and atrazine are commonly based on
competitive, binding inhibition or direct assay formats and are frequently applied for food or

environmental samples (Feng et al., 2009; Ju et al., 2011; Lu et al., 2012).

1.3.6.3. Bisphenol A as recognition element

The organic synthetic compound bisphenol A (4,4'-(propane-2,2-diyl)diphenol, BPA) is a
228.29 g/mol big molecule and belongs to the group dimethylmethane derivates and

bisphenols. It contains two hydroxyphenyl groups (See: Figure 5, Page 17) and is soluble in
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organic solvents and less in water. BPA is used as a plasticizer for polycarbonate and epoxy
resins and can be found in customer products such as water bottles, CDs, sports equipment
or as coatings in cans containing food or beverages. Heat treatment of especially food or
beverage packing material can result in leaching of BPA into the food or beverages (Geens
et al., 2012). BPA attracted the attention, because of its estrogen-mimicking characteristics.
It can bind to the estrogen receptor, due to structural similarities to estrogen and disrupt the
function of the natural hormone (Vandenberg et al., 2009). It affects thyroid, pancreas,
immune system, reproductive tract and brain function and is associated with diseases such
as obesity, diabetes, cardiovascular dysfunction as well as with hepatotoxicity and
neurotoxicity (Rubin, 2011). The reference dose, a recommended benchmark for BPA uptake
per day and kilogram body mass is 0.005 mg. This level of exposure was defined by the
European Food Safety Authority (EFSA, 2014) as dose without adverse health risks (Sun et
al., 2016).

Due to its estrogenic and health affecting properties, several analytical methods for the
detection of BPA in food and environmental samples have been developed for instance
chemical-based and biologically-molecule based sensors (Ragavan et al., 2013). Especially
a number of immunoassay techniques (e.g. ELISA and immunochromatographic assays)
were applied because of high specificity and sensitivity, simple sample preparations and the
possibility for high throughput (Sun et al., 2016).

Existing immunoassay techniques for the detection of low molecular weight molecules such
as BPA and other EDCs are mainly based on competitive formats, because of low amounts
of epitopes compared to macromolecules. This assay format is based on antigen or antibody
based immobilization on a solid surface. The antigen is commonly immobilized hapten-
protein complex. Large proteins such as BSA and ovalbumin (OVA) are conjugated to the
hapten to ensure better epitope presentation at the surface and prevent sterically hindrance
(See: Table 6) (Feng et al., 2009; Lu et al., 2012). Feng et al., (2009) could show that they
achieved better assay performance with direct immobilization of the Bisphenol A derivate
4,4-bis(4-hydroxyphenyl) valeric acid compared to the hapten-protein conjugates. They
concluded that conformational changes of the protein resulted in lower sensitivities (Feng et
al., 2009).

Conjugation can be a very expensive process and parts of the hapten-protein conjugate can
cross-react with the antibodies used in the assay, due to similarities in the antibody
production, what lead to false positive results(Tijssen, 1985; Van Weemen and Schuurs,
1975).However, recently Ahn et al., (2012) used sol-gel for the immobilization of BPA on a

solid surface and verified it by specifically interaction with a labeled aptamer.
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Table 6: Overview of indirect competitive ELISAs for the detection of bisphenol A with
immobilized conjugates, LODs and detection range of the assay (indirect refers to detection via
primary and secondary antibody).

Immobilization of BPA LOD Detection range Reference/
[ng/mL] [ng/mL] Company
BPA (not specified) 10 1000-10 (Antibodies-online, n.d.)
4,4-bis (4-hydroxy phenyl) 0.27 157.60 -2.30 (Feng et al., 2009)
valeric acid
BPA-valerate-BSA conjugate 0.10 10-0.1 (Lu et al., 2012)
BPA-acetate-BSA

1.3.7. Sample preparation, calibration and matrix effects

Several analytical techniques require sample preparation such as purification, filtration, and
concentration of analytes especially for food or environmental matrices. Depending on the
matrix, protein microarray sample preparation can be avoided or reduced even by for
instance dilution with assay buffer (Sauer et al., 2012).

Serial dilutions of analytes, with a known dilution factor are the basis for the quantification of
the analyte in the unknown sample. By this the generation of an external calibration curve
can be performed, where the curve shows the relationship between signal and concentration
of the analyte. Assays based on ligand binding are often described by a nonlinear correlation
using a 4-Parameter-Logistic-Fit, which results in a sigmoidal shape of the calibration curve

(Findlay and Dillard, 2007). The following equation describes the 4-Parameter—Logistic-Fit:

A-D
Y=D+ =

1+(z)

The Y displays the signal, D and A the signals for lower and upper plateau, B the slope
factor, X the concentration and C the inflection point described as half maximal effective
concentration (EC)50 or inhibitory concentration (IC)50 (See: Figure 14).
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Figure 14: Sigmoidal calibration curve using the 4-parameter logistic fit is shown. Here the
curve of a sandwich immunoassay is pictured and is characterized by a positive correlation
between fluorescence signal and concentration (Davies, 2013).

For complex matrices such as blood, plasma, salvia and tissue extracts, this calibration type
can be inaccurate due to effects appearing by the matrix (Skoog et al., 2007; Wood, 1991).
These so called matrix effects are caused by changes of antibody binding, extent of non-
specific binding or alterations of analyte concentration (Davies, 2013). Sources of
interference for tissue and cell culture based application involve: enzymes, denatured analyte
and medium components. However, in immunoassays impurities of detergents in assay
buffers as well as buffer additives such as proteins may also show unwanted interferences
on the assay performance (Wood, 1991).

1.3.8. Parameters for evaluation of assay performance

The evaluation of assay performance under different conditions can be determined by
different parameters and calculated via a calibration curve and raw data. Coefficient of
variation (CV), recovery rates, limit of detection (LOD), limit of quantification (LOQ) and
cross-reactivity are common parameters used for that (See: Table 7) (Armbruster and Pry,
2008; Davies, 2013).

The calculation of CVs and recovery rates assess assay precision and accuracy, whereas
precision is interpreted as inter-assay repeatability and accuracy as inner-assay recovery of
a reference standard (See: Figure 15). Recovery rates are obtained by quantification with
calibration curves and should be in a range of 70-130% (Sittampalam et al., 2016).
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Table 7: Parameter for the evaluation of assay performance with description and equations
(Armbruster and Pry, 2008; Davies, 2013).

Assay Evaluation Description Equations
parameter
LOD Analytical Lowest analyte LLOD=mean blank+(3xSD)
/LLOD Sensitivity concentration to reliably
/Detection Limit distinguish from blank
values
LOQ/LLOQ | Functional Lowest analyte LLOQ=mean blank+(10xSD)
Sensitivity/ concentration for
Quantification reliable quantification
Limit
Recovery | Accuracy Spiked concentration vs. | gyRecovery=C2ibrated Concentration, )
measured values Nominal Concentration
CcvVv Precision Reproducibility %CV=—2me" 100
mean signal
Cross- Selectivity Distinguish between % cross-reactivity=
reactivity analytes Concentration of analyte
. 00
Concentration of cross—reactant

LOD and LOQ describe analytical and functional sensitivity of an immunoassay. The LOD is

the lowest concentration measured that can be reliably distinguished from a blank signal and

the LOQ the lowest concentration that can be reliably quantified. They are calculated via the

mean of signals measured from blank value and its standard deviation.
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Figure 15: Accuracy versus precision. Accuracy describes how close the measured value to
the spiked value is. Precision how reducible the measurement is. Pictured adapted from
https://apchemcyhs.wikispaces.com.
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Another important parameter in the evaluation of immunoassays is the cross-reactivity of
antibodies interacting with other molecules then the analytes due to structure similarities. It
characterizes the selectivity of an assay and can be examined and expressed in different
ways. One method for determining the cross-reactivity is spiking of structure related
molecules in the chosen matrix containing the analyte and measuring the binding to both,
capture and detection antibody. The binding of the cross-reactant can interfere therefore in a
positive way, resulting in increase or in a negative way by a decrease of signal (See: Figure
16). However the cross-reactivity can vary over the concentration range of an assay. This
can be seen especially for polyclonal antibodies (Davies, 2013).

Saturating cross-reactant Presence of
concentrations cross-reactant
Binding to Binding to .
capture antibody detectionantibody Binding to both

1 2 3

Detection antibody i 4

A
Cross-reactant W A &

Capture antibody g ) ¢ | ) 4 )

Signal Signal Signal

Figure 16: Ways of cross-reactivity in sandwich immunoassays. 1) Binding of cross-reactant to
capture antibody blocks detection antibody binding. Decrease of signal intensities. 2) Binding
of cross-reactant to the detection antibody blocks binding to endogenous analyte on capture
antibody which result in a decrease of signal intensities. 3) Binding of cross-reactant to
capture and detection antibody shows an increase of signal intensities.

1.3.9. Sensing methods

The interaction of antibody-antigen complexes can be measured via label-free or label
based techniques. They differ in sensitivity, applicability, costs and instrumental equipment
(Syahir et al., 2015).

A label describes a molecule which depending on the detection method, is reversibly or
irreversibly conjugated to the sensing molecule for detection of molecular interaction or
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presence. Prominent representatives for label containing methods are: fluorescence,
colorimetry, chemiluminescence or radioactivity. Labeled especially optical methods are
commonly used for protein microarrays, because there are more suitable for high throughput

and more sensitive (Syahir et al., 2015).

Label-free sensing methods measure molecular biophysical properties for instance molecular
weight or refractive index. Surface plasmon resonances (SPR), quartz crystal microbalances
(QCM) or microcantilevers are frequently used. Furthermore label-free techniques are
applied for real time monitoring of binding events or molecular kinetics and provide therefore
additional information compared to the labeling. However they are described to be less
sensitive or specific (Ray et al., 2010) and to some extent not suitable for high throughput
(Syahir et al., 2015).

1.3.9.1. Label-based techniques: Fluorescence

Fluorescence is the most frequently used detection method in the field of microarrays. The
labels for fluorescence detection are fluorophores, quantum dots or fluorescent proteins such
as the green fluorescent protein (GFP) and its derivatives. They can be attached to the
detection element in a direct or indirect way. Direct labeling refers to the covalent conjugation
of the label to the antibody. Indirect labeling techniques using a tag on the antibody such as
biotin, which mediates the interaction with the streptavidin conjugated fluorophores
(Giepmans et al., 2006). Fluorescent labels are stable, easily to manipulate and ensure good

sensitivity and resolution (De Silva et al., 1997).

Fluorescence, a subtype from luminescence occurs when an atom or molecule adsorbs light
with a specific wavelength and emits it with a longer wavelength. Through the absorption of
photons, an electron of the molecule gets promoted from the ground state (S,) to a singlet
short-lived (fluorescence: 10°-10”s) excited state (S,). While returning of the excited electron
to the ground state, it emits a photon of lower energy. The electron loses energy due to
vibrational relaxation under excited conditions (See: Figure 17A). Therefore the emission of
the photon corresponds to longer wavelengths and lower energy levels compared to the
adsorbed one. The shift to longer wavelengths is defined as Stokes shift (See: Figure 17B),
larger shifts result in better distinction of the peaks (Jabtonski, 1933; Williams and Bridges,
1964).
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Figure 17: Jablonski diagram ((Jabtonski, 1933) picture adapeted) of fluorescence pictures the
shift of an electron from the ground to an excited state due to absorption. The electron loses
energy due to vibrational relaxation in the excited state and returns back to the ground state.
There it emits photons (Fluorescence) with lower energy and longer wavelengths (A). The shift
is called Stokes shift (B).

The emission efficiency of a fluorescent molecule is the quantum yield (®). It is defined as
ratio of emitted to adsorbed photons and can give therefore additional information about the
fluorophore brightness and the efficiencies about energy transfer processes (Wirth et al.,
2013). A spectrum of fluorophores from blue-violet to infrared wavelengths is commercially
available. The specific excitation and emission wavelengths are molecule or atom
dependent. Fluorescent molecules are normally conjugated systems. In protein microarrays
organic fluorescent probes such as the sulfoindocyanines Cy3 (Lamda (N)ex 552 nm/ Aem 570;
@ = 0.15) and Cy5 (Aex 650 Nm/ Aey, 670; @ = 0.28) are preferred due to their high stability
over pH ranges and their biocompatibility, but suffer from photobleaching and quenching

(Delon et al., 2010; Ekins and Chu, 1991).

Modulation of fluorescence emission occurs due to various factors like pH, specific chemical
environments and temperature. This modulation process is called quenching. It is
characterized as static and dynamic quenching. Static quenching describes the reaction of a
fluorophore and a quencher to a non-fluorescent complex. Dynamic quenching refers to the
interaction of the fluorophore such as collisions with other atoms in the excited state. Next to
guenching, also photobleaching can influence the fluorescence by irreversible destruction of
the fluorescent probe. It is caused for instance by too high or long excitation times. In protein
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microarrays quenching can be triggered by short-range interactions of fluorophores, due to

too high densities of fluorescent labels (Ogawa et al., 2009).

1.3.10. Readout and image analysis of protein microarrays

There are several readout devices, the so called microarray readers from different
companies commercially available, such as the GenePix™ 4000 B array scanner from Axon

Instruments or the confocal laser scanner LS100 from the Tecan Group Ltd..

There are either confocal and non-confocal scanners or imagers such as CCD cameras. In
general, scanners contain one or more lasers for different excitation wavelengths and
sequential or simultaneous dual-fluorophore scanning. Furthermore these scanners consist
of an optical system with objective and detector lenses and mirrors for high quality imaging,
appropriate emission filters for particular fluorophores and a photo multiplier tube (PMT) as a
detector for conversion of optical to electrical signals and for amplification of the signal (See:
Figure 18) (Cheung et al., 1999; Dixon and Damaskinos, 2001).
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Figure 18: Principles of confocal (right) and non-confocal (left) laser designs. Confocal
systems reject sighals from out of plane, whereas non-confocal all signals get captured.
Therefore non-confocal images contain more information from outside the focus plane. Picture
adapted from (Core Life Science, 2012).
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The advantage of confocal scanning is the reduction of out-of-focus fluorescent light through
a pinhole, which results in an increase of the optical resolution and the contrast of images.
However, the correct plane of focus may be difficult to find. Only thin focal depths can be
reached with confocal scanners, which limit the light collection. In non-confocal scanning, all
photons get captured. The entire sample gets irradiated evenly with light and excited at the
same time, which result in high signal quality and good signals. However it also creates
background noise in the image of the array. Since, specifically and un-specifically bound
molecules are in one plane, confocal detection within microarray readout is not necessary
(Cheung et al., 1999).

After readout, the generated images get analyzed by image analysis software, such as
GenePix® (Axon Instruments, Inc., CA, United States). Via alignment and segmentation of
each spot in the array, the spot location, the quality (flags), the spot intensity as well as the
background intensity can be numerically determined (See: Figure 19). For the alignment,
GenePix® Array List (GAL) files are used which contain printing parameters and probe
positions. The obtained raw data are further analyzed with statistical software (Diez et al.,
2012; Inc, 2010).
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Figure 19: Alignment and spot segmentation of a protein microarray using GenePix®. Each
spot can be evaluated with different flags (white surroundings, stripes or crosses). Flags
decsribe the quality (presence, absence, bad) of the spot signal and are consequently used for
analysis.
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1.4. Cell assays- in vitro test systems predicting human toxicology

The importance of in vitro toxicity test systems increased over the last decades, especially to
reduce and replace in vivo methods (McKim Jr., 2010). In vitro cell based methods were first
limited to genotoxic properties of a substance and were further expanded to in vitro
screening tools for the early assessment of potential hazardous chemicals or drugs, affecting
several specific biological functions in cell and in tissue culture. The culturing of cells arriving

from different organs is the most frequent method in toxicology (Ekwall et al., 1990).

General toxicity studies which focus on the determination of the biological activity of
xenobiotica such as viability, proliferation and cytosolic enzyme release can be executed with
a broad range of cells (e.g. HelLa, fibroblasts, hepatoma cells). Specialized cells are
recommended when organ-specific effects are tested (e.g. substances with effect on
adipocytes differentiation, hepatocytes for liver metabolism, macrophages phagocytosis)
(Ekwall et al., 1990).

Primary cells are freshly isolated cells for instance from sections or surgeries. Primary cells
offer properties which are close to original tissue and in general more sensitive to toxic
effects by substances, due to adaption on culture conditions. However they are more
heterogeneous compared to cell lines, have a short lifespan, are more susceptible to
contamination and it is difficult to obtain reproducibility, but they should be applied when cell
lines are not available. In contrast to primary cells, cell lines such as cancer cell lines are
spontaneously or specifically immortalized for permanent passaging. Cell lines are more
standardized, well characterized, easy to cultivate and homogenous what results in higher
reproducibility. Through the high number of passages cell lines can differ strongly from the
original tissue, due to genotypic and phenotypic changes. However, which cell culturing

model to apply depends on the specific scientific question (Pan et al., 2009; Roggen, 2011).

A lot of in vitro test systems used for toxicological hazard assessment are tests for the acute
toxicity, so the adverse effect arriving by single or multiple exposures to a substance in a
short period. A prominent cell based method to evaluate acute toxicology is the
measurement of cytotoxicity. Measurements of cytotoxicity can give additional information
about membrane integrity, cell metabolism, ATP content, cell number or cell proliferation
depending on the technique used. These test systems are recommended as pre-screening
tools for the determination of initial doses for reduction of the number of animals taken in in
vivo experiments (NAS, 2015).

However, monoculture assays show limitations in the determination of bioacculmulation,
adsorption, distribution, metabolism and excretion (ADME). They give no information about
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developmental stages or cannot show tissue specific effects when they rely on transfected
receptors. Actually a test battery of multiple cells types, co- and 3D cultures with the priority
on primary cell lines are needed to replace or reduce in vivo experiments (Roggen, 2011,
Schug et al., 2013).

1.4.1. Proliferation assays

There are several methods predicting cell viability, such as protease activity, detection of
ATP content and metabolic salt reduction. These assays are used to screen for cytotoxic
effects of compounds, effects on the proliferation and the viability of cells. The reduction of
salts for instance tetrazolium and resazurin as well as the measurement of protease activity
display cell metabolism or the activity of enzymes for estimation of cell viability and

proliferation (Riss et al., 2013).

This chapter will focus especially on proliferation assays based on metabolic resazurin
reduction and its advantages and disadvantages compared to the related and commonly

used tetrazolium assays.

The 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazolium bromide (MTT) assay was a long
time the state of art within cell proliferation and cytotoxicity assays. However, due to several
drawbacks such as cell death caused by the intracellular formed formazan crystals, cell lysis
and dissolving of the formazan crystals before measurements, new reagents or tetrazolium
salt derivates (e.g. WST, XXT, MTS) were applied (Prébst et al., 2017).

The blue non-fluorescent redox indicator resazurin (7-hydroxy-10-oxidophenoxazin-10-ium-3-
one), also known as, Almar blue, Vybrant or UptiBlue is cell membrane permeable and gets
intracellularly reduced to the pink colored and red fluorescent resorufin. The conversion to
resorufin by the mitochondrial NADH/NADPH dehydrogenase requires the reductants NADH
or NADPH (See: Figure 20). Compared to tetrazolium salt assays which allow only less
sensitive colorimetric detection, resazurin assays enable additional fluorescence
measurements at 560 nm excitation and 590 nm emission wavelengths using a conventional

plate reader (Vega-Avila and Pugsley, 2011).

In general, resazurin based assays are easy to perform, inexpensive, suitable for high
throughput, applied for cells growing in suspension, adherent cells and 3D cell culture and
show low inter-well variability (Prébst et al., 2017; Squatrito et al., 1995; Uzarski et al., 2017).
Furthermore resazurin was described being nontoxic and does not destroy the cells to
receive results, as in all other tetrazolium variants (O’Brien et al., 2000; Prabst et al., 2017;

Vega-Avila and Pugsley, 2011). This enables a reuse of the cells and therefore in addition
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simultaneously measurements of other cell parameters (Prabst et al., 2017). However,
Squatrito et al., (1995) reported that incubation times over several days were cytotoxic for

ovarian cancer cells.

Through its solubility in physiological buffers, this reagent is more suitable for cell
experiments compared to the often used tetrazolium salt based MTT assay. MTT has to be
solved in organic solutions such as dimethyl sulfoxide (DMSO) and can affect therefore the
cells (Vega-Avila and Pugsley, 2011). However, new derivates of the MTT salt such as XXT,
MTS or WST are water soluble but need extra electron carriers for their reduction due to their
large cell impermeability (Prébst et al., 2017). Resazurin assays show higher sensitivity than
the similar reported tetrazolium based variants. Already 50 cells per well can be detected
using resazurin. In order to generate distinguishable signals, the stain has to incubate one to
four hours in the cell medium (Niles et al., 2008). The sensitivity is depending on the
metabolic activity of the cell type and experimental parameter (e.g. pH, resazurin
concentration, temperature) (Prabst et al., 2017) . The generated signal is proportional to the
number of viable cells, whereas dead cells are not able to convert it any longer. The reduced
form of resazurin stays up to ten days very stable in CO, buffered cell medium (O’Brien et al.,
2000), and little concentrations are needed to obtain detectable signals compared to other
related methods (Vega-Avila and Pugsley, 2011).
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Figure 20: Intracellular reduction of the sodium salt resazurin to resofurin and finally
hydroresofurin. Picture adapted and changed from Gier et al., (2017).
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Resofurin can be further reduced to the colorless non-fluorescent and toxic hydroresofurin,
which leads to false negative results. In order to avoid over-reduction of the substance, the
reduction rate of the cells should be controlled and stain concentration and incubation time
have to be optimized for experimental conditions (O’Brien et al., 2000; Prabst et al., 2017).
Furthermore cross-reactivity of resazurin with test compounds, especially direct effects on
the fluorescent signal was reported, which can result in overestimation of survival or
underestimation of toxicity. Therefore it was recommended to add the stain after the

incubation with a test substance (O’Brien et al., 2000).

1.4.2. Cell culture media

Human or animals cells can be cultured in naturally biological fluids such as plasma or
artificial basal media (Dulbecco’s Minimum Essential Medium (DMEM), Roswell Park
Memorial Institute (RPMI) medium) supplemented with cell type specific growth factors. The
usage of natural media results often in poor reproducibility, because of unknown or different
media compositions. Artificial media containing nutrients, salts, O, and CO, gas phases,
serum proteins, carbohydrates and other cofactors in different specified amounts to maintain
survival, growth and specialized functions of the cells (Arora, 2013; Kerbel and Blakeslee,
2006).

Artificial media can be divided into four groups: i) Serum containing media, ii) serum-free
media, iii) chemically defined media and iii) protein-free media. Serum containing and serum-

free media are the most frequently applied media (Arora, 2013).

The addition of serum mostly from animals such as fetal bovine serum (FBS) in media is very
common for cell culture applications. The serum contains chelators or carriers for nutrients,
hormones, protease inhibitors and growth factors for optimal culture conditions. Depending

on the type of cells, 5-20% serum in the media is used (Arora, 2013).

However, the components of serum are very complex, undefined and show lot-to-lot
differences (See: Table 8). To avoid the disadvantages such as misinterpretations of cell
studies for hormone active substances of serum containing media, several serum-free media
were developed. These media are cell type specific formulated with defined amounts of
different purified growth factors like the epidermal growth factor (EGF) and fibroblast growth
factor (FGF), lipoproteins, attachment factors and other supplements normally provided by

the serum (Barnes and Sato, 1980a).

Commonly commercially available media contain the pH-indicator phenol red for

continuously surveillance of the pH in the medium during cell growth. Due to differences in
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pH in the medium, the color can change from yellow for low acidic pH to lilac for high basic
pH. However, the optimum for cell growth, pH 7.4 is appearing in red. There are
disadvantages using phenol red in the cell culture: i) it is known to act as a weak estrogen
active substance, what makes it unsuitable for experiments with hormone sensitive cells
such as MCF-7 (Berthois et al., 1986), ii) it can interfere the sodium-potassium homeostasis

in serum-free media and 3) it affects flow cytometric detection (Arora, 2013).

The choice of the right cell culture medium and its composition is very important for the
optimal growth of cells and for successful cell culture experiments. Its composition has to be

experimental determined for each cell type (Arora, 2013).

Table 8: Advantages and disadvantages of serum-supplemented cell culture (Arora, 2013).

Advantages serum supplemented Disadvantages serum supplemented media
media
Variation of growth factors, nutrients and Lot-to-lot composition differences

co factors for optimal cell growth

Cell attachment factors (e.g. fibronectin) Lot-to-lot testing to ensure same quality
Spreading factor Possibly contains inhibition factors for growth
Buffering agent Risk of contamination

Binding and transport proteins Interference of purification and isolation of

secreted proteins

Decrease damage by mechanical Contents (e.g. hormones) interfere in cell

perturbation through viscosity studies

1.5. Microfluidics

Microfluidics is a multidisciplinary research area involving chemistry, physics, biotechnology,
biochemistry, engineering and nanotechnology and already exists since the early nineties.
The main idea of microfluidics is to implement several analysis tools in one chip, which
require normally an entire lab and therefore it refers to micro total analysis systems (UTAS)
or lab-on-a-chip (LoC) technologies (Manz et al., 1990; Reyes et al., 2002; Sackmann et al.,

2014). The basis of microfluidics is the manipulation of fluidics in volume ranges from micro-
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to femtoliter in chips containing micrometer-sized channels (Whitesides, 2006). The
fundamental physics of fluidics at the microscale differ from the macroscale. For example,
gravity forces are strongly reduced at microscale whereas surface tension, fluidic resistance
and capillary forces dominate. A very important parameter is the flow regime in micro
channels (Beebe et al., 2002). The flow regime of a fluidic in a channel is defined by the
Reynolds number and can be either laminar or turbulent. The Reynolds number, a
dimensionless quantity, is the ratio of inertial- to viscous forces and defined by the following

equation:

where:
p = fluid density [kg/m3]
v = velocity [m/s]
L= the characteristic dimension [m]
= dynamic viscosity [Pa/s or Ns/m? or kg/ms]

v = kinematic viscosity [m?/s].

Reynolds humbers lower than 2000 indicate laminar flow and above 3000 turbulent flow. The
laminar flow dominates in microfluidic systems, due to micrometer dimensions of the
channels and is characterized by mass transport via diffusion due to no convective mixing
(Sackmann et al., 2014).

1.5.1. Materials for microfluidic cell culture applications

Common materials used to produce microfluidic devices are categorized into three groups:
polymers, inorganic materials (glass, silicon, ceramic) and paper. Polymers are further
subdivided into thermal or UV curable thermosets and thermoformable materials (Roy et al.,
2016). All materials mentioned below are biocompatible and so far used for cell culture
applications. The choice of the most suitable substrate is always depending on the
respective application or method used (Halldorsson et al., 2015; Paul M. van Midwoud et al.,
2012).

Within the thermal curable polymers, polydimethylsiloxane (PDMS) is the most used one. It is
biocompatible, transparent, elastic, gas permeable, easy to use for fast fabrication of high
numbers of chips at low costs (Whitesides, 2006). However this material ages which limits its

performance over years. It is not compatible with a number of organic solvents, it recovers
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hydrophaobicity, un-crosslinked oligomers can leach out and it can adsorb small hydrophobic
molecules and water vapor which can be released during experiments and makes this
material inapplicable for some applications (Berthier et al., 2012; J. N. Lee et al., 2003;
Regehr et al., 2009; Toepke and Beebe, 2006). Modifications of PDMS with paraffin waxes,
parlyene or glass coatings can enable adsorption of molecules and increase chemical
resistance (Abate et al., 2008; Berthier et al., 2012; Regehr et al., 2009; Ren et al., 2010).

The negative epoxy-based photoresist SU-8 is mostly applied for making molds, but
additionally taken as adhesive and cell growth platform (Nemani et al.,, 2013; Yu et al.,
2006a). It becomes a very mechanically, chemical and thermally stable material after UV
exposure due to the very strong binding of the epoxy group network. However it is a quite

brittle material once it is cured and so hard to handle and transfer (Roy et al., 2016).

Rolland et al.,(2004) developed a UV curable perfluoropolyether (PFPE) with low toxicity, low
surface energy and high chemical resistance. This long-term stable perfluorinated polymer is
oleophobic as well as hydrophobic and highly inert. PFPE microfluidic devices can be easily
produced by photolithography (Roy et al., 2016). Schulte et al., (2010) additional showed that

PFPE is a suitable material for cell culture and tissue engineering.

Polystyrene (PS), polymethylmethacrylate (PMMA) and polycarbonate (PC) belong to the
thermoformable polymers and are increasingly used for microfluidic applications as well as
for conventional cell culture dishes (PS/PC). They are especially used when rigidity or
thermal resistance are required. These polymers are moldable after heating and therefore
also recyclable, deformable and offer optical transparency (Roy et al.,, 2016). However
bioactive compounds can leach out of the materials and strongly effect experimental
outcomes (Grzeskowiak and Gerke, 2015; Watson et al., 2009) by for instance inhibition of

human enzymes as shown by McDonald et al., (2008).

Silicon, one of the first materials used for microfluidic applications, is thermal conductive, not
transparent and solvent compatible. In contrast to silicon, glass is additionally chemically
inert, hydrophilic, high-pressure resistant, has a superior optical transparency and allows
sufficient coatings. Its properties make it the most appropriate material for many applications
(Hou et al., 2017). Besides this the introduction of valves is difficult to achieve in glass
devices, when compared with materials such as PDMS (Ren et al., 2013; Sackmann et al.,
2014). The raw material of glass is rather high cost than the other materials and the chip

production is time-consuming (Ren et al., 2013; Sackmann et al., 2014).

One of the cheapest materials used in microfluidics is paper. It provides advantages such as

its thinness, lightweight, it is easy to manipulate and to transport, but it is difficult to introduce
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channel patterns, applicable detection methods are limited to the matrix properties and it is

not suitable for large sample volumes (Akyazi et al., 2018).

1.5.2. Microfluidic device fabrication methods

Several techniques are applied for the production of microfluidic devices like soft lithography,
micromachining (laser based techniques, etching, micromilling) injection molding, hot
embossing, and the quite new and still progressing technique 3D-printing. Each technique
shows limitations and advantages over the other. The choice of the appropriate fabrication
method depends on the subsequent application and the material used (Beebe et al., 2002;
Chen et al.,, 2016; Faustino et al., 2016). Table 9 shows an overview of the fabrication

methods and suitable materials for each technique.

Table 9: Microfluidic device fabrication methods with appropriate materials for each technique
(Beebe et al., 2002; Chen et al., 2016; Faustino et al., 2016).

Fabrication Method Materials
Micromachining
Mechanical: e.g. micromilling Ceramics, metals, silicon, polymers
Ablation: e.g. laser based techniques | Ceramics, polymers, glass
Dissolution: etching Glass, quartz silicon, ceramics, polymers
Soft Lithography UV- and thermo-curable polymers
Hot embossing Thermoformable polymers
Injection molding Thermoformable polymers
3D-printing Thermoformable polymers

However, one of the most prominent and common used method is soft lithography, due to
fast and inexpensive fabrication of devices. Soft Lithography was developed in the year 1974
at Bell Labs is based on molding of soft materials such as the two-part polymer PDMS
(elastomer and curing agent) from photolithographic masters. In general, it was used to
pattern surfaces by elastomeric stamps (micro-contact printing) or fabrication microstructures
by molding or embossing (Abdelgawad et al., 2008; Beebe et al., 2002; Faustino et al., 2016;
McDonald and Whitesides, 2002).
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Typically it refers to master production by photolithography and replication molding using
PDMS (Beebe et al., 2002; Duffy et al., 1998; Wolfe and Whitesides, 2005). The master is
produced by spin-coating of photoresist onto a glass wafer. Most commonly layers of the
negative photoresist SU-8 are applied for PDMS applications (Del Campo and Greiner,
2007). Channels and other structures are introduced by UV exposure of the master using a
mask containing the desired structures. As a consequence of the UV treatment the exposed
parts get cross-linked, whereas the rest remains soluble and will be washed away while
developing (Duffy et al., 1998). The resolution of the structures is dependent on the mask

and can reach nanometer ranges (Faustino et al., 2016; McDonald and Whitesides, 2002).

Figure 21 pictures a typical microfluidic device production process using PDMS. Liquid
PDMS is cast onto a master and cured by heat. The PDMS replicas are easily to remove
from the master and can be bond to each other or materials such as glass by plasma
treatment. Soft lithography is described as more suitable technique for most biological
applications compared to micromachining. However, the mold production usual needs
cleanroom facilities and can be quite cost intensive (Beebe et al., 2002; Faustino et al., 2016;
Whitesides et al., 2001).

Silicon wafer Photoresist (e.g. SU-8)

_— —

Adding of mask

Photoresist spin coating

Mask

Silicon wafer

/ PDMS / PDMS

—_—
Pouring and curing Peel off PDMS
of PDMS \

Microstructures
Master

Figure 21: Scheme of production of a microfluidic device out of PDMS using soft-lithography.
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Glass microfluidic devices are fabricated by micromachining techniques such as wet etching,
laser based techniques or micromilling. These techniques are costly and require specialized
skills and equipment but providing higher precision compared to other techniques (Faustino
et al., 2016). Especially hard materials such as glass, silicon, metals and stiff polymers are

used within micromachining (Faustino et al., 2016; lliescu et al., 2012).

To pattern the substrate, photolithography in combination with etching (wet or dry) or laser
ablation is used. Frequently borosilicate or soda lime glasses are applied. The production of
a glass device requires a photolithographic mask, which is coated with for instance a
chromium layer to enhance the adhesion and gold or an alternative photoresist such as AZ®.
Due to UV-exposure, the positive photoresists form indene carboxylic acid at the exposed
parts which can be washed away by alkaline solutions within the development (See: Figure
22) (lliescu et al., 2012; Leester-Schadel et al., 2016; Lin et al., 2001).
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and softbake and hard bake
/ i
— Holedriling — Cleaning — Alignmentand prebonding —* Fusion bonding
cover glass with heat and pressure

Figure 22: Production process of microfluidic devices made of glass using a positive
photoresist, wet etching and fusion bonding.

In order to introduce structures in the glass surface, the developed wafers get etched.
Pattering by wet etching is isotropic and commonly done with hydrofluoric (HF) solutions.
Depending on the glass composition used, the etching behavior differs (C. lliescu et al.,
2008). Especially glasses with high oxide content affect the etching process through reaction
with HF to insoluble products such as CaO, MgO, and Al,O3. However, HCL or HsPO, can be
added to the etching solution to remove them (Berthold et al., 2002; lliescu et al., 2005).
Additional, the etch rate differs with the glass composition (for Corning 7740 around 8

pm/min) and can be increased by heat, ultrasonic agitation or by annealing of the wafers and
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reduced by dilution of the HF solution (Williams et al., 2003). Dry etching is used, when
anisotropic etching profiles are needed. Compared to wet etching, dry etching is slower with
etching rates of 0.5-0.7 pm/min (lliescu et al., 2012). Laser ablation (with e.g. high-intensity
femtosecond laser) describes the removal of the material based on absorption of photons,
which is depending on the material specific wavelength. For this method pulse duration and
energy, as well as translation speed, and repetition rate are relevant parameters. They can
affect the quality of the generated structures (Giridhar et al., 2004; Leester-Schéadel et al.,
2016; Sugioka and Cheng, 2011; Tiggelaar et al., 2007).

Glass slides can be bonded via directly (fusion and plasma activated bonding) or indirectly
via aniodic and adhesive bonding (e.g. SU-8, parlyene), whereas direct bonding is more
advantageous due to the compatibility for medical and chemical application without

influences of other substances (lliescu et al., 2012; Leester-Schéadel et al., 2016).

For the direct bonding the glass surface has to be very clean. The bonding process is based
on intermolecular interactions. In order to bind glass with glass the substrates have to be
aligned and pre-bond. The pre-bonding is reversible and is based on Van der Waals forces
and the binding of OH-groups. The glass substrates become irreversible bonded after
application of heat (above 800 °C for BOROFLOAT® 644 (Jellema et al., 2009)) and
pressure under formation of silicon-silicon and silicon- oxygen bonds (Leester-Schadel et al.,
2016).

1.5.3. 3D cell culture

Compared to the conventional 2D monolayer cell culture, 3D cell culture pictures better the
morphological and functional properties of real tissues. In vivo, cells interact in a complex
network with neighboring cells and with components of the extracellular matrix (ECM) via
chemical and mechanical signals. These interactions are important for normal cell
functionality, while cells grown in 2D cultures can lose tissue-specific properties (Pampaloni
et al., 2007).

In the last decades numerous 3D cell culture models have been develop to overcome the
disadvantages of 2D cell based assays and reduce therefore the number and costs of animal
experiments within drug screening processes. One of the most frequently applied 3D Model
in biomedical research is a freshly dissected tissue explant from animals, which is
maintained in vitro. However, its acquisition is difficult and ethical approval is needed for
removal and use. The specimen samples are several millimeter in size, which influences
strongly the mass and gas transport to the center of the tissue and results in a transitory
nature of them. As alternative to tissue explants, simple to prepare 3D culture models can be
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used with tissue dimensions of 100-500 um to improve mass and gas transport (Lin and
Chang, 2008; Pampaloni et al., 2007). Several mammalian cells are able to self-assemble
into 3D multicellular spheroids (MCS) through culturing in suspension or on non-adhesive
surfaces, which was first demonstrated by Holtfreter, (1944) and Moscona and Moscona,
(1952).

The spheroid formation was described by Lin and Chang, (2008) for hepatoma cells as a
three-step process (See: Figure 23) and can be further applied to other cell types. A rapid
aggregation of cells via integrin-ECM binding to form loose cell aggregates is the initial step.
The second phase, the delay phase, is characterized by an increased E-cadherin expression
and accumulation. The cell adhesion molecules bind to each other in the last phase with the

result of tightly bonded cells and compact MCSs (Lin et al., 2006).

Formation of Delay period/ Formation of
loose cellaggregates E-cadherin accumulation compact spheroids

E-Cadherin

Figure 23: Spheroid formation process proceeds in three steps (Lin and Chang, 2008).

A MCS shows similar properties as avascular cell tissue. The bigger the dimensions, the
more the diffusion for many molecules is limited. The inefficient transport of nutrients and O,
results in accumulation of metabolic waste in the MCSs. MCSs with diameters above 200-
500 pm are characterized by layer-like structures (See: Figure 24). The center is composed
of a necrotic core surrounded by a layer of viable quiescent cells, which is in turn surrounded

by a layer of proliferating cells (Alvarez-Pérez et al., 2005; Moshksayan et al., 2018).

Droplets of 15-30 uL volume with a density of approximately 300-3000 cells are mostly used.

Depending on the cell type used, the MSC formation can differ. Some cells only form loose
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aggregates. Therefore medium components such as collagen and fibronectin can be used to

improve and strengthen the MSC formation (Lin and Chang, 2008).

Spheroid section

‘ Proliferating zone

Quiescient viable
cell zone

0,, nutrients,
growth factors

‘ Necrotic core ‘

Figure 24: Microenvironments inside a spheroid according Lin and Chang, (2008). The layer
like structure results in insufficient transport of CO, and waste out of the MCS and an
inadequate supply of O, nutrients and growth factors.

Once formed, the MCSs are used in cancer research as avascular tumor models for the
determination of metastasis and invasion processes or for dose-response studies. Through
the 3D assembly viability and functional performance can increase, what makes them also

ideal for tissue reconstruction (Achilli et al., 2012).

1.5.4. Microfluidic spheroid culture

The implementation of microfluidic techniques revolutionized 3D cell culture, which is
frequently used for biomedical applications such as drug discovery and development,
toxicity, protein studies or tissue engineering (Gupta et al., 2016). The flexibility in the
production of micro-fabricated structures or devices allows mimicking microenvironments
close to in vivo conditions by microscale dimensions equals the human body and creates the
possibility to supply chemical gradients. In addition, gas permeable materials are used to
support cell growth and proliferation. The possibility of microscale device production and the

integration of several techniques in one chip lead to a high automatization of lab applications
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from controlled cell seeding to continuously medium perfusion, sampling and finally direct

real-time, on-chip analysis (Gupta et al., 2016; Halldorsson et al., 2015).

Different methods for the generation of microfluidic multi-cellular spheroids have been
developed over the years. All of them own advantages and disadvantages with respect to
production, cellular physiology and application field (Achilli et al., 2012; Cui et al., 2017; Lin
and Chang, 2008). General criteria for selection of the most suitable method were described
by Lin and Chang, (2008) and include: "production efficiency, MSC size uniformity, possible
damage or influences on cellular physiology, convenience and suitability for subsequent
applications”, being the prevention of cell adhesion to the culture substrate as the main
requirement. In general, microfluidic 3D cell generation platforms are categorized by the
substrate used for production such as glass/silicon-based, polymer-based and paper based
systems (Gupta et al., 2016). However, developed microfluidic spheroid culture techniques
are grouped in structure-, physical- and chemical-based generation techniques, such as
microwell structures, emulsions, gravity, rotation, digital microfluidics and porous
membranes, whereas microwell structures are the commonest used (See: Table 10)
(Moshksayan et al., 2018).

The frequently applied microwell technique utilizes U-, concave- or flat-shaped geometries to
enable single and compact spheroid generation of uniform size in a short period
(Moshksayan et al.,, 2018) with exception for flat bottom wells (Ruppen et al.,, 2014).
Therefore cells get trapped out of the cell suspension in these structures. Cells, which do not
got trapped, are rinsed out of the chip to avoid clogging (Chen et al., 2015; Lei et al., 2013;
Patra et al., 2016). Micro molding or soft lithography can be used to produce microstructures
with defined forms and dimensions from non-adhesive materials such as polyethylene glycol
(PEG) or PDMS (Gupta et al., 2016; Moshksayan et al., 2018). This technique provides
simple and easy to use platforms (Anada et al., 2012; Fukuda and Nakazawa, 2005;
Okuyama et al., 2010).

Droplet flow generators are used within the emulsion approach. The technique provides a
high throughput generation of uniform sized cell droplets with frequencies of 50 droplets per
second, but long formation times (Kim et al., 2011; Moshksayan et al., 2018; Tomasi et al.,
2013). Droplet generation frequency and diameter can be adjusted by the flow rate. Different
liquids are applied for the cell encapsulation such as cell suspension in oil emulsion and cell-
hydrogel (e.g. collagen, alginate) solution in oil (Hong et al., 2012; Sabhachandani et al.,
2016; Schmitz et al., 2009; Wang and Wang, 2014; Yoon et al., 2013). Hydrogels create a
protect zone for the encapsulated cells against shear stress. Generated cell containing

droplets are trapped in microwells for spheroid formation under medium supplementation.
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The trapping process was reported to be insufficient, as only half of the generated droplets

were caught and they coalesced and clogged the channels (Moshksayan et al., 2018).

In addition, porous non-adhesive membranes in microfluidic devices were applied for the
generation of spheroids in mono- and co-cultures (Hsiao et al., 2009; Kuo et al., 2012). The
membranes are positioned between two channels and the introduced cells self-assemble to
spheroids through the non-adhesive nature of the membrane. The spheroid size can be
controlled by adjustment of the channel size or their geometry. However, generated

spheroids vary in size (Torisawa et al., 2007).

The technique for the fastest formation of spheroids is the micro rotation flow method.
Therefore, cells rotate in a cylindrical micro chamber with two tangential positioned in- and
outlets to mediated the formation of spheroids within 120 seconds, but with high size
variations (Ota et al., 2011).

The hanging drop method is based on spheroid formation by gravity in a medium droplet on
the bottom edge of a microwell (Frey et al., 2014). In comparison to the mentioned
techniques the hanging drop method shows the smallest size distribution with short spheroid
formation times (Moshksayan et al., 2018). In addition, it is more sufficient for high
throughput screenings than the other methods mentioned (Frey et al., 2014; Moshksayan et
al., 2018; Wu et al., 2016).

The state of the art technique is digital microfluidics. Pico- to microliter droplets are handled
by magnetic fields, electrostatic forces or optical actuation with negligible consequences on
the viability, morphology and gene expression of cells (Abdelgawad and Wheeler, 2009; Au
et al., 2014; Bogojevic et al., 2012; Choi et al., 2012; Garcia et al., 2007; Yoon et al., 2013).
However, this technique suffers from evaporation, discontinuous perfusion, complexity in

control and fabrication as well as in biofouling (Choi et al., 2012; Ng et al., 2015).

In general, the growth of spheroids larger than 300-500 um in diameter over long periods is
limited by insufficient oxygen and nutrient supply to the center of the spheroid, which
subsequently influences experimental outcomes (Inamdar and Borenstein, 2011; Wan et al.,
2016). The implementation of micro-bioreactors or perifusion chambers with automated
oxygen-triggered feedback loops or gas permeable membranes for spheroids as well as
tissue culture improved the oxygen supply and therefore decreased the necrotic core. This
enabled culturing of spheroids up to 17 days and spheroid sizes of 600 um (Anada et al.,
2012; Cui et al., 2007; Van Midwoud et al., 2010; Volkmer et al., 2012; Wan et al., 2016).
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Table 10: Microfluidic spheroid culture techniques (Achilli et al., 2012; Cui et al., 2017; Lin and

Chang, 2008).

Generation method

Advantages

Disadvantages

Microwells

(U-, concave-, flat-bottom)

Simple to perform
Well-controlled spheroid size
Designed aggregate
geometry

Co-cultures

Limitation for high throughput
Trapping efficiency depending on
configuration of microwells

Spheroid escape off the wells

Emulsion based

Well-controlled spheroid size
High throughput droplet
formation

Long formation times
Partly gelation necessary
Clogging at low flow rates
Droplet coalescence

Droplet anchorage insufficient

Porous membranes

Well-controlled spheroid size
Good cell trapping
Enable biological studies

Co-cultures

Treatment of membranes

Size variation of spheroids

Micro rotation

Fast spheroid formation

Variation in size and shape

Large volume flow rates

Hanging drop

Simple to perform
Well-controlled spheroid size
Fast spheroid formation

High reproducibility
Controlled environment
Co-cultures

Easy to trace spheroid
assembly

High throughput

High evaporation

Digital microfluidics

No valves or pumps
Droplet merging, mixing
Dilutions

Biofouling
Evaporation
Discontinuous flow

Complex fabrication and control

After formation, spheroids are analyzed on- or off-chip. Frequently used methods are the
microscopy techniques such as confocal or fluorescence for the discrimination of death or
viable cells by cell stains and for the evaluation of spheroid morphology and size. In addition,
the collected cell supernatant is used for the evaluation of metabolic activity after treatment
using colorimetry or luminescence based assays and measured in plate readers. Image
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processing software (e.g. ImageJ) can be used for size measurements and evaluation of
viable and death cells (Moshksayan et al., 2018). The size and shape of spheroids can be
described by different parameters such as diameter, circularity, roundness, aspect ratio or
volume (Aijian and Garrell, 2015; Chen et al., 2014; Frey et al., 2014; Takashimizu and
liyoshi, 2016).

1.5.5. The hanging drop method

The hanging drop method was first established for the cultivation of embryoid bodies and is
based on spheroid formation by gravity and surface tension in a medium droplet deposited at
the bottom of a culture dish. The gravity pushes the cells to the bottom of the droplet and
single MCSs are formed in each droplet at the liquid-air interface, reaching 100% size
reproducibility (Gupta et al.,, 2016; Kelm et al.,, 2003). Hanging drop devices without
microfluidic liquid support are limited by lab intensive exchange of cell medium from each
droplet. The change of the medium is difficult and can affect the spheroid formation (de Groot
et al., 2016). Channel-well networks, on the other hand, enable automatized cell perfusion
and high throughput organoid culture without effects on its formation (Wu et al., 2016).
Furthermore, they offer access on spheroids with the focus on further sampling due to the
open network. Spheroids can be transferred by pipettes or by surface tension via contact to a
flat surface for further analysis (Frey et al., 2014). Besides that, these platforms can be used
to control cell co-cultures in their chip allowing screening of tissue—tissue interactions (Frey
et al., 2014).

Frey et al., (2014) were the first, who developed a microfluidic supported hanging drop
network made of PDMS and glass with an integrated concentration generator suitable for
high throughput screening of spheroids up to 300 uM in diameter after drug exposure. This
network contains 4 parallel positioned rows of channels where up to 6 droplet wells are
connected in series via one open-bottom channel to the inlet and outlet. Through that design,
they were able to prevent cell adhesion and avoid bubble formation. Nevertheless, this
design is limited by droplet radii, channel resistance and mechanical perturbations (Frey et
al.,, 2014). Later also Wu et al.,, (2016) and Saeed R Yazdi et al.,, (2015) presented
interconnected droplet networks, which differ in design, well number and perfusion type (See:
Table 11).

Materials used for hanging drop devices are polystyrene, glass with or without coatings and
PDMS, whereas the latter predominates (See: Table 11). Perfusion of the droplet was
applied by pressure driven, pneumatically driven, surface tension driven, hydrostatic
pressure driven flow and by capillary forces (Aijian and Garrell, 2015; de Groot et al., 2016;

Frey et al., 2014; Wu et al., 2016; Saeed R Yazdi et al., 2015). Depending on the way of
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perfusion and the channel-well design chosen, the droplet volumes and flow rates vary.

Systems with single channel-well designs are capable of working with volumes up to 60 pL

per well and flow rates of 1 mL/min compared to channel-well networks with volumes
between 0.26 to 14 L per well and 0.8-5 puL/min (See: Table 11) (de Groot et al., 2016; Frey
et al., 2014; Wu et al., 2016). Due to lower droplet volumes, the shear stress, provided by the

medium perfusion at the spheroid, is higher and limits thereby the flow rate (Frey et al.,

2014).

Table 11: Overview of microfluidic hanging drop platforms and their characteristics.

Material No. Well Channel Perfusion Single | Flow rate Ref
droplet | diameter design drop
well [mm] volume
[HL]
PDMS-glass | 224 35 Serial Pressure 14 1-5puL (Frey et
driven min * al., 2014)
PDMS 10 3.5 Serial in a | Pneumatically | 14 ~0.8-2.2 (Saeed
loop driven uL min ' | Rismani
Yazdi et
al., 2015)
PDMS-glass | 72 1 Serial Hydrostatic ~0.26 2147 N/m? | (Wu et
pressure al., 2016)
Glass- =8 25 Single Capillary 7-55 100-115 (Aijian
silicone- wells forces VpAC/ and
coating 18.5 kHz Garrell,
2015)
Polystyrene | 8 4.25 (4) Well pairs | Surface ~60 1 mL min—- | (de
tension driven ! Groot et
al., 2016)
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2. Aim of the thesis

The main aim of the work herein was to develop high throughput tools for detecting and
analysing EDCs and its action in environmental samples with a special focus on estrogen

active substances. The following steps are included in the thesis:

- the establishment of serum-free MCF-7 cell culture as a central part of the

tool. Analysing the effects of hormone active substances asks for a hormone

free environment.

- the integration and establishment of a_ proliferation assay based on

metabolically conversion of resazurin for the discrimination of agonistic and
antagonistic_action at the estrogen receptor. Due to agonistic action MCF-7

cells proliferate, whereas antagonistic action blocks this response.

- the development of a protein microarray for the detection of biomarkers

secreted by MCE-7 cells challenged with EDCs. We hypothesized that, distinct
secretion patterns of a set of biomolecules result from exposure of the cells to

estrogen receptor agonists and antagonists reflecting their mode of action.

- the investigation of bisphenol A immobilization for on-chip EDC detection in

applied samples within a binding inhibition format as an additional screening

tool for the platform.

- the production and establishment of a microfluidic glass hanging drop device

for the generation of multicellular spheroids. 3D cell culture creates conditions

closer to in vivo and the hanging drop method may be ensures unigue sized

spheroids. The device material glass was chosen to provide an inert cell

culture material, which do not suffer from leaching of substances in the cell

culture or from adsorption of test substances into the platform and finally do

not manipulate the assay outcomes.

- the development of open glass-coated microfluidic spheroid perifusion

chambers, for continuously nutrient and oxygen supply and long-term growth

of larger spheroids. The chambers will serve as an experimental platform for

proliferation assays and shall be directly coupled to the protein microarray to
quantify the secreted proteins, based on fluorescence detection using plate

readers or microscopes.
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3. Materials and Methods

3.1. Cell culture

3.1.1. Cell line and conventional cell culture conditions

The hormone sensitive breast cancer cell line MCF-7 (HTB-22) was obtained from American
Type Culture Collection (ATCC, Manassas, VA, USA). The cells were cultivated routinely in
low glucose Dulbecco’s modified Eagle’s Medium (DMEM) (Sigma Aldrich, St. Louis, MO,
USA) supplemented with 10% heat inactivated fetal bovine serum (FBS), 1% non-essential
amino acids (NEAA), 2 mM L-glutamine and 1% penicillin/streptomycin (Gibco® Thermo
Fischer Scientific, Waltham, MA, USA) at 37 °C, 5% CO, and a humidity of 95% (Incubator:
Memmert, Schwabach, Germany) in cell culture flasks (Falcon® Corning Inc., Corning, NY,
USA).

Cells were grown for five days to 80% confluence and trypsinated by a 10% dilution of a
0.5% trypsinethylenediaminetetraacetic acid (EDTA) mixture (Gibco® Thermo Fischer
Scientific, Waltham, MA, USA) in phosphate buffered saline (PBS) without magnesium and
calcium (Sigma Aldrich, St. Louis, MO, USA).

After detaching, cells were stained with Trypan blue (Gibco® Thermo Fischer Scientific,
Waltham, MA, USA) and counted in Blrker-Turk-counting chambers (Paul Marienfeld GmbH
& Co. KG, Lauda Koénigshofen, Germany) using an inverted Bresser light microscope
(Bresser GmbH, Rhede, Germany) for experiments and passaging. The total amount of the

cells was calculated with the following quotation:

total cell number =

cell mean (4 counting quadrates) X 10* x dilution factor x volume medium [mL]

3.1.2. Serum-free cell culture conditions

MCF-7 cells were seeded on collagen | (10 pg/cm?2) coated surfaces (See: Chapter 3.2.1.)
and cultured in phenol-red free Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12
(DMEM/F-12) medium (Thermo Fisher Scientific(Gibco®), Waltham, MA, USA)) containing
15 mM Hepes, L-glutamine, 0.03% (v/v) insulin/transferrin/selenite (ITS) (Thermo Fisher
Scientific(Gibco®), Waltham, MA, USA), 1% penicillin/streptomycin and 10 mg/mL Bovine
Serum Albumin Fraction V (7.5% solution) (BSA) (Thermo Fisher Scientific(Gibco®),
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Waltham, MA, USA)) at 37 °C, 5% CO, and a humidity of 95%. The medium was changed
every day.

3.1.3. Collagen coating for serum-free cell culture

A 4.55 mg/mL collagen type | solution (Sigma Aldrich, St. Louis, MO, USA) was diluted in
autoclaved MilliQ water and coated in a density of 10 pg/cm? in cell culture dishes and
incubated for two hours under sterile conditions. The coating concentrations were calculated
using following equations (Freshney, 2010):

Growth area [cm?] x collagen density on surface [pug/cm?]

Conc. coll luti L] =
one. collagen solution [ug/uL] volume of collagen solution [uL]

m
collagen weight [mg] = Volume [mL] x conc. collagen solution [m—f]

weight collagen [mg]

1 k soluti L] =
volume stock solution [mL] stock conc. collagen [mg/mL]

After discarding of the solution, the dishes were dried and sterilized overnight by UV-light in

the cell culture hood. The coated dishes were stored at 4 °C until usage.

3.1.4. Growth curve

1x10* or 5x10* cells per well were seeded in 48-well Nunclon Surface plates (Nalgene®
NUNC™, Rochester, New York, USA) with three replicates per condition. Cells were cultured
over seven days in DMEM with10% FBS and the phenol-red free DMEM/F-12 and counted
every day. Image acquisition was made with a Bresser MikroCam 1.3 camera (Bresser,
Rhede, Germany) using the software MicroCamLab7 under an inverted microscope (Bresser,
Rhede, Germany). Mean and standard deviation of the cell humbers were calculated in
Excel. Graphs were designed with Graph Pad Prism 5.0. The doubling times of the cells in

the exponential growth phase were calculated with the following equations:

N(t)
In|—%
growth rate (gr [h]) = (tIEl—h(]O))
oubling time [h] = o]

where:

N(t) = the number of cells at time t; N(0) = the number of cells at time 0
gr = growth rate; t = time [h].
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3.1.5. Culture conditions for biomarker secretion and proliferations assays

5x10* cells per well were seeded in Costar® cell culture plates, 96 well, flat bottom (Corning
Incorporated, Corning, NY, USA). MCF-7 cells were cultured on the first day in 200 uL
DMEM with 10% FBS (Supplements see: 3.1.) at 37 °C, 95% humidity and 5% CO,, allowing
them to attach for 24 hours. After 24 hours, the medium was changed to DMEM/F-12
(Supplements see: 3.2.). The next day, the medium was changed again to DMEM/F-12
without insulin with 5.5 pg/mL transferrin (Thermo Fischer Scientific, Waltham, MA), 5 ng/mL
sodium selenite (Sigma- Aldrich, St. Louis, MO), 10 mg/mL BSA solution and 1% pen/strep
to enhance the proliferative response (Payne et al., 2000) and for cell acclimatization in the
serum-free environment. Before changing to the new medium, the cells were washed with
300 uL PBS (-Ca/-Mg). Method according Gier et al., (2017).

3.1.6. Cell treatment for biomarker and proliferation assays

The cells were treated after 72 hours with 1 nM R-estradiol, 1 nM tamoxifen, 10 nM
fulvestrant, 1 uM nonylphenol, 1 uM bisphenol A (BPA) and 1 uM genistein (Sigma- Aldrich,
St. Louis, MO, USA) in 200 uL DMEM/F-12 without insulin for 48 hours. Half of the cells were
stimulated by 10 ng/mL human recombinant IL-1[3 (eBioscience, San Diego, CA, USA). After
48 hours, 200 uL supernatant was removed and transferred into 96 well plates for
centrifugation at 0.3 (x 1000) rpm for 1 minute. While processing of the protein microarray
the supernatants were stored on ice. The solvents of the test substances dimethyl sulfoxide
(DMSO) (Sigma- Aldrich, St. Louis, MO, USA) or 99.9% ethanol absolute (EtOH) (EmsureR
Merck Millipore, Darmstadt, Germany) were sterilized and used in a final concentration of
0.1% in the assay. Cells were washed with 300 yL PBS (-Mg/-Ca) before application of the

resazurin solution. Method according to Gier et al., (2017).

3.2. Proliferation assay

1x10* or 5x10* MCF-7 cells were seeded per well in Nunclon surface microtiter plates with
200 pL medium. After cell acclimatization, cells were challenged according to chapter 3.1.6..
for 48 hours. The supernatant was removed and cell layers were washed with 300 uL of PBS
(-Mg/-Ca). 200 pL DMEM/F-12 medium containing resazurin (Sigma- Aldrich, St. Louis, MO,
USA) in a final concentration of 120 pM was applied per well, including resazurin blank
controls and incubated for 4 hours. The plates were covered with aluminum foil for the
incubation at 37 °C, 5% CO,, and 95% humidity. 150 yL of the solution was removed for
each treatment and transferred into white Falcon™ White Opaque 96 Well Tissue Culture

Plates (Corning, Corning, NY, USA) plates. The readout were made at Aex= 560 nm and
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Aem= 590 nm on a Synergy HTX plate reader (BioTek Instruments Inc., Vermont, USA).
Method according to Gier et al., (2017).

3.2.1. Standard curve and single cell density proliferation assay

For the generation of the standard curves, cell densities of 200, 400, 800, 1600, 3200, 6400,
12800, 25600, 51200, 102400, 204800 cells per well and for the single cell density, cell
densities of 100, 200, 400, 800, 1600, 3200, 6400, 12800, 25600, 51200, 102400, 204800
cells per well with three replicates for each density were seeded in 200 yL DMEM with 10%
FBS or DMEM/F-12 in a 96-well plate. Cell attachment was performed at 37°C, 95% humidity
and 5% CO, overnight. Afterwards the supernatant was removed and cell layers were
washed with 300 uL of PBS (-Mg/-Ca). 200 uyL DMEM/F-12 or DMEM with 10% FBS
containing 120 UM resazurin was applied at per well, including resazurin controls (without
cells) and incubated for 3, 4, 5 and 6 hours for the standard curves and for the single cell
density. The plates were incubated for 0-6 hours (37°C, 95% humidity and 5% CO,). After
each hour, 150 uL of the solution was removed for each treatment and transferred into white
Falcon™ White Opaque 96 Well Tissue Culture Plates (Corning, Corning, NY, USA) plates.
The readout were made at Aex= 560 nm and Aem= 590 nm on a Synergy HTX plate reader
(BioTek Instruments Inc., Vermont, USA). LOD-, LOQ- values and recovery rates were

calculated according to chapter 3.5..

3.2.2. Proliferative response to estradiol treatment

1x10* or 5x10* MCF-7 cells were seeded per well in 200 L DMEM with 10% FBS. After 24
hours, the medium was changed to DMEM/F-12 with insulin, followed by a second change
after additional 24 hours to DMEM/F-12. The second change was only applied for insulin
lacking conditions. For the evaluation of the incubation time under estradiol lacking
conditions, cells were treated immediately after seeding or after 48 hours with 1 pM to 100
UM estradiol (10-times dilution steps), in 200 uL DMEM/F-12 without insulin for 48 hours. For
the comparison under insulin lacking conditions, the control medium contained insulin and
the cells were treated with the before mentioned concentrations of estradiol 72 hours after
seeding for 48 hours. The supernatant was removed and cell layers were washed with 300
uL of PBS (-Mg/-Ca). 200 uL DMEM/F-12 medium containing resazurin (Sigma- Aldrich, St.
Louis, MO, USA) in a final concentration of 120 uM was applied per well, including resazurin
blank controls and incubated for 4 hours. The plates were covered with aluminum foil for the
incubation at 37 °C, 5% CO, and 95% humidity. 150 L of the solution was removed for each
treatment and transferred into white Falcon™ White Opaque 96 Well Tissue Culture Plates
(Corning, Corning, NY, USA) plates. The readout were made at Aex= 560 nm and Aem= 590
nm on a Synergy HTX plate reader (BioTek Instruments Inc., Vermont, USA).
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3.2.3. Statistical analysis proliferation assay

The fluorescence signals measured in the proliferation assays were subtracted by the
average of the intensities of the resazurin control and plotted as mean with SEM. The
fluorescence intensity values of the proliferation assay were baseline corrected to the
estradiol treatment and medium control (C0). The bar graphs and curves were set up with
Graph Pad Prism 5.0.. The data of the solvent experiment were log transformed (Y=Log(Y)).
Test for normal distribution was made with the Kolmogorov-Smirnov test. Statistical
significance against the medium control was tested with one way ANOVA and Bonferroni

multiple comparison test (alpha=0.05).

3.3. Protein microarray: materials and reagents

As platform for protein immobilization, the proprietary ARChip Epoxy (Preininger et al., 2004)

was applied. All materials and reagents according Gier et al., (2017) (See: Table 12 and 13).

Table 12: Reagents with provider used in the protein microarray.

Reagent Company

Anti-human IL-6 (MQ2-13A5) eBioscience (San Diego, CA, USA)
Recombinant IL-6 protein eBioscience (San Diego, CA, USA)
Biotinylated anti-human IL-6 (MQ2-39C3) eBioscience (San Diego, CA, USA)
Anti-human MCP-1 (5D3-F7) eBioscience (San Diego, CA, USA)
Recombinant MCP-1 eBioscience (San Diego, CA, USA)
Biotinylated anti-human MCP-1 (2H5) eBioscience (San Diego, CA, USA)
Anti-human IL-8 (H8A5) Biolegend (San Diego, CA, USA)
Recombinant protein IL-8 Biolegend (San Diego, CA, USA)
Biotinylated anti-human IL-8 (ESN1) Biolegend (San Diego, CA, USA)
Anti-human CXCL10 (IP-10) (JO36G3) Biolegend (San Diego, CA, USA)
Recombinant protein CXCL10 (IP-10) Biolegend (San Diego, CA, USA)
Biotinylated anti-human CXCL10 (IP-10) Biolegend (San Diego, CA, USA)
(Poly5194)

Anti-human Rantes (J047C5) Biolegend (San Diego, CA, USA)
Recombinant protein Rantes Biolegend (San Diego, CA, USA)
Biotinylated anti-human Rantes (Poly5197) Biolegend (San Diego, CA, USA)
Human IGFBP-3 Antibody (E8N1) R&D Systems (Minneapolis, MN, USA)
Recombinant Human IGFBP-3 R&D Systems (Minneapolis, MN, USA)
Biotinylated Antihuman IGFBP-3 R&D Systems (Minneapolis, MN, USA)
Antibody Human IGF-1 (MAb56408) R&D Systems (Minneapolis, MN, USA)
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Recombinant Human IGF-I

R&D Systems (Minneapolis, MN, USA)

Human IGF-I Biotinylated Affinity Purified PAb

R&D Systems (Minneapolis, MN, USA)

Monoclonal Anti-human IL-11 Antibody

R&D Systems (Minneapolis, MN, USA)

Recombinant Human IL-11

R&D Systems (Minneapolis, MN, USA)

Biotinylated Anti-human IL-11(22616)

R&D Systems (Minneapolis, MN, USA)

Anti hVEGF 165 (26503)

R&D Systems (Minneapolis, MN, USA)

Recombinant Human VEGF 165

R&D Systems (Minneapolis, MN, USA)

Anti-hVEGF biotinylated

R&D Systems (Minneapolis, MN, USA)

Human Anti-hMMP-9 (36020)

R&D Systems (Minneapolis, MN, USA)

Recombinant Human MMP-9

R&D Systems (Minneapolis, MN, USA)

Biotinylated Anti-human MMP-9

R&D Systems (Minneapolis, MN, USA)

IL-13

eBioscience (San Diego, CA, USA)

Streptavidin Dy647

Dyomics (Jena, TH, Germany)

Table 13 Chemicals and their provider applied in the protein microarray.

Chemicals Company

Polysorbate 20 (Tween 20) Sigma (St. Louis, MO, USA)

Sodium deoxycholate (Cy4H4004) Sigma (St. Louis, MO, USA)

Sodium chloride (NacCl) Sigma (St. Louis, MO, USA)

Calcium chloride (CaCl) Sigma (St. Louis, MO, USA)

Phosphate buffered saline (PBS, pH 7.2,
10X)

Thermo Fischer Scientific (Waltham, MA, USA)

Tris(hydroxymethyl)aminomethane (Tris) AMRESCO (Cleveland, OH, USA)

3.3.1. Protein microarray fabrication, processing and scanning

Sterile 1x PBS (pH 7.2)/0.01% sodium deoxycholate was used as spotting buffer and for
dilution of the biomarkers in concentrations of 0.4 pg/mL for IL-6, IL-8, IL-11, CXCL10,
Rantes, VEGF, MCP-1, IGF-1, IGFBP-3, MMP-9 and 0.5 pg/mL for VEGF. Triplicates of the
capture antibodies were arrayed onto ARChip Epoxy using an Arrayit Nanoprint contact
spotter. The array was spotted twelve times with a SMP3 and a spot-to-spot distance of 350
pum split pin on each slide at a relative humidity of 50%. The slides were stored for at least 3
days at 4 °C for complete immobilization. Spotting conditions (e.g. print buffer, humidity,
antibody concentration) were applied according to Domnanich et al., (2009). After storage
the slides were blocked in 1x PBS (pH 7.2)/0.1% Tween 20 for half an hour. Slides were
washed two times in 1x PBS (pH 7.2) and dried with compressed air. Hybridization cassettes
(Arrayit) holding four slides for 4 x 12 separated arrays were used for processing of the chip.
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At least 10 standards were used in the quantitative assays for retaining the calibration
curves. The dilution series of biomarker mixtures were prepared in DMEM/F-12-BSA (without
insulin). For the semi-quantitative procedures, 3 calibration standards (linear range) and the
medium blanks were used. Each calibration standard was made in nine replicates with
different distribution on the array fields of three slides as well as 6 biological replicates of the
cell culture samples (each with three technical replicates). The samples were incubated for
2.5 hours. After incubation, the slides were washed 3 times. 50 pL of mixtures of biotinylated
detection antibodies in buffer J (100 mM TRIS, 100 mM NaCl, 10 mM CacCl, and 0.1%
Tween 20; pH 7.4) with final concentrations of 1 ug/mL each, were applied and incubated for
45 minutes. Subsequently to an additional washing step, Dy647 streptavidin (in buffer J) in a
concentration of 2 ug/mL was added and incubated for 45 minutes. After a final washing
cycle with PBS-Tween (2 times) and with 1x PBS (2 times), slides were removed of the
hybridization cassettes and dried with compressed air. The ready processed slides were
stored in the dark until scanning. The whole chip processing was performed at room
temperature, incubation steps were made on a rotary shaker. A confocal laser scanner
(LS100, Tecan Group Ltd, Switzerland) was used for the readout at Aex= 635 nm, Aem= 670
nm at optimal photomultiplier tube (PMTs) voltages for each analyte. Cross-reactivity
experiments were performed for each single biomarker under application of all nonspecific
capture antibodies of the biomarker panel. The reactivity was calculated in percent as a ratio
of specific to unspecific fluorescence signal of an intermediate concentration within the linear

range. Method was performed according to Gier et al., (2017).

3.4. Bisphenol A immobilization: hapten-protein conjugates

The conjugation of bisphenol A to the isocyanate group of the cross linker p-maleimidophenyl
isocyanate (PMPI) was performed according to the protocol of the manufacturer (Thermo
Fisher, Waltham, Ma, USA) and to Annunziato et al., (1993). Therefore, 2 mg (9.34 mM)
PMPI and 2.13 mg (8.76 mM) BPA were mixed in DMSO in a 1:1 ratio and incubated in the

dark for 4 hours on a rotational shaker.

The SH-groups of the protein carriers including the keyhole limpet protein (KLH) (Thermo
Fisher, Waltham, Ma, USA), the human serum albumin (HSA) (Sigma Aldrich, St. Louis, MA,
USA), the horseradish peroxidase (HRP) (Thermo Fisher, Waltham, MA, USA) and BSA
(Sigma Aldrich, St. Louis, MA, USA) were first dissolved in milliQ water and then reduced
using 10 mM dithiothreitol (DTT) in 1x PBS (pH 6.7). The mixture was incubated in the dark
for 1 hour at RT on a rotational shaker. 1 to 2 mg of reduced and unreduced proteins was
used for the conjugation to BPA-PMPI. After mixing, the solution was incubated in the dark
for 2 hours at RT on a rotational shaker. The hapten-conjugates were stored at -20 °C before

printing. The conjugate stocks were diluted 1:1 with sodium deoxycholate buffer and were
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spotted on different functionalized surfaces ARChip Epoxy, ARChip Gel, super aldehyde,
amine (Arrayit, Sunnyvale, Ca, USA), poly-L-lysine (Anopoli Biomedical Systems,
Eichgraben, Austria) slides in one big array in triplicates. In addition BPA, BPA-PMPI
conjugate as well as the reduced and unreduced protein carriers were spotted (See: Table
14).Prior to processing the slides were stored at 4 °C for three days.

Table 14: Hapten-protein conjugates, proteins (reduce/unreduced) and reagents were tested.

Probes

BPA-PMPI-Protein (HRP, KLH, BSA, HSA)

BPA-Protein (HRP, KLH, BSA, HSA)

Protein (HRP, KLH, BSA, HSA)

BPA-PMPI

BPA

3.4.1. Hydrogel coating

HistoBond® slides (Paul Marienfeld GmbH & Co. KG, Lauda-Konigshofen
Germany) were dip-coated with 2% ARChip Gel (polyurethane D1) solved in 95% EtOH/5%
H,O. The slides were dipped in the solution for 1 min and dried vertically at RT.

3.4.2. Bisphenol A immobilization: SciPOLY3D

0.4, 0.5, 1, 2, 3, 4 mg/mL bisphenol A dissolved in DMSO were immobilized in 1 mg/mL
SciPOLY3D (Scienion AG, Dortmund, Germany) solution (See: Table 15) with or without 200
mM trehalose. As immobilization matrix, ARChip Epoxy slides were used. The probes were
spotted in triplicates in each of the twelve arrays with a PDC 80 Type 3 nozzle (Scienion AG,
Dortmund, Germany) and a Scienion SciFlex printer (Scienion AG, Dortmund, Germany).
The gel was crosslinked with UV-light at 1 J/cm? (245 nm) (Stratalinker 2400, Stratagene,
San Diego, CA, US). The slides could be immediately used.

Table 15: Mastermix printing solution.

Reagents Stock concentration Volume
SciPOLY3D 10 mg/mL 5uL
sodium phosphate buffer 500 mM 20 pL
BPA (DMSO) Different concentrations 15 pL
H,O (+/-trehalose) 200 mM trehalose 10 uL
Total 50 pL
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3.4.3. Validation of BPA immobilization

Successful immobilization of BPA as conjugate or in sciPOLY3D was tested in a direct
binding assay with different concentrations of Dy647-labeled BPA antibodies (0.1, 0.5, 1, 2
pg/mL) (Dyomics, Jena, TH, Germany). Assay buffer, blocking reagent and washing solution
used for the BPA-protein conjugates were according to chapter 3.3.1. For the SciPOLY3D
immobilization, 1x PBS plus 0.1% Tween was applied. Incubation times for the bisphenol A

detection antibody were according to chapter 3.3.1..

3.4.4. BPA binding inhibition assay

1-4 mg/mL BPA in SciPOLY3D with and without 20 mM trehalose was printed in triplets in
each of the 12 arrays on one slide and crosslinked. Assay performance of the BPA binding
inhibition assay was tested for a concentration range of 0-3936.60 ng/mL BPA in 1:3 dilution
steps. Each BPA standard was incubated with 0.75 pug/mL labelled BPA antibody 10 minutes
before the samples were applied on the arrays and incubated there for 2 hours (Sauer et al.,

2011). Fluorescence measurements were according to chapter 3.3.1.

3.5. Statistical data analysis protein microarray and BPA immobilization

The segmentation of spots and analysis of the biomarker array data were performed in
GenePixR Pro 7.0 software (Molecular Devices, LLC Sunnyvale, CA, USA). The mean
signals of nine technical and six biological replicates of the cell supernatant samples were
background corrected under exclusion of out of mean signal values + standard deviation
(SD) data points. Calibration curves were generated with mean +/-SD values, using a four
parameter fit in Origin Pro 8G. The bar graphs were set up with Graph Pad Prism 5.0. The
LOD was calculated as mean zero concentration plus three SDs and LOQ plus ten SDs of
the measured intensities of the blank (MacDougall and Crummett et al., 1980). The relative
values of the recovery rates are given in %, displaying the relation between measured and
spiked concentrations. Secretion data are baseline corrected to the medium control (CO).
Test for normal distribution was made with the Kolmogorov-Smirnov test. The data of the
stimulation experiment were log transformed (Y=Log(Y)). Statistical significance was tested
with one way ANOVA and Bonferroni multiple comparison test (alpha=0.05) between

antagonists and agonists.

The bar graphs for the BPA immobilization were made in Graph Pad Prism 5.0 and curves in
Origin Pro 8G. Mean of fluorescence intensities with standard deviation were plotted. LOD-,
LOQ- and EC50 values were calculated as mentioned above. Coefficients of variation

represent the standard deviation divided by the mean of the same probe.
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3.6. Microfluidics: Hanging drop device production and characterization

3.6.1. Fabrication of PDMS hanging drop devices

The chip design was made with the mask layout editor CleWin 3.0.11 (WieWeb, Hengelo,
The Netherlands). Microfluidic structures (channel and hydrophobic rim structures) were
created by casting of poly (dimethylsiloxane) (PDMS, Sylgard 184, Dow Corning Corp., USA)
using a SU-8 mold. The molds were produced by soft lithography according to the
manufacturer Microchem (reference datasheet). BOROFLOAT® (100 mm) wafers
(Handelsagentur Helmut Teller, Jena, Germany) were cleaned with acetone, isopropanol
(Sigma Aldrich, St. Louis, MO, USA) and milliQ water (Reinstwasseranlage, Wilhelm Werner
GmbH, Leverkusen, Germany). The following heating step was performed for 5 minutes at
150 °C. 4.5 mL SU-8 50 photoresist (Microchem, Corp. Newton, MA, USA) was coated onto
the cleaned wafers using a CEE™ —100 - spin coater (Brewer Science, Rolla, MO, USA) to
achieve a structure depth of 100 um. After leveling for 30 minutes (RT), the temperature was
ramped to 65 °C in temperature steps of 1 °C/min and heated for 10 minutes at this
temperature. A further increase of the temperature to 95 °C (temperature steps: 1 °C/min)
with a heating time of 30 minutes was performed before the wafers were cooled down to RT.
The wafers were covered with transparency masks (Pro-Art BV Groningen, The Netherlands)
and exposed to 300 mJ/cm? UV-light using a collimated UV-light source (OAIl, San Jose, CA,
USA). The wafers were heated again to 65 °C (temperature steps: 1 °C/min) and kept at this
temperature for one minute. Further ramping to 95 °C (temperature steps: 1 °C/min) was
performed with a baking time of 10 minutes at this temperature and a final cool down step.
Development of the wafers was made in SU-8 developer (Microchem, Corp. Newton, MA,
USA) for 10 minutes under shaking followed by an additional development step for 5 minutes
with fresh developing solution. Afterwards a hard bake step at 150 °C for 20 minutes was
performed. The structures were treated with 98% HDMS (Sigma Aldrich, St. Louis, MO, USA)
for 30 minutes under vacuum.

PDMS was casted onto the masters with a thickness of 1 mm and cured for 2 hours at 70 °C.
Drop well holes were made with Biopsy punchers (Kai Corporation, Tokyo, Japan) in both
PDMS layers (@ 3 mm). A soda lime glass slide (26 mm x76 mm, 1 mm thick) (Menzel-
Glaser, Fisher Scientific, Landsmeer, The Netherlands) was taken as an additional layer. In-
and outlet holes for the glass layer were sandblasted with a powder-blaster (Wulsag,
Zofingen, Switzerland) using 22 um AL,Os; particles (Straaltechniek International BV,
Dordrecht, The Netherlands) and a metal mask with drilled holes containing the desired
diameter of 2 mm. To avoid damage of the glass during sandblasting, the slide was covered

on the metal side with Scotch™ tape. Bonding was performed by oxygen plasma activation
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for 30 seconds at 300-320 mTorr using an Harrick plasma cleaner (Harrick Scientific
Products Inc., NY, USA).

3.6.2. Fabrication of glass hanging drop devices

The glass device was produced using two BOROFLOAT® 33 (Nexterion® glass B) glass
slides (25 mm x 75 mm, 1 mm thick) (Schott, Jena, Germany). The drop well holes and in-
and outlet holes were generated by sandblasting using a metal mask with the desired design
and diameters (See: Chapter 3.6.1.). Prior to the sandblasting, both slides were coated on
one side with AZ4562 (MicroChemicals GmbH, Ulm, Germany) to protect the glass and
prebaked for 2 minutes at 125 °C. The opposite side was covered with Scotch™ tape. After
the Scotch™ tape was removed the slides were pre-cleaned with tap water after
sandblasting. Acetone was used to remove the AZ4562 layer. Then the slides were rinsed
with acetone, isopropanol and milliQ, followed by drying with nitrogen. The lower layer
containing the droplet well was dehydrated at 125 °C for 10 minutes and followed by HMDS
treatment for at least 30 minutes under vacuum. Desorption of H,O at 125 °C was performed
for 2 minutes. The backside of this slide was covered with HF tape (provided by M.
Skolimowski, Micronit, Enschede, The Netherlands) followed by a spin coating step (700
rpm; 700 rpm/s; 3 sec) with 2 mL AZ4562 photoresist. To avoid removal of the photoresist,
the holes were filled with AZ4562. The slide was leveled for 15 minutes. After 2 hours
prebaking at 100 °C (starting at 60 °C), the slide was kept for rehydration overnight on the
bench. The slide was exposed to 3000 mJ/cm? UV-light using a transparency mask with the
desired channel design. Development was made in AZ400K solution (1:3 dilution with milliQ)
(MicroChemicals GmbH, Ulm, Germany) in two steps each 20 minutes. The developer was
changed during these steps. The slide was rinsed with water and plasma activated for 20 sec
at 320 mTorr.

Isotropic etched structures in glass were achieved with a hydrogen fluoride solution (49%
HF:70% HNO3:H,0) in a ratio of 100:28:72 at a rate of 2 um min™ for 25 minutes. The slide
was rinsed with milliQ for 5 minutes, dried and the photoresist was removed with acetone.
Isopropanol and water were used for cleaning before both slides were dried with nitrogen.
The pre-cleaned slides were treated with piranha solution (H,SO,4:H,0, 3:1) at around 110 °C
for 10 minutes, placed in a petri dish with milliQ water and finally in a water bath to a
conductivity of 3.5 MQ/cm (Jellema et al., 2009). The two glass slides were aligned and pre-
bonded under water. They were pressed together to remove most of the water in between
the glass slides and transferred in a furnace (Nabertherm, New Castle, DE, USA) among two

ceramic plates (“Glass Microfluidic Device Fabrication SOP,” 2015).
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Bonding pressure was applied by a 2 kg of a squared steel weight on top of the ceramic. The
glass slides were bonded in different temperature steps. The slides were heated to 500 °C
and kept there for 30 min, to 644 °C for 18 hours and finally cooled down to room
temperature (~ 24 hours) (Jellema et al., 2009).

3.6.3. Contact angle and roll off angle measurements

BOROFLOAT® 33 and soda lime glasses as well as freshly cured PDMS and PFPE were
used for the measurement of the contact angles of DMEM/F-12 medium and water. The
PFPE slabs were prepared out of a mixture of Fluorolink® perfluoropolyether (Fluorolink®
PFPE; MD700; Solvay Solexis, Bruxelles, Belgium) with 4% of 97% 2-Hydroxy-2-
methylpropiophenone (Sigma-Aldrich, Zwijndrecht, The Netherlands). The BOROFLOAT®
33 glass slides were coated with Rain-X® (RainX®, Gouda, The Netherlands) by applying
the solution on the slide. After 1 minute, the glass slide was polished. Glass rims were
introduced using Scotch® tape and Biopsy punchers of 4 and 6 mm for the generation of a
round mold by sandblasting. The glass rims were generated by 10 min treatment with HF. In
order to etch a round rim into the glass slide, the surface was covered by HF paper and the
rim was punched into the paper (inner diameter: 4 mm, outer: 6 mm). Another rim was made
with a diamond pen. All non-coated glass surfaces were cleaned with acetone, isopropanol
and MilliQ water and dried with air before a droplet of water or medium was applied. Images
(Canon EOS 700D; Canon Nederland N.V., “s-Hertogenbosch, The Netherlands) of contact
and roll off angles of 20 pL (for HF treated glass rims) and 40 pL droplets were measured in

Image J software for n = 3 medium droplets compared to water.

3.6.4. Introducing of hydrophobic rings

The glass hanging drop device was first cleaned with acetone, isopropanol and miliQ water
and dried. The dried chip was heated for 5 minutes at 150 °C (hotplate) and slowly cooled
down. Approximately 5 pL SU-8 10 was coated on the glass chips around the drop wells by
using a PDMS microstamp. The chip was leveled for 15 min and transferred to a 35 °C
hotplate for the soft bake. The temperature was increased to 65 °C in 10 minutes (10% ramp
temperature). After 3 minutes of incubation at 65 °C, the chip was heated to 95 °C in 10
minutes (30% ramp temperature) and incubated for 5 minutes and slowly cooled down to
room temperature. PFPE was prepared according to chapter 3.6.3. A PDMS-glass mold was
used for the preparation of Fluorolink® PFPE-rings. Approximately 20 uL PFPE mixture was
pipetted in each ring mold, UV cured at 2 J/cm? (Dymax RediCure,Dymax Corp., Torrington,
CT, USA) in a nitrogen atmosphere. A droplet of PFPE solution was used to bind the ring to
the SU-8 coated glass chip within a second UV-curing step at 2 Jicm?®. The glass chip with
the bonded rings was post baked with a weight of 584 g on top. The post bake was
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performed at 65 °C for 3 minutes, followed by five minutes at 95 °C with 10% temperature

ramps and slowly cooled down to room temperature.

3.6.5. Droplet formation and perfusion

Droplet formation experiments were performed in glass and PDMS hanging drop devices
applying pressure driven flow at flow rates of 20, 80 and 150 pL/min. Detection of liquid
distribution inside the droplets was performed with 30 pL MilliQ water, which was filled in the
droplet wells. Afterwards blue food dye was applied with a 1 mL Omnifix®-F solo syringe
(B.Braun Medical, The Netherlands) placed in a syringe pump (NE1000; Prosense B.V.,
Oosterhout, The Netherlands) connected to the device via 0.8 x 1.6 mm PTFE-tubing
(Polyfluor Plastics bv, Breda, The Netherlands). Filling of the droplets were tested at flow
rates of 20, 80 and 150 pL/min. The image acquisition was made at ~45° and 90° angles with
a DigiMicro Scale 2.0 camera (dnt® Drahtlose Nachrichtentechnik, Dietzenbach, Germany)
and the open source software MicroManager 1.4.22 (Edelstein et al., 2010, 2014) and
analyzed with Image J.

3.6.6. Droplet evaporation

Evaporation was tested for PDMS slabs bonded to a glass slide with six droplet wells and
compared with glass slides with six attached PFPE rings under static conditions with
DMEM/F-12 medium in an incubator at 37 °C, 5% CO, and a humidity of 95% over 24 hours.
Experiments were performed in wetted plastic boxes to mimic 95% humidity. The droplet
devices were transferred to the incubator in the plastic boxes or the boxes were pre-warmed
in the incubator for 15 minutes before the droplet devices were added. Experiments were
performed with and without 3D printed incubation chambers, which differed in height. The 3D
printed incubation chambers containing a soda lime glass bottom for detection were
designed in Solidworks 2015. They were printed with a FELIX 3.0 3D printer (FELIXprinters,
IJsselstein, The Netherlands) using 1.75 mm polylactic acid filament (PLA) (Formfutura VOF,
Nijmegen, The Netherlands). For the determination of the evaporation, empty and filled
devices were weighted with a micro scale before and after incubation as well as the six

droplets. The droplets were transferred with a pipette for measurement.

3.6.7. Rhodamine adsorption

30 pL rhodamine B solution (50 pM rhodamine B in distilled water) (Sigma Aldrich, St. Louis,
MO, USA) was pipetted in PDMS and PFPE rings, which were bonded to glass. They were
placed into an incubator for 24 hours at 37 °C, 5% CO, and a humidity of 95%. The
rhodamine solution was removed and the devices were cleaned with water before detection

of red fluorescence using an inverted fluorescence microscope with filter Y3 (535/50 nm (ex)/
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610/75 nm (em)). The acquired images were evaluated for rhodamine adsorption via

fluorescence intensities analyzed in Image J.

3.6.8. Treatment of microfluidic devices for the usage in cell culture

PDMS devices were treated with oxygen plasma (300-320 mTorr) for 30 sec. The channels
were filled with 70% EtOH and incubated for 15 minutes. The EtOH was removed and sterile

H,O was added for additional 15 minutes. Afterwards, cell medium was applied.

The glass devices were cleaned in an ultrasonic bath containing 70% EtOH and afterwards
autoclaved. The PMDS connectors and PFPE rings were introduced, followed by an oxygen
plasma (300-320 mTorr) treatment for 30 sec and an UV treatment at 2 J/ cm? The final
cleaning step with EtOH and H,O was performed according to the PDMS treatment, before

the cell medium was applied.

3.6.9. Statistical data analysis

Graphs and statistical analysis were made in Graph Pad PRISM® 5.0. The evaporation data
were tested for significance with the nonparametric the Mann-Whitney- U-Test and a
confidence interval of 95%.

3.7. 3D cell culture conditions for flow and static experiments

300, 325, 750 or 1500 cells were seeded in 30 pL droplets with serum free DMEM/F-12
medium containing 10 ng/mL EGF (Pepro Tech EC, Ltd., London, UK ), 10 ng/mL FGF
(Pepro Tech EC, Ltd., London, UK), 0.03% (v/v) ITS (Thermo Fischer Scientific, Waltham,
MA, USA), 0.5 pg/mL hydrocortisone (Sigma, St. Louis, Missouri, USA), 10 mg/mL bovine
serum albumin solution (BSA), 2% Gibco® B27, 1% Pen/strep (Thermo Fischer Scientific,
Waltham, MA,USA) and incubated at 37 °C, 95% humidity and 5% CO,. MCF-7 spheroids
grew for 3 to 7 days. After 24 hours, half of the medium was changed for static and flow
conditions, followed by a media change every second day. Pressure driven flow was applied

with a rate of 10 pL/min using syringe pumps.

3.7.1. 3D cell viability assessment

Cellular viability was assessed using Calcein acetomethoxy (CAAM) (Enzo Life Science, NY,
USA) for viable and propidium iodide (PI) (Enzo Life Science, NY, USA) for dead cells. The
spheroids were washed two times with PBS (- Ca, - Mg). 2 uM CAAM staining solution
(DMEM/F-12 plus supplements) was applied. After 10 minutes of incubation at 37 °C, 95%
humidity and 5% CO, 1 uM PI (PBS) solution was added and incubated for additional 5

minutes. The cells were washed two times with PBS. Images acquisition was made
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immediately after the staining using a fluorescence microscope (Leica microsystems,
Rijswijk, The Netherlands) in combination with an external light source (EL6000; Leica
microsystems, Rijswijk, The Netherlands) with filter I3 (450-490 nm (ex)/ 515 nm (em)) for the
detection of CAAM in viable and dead cells and filter Y3 (535/50 nm (ex)/ 610/75 nm (em))

for determination of Pl in dead cells.

3.7.2. 3D-cell culture treatment with 17R-estradiol

Spheroids were grown according to chapter 3.7 for 24 hours in DMEM/F-12 before the
medium was changed to DMEM/F-12 supplemented with 0.03% ITS, 1% pen/strep, 10
ng/mL EGF, 10 ng/mL FGF and 10 mg/mL BSA for additional 24 hours. A further medium
changed was made after 48 hours. The new hormone lacking DMEM/F-12 medium was
enriched with 1% pen/strep, 10 ng/mL EGF, 10 ng/mL FGF, 5.5 pg/mL transferrin, 5 ng/mL
sodium selenite and 10 mg/mL BSA. After 72 hours, the spheroids were challenged with 100
pM and 1 nM 17R-estradiol in the hormone lacking DMEM/F-12. DMSO, the solvent of 173-
estradiol was added in a concentration of 0.01% to the formulation. The spheroids were

treated over 4 days. The medium containing 17R3-estradiol was changed every second day.

3.7.3. Image analysis of MCF-7 cell spheroids

Diameters, circularity and aspect ratios of treated and untreated MCF-7 cell spheroids as
well as the fluorescence intensities of stained cells were measured and calculated using

ImageJ software version 1.51 j8.

3.7.4. Statistical data analysis for 3D cell culture

Graphs and statistical analysis were made in Graph Pad PRISM® 5.01. Test for normal
distribution was made with the Kolmogorov-Smirnov test. Significance was tested with a
unpaired t-test for alpha=0.05. Corrected total cell fluorescence was calculated according to
(McCloy et al., 2014).

3.8. Perifusion chamber: production

Before introduction of PDMS into the screwed molds, 4 pL drops of glycerol (98%) (Sigma
Aldrich, St.Louis, MO, USA) were placed on each chamber mold to prevent clogging of the
polycarbonate membrane and to create an open chamber. Cut parts of a polycarbonate
membrane (8.0 um, Isopore Membrane TETP04700, Merck Millipore Corporation)) were
placed on the glycerol droplets over all three chambers. Stainless steel pins (@ 1.5 mm
channels) were placed into the molds to create the channels for inlet and outlet.

Approximately 4 mL PDMS was added, using a 10 mL syringe with a 10 pL pipette tip inside,
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into two matching micromilled molds (provided from Prof. Sabeth Verpoorte, University of
Groningen /Pharmaceutical analysis) (Van Midwoud et al., 2010). After filling, the accesses
were closed with stainless steel pins (¢ 2.0 mm). PDMS was cured at 70 °C in an oven for 2
hours. A PDMS cover slab was produced by casting a 2 mm thick layer of PDMS (25 g) in a
squared plastic petri dish and cured at 70 °C for 1 hour. The matching PDMS chamber parts
and the cover slab were bonded to each other using oxygen plasma for 30 sec. The bonding

was improved by a heating step at 70 °C on a heating plate and pressure for 30 minutes.

3.8.1. Flow experiments

Flow experiments were performed by hand with 1 mL syringes, filled each inlet and outlet
with food dye stained water.

3.8.2. Integration of glass membrane

The microporous membrane chips (size 5.4 x 5.4 mm; 0.3 mm thickness) with 2x2 mm G-
FLAT™ silicon oxide membrane (20% porosity, 3.0 um pores) (SiMPore Inc., West Henrietta,
NY, USA) were introduced after the glass coating process. For the introduction, 3D printed
PLA clamps (6.5 x 6.5 mm, inner diameter 5.5 mm, height 1.80 mm) were used. The clamps
were fixed in the molds around the perifusion chamber and removed after PDMS curing
leaving a mold for the membrane. Three membrane chips were integrated for each chamber
and the perifusion platform was closed with the cover PDMS slab using oxygen plasma for

30 sec.

3.8.3. Glass coating

The glass coating solution containing tetraethyl orthosilicate (TEOS), methyltrietoxysilane
(MTES) (Sigma Aldrich, St. Louis, MO, USA), EtOH, and milliQ water pH 4.5 adjusted with
HCI was mixed in a volumetric ratio of 1 : 1 : 1 : 1 under stirring at 65 °C on a hotplate until it
became homogeneous (Abate et al., 2008). The solution was stored overnight at RT. In front
of the coating process, the already bonded PDMS parts of the perifusion chamber were
treated with oxygen plasma for 30 sec at 310-320 mTorr and heated on the hot plate for 5
minutes at 80 °C. The PDMS chambers were added into a bath filled with the precursor
mixture of the glass coating mixture and incubated under movement for 30 minutes at 80 °C.
The device inclusive channels were flushed with air using a 50 mL syringe to avoid clogging.
Afterwards, there were transferred to a 100 °C hotplate, to initiate the gelation reaction. The
validation of the consistence of the glass coating was made with 50 uM rhodamine solution
over at least 24 hours. Therefore, the solution was applied into coated and non-coated
PDMS chambers and incubated at RT in the dark. Evaluation of consistence and image

analysis was made according to chapter 3.6.7.
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4. Results and discussion

4.1. Establishment of a serum-free and phenol-red-free MCF-7 cell culture

Poorly defined serum ingredients, with lot to lot differences, such as hormones can affect the
outcome of experiments researching influences of endocrine-active substances on cells
(Barnes and Sato, 1980b). The well characterized breast cancer cell line MCF-7 was chosen
as a model for our system. The cells require hormones such as estradiol to grow and
retained properties expressed by breast epithelium in vivo such as expression of receptors
for estrogen, androgen, progesterone, glucocorticoid, insulin and L-3, 3", 5-triiodothyronine
(T3) (Barnes and Sato, 1979a; Soule et al., 1973). In addition to the conventional added pH-
indicator phenol red, used for detecting changes of medium pH by for instance bacteria
contamination, had to be removed due to estrogenic action (Berthois et al., 1986). Therefore,
the establishment of a serum- and phenol red-free MCF-7 cell culture is a necessary step in

the development of our EDC screening platform.

The conventional cell medium DMEM with 10% FBS was replaced by the nutrient enriched
phenol red-free DMEM/F-12 supplemented with an insulin-, transferrin-, selenite mixture
(ITS), Hepes and L-glutamine. 6 pg/cm? collagen | was used for the attachment of the cells.
For the adaption of the MCF-7 cells to the serum-free conditions, different approaches were
investigated: inner adaption (immediate change of media), sequential media change (75%
DMEM FBS/25% DMEM/F-12, 50%/50%, 25%/75% and 100% DMEM/F-12) and a stepwise
decrease of FBS (5%, 2%, 1%, 0%). The approaches were compared to cell growth in
conventional medium DMEM with 10% FBS and to the growth in DMEM/F-12 on uncoated
surfaces and under ITS omission. The adaption was evaluated by cell counting, cell
spreading, attachment and morphological changes. The cells were grown under the
particular conditions for four days before media conditions were changed. Every second day

the media was renewed.

Cells in DMEM/F-12 with decreased serum concentrations (< 2% FBS), grew slower and
reached 30 to 50% of the cell numbers compared to the serum containing cell culture
(Appendix | see: Figure A 1A-B, F). Growth with ITS supplement on collagen coated and
uncoated surfaces supported the formation of large, compact and widely spread spheroid-
like cell clusters (Appendix | See: Figure A 1B, D). Less attachment and a rounded cell
morphology was seen for ITS or both ITS and collagen | omission. Similar changes in
growth, cell morphology were observed for cells grown under sequential changed media
conditions (Appendix | see: Figure A 2A-B, F). Cluster development was detected even for

cells lacking ITS as well as collagen I. Improvement in cell spreading and growth of MCF-7
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cells was detected after the immediate change of media in comparison to the stepwise
decrease of FBS, the sequential media change and the conventional cell culture. When
grown on collagen | coated surface and with ITS supplementation, cells spread over the
whole surface and showed an elongated morphology. Equal cell quantities were detected

compared to the conventional serum supplemented growth medium (See. Figure 25B; 26).
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Figure 25: Cell morphology of MCF-7 cells after inner adaption of serum-free medium on
day four. Comparison of cell growth in DMEM supplemented with 10 % FBS (A) to DMEM/F-
12 serum-free cell culture conditions with collagen coating (B) as well as to ITS lacking
conditions (C), no collagen I coating (D) or both (E).

The attachment factor collagen | and the insulin mixture were crucial for cell growth. Cells
were stressed, died or formed small three-dimensional clusters under omission of these
factors (See: 25C-E; Appendix | see: 1C-E, 2C-E). The cell growth in serum free medium
was further improved by increase of the collagen density to 10 pg/cm? and a daily media
change. As result, MCF-7 cells were strongly attached to the surface and the cell spreading
was increased. Cells grew exponentially over seven days with doubling times of 40 (+24)
hours under serum-free conditions. The doubling time were slightly higher compared to the
conventional cultured cells with 38 (x18) hours. Cells reached growth stagnation at day five
under serum supplemented conditions and under serum-free conditions on day seven of cell
culture, with in average 2 fold less cell numbers in the exponential growth phase (day 4 and

5) (Appendix | see: Figure A 3).
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Figure 26: Total cell numbers after inner adaption of serum-free medium by MCF-7 cells on day
four. Comparison of cell growth in serum-free DMEM/F-12 with collagen | coating compared to
DMEM with 10% FBS. Additionally under lacking of ITS, collagen | or both. Total cell numbers
were counted for n=2 and given as mean. ITS omission is coded by minus (-) and adding by
plus (+). 1x10* cells were seeded on day 0.

Upon adding of 10 mg/mL BSA solution to the serum-free medium, equal cell morphologies
compared to serum supplemented culture conditions were determined (See: Figure 27). No
significant change of doubling time was determined. Under serum-free conditions, cells

doubled in average after 47(+22) hours compared to serum supplemented with 35 (+14)

hours. Exponential growth under serum-free conditions was determined over seven days
(See: Figure 28).
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Figure 27: Morphology of MCF-7 cells after three daysof growth in the conventional FBS
supplemented medium (A) or in serum-free medium (B) on collagen | coated surfaces.
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Figure 28: MCF-7 cell growth in the serum-free medium DMEM/F-12 supplemented with Hepes,
L-glutamine, insulin/transferrin/selenium and 1 mg/mL BSA over seven days compared to the
conventional DMEM with 10% FBS. 5x10* cells were seeded on day 0. Cells in serum-free
medium were grown on collagen | (10 pg/cm?2) coated surfaces. Data are shown as mean of
triplicates with standard deviation.

A serum free MCF-7 cell culture was established on collagen type | coated surfaces in
DMEM/F-12 supplemented with Hepes, L-glutamine, insulin/transferrin/selenium and BSA
without an adaption phase to the new media conditions. Similar medium supplementations
were reported by Barnes and Sato, (1979) and Briand and Lykkesfeldt, (1983). In addition,
they added epidermal growth factor (EGF), prostaglandin F,, (PGF,,), Holmes a-1 protein,
fibronectin or collagen IV for the growth and spreading of MCF-7 cells. Thereby they
supported identical cell numbers and morphology compared to cells grown under serum
supplementation. Different attachment factors such as fibronectin or collagen IV or
combinations of extracellular matrix proteins were used for growth enhancement, spreading
and attachment of epithelial cells (Badaoui et al., 2017; Barnes and Sato, 1979b; Briand and
Lykkesfeldt, 1983; Gstraunthaler and Lindl, 2013; Terranova et al., 1983). Medium adaption
by the MCF-7 cells was implemented in different ways, by sequentially serum decrease or
immediately change to the new conditions (Barnes and Sato, 1979; Briand and Lykkesfeldt,
1984). Longer doubling times of MCF-7 cell in serum-free medium compared to serum
supplemented medium were reported before. Briand and Lykkesfeldt, (1983), described
MCEF-7 cell doubling times of 70 hours, with exponential growth to day seven. The growth
regression can be probably ascribed to the omission of estradiol (Allegra and Lippman, 1978;
Barnes and Sato, 1979). In addition insulin, transferrin and sodium selenite omission results

in decreased cell populations compared to the serum supplemented medium (Allegra and
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Lippman, 1978; Barnes and Sato, 1979). We did not add estradiol to the medium to avoid
bias within the EDC treatment. However, long-term maintenance with insulin in the absence
of estradiol results in higher expression of estrogen receptor-alpha (ERa) and development
of hypersensitivity for estradiol, without losing the growth response to estrogen (Darbre,
2014). BSA was originally added to our serum-free cell medium, because it increased the
sensitivity of our biomarker assays. Upon adding BSA solution in the cell culture medium,
morphological changes to the serum supplemented culture changed. Barnes and Sato,
(1979) added Holmes a-1 protein to eliminate morphological variances. However, Karey and
Sirbasku, (1988) investigated that BSA supplementation of minimal 25 pg/mL, was absolute
required for growth factor activities. Spheroid formation seen under growth factor or
attachment factor lacking conditions can be a result of the lack of epidermal growth factor
(EGF). Kim et al. (2012) reported that growth factor (GF)-free culture enhanced the formation

of MCF-7 spheres compared to GF-containing culture.

4.2. Establishment of a resazurin based cell proliferation assay

In presence of hormones especially estrogen and estrogen-like substances, MCF-7 cells
proliferate (Soto et al., 1995). The resazurin based assay was developed to detect
proliferation differences of hormone sensitive MCF-7 cells after exposure to estrogen-active
substances and as validation for the biomarker secretion. The assay was developed in
parallel to the establishment of the serum-free cell culture and the biomarker chip and was
first established for cells in conventional DMEM with 10% FBS and later compared to the
serum-free cultured cells. In order to determine the appropriate assay conditions, the
conversion of resazurin to resofurin due to the proliferation of cells was analysed for different
incubation times, dye concentrations and cell numbers. Resazurin concentrations ranging
from 40 uM to 2 mM were tested with the focus on short incubation times at a cell number of
1x10° via colour change. The blue resazurin stain was not completely converted after 4.5
hours incubation in a 2 mM resazurin solution to the pink resofurin, when compared to the
resazurin solution without cells (blank). In addition, a decrease of metabolic activity by a drop
in fluorescence intensity of 20% from 76,300 [A.U.] to 62,200 [A.U.] for cells cultured in
DMEM with 10% FBS and of 30% from 7,600 [A.U.] to 5,300 [A.U.] for the serum-free
conditions was observed after 4.5 hours. Under serum-free conditions, the maximal
fluorescence intensity was 8400 [A.U.] after 1.5 hours followed by a 10% decrease of signal
to 7,600 [A.U.] after 3 hours at the same concentration (Appendix | see: Figure A 4). Similar
results were obtained for resazurin concentrations of 1.6 and 1.2 mM. A steady increase of
signal was determined with 0.8 mM resazurin. However, incubation times of 24 hours were
needed for the complete conversion to resofurin (Data not shown). Dilution of the resazurin

solution to 120 pM resulted in total conversion of resazurin to resofurin within 6 hours for a
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cell density of 1x10° cells in serum supplemented medium, whereas fluorescence intensities
for cells densities starting from approximately 200 cells could be reliably distinguished (See
Figure: 29). Lower resazurin concentrations were not sufficient to saturate the capacity of the

resazurin conversion due to lower fluorescence intensities compared to 120 pM (Data not
shown).
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Figure 29: Dependency of incubation time at the single cell densitiy on resazurin conversion in
DMEM with 10% FBS. Cells were incubated in 120 uM resazurin solution for 1 to 6 hours. Data
are background corrected and shown as mean with SD for n=3.

Signal intensities of resazurin for serum-free and serum supplemented cells increased
proportionally to the cell density after 4 hours. In comparison to the serum supplemented cell
culture, the cell cultured in serum-free medium showed 40% lower signal intensities for the
highest cell density after 4 hours of incubation in resazurin (See: Figure 30). The LOD and
LOQ values of cells cultivated with serum-free medium are with 175 and 593 cells
insignificant higher than cells cultivated with DMEM 10% FBS medium with 142 and 484
cells. Recovery rates of 102 to 116% were obtained for the conventional cell culture for cell
densities in the lower, middle and upper part of the linear range. In comparison to cells
cultured in DMEM with 10% FBS, the serum-free approach exhibited recovery rates ranging

from 108-74%, whereas higher cell densities showed a lower recovery (See: Table 16).
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Table 16: Recovery rates of the established resazurin proliferations assay for serum-free and
serum supplemented cell culture.

Cell number Recovery rates [%] Recovery rates [%]
DMEM 10% FBS DMEM /F-12
250 102 108
1000 116 99
4000 102 90
16000 105 74
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Figure 30: Comparison of resazurin reduction in serum-free cultured cells (red) and
conventionally cultured cells (black). Cells were incubated for 4 hours in 120 uM resazurin
solution. Data are background corrected and shown as mean with SEM for n=4.

DMEM with 10% FBS was taken for the establishment of the assay to estimate the
proliferative response in presence of hormones. The implementation of the assay was
focused on measuring the MCF-7 proliferation with a high sensitivity after short incubation
times, in order to ensure a parallel determination of proliferation and biomarker secretion
after exposure to EDCs. Nevertheless, long incubation times can result in inaccurate
measurements, due to resofurin conversion to the non-fluorescent colourless and cytotoxic
hydroresofurin (Vega-Avila and Pugsley, 2011). 120 uM resazurin and an incubation time of
four hours was sufficient for the proliferation measurements of 200 to 204800 cells in a linear
range, in both serum-free and serum supplemented MCF-7 cell culture, whereas 5 hours
were needed to completely convert the stain to resofurin at the highest cell density. The
assay concentration of resazurin reported in literature is divers and ranges depending on the
application and cell line taken from ~ 40 uM to 4 mM (Borra et al., 2009; Magnani and Bettini,
2000; Perrot et al., 2003). Three hours incubation time was described for MCF-7 cells, when
applying resazurin concentrations of 44 pM or 88 pM (Pace and Burg, 2013; Uzunoglu et al.,

2010). The linear range and lower limit of detection are dependent on the cell type, the ability
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to reduce resazurin, the resazurin concentration and the incubation time. Longer incubation
periods expand the detectable range of the assay by increasing sensitivity (Vega-Avila and
Pugsley, 2011). Low fluorescence signals seen for the conversion of 2 mM resazurin in
serum-free cultured MCF-7 cells indicate a lower metabolic activity, due to serum-free culture
conditions. Prior experiments showed that MCF-7 cell doubling times in serum-free medium
were longer compared to the serum supplemented cells, what would be an argument for a
lower metabolic activity. However, the drop in fluorescence for serum-free and serum-
supplemented cell culture indicates a direct influence of resazurin on the cell viability. In
general, viable cells retain the ability to reduce resazurin into resorufin, which is highly
fluorescent. Nonviable cells rapidly lose metabolic capacity and do not reduce the indicator
dye, thus do not generate a fluorescent signal (Vega-Avila and Pugsley, 2011). We exclude
an influence by hydroresofurin due to short incubation times and no conversion of the stain.
Pace and Burg, (2013) reported cytoxic effects on MCF-7 cells by 20% almarBlue®
(Company brand, also known under resazurin), which is equivalent to 88 uM (O’Brien et al.,
2000), after two to eight days incubation time. Additionally it was shown that resazurin
triggers reactive oxygen species (ROS) production in Jukat and HL-60 cancer cells and
thereby it direct initiates stress responses in the cells, which results in mitochondrial
dysfunction, reduced proliferation of cells as well as autophagy and cell degradation, already
15 min after incubation of the stain in a concentration of 44 uM (Erikstein et al., 2010).

However, this was not reported for MCF-7 cells.

4.2.1. Proliferative response under hormone lacking conditions

The proliferative response of MCF-7 cells to hormones can be enhanced under estrogen
lacking conditions and by lowering of cell seeding densities (Payne et al., 2000). In order to
achieve distinguishable intensities for different concentrations of various estrogen-active
substances with different binding affinities to the estrogen receptor after 48 hours, the
proliferation of cells were investigated for insulin omission, different incubation times in

estrogen lacking medium and different cell densities prior to 3-estradiol exposure.

The effect of insulin and estrogen omission on the proliferation of MCF-7 cells was examined
by different incubation times before estradiol treatment with the resazurin proliferation assay.
Therefore, 1x104 cells were seeded in DMEM with 10% FBS to ensure cell attachment in
presence of estrogen. After 24 hours, the medium was changed to DMEM/F-12 with insulin,
followed by a second change to DMEM/F-12 without insulin only for the insulin lacking
conditions after 48 hours of seeding. After 72 hours the cells were exposed to 1 pM to 100
MM RB-estradiol (10 times dilution steps) over 48 hours (See: Figure 31C). DMSO was taken

as solvent for estradiol and applied in the assay in a concentration of 0.1%. The response to
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the treatment was tested against the untreated cells, depending on the approach with or
without insulin. Cells under insulin lacking conditions showed significantly higher responses
to the estradiol treatment over the untreated cells, especially for concentrations of 1 pM to 1
nM, than cells cultured with insulin. Response variations of 25 to 50% were detected (See:
Figure: 31 A). For the investigation of incubation under estrogen lacking conditions, cells
were cultured equal to the insulin omission approach, whereas insulin was removed from the
medium 24 hours prior treatment. MCF-7 cell were treated after 72 hours and challenged
with same estradiol concentrations as mentioned before over two days and compared to

cells, which were challenged immediately 24 hours after seeding (See: Figure 31 D).
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Figure 31: Influence of insulin omission (A) and incubation time in estrogen-free medium (B) on
the proliferative response of 1x10* MCF-7 cells prior to and during treatment with estradiol
(estradiol concentrations: 10"%-107° M). Timeline for the insulin omission approach (C). Timeline
for incubation under estrogen lacking conditions (D). Data are corrected to the fluorescence
signals of the untreated cells and shown as mean of relative fluorescence intensities with SEM
for n=3. Significance was tested for matching concentrations and treatments with an unpaired
t-test for alpha=0.05. Estradiol was solved in DMSO (0.1 % was used in the assay).

Cells with a 48 hour incubation time in serum-free medium due to estradiol exposure, yielded
a significantly higher response for the 1 nM estradiol treatment compared to cells, which
were treated immediately after 24 hours. A 1.3 fold higher intensities were detected for cells
which were incubated for 48 hours in hormone lacking medium compared to cells which were
immediately treated (See: Figure 31B). For the comparison of different cell densities, 1x10*
and 5x10* cells per well (densities within the linear range of the proliferation assay) were

seeded, cultured and treated equal to the estradiol omission after 72 hours. The proliferative
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response of 1x10* cells over the medium control was slightly higher, but not significantly
compared to 5x10* cells. In general, the strongest proliferation was determined for 1 nM
estradiol treatment compared to the untreated cells (See: Figure: 31A, B). In addition, an up
to 1.25 fold decrease of signal was observed for 10 nM to 100 pM compared to the 1 nM

treatment, but not over the untreated cells (Data not shown).

In agreement with Payne et al., (2000), MCF-7 cells with 48 hours incubation in estrogen-free
medium prior to estradiol treatment showed an increased proliferative response compared to
cells cultured in presence of estrogen. The enhanced response was explained by the
increase of estrogen receptor expression in response to estradiol deprivation
(Katzenellenbogen et al., 1987; Payne et al., 2000). Further enhancement was detected by
insulin omission prior to and during estradiol treatment. Insulin is known to reinforce the
action of the estrogen receptor (Gaben et al.,, 2012; Garnier et al., 2003) as well as to
modulate MCF-7 cell responses to drugs or drug uptake by altering of cell membrane
permeability (Agrawal et al., 2017), what would be an argument against our findings.
However, (Stewart et al., 1990) reported that insulin like growth factor (IGF)-1, a protein
secreted by MCF-7 cells, with a similar molecular structure as insulin and with the ability to
bind to the insulin receptor (Huff et al., 1986), also promotes the proliferation of MCF-7 cells
under estradiol treatment in a synergistic way in absence of insulin. In addition, Gupta and
Tikoo, (2013) demonstrated that high glucose medium conditions in combination with insulin
prevented MCF-7 cell proliferation, due to oxidative stress induced by the high glucose
conditions. Our experiments were performed in high glucose medium, what perfectly
supports the fact of a lower proliferation in the presence of insulin in comparison to insulin
absence. 10 pM and 100 pM estradiol concentrations were reported to achieve the highest
proliferative response of MCF-7 cells, significant to the untreated controls after 4 days,
whereas concentrations above are in the saturating level of the estrogen receptor (Soto et
al., 1995). We observed the highest response for 1 nM estradiol after two days. However,
variances did not differ significantly against the pM-concentrations. In addition, the response
to estradiol treatment can vary dependently with the applied MCF-7 cell stock and culture
conditions (Hamelers et al., 2003; Payne et al., 2000; Soto et al., 1995; Villalobos et al.,
1995). The decrease in proliferation for concentration above 1 nM indicates inhibition of
proliferation or even cytotoxic effects at these concentrations. Cytotoxic effects of estradiol
on cells were described for pM-concentrations, starting at 1 uM and initiated through
oxidative stress (Yedjou et al., 2015). The solvent DMSO in a concentration of 0.1 % was
taken for the experiments, because it neither showed effects on cell proliferation nor on

biomarker secretion (See: Chapter 4.2.3.).
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4.3. Biomarker panel

26 proteins, which are secreted by MCF-7 cells, were chosen from the literature as an initial
panel for the biomarker chip. They showed to be secreted after estrogen exposure and are
linked to toxicological and pathological endpoints of estrogen action within the human body
such as reproductive and developmental toxicity, cancer and the metabolic syndrome The
initial panel included: 24k -, 52 k- protein, amphiregulin, C-X-C motif chemokine 10 (CXCL10,
IP-10), endothelin (ET) -1, gross cystic disease fluid protein (GCDFP) -24 (PBCP), GCDFP-
15 (PIP), Insulin like growth factor (IGF)-1, Insulin like growth factor binding protein (IGFBP) -
3 and -4, interleukin (IL) -6, IL-11, monocyte chemotactic protein (MCP) -1, matrix
metalloproteinase (MMP)-9 and -2, Prostaglandin E2 (PGEZ2), estrogen-induced pS2 protein
(pS2, TFF-1), Chemokine (C-C motif) ligand 5 (RANTES, CCLS5), vascular endothelial growth
factor (VEGF), transforming growth factor beta (TGF-R3), IL-8, IL-18, Stem cell factor (SCF),
Platelet-Derived Growth Factor (PDGF), epidermal growth factor (EGF) and endostatin.

Due to insufficient performance of some commercially available antibodies in our assays
(Appendix | see: Figure A 5) and limited availability on the market, we had to exclude
biomarkers such as endostatin, an angiogenesis inhibitor, the platelet-derived growth factor
(PDGF) involved in embryonic development and differentiation and the estrogen-induced
protein pS2, which expression is directly induced by estrogens in MCF-7 cells (Bronzert et
al., 1987; Kida et al., 1989; O 'reilly et al., 1997). Ten of the initial 26 biomarkers reached the
final panel: VEGF, MMP-9, the cytokines IL-6, IL-8, and IL-11, Rantes, CXCL10, IGF-1,
IGFBP-3 and MCP-1.

Several of the chosen biomarker (VEGF, MMP-9, IL-6, IL-8, IL-11, IGF-1, MCP-1 and
Rantes) are connected to various developmental stages of cancer. IL-11 and MCP-1
stimulate the breast cancer development and progression. IL-6 is involved in survival, cell
migration and proliferation (Chiu et al., 1996; Johnstone et al., 2015; Schafer and Brugge,
2007; Soria and Ben-Baruch, 2008). IL-8 and VEGF are linked to breast cancer metastasis
and angiogenesis, whereas MMP-9 is responsible for ECM degradation and thereby invasion
of tumor cells (Bendrik and Dabrosin, 2009; Garvin et al., 2005; Nilsson et al., 2007; Roomi
et al., 2009). The main cell invasion inducer Rantes by contrast is related to advanced
cancer stages, when co-expressed with MCP-1 (Soria and Ben-Baruch, 2008). Biomarkers
can also have anti-malignant properties through proliferation inhibition or anti-angiogenetic
processes such as CXCL10 and IGFBP-3 (Cardona et al.,, 2013; Colston et al., 1998;
Goldberg-Bittman et al., 2004).

IGF-1 plays an important role in growth processes like cell proliferation and development,
and plays an important part in the pathology of diabetes mellitus, adipositas and
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hypertriglyceridemia, factors of the metabolic syndrome (Dupont and Le Roith, 2001; Lorincz
and Sukumar, 2006). The main transport protein of IGF-1 is IGFBP-3. The estrogen receptor
status and the expression of the transport protein IGFBP-3 were reported to correlate with
each other (Figueroa et al., 1993; Salahifar et al., 1997). The pro-inflammatory cytokine IL-6
is connected to diseases such as obesity and insulin resistance through its increased
expression in adipose tissue. Additionally, IL-6 is involved in the biosynthesis of estrogen by
aromatase stimulation (Lorincz and Sukumar, 2006). The cytokine IL-11 acts on the other
hand as an adipogenesis inhibitor (Kawashima et al., 1991).

Up- or downregulated secretion of IGF-1, MCP-1, IL-8, VEGF, MMP-9, Rantes, IL-6, and
IGFBP-3 could be shown, when exposed to estrogen active substances (Bendrik and
Dabrosin, 2009; Chrzan and Bradford, 2007; Dubois et al., 1995; Garvin et al., 2005; Inadera
et al., 2000; Kanda and Watanabe, 2003; Nilsson et al., 2007). In general, involvement in
reproductive and developmental events such as pregnancy or menstruation was reported for
MCP-1, Rantes, IGF-1, and IL-8 (Hull and Harvey, 2014; Kayisli et al., 2002).

Due to their involvement in various biological and pathogenic processes such as
reproduction, development, metabolic syndrome and cancer, which are related to endpoints
of estrogenic action, the final panel of the biomarkers represents an outstanding tool for the
screening of xenoestrogens. In addition, their additive or synergistic action within a molecular
and cellular level in food and environmental samples can be pictured. An extension of the
system by implementation of new biomarkers can be easily realized on the supposition that
high quality antibodies are available.

4.3.1. Biomarker chip development and matrix effects

In order to develop a multiplexed protein microarray for the final biomarker panel of 10
proteins (MCP-1, IGF-1, IGFBP-3, MMP-9, IL-11, IL-6, IL-8, CXCL10, Rantes, VEGF), the
assay performance of each antibody pair with protein standards was evaluated and
optimized, as well as reagents used for the sandwich immunoassay (Appendix | see: Figure
A 6 for the calibration curves). The performance of the biomarker assays established in
assay buffer J were compared to the conventional cell medium DMEM with 10% FBS and to
the serum-free medium DMEM/F-12 for further protein analysis in cell culture medium.
Assays made in the conventional cell medium DMEM with 10% FBS showed similar
performance or even an increase in sensitivity (expressed by the limit of detection (LOD),
compared to the buffer J (Appendix | see: Figure A 7, Table A 2). A change of sensitivity from
18 pg/mL to 9 pg/mL for IL-6 and from 9834 pg/mL to 224 pg/mL for IL-11 could be detected
in DMEM with 10% FBS. However a minimal reduction of the LOD of MCP-1 from 7 pg/mL to
14 pg/mL and IGF-1 from 115 pg/mL to 125 pg/mL in DMEM with 10% FBS was also
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observed (Appendix | see: Table A 2). In contrast, performance in the serum-free medium
DMEM/F-12 resulted in high losses of sensitivity for MCP-1, IL-6, IL-11, Rantes, and
CXCL10. IL-11 for instance revealed in around 50% decrease of signal intensity from 48,000
to 25,000 arbitrary units A.U. and an increase of the LOD from 224 pg/mL to 3653 pg/mL
compared to the serum supplemented medium (Appendix | see: Figure A 7, Table A 2).
Furthermore, cross-reactivity of VEGF antibodies was determined. This was especially seen
against IGF-1 of 58%.

Due to adding of 10 mg/mL BSA solution to the serum-free medium DMEM/F-12 , an up to
10-fold increase in assay sensitivity for IL-11, CXCL10, Rantes and IL-6 and an improvement
of signal intensities for Rantes and IL-11 for the highest assay standard concentration by 25
to 36% was observed (See: Figure 32, Table 17). In addition, the cross-reactivity of VEGF
against IGF-1 decreased by 77% and the recovery rates improved for IL-6, IL-11, Rantes,
VEGF, IGF-1, and MMP-9 when 10 mg/mL BSA supplement was used. Depending on the
analysed biomarker, recovery rates within a range of 80-140 % were determined within the

working range of the assay (See: Table 18).
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Figure 32: Improvement of the assay performance by 10 mg/mL BSA supplementation shown

for the biomarker Rantes. Calibration curves display the assay performance in BSA (10 mg/mL)
supplemented (red curve) and BSA free DMEM/F-12 (black curve).
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Table 17: Limit of detection (LOD), limit of quantification (LOQ), half maximal effective
concentration (EC50) of the multiplexed Rantes sandwich assay performed in serum-free
medium DMEM/F-12 with and without BSA supplementation.

Matrix LOD LoQ EC50
[pg/mL] [pg/mL] [pg/mL]

DMEM/F-12 113 227 832

DMEM/F-12 plus BSA 33 65 236

In comparison with commercial single-analyte ELISAs, the multiplexed protein microarray
showed similar or increased detection ranges (Appendix | see: Table A 1). However, the
values presented in Table A 1 (Appendix |) are based on measurements in assay buffer and
not on a complex matrix as cell medium. The choice of a fluorescence based multiplexed
approach was made due to the possibility for high throughput screening of various markers in
parallel while minimizing size and reagent quantity, which outperform other conventionally
used bioanalytical techniques. Next to the quality of the commercial antibodies, the sample
matrix can also affect the sensitivity, specificity and reproducibility. In order to do not bias the
protein expression and keep a simple setup, the cell supernatant did not undergo extra
preparation steps. In addition, dilution of the sample to minimize potential interferences is not

possible due to low expression of some proteins used for the assay.

Table 18: The assay parameter limit of detection (LOD), limit of quantification (LOQ), half
maximal effective concentration (EC50), recovery rate and coefficient of variation (CV) of the
multiplexed IL-6, IL-8, IL-11, MCP-1, CXCL10, Rantes, IGF-1, VEGF, MMP-9 and IGFBP-3
sandwich assays on chip are given. The assay was performed in DMEM/F-12 with 10 mg/mL
BSA. LOD-, LOQ- and EC50- values are calculated as mean +/- SEM of three experiments. The
CV of three experiments is calculated as mean of eleven standards. Recovery rate data express
an added analyte concentration within the linear range of the calibration curves. Table of assay
parameter from (Gier et al., 2017).

Biomarker LOD[pg/mL] LOQ [pg/mL] EC50 [pg/mL] Recovery Rate CV [%]
[%]
MCP-1 4+4/-2 16 +/- 7 2431+/- 1668 83 14
IL-6 5 +-2 16 +/- 6 3916 +/- 1155 132 13
Rantes 16 +/- 7 46 +/- 21 4400 +/- 1841 144 11
VEGF 20 +/- 12 61 +/- 25 3923 +/- 938 131 15
IL-8 53 +/- 17 196 +/- 97 3216 +/- 678 80 22
CXCL10 (IP- | 91 +/- 24 321+/- 119 7852 +/- 2275 116 19
IL-11 157 +/- 26 530 +/- 199 26330 +/-13022 105 13
IGFBP-3 581 +/- 254 1630 +/- 477 30644 +/- 3011 104 17
MMP-9 669 +/- 197 2035 +/- 447 49071+/- 7070 118 19
IGF-1 803 +/- 122 2553 +/- 453 39523 +/- 10874 87 15

The decrease in assay performance due to changing the matrix to serum-free DMEM/F-12

can be explained by the absence of blocking reagents such as Tween 20 or serum protein
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BSA. These reagents are included in the assay buffer J and in the conventional DMEM with
10% FBS as serum proteins. Blocking reagents are used to suppress non-specific binding, to
increase signal intensities and to guarantee assay specificity. In addition, serum proteins are
common in the natural environment of antibodies. They reduce protein aggregation and
stabilize biomolecules in plasma as well as on assay surfaces (Finn et al., 2012; Gibbs,
2001; Kishore et al., 2014).

4.3.2. Quantification of MCF-7 cell protein secretion in cell medium

In order to successfully quantify the biomarkers on chip, the working range of the assay has
to cover the protein expression of the MCF-7 cells (See: Table 18; Appendix | Figure A 6).
The biomarker VEGF, MMP-9, IGFBP-3, IL-8, IL-11, Rantes and IGF-1 were secreted in
concentrations, sufficient enough for the detection on chip. However, IL-8 and Rantes were
difficult to quantify due to low secretion within the low pg/mL range. CXCL10, MCP-1, and IL-
6 were secreted in concentrations below the LOD of their corresponding calibration curves.
An increase of protein secretion by MCF-7 cells via stimulation with cytokines or growth
factors represents a possible option for shifting the secretion in detectable assay ranges.
Several stimulants were applied in concentrations mentioned in literature and provided by the
supplier (Bronger et al., 2012; Freund et al., 2004; Hollingshead et al., 2008; Mira et al.,
2001). The MCF-7 cells were separately stimulated with either 50 ng/mL MCP-1, 10 ng/mL
TNF-a, 10 ng/mL IL-13, 50 ng/mL IL-1a, 10 ng/mL IFN-y or 50 ng/mL IGF-1 for 24 hours. The
measured protein expression corresponds to the working range of the chip. Figure 33
pictures the secretion of marker with low expression for IL-8, Rantes, IL-6, MCP-1, and

CXCL10 after stimulation, in comparison to non-stimulated (CO) cells.

The blank value or zero standard (S0) was represented as DMEM/F-12 medium plus BSA.
For standard 1 (S1) DMEM/F-12 was spiked with 7.7 ng/mL (concentration within the linear
range of the calibration curves) protein standard from each protein presented on the chip. SO
and S1 were applied as negative and positive controls for the protein measurement and for
the estimation of the protein expression. The medium control (CO) was introduced in the

setup, in order to determine the success of the cell stimulation.

The highest increase in expression was seen after stimulation with IL-1a, IL-18, and TNF-a,
compared to the other stimulants and CO. The stimulation resulted in up to one log higher
expression of the biomarkers. Especially for the low abundant and not measured markers
without stimulation IL-8, IL-6, Rantes, CXCL10 and MCP-1, stimulation with IL-13 reached

high signal intensities. In consequence, further experiments were performed using IL-13 as
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stimulant over 48 hours, to allow in addition an accumulation of the proteins in the cell
supernatant after treatment with ER agonist and antagonists. The medium from untreated
MCF-7 cells was further used as negative control. Nine of ten biomarkers could be quantified
within the exposure to estrogen active substances in the following experiments.
Concentrations of >50 pg/mL were detected after 48 hours IL-1 stimulation. Upon treatment
with agonists of the estrogen receptor, IGF-1 could not be quantified within the working range
of the assay.

The sensitivity of the protein chip was not satisfactory, for the in vitro low expressed markers
IL-6, IL-8, Rantes, MCP-1, and CXCL10 by MCF-7 cells (Chiu et al., 1996; Freund et al.,
2004; Goldberg-Bittman et al., 2004; Inadera et al., 2000; Mira et al., 2001) and for a reliable
guantification in the low pg/mL range (See: Table 18). Secretion promoting stimulants of
MCF-7 cells such as growth factors and cytokines, especially the mediator of inflammatory
response interleukin-1, was highly effective in upregulating the expression of very low
abundant biomarkers in a detectable range (See: Figure 33).

The biomarker IGF-1, which normally has a high expression for MCF-7 cells, shows different
expression patterns in vivo and in vitro after treatment with estrogens. An upregulated
secretion after estradiol exposure was seen in vivo, while it was downregulated in vitro (Huff
et al., 1986).
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Figure 33: Results of MCF-7 cell secretion after stimulation with IGF-1, MCP-1, IL-1a, IL-183,
TNF-a, and IFN-y. The box blots display the secretion of IL-8 (A), Rantes (B), IL-6 (C), MCP-1
(D), and CXCL10 (E) after 24 hours in log [fluorescence]. Compared to two standards (without
cells) SO and S1 and the non-stimulated medium control (with cells) CO. Box plots are
expressed as 5th and 95th quartiles. One-way-ANOVA and Bonferroni multiple comparison
post-hoc test (p < 0.05 (*), p £ 0.01 (**), p < 0.001 (***)), for alpha = 0.05 were used for the
statistical analysis of n = 6 samples for stimulation against the zero standard SO (*) and the
medium control CO (=). Figure was taken from (Gier et al., 2017).
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4.3.3. Influences of solvents on protein secretion

Estrogen and estrogen-active substances are hydrophobic compounds, which have to be
resolved in organic solvents, due to low solubility in liquids such as water or cell medium.
These solvents or vehicles have to be tested in order to do not interfere with experimental
outcomes and their interpretation. The most suitable solvents for the used test substances
are ethanol (EtOH) and DMSO. A fluorescence based cell proliferation assay grounded on
the metabolic conversion of resazurin to the highly fluorescent resofurin was performed in
parallel to the measurements on the protein chip (See: Figure 34). The effect of EtOH and
DMSO in a concentration of 0.1% was tested for changes in proliferation and protein
secretion of MCF-7 cells cultured in DMEM supplemented with 10% FBS and the serum-free
medium DMEM/F-12 with BSA.

treatment of cells

"

o P

' réd_uqtiqn 2D MCF-7 P &
serum-free cell culture D &
viable cell "-.) NS ' multiplexed
biomarker chip
HO 0 0

Resofurin

i .ffﬂ sandwich assay
i ¥ 0 f format
proliferation measurement .
& . | Yy,
j Resazurin analysis Y
fou ol Tl ™ »
HO o o : 44

Figure 34: Biomarker chip and proliferation platform shown as experimental setup. First MCF-7
cells are treated with samples containing estrogen receptor agonists and antagonists. Due to
the treatment, proteins are secreted and quantified in the cell medium, using the fluorescence
based multiplexed protein microarray. The biomarkers are measured on-chip in a sandwich
assay format. Analytes are captured by immobilized antibodies. The binding is detected by
fluorescently labeled detection antibodies. A proliferation assay based on metabolic reduction
of resazurin to resofurin is applied in parallel, to measure the proliferative effect in hormone-
sensitive cancer cell line MCF-7. Figure was taken from (Gier et al., 2017).

Upon exposure to 0.1% EtOH, the secretion of VEGF, Rantes, IL-6, and IGFBP-3 was
upregulated. The expression of the markers seems to directly affect the stimulation. Other
markers showed no increase in expression. The biomarker Rantes showed the highest effect
on the treatment. Approximately 34% increase was determined compared to the medium
control (See: Figure 35 A and B). In addition, the cell proliferation in DMEM with 10% FBS
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increased after 0.1% EtOH treatment compared to the medium control. However, the serum-
free cell culture showed no significant effect on treatment. Treatment of cells with 0.1%
DMSO, a concentration reported to be non-cytotoxic (Jamalzadeh et al., 2016), showed no
significant change in proliferation nor in secretion after 48 hours. Therefore, 0.1% DMSO was

applied in following experiments as solvent for the test substances.
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Figure 35 Secretion of the biomarker Rantes in IL-1 stimulated cells challenged with solvents
0.1% DMSO (A) and 0.1% EtOH (B) compared to untreated cells (C0O), and estrogen receptor
agonist (estradiol) and antagonist (tamoxifen) treatment. Proliferation of MCF-7 cells in
standard medium and serum-free/phenol-red-free medium DMEM/F-12 with and without 0.1%
EtOH (C). Proliferation data are log transformed. Bar graphs are plotted as means +SEM.
Significance was tested (n =5 (A,B); n = 4-8 (C)) against the CO control with a one-way ANOVA
and a Bonferroni multiple comparison test for alpha=0.05(p < 0.5 (*), p < 0.01 (**), p < 0.001

(***)) i

The proliferation assay and the biomarker chip were used for the determination of effects on
the expression of MCF-7 cells and their secretion due to solvent exposure for the further
application in cell experiments. Already concentrations above 0.5% DMSO can actually show
cytotoxic effects (Jamalzadeh et al., 2016). In comparison to DMSO, EtOH was reported to
be cytotoxic in higher concentrations (Jamalzadeh et al., 2016). However, the increase in
proliferation in DMEM with 10% FBS due to exposure to 0.1% EtOH in the experiments, can
be probably explained by an additive effect through the weak estrogenic phenol red and
EtOH. That effect was not observed in the serum- and phenol-red-free cell medium (See:
Figure 35). Etique et al., (2004), further supports our findings. They reported an increase in
MCF-7 cell proliferation for especially low EtOH concentrations. Furthermore, EtOH was
shown to be directly involved in the expression of MMP-9 at concentrations of >0.3% (Etique
et al., 2006), and dose-dependently stimulates the activity of ER alpha (Fan et al., 2000).
Nevertheless, no effects on the secretion of MMP-9 after treatment to 0.1% EtOH were
detected in our experiments, only on VEGF, Rantes, IL-6, and IGFBP-3. In conclusion the

experimental bias by DMSO is lower compared to EtOH, when compared to our data and the
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facts of the literature. For that reason DMSO in concentrations <0.1% is the preferred

solvent for the test substances.

4.3.4. Specific secretion patterns

MCF-7 cells were treated with 1 uM of the known ER agonists, bisphenol A, genistein and
nonylphenol over 48 hours and compared to the most affine endogen ligand 173-estradiol (1
nM), as positive control for estrogenic action. As control for anti-estrogenic action, 10 nM
fulvestrant and 1 nM tamoxifen (in breast tissue) were applied. The chosen concentrations
are shown to be not cytotoxic and correspond to maximal responses in proliferation assays
(Payne et al., 2000; Soto et al., 1995; van Meeuwen et al., 2007; Wetherill et al., 2007). The
nuclear estrogen receptors trigger the transcription of downstream genes, which can be
influenced differently by antagonists and agonistic (See: Figure 36 A, B).

Fulvestrant (-) Fulvestrant (+)

Tamoxifen (-) Tamoxifen (+)

Nonylphenol (-) Nonylphenol (+)

Genistein (-) Genistein (+)

BPA (-) BPA (+)

Estradiol (-) I Estradiol (+) |
0 50 100 150 200 0 50 100 150 200
rel. Fluorescence [%] rel. Fluorescence [%]

Figure 36: Graphs (left graph without (-) and right graph with IL-1R8 stimulation (+)) picture the
proliferative effect of MCF-7 cells. The cells were exposed to agonists (estradiol, bisphenol A
(BPA), genistein, and nonylphenol) and antagonists (tamoxifen and fulvestrant) of the estrogen
receptor. Antagonistically action (A) on the estrogen receptor blocks proliferation signaling,
and agonistically (B) triggers proliferation of cells. Baseline-corrected (to estradiol treatment
and medium control) data for n = 6, are plotted as relative fluorescence.

An increase in cell proliferation after exposure to ER agonists was expected, especially to its
isoform ERa compared to ER antagonists. Nonylphenol treatment resulted in the same
proliferative effect as estradiol treatment with and without stimulation. Bisphenol A
proliferation was reduced by half, while genistein exposure, resulted in 50% more response
without stimulation (See: Figure 36). Due to exposure to the antagonists fulvestrant and
tamoxifen proliferation rates below 30% were measured. Like genistein, also the tamoxifen

treatment showed a decreased proliferation after stimulation (See: Figure 36).
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Figure 37: The relative secretion after treatment with ER agonists (estradiol, BPA, nonylphenol,
genistein) and ER antagonists (fulvestrant, tamoxifen), without (-) or with (+) IL-18 stimulation of
the markers MMP-9, VEGF, IGFBP-3, CXCL10, IL-6, Rantes, IL-8, and MCP-1 over 48 hours is
shown. The mean of baseline-corrected data with SEM is plotted, and shown in percent to the
medium control. One-way-ANOVA and a Bonferroni multiple comparison post-hoc test (alpha =
0.05) was applied for significance testing against treatment with tamoxifen (*) and fulvestrant (#)
forn =6 (p <0.05 (*), p < 0.01 (**), p < 0.001 (**¥)).

102



Figure 37 displays the biomarker graphs, which showed a specific estrogenic or anti-
estrogenic secretion. VEGF and MMP-9 expression without IL-113 stimulus was significantly
upregulated after treatment with agonist compared to antagonist, while the differences
disappear after stimulation. Under IL-1f3 stimulation, significant secretion patterns were
determined for the other biomarkers. IL-6, IL-8, Rantes, and MCP-1 were significantly
downregulated for estradiol, nonylphenol and genistein treatment in comparison to tamoxifen
and fulvestrant. BPA treatment showed slightly less expression differences. Downregulation
of IGFBP-3 was detected when treated with estradiol, bisphenol A and nonylphenol.
Genistein treatment showed under stimulation similar secretion patterns compared to
fulvestrant treatment. Only for IGFBP-3, MMP-9 and IL-11, an upregulated expression was
seen after agonist exposure in relation to the medium, while all others showed lower
expression. Table 19 summarizes the gained results in a color coded translation of

expression patterns overview.

Table 19: Color-coded biomarker secretion patterns. MCF-7 cells (stimulated: +, non-
stimulated: -) challenged with tamoxifen, fulvestrant, estradiol, genistein, bisphenol A, and
nonylphenol, and marker expression quantified with the chip relative to untreated cells (%).
Colors are graded in steps of 20 % (Gier et al., 2017).

Tamoxifen Fulvestrant 178 | Genistein BPA Nonylphenol

MMP-9 - 102 73

VEGF -

IGFBP-3 +

IL-6 +

IL-8 +

MCP-1 +

Rantes +

CXCL-10 +

IL-11 +

IGF-1 +

colour coce: INNMMMMINSESORN s5170%  7190% 91-110% 111130 % SES000 NI

Validation of the system was performed by exposure of MCF-7 cells with popular estrogen
active substances. Similarity in secretion (See: Table 19) and proliferation to estradiol treated
cells was noticed. Expression of the markers after exposure to agonists and antagonists,
especially fulvestrant are remarkable different. Anti-estrogens, in special selective estrogen
receptor modulators (SERMs) such as tamoxifen can show tissue depended agonistic and
antagonistic action on the proliferation of MCF-7 cells under deprivation of estrogen.
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Agonistic effects of tamoxifen were reported for low concentrations (Katzenellenbogen et al.,
1987). Expression patterns gained for tamoxifen treatment support the findings, when
compared to the results of fulvestrant treatment. Significant downregulation was seen for IL-
6, IL-8, MCP-1 and Rantes after exposure to estrogen active substances compared to
fulvestrant. Other markers show more distinct secretion patterns (See: Figure 37, Table 19).

The similar expression of MMP-9, VEGF and IGFBP-3 due to the treatment of genistein and
fulvestrant can be explained by the capability of genistein to trigger the downregulation of
ERa mRNA and therefore protein levels (Maggiolini et al., 2001), as well as fulvestrant (Scott
et al.,, 2011). The phytoestrogen genistein binds to ERa and ERB. That could be an

explanation for diversity in secretion and proliferation.

IL-1R stimulation combined with treatment by genistein and fulvestrant showed for IL-11,
IGFBP-3, and MMP-9 additive effects. Even synergistic effects were observed due to the
treatment of BPA in combination with IL-113 stimulation for IL-11 (See: Figure 38). The reason
could be a positive feedback loop within the MCF-7 cells. Nevertheless, more experiments

have to be performed for verification of these effects on MCF-7 cells to the treatment.

MCF-7 cells proliferate in presence of hormones. Due to their sensitivity to hormones and
related substances, they are applied in validated toxicological measurements like the E-
Screen. The E-Screen determines and verifies estrogen active substances in relation to
estradiol using proliferation rates of the MCF-7 cells (Soto et al., 1995). Therefore a resazurin
based assay with fluorescence read out was used to evaluate the hormone regulated
proliferation of MCF-7 cells, supporting in parallel the measurements on the biomarker chip.
Differences seen in our proliferation measurements after treatment with genistein or
bisphenol A were also described by Seo et al., (2006) and Soto et al. (1995). Nonylphenol
was described as a full estrogen receptor agonist, showing 100% response in the EScreen,

whereas bisphenol A exhibit only 85% (Sonnenschein et al., 1995).
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Figure 38: Additive and synergistic effects of the secretion of MMP-9, IGFBP-3 and IL-11 when
treated with IL-1 and receptor agonist bisphenol A (BPA), genistein (Gen), R-estradiol (17R)
and antagonists fulvestrant (Ful) and tamoxifen (TAM) over 48 hours. Stacked graphs show the
addition of the concentration of the single treatments compared to the combi-treatment. Bar
graphs are shown as mean of n=6 with SD. Concentrations were calculated via the calibration
curves (Appendix | see: Figure A 6).

4.4. Immobilization of Bisphenol A

For the development of an on-chip bisphenol A (BPA) binding inhibition immunoassay, BPA
has to be immobilized on the chip surface. However, BPA is a small organic molecule with
less reactive functional groups compared to bigger proteins. In order to immobilize BPA,
different strategies were tested: 1) immobilization of BPA-protein conjugates and 2)

immobilization of the bare molecule BPA in sciPOLY3D gel.
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BPA was conjugated to keyhole limped protein (KLH), human serum albumin (HSA), bovine
serum albumin (BSA) and horseradish peroxidase (HRP) by the heterobifunctional cross-
linker p-maleimidophenyl isocyanate (PMPI), whereas proteins were conjugated in a reduced
and a unreduced form. The covalent immobilization of the hapten-protein conjugate was
investigated on different functionalized surfaces: poly-L-lysine, ARChip Epoxy,
superaldehyde, amine and the ARChip gel. The unconjugated BPA, BPA-PMPI conjugates
and BPA-protein conjugates without the PMPI crosslinker were tested on the surfaces.
Unconjugated protein carriers were taken as a control for the specific binding of the BPA
antibody. The immobilization was tested within a direct binding assay with a concentration of
0.1 to 2 pg/mL of the labeled BPA antibody. High signal intensities up to 50,000 [A.U.] were
measured for the BPA-PMPI-BSA conjugates on the ARChip gel (See: Table 20, Figure:
39A), whereas the conjugates with unreduced BSA carriers showed up to 1.25 fold lower
intensities. In general, the reduced protein carrier gained an increase in signal compared to
the unreduced molecules. HSA, KLH and HRP-conjugates exhibited a poor performance with
signal intensities lower than 25,000 [A.U.], independently from the surface. No significant
difference in signal was determined between the BPA-protein conjugates and the crosslinked
BPA-protein conjugates (See: Figure 39A). The bare Bisphenol A molecule exhibits the best
performance on aldehyde and poly-I-lysine surfaces (See: Figure 39B, Table: 20). However,
intensities equal or lower than 25,000 [A.U.] were obtained and therefore intensities were
similar to the immobilization with KLH-, HSA-, and HRP conjugates. Evaluation of the
interaction of the BPA detection antibody with the carrier proteins showed high cross
reactivity against BSA on all surfaces compared to signals of the immobilized conjugates.
Medium, low or no cross reactivity was seen for the proteins HSA, KLH and HRP depend on
the surface (See: Table 20).

Table 20: Comparison of cross reactivity (CR) and fluorescence intensities (I) of the different
BPA-protein conjugates, immobilized on different surfaces (high (h) : >30,000 A.U., medium
(m): 10,000-30,000 A.U., low (1):<10,000 A.U.). Only the fluorescence intensities of the BPA-
conjugates with reduced proteins are displayed.

Surface BSA HSA HRP KLH BPA-PMPI |BPA-BSA |BPA

conjugate [conjugate [conjugate |conjugate

CR | CR |I CR |I CR |I CR | CR |[I CR |(I
Epoxy m m m | - - I | - m m m - -
Gel h h m m - - - - - - h h - -
Aldehyd m I I | | m I | - m m I - m
Poly- L. m m I m | m I m - I m m - I
Amine m m I m - | - - - - m m - -
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Figure 39: Immobilization of the bare molecule bisphenol A (BPA) (A) and the comparison of
BPA-PMPI-BSA-, BPA-BSA-, BPA-PMPI-conjugates (reduced and unreduced BSA) and bare
BPA immobilized on ARChip gel surfaces (B). Mean of fluorescence intensities of nine

replicates are plotted with standard deviation. The standard curves were made using a 4-
parametric-fit.

The immobilization of BPA was further investigated in the hydrogel sciPOLY3D provided by
Scienion AG, Berlin, Germany. Therefore, BPA was covalently immobilized via its methyl
groups in sciPOLY3D gel onto ARChip epoxy surfaces (See: Figure 40A, B). The BPA
immobilization was validated in a direct assay for 0.4 to 3 mg/mL immobilized BPA using a
Dy647-labeled BPA antibody in concentrations of 0.1 to 2 pug/mL. The highest signals were
detected for 3 mg/mL immobilized BPA with fluorescence intensities of ~ 30,000 [A.U.] for the
highest antibody concentration. For lower immobilized BPA concentrations, the intensities
decreased stepwise in average 1.2 fold to 10,000 [A.U.] (Appendix | see: Figure A 8). An
antibody concentration of 0.75 pg/mL proved to be suitable for the further development of the
binding inhibition assay. However, the spot morphology for all BPA concentration was not
uniform, what is a sign for uneven molecule distribution in the spot (Mujawar et al., 2013)
(See: Figure 40C). In order to improve the spot morphology and thereby the molecule
distribution in the spots, 20 uM trehalose was added in the BPA-sciPOLY3D solution. Upon
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trehalose addition, the spots became uniform (See: Figure 40 C). For the development of the
binding inhibition assay, BPA concentrations of 1 to 4 mg/mL with and without 20 pM
trehalose were immobilized for the purpose of difference determination in consequence of
trehalose addition. The BPA analytes were incubated with the BPA detection antibody for 10
minutes prior to application on the array. The mixture of BPA analytes and antibodies was
incubated for 2 hours on the arrays. The highest signal intensities in the binding inhibition
assay were achieved for 3 mg/mL BPA in sciPOLY3D plus 20 mM trehalose. Upon adding of
20 pM trehalose, the sensitivity increased from 7.09 ng/mL for 3mg/mL BPA without
trehalose to 3 ng/mL with trehalose addition. Furthermore, the inter slide variation of the
signals from 22% to 7% was improved due to trehalose supplementation (Appendix | see:
Figure A 8; See: Figure 40D, Table 21). 3 mg/mL proved to be the highest concentration

possible for the immobilization in sciPOLY3D.
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Figure 40: Immobilization of bisphenol A (BPA). BPA was immobilized in sciPOLY3D gel on a
ARChip Epoxy surface (A). Immobilization in sciPOLY3D gel via covalent binding to the methyl
groups of BPA, therefore antibody recognition of BPAs hydroxyphenyl groups is assumed (B).
Spot morphology for the immobilization of 1 to 4 mg/mL (1-4) BPA in sciPOLY3D with and
without 20 mM trehalose (C). Comparison of the standard curves of the binding inhibition
assay made with different BPA concentrations immobilized and with and without 20 pM
trehalose (D). Data of standards are shown as mean with standard deviation of n=6 replicates.
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The immobilization of BPA was investigated as hapten-protein-conjugates on different
functionalized surfaces and with the bare molecule in a new hydrogel from Scienion AG. The
heterobifunctional cross linker PMPI enables conjugation of haptens and peptides with less
functional groups such as estradiol, progesterone or digoxigenin to proteins by thiol to
hydroxyl coupling via its maleimide and isocyanate groups (Annunziato et al., 1993). The
crosslinker PMPI is mostly suitable for small molecules conjugation, because of its solvent
limitation (Annunziato et al., 1993). Isocyanates immediately hydrolyze in aqueous solutions
and therefore organic solvents such as DMSO or DMF are recommended for the conjugation
to the hapten OH-groups. The reaction of maleimide with sulfhydryl groups prefers aqueous
buffers with a pH range of 6.5-7.5 for the formation of stable thiol-ether bonds (Thermo
Fischer, 2012). However, phenols can also react with the isocyanate group of PMPI under

development of aryl carbamates, but with less hydrolytic stability

High cross reactivity of the BPA antibody against the protein BSA or its conjugates was
observed. We assume that the cross reactivity occurred due to the production process of the
antibody, because bisphenol valeric acid-BSA conjugates were taken as immunogens
(Agrisera, 2018). Immunogens produced by hapenation of proteins result in the generation of
antibodies against the linkage (Tijssen, 1985; van Weemen et al., 1972). Other BPA-protein
conjugates exhibited insufficient assay performance or resulted in lower signal intensities
than the bare molecule BPA or the BPA-PMPI-conjugate. We suspected that protein
agglomeration and thus prevention of the antibody binding or instability of the conjugate
could be an explanation. Feng et al., (2009) achieved better assay performance with direct
immobilization of the Bisphenol A derivate 4,4-bis(4-hydroxyphenyl) valeric acid compared to
the hapten-protein conjugates. They concluded that conformational changes of the protein

are the reason for the poor performance (Feng et al., 2009).

The water-soluble polymer sciPOLY3D enabled a fast forward covalent immobilization of
BPA via its methyl groups in a random orientation. The epitope targeted by the antibody is
not known, but our results suggest that the antibody binds to the phenols of the molecule
(See: Figure 40 B), what would be an additional explanation for the bad assay performance
of the phenols conjugated BPA. The supplier did not provide any information about the
chemical composition of sciPoly3D gel. However, also Ahn et al., (2012) successfully trapped
and immobilized BPA in a porous hydrogel. The addition of trehalose to the BPA-sciPOLY3D
gel solution increased the spot morphology, inter-slide variances as well as the signal
intensities. The spotting buffer composition (e.g. surfactant concentrations, viscosity and
surface tension) strongly influence the spot morphology on surfaces. Higher buffer viscosities
ensure compact and uniform spots by achieving more reliable results, higher signal

intensities and low background. Buffer supplements such as trehalose were additionally
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reported to stabilize proteins and protect them from dehydrating (Kusnezow et al., 2003;
Preininger et al., 2005). However, further development of the BPA binding inhibition assay is
necessary for possible signal enhancement, definition of the convenient standard
concentrations for the standard curve, determination of assay parameters and for the assay

performance in real samples.

4.5. Channel assembly of the glass hanging drop system

3D cell culture pictures better the morphological and functional properties of real tissues
compared to cells cultured in 2D (Pampaloni et al., 2007). Furthermore, implementation of
microfluidics in cell culture applications allows mimicking microenvironments close to in vivo
conditions by microscale dimensions equals the human body (Gupta et al.,, 2016;
Halldorsson et al., 2015). Therefore, a microfluidic supported hanging droplet device was

developed for the generation of MCF-7 cell spheroids.

Different channel assemblies were tested to achieve a stable droplet formation in a glass
hanging drop system. In a first approach, a closed serial channel assembly in PDMS bonded
to a glass slide was tested. This device consisted of a single channel (diameter: 0.8 mm),
which connected four droplet wells to the in- and outlet (See: Figure 41A). Each droplet well
had a size of 3 mm in diameter with a well to well pitch of 1 mm. Under flow conditions, we
observed an uneven droplet formation. Liquid provided by mechanical filling with a syringe or
automatically by a syringe pump resulted in formation of only one droplet, which was closest
to the inlet (See: Figure 41B). It was necessary to prefill all wells and connecting channels
with liquid, in order to perfuse the whole system by pressure-driven flow. The droplet volume
increased evenly in all wells to around 20 pL. Further increase of volume was not possible,
due to uneven distribution of the liquid within the wells (See: Figure 41C), which resulted in a
final drip off of the droplet closest to the inlet. The other droplets decreased in volume and
the whole network failed. However movement of the device in angular positions resulted in
backflow of liquid to the outer wells, followed by a dripping off the biggest droplet (See:
Figure 41D, E).

A serial channel assembly was tested similar to the devices developed by Frey et al., (2014)
and Wu et al., (2016) for the establishment of the glass hanging drop system. The 3 mm
diameter of the droplet wells was chosen to enable the transfer of the droplet containing
spheroids to a perifusion chamber (See: Chapter 4.5) and to provide higher nutrient
supplementation for the spheroids by larger droplet volumes (>20 pL). Furthermore, larger
droplet volumes might prevent shear stress on spheroids and so adverse effects on
formation processes (Moshksayan et al., 2018; Zuchowska et al., 2017). Zuchowska et al.,

(2017) reported that more compact spheroids were formed in microwells with 500 pm height
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compared to 350 um high wells, due to lower shear stresses. PDMS was applied in the first
line, because of its straight forward production at reasonable cost. The hydrophobic nature of
the material complicated the filling with liquid and its distribution in the channel-well network.
Due to oxygen plasma treatment, the hydrophobic material PDMS becomes hydrophilic (Tan
et al., 2010). This material property can be maintained by immediate application of liquid to
the channel system (Maria et al., 2017). Also Wu et al., (2016) had to prefill their device with
liquid by flipping to the back side, before they could provide the cell medium. The system
failure, due to the droplet drip off in horizontal and angular positions can be explained by
exceedance of the droplet volume bigger than the volume of a hemisphere and the
introduction of backflow due to hydrostatic pressure differences between the droplets (Frey
et al., 2014).

1/2Q
—

Figure 41: Serial (A) and parallel (F) channel-well assemblies are shown with liquid flow
directions and properties of the volumetric flow rate. Drawbacks of the serial channel-well
assembly were: no perfusion without prefilling (B and C), backflow of liquid after movement (D
and E) and network failure caused by droplet drip off (E).

The failure of the droplet network due to one droplet showed similarity to electrical devices,
working with a series circuit like a chain of light. In order to avoid failure of the whole system
caused by one component and to increase the droplet stability, we concluded that a parallel
well-channel design overcomes the disadvantages of the series design. Under the
assumptions of the continuity equation for multiple flow paths for incompressible fluids

Y Qin = X Q. (ITACA, 2018) and a parallel circuit from electrical engineering, we designed
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a split channel system with an inlet channel positioned in the middle and parallel ordered
droplet wells (See: Figure 41F). Due to the design, the volumetric flow rate decreases half at
the bifurcation compared to Q;, and the droplet wells get filled simultaneously. We
hypothesize that the pressure provided by the incoming flow and the resistance of the
channels prevent backflow of liquid. In general, the principle of split channels was already
successfully applied for microfluidic concentration generators (Dertinger et al., 2001; Frey et
al., 2014).

4.5.1. Challenges of the glass hanging drop device fabrication

Prerequisites for an even droplet formation in a glass device are well holes with uniform
diameter, equally etched channels and good glass-glass bonding. This requires a good
established fabrication protocol. In order to connect the hanging drop platform to an
additional spheroid incubation chamber, two 75x25 mm sized glass slides as well as
corresponding structure dimensions were used (See: Figure 42). Borosilicate glass was
applied for the implementation of the parallel channel-well assembly, due to less oxide
content.

3
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Figure 42: Design of the developed glass hanging drop device (A) with specified dimensions
(B).
The introduction of holes for droplet wells and in-/outlets by sandblasting damaged and

roughed the glass surface, which complicated the later bonding process (See: Figure 43 A,
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B). Protection of the glass and therefore undamaged glass surfaces, were achieved by
Scotch tape covering and AZ coating. A metallic mask containing the exact well assembly
with corresponding diameters, was used to increase the repeatability of the well diameters
and simplify the photomask alignment. Variations in diameter of 0.06 mm (CV; n=18) were

achieved.

The coating was challenging, due to the already sandblasted holes. An even thickness of the
coating solution on the glass surface for the precise development of the structures was
realized by covering the backside of the glass slides with HF paper and adding extra
photoresist in the sandblasted holes after spin coating. Therefore backflow of the photoresist
in the holes was avoided. After leveling, a thin (approximately 100 um thick; not measured)
and even distributed AZ coating was accomplished, resulting in consisting exposure and
development of the structures. The adhesion of the AZ layer was improved by HMDS
treatment of the glass slides before coating. After 25 minutes of wet etching with HF,
channels with a depth of 0.05 mm and a width of 0.2 mm were achieved (See: Figure 43 D).
However, the vertical and horizontal located channels show little size variation (CV: 0.10;
n=14) in some devices and partly broken AZ coating, especially at channel parts connected
to the droplet wells (See: Figure 43 C, E).

The glass-glass pre-bonding using pressure was challenging. Many newton rings, a sign for
trapped air in this area were detected (See: Figure 43F). An improved pre-bonding was
gained using ultra clean water wetted glass slides (“Glass Microfluidic Device Fabrication
SOP,” 2015; Tan et al., 2010). Most of the water was removed after pressure. A total bonding
of the glass slides was determined by the absence of newton rings (See: Figure 43D) in the

channel area.
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Figure 43: Defects occurred during the production process included: damages due to
sandblasting without protection (A, B) in comparison to protected glass slides (C and D),
channel dimension variances (C) peeling off of AZ photoresist (E) and newton rings after
fusion bonding (F).

The final established glass device fabrication process (See: Figure 44) resulted in a glass
hanging drop device, containing an array of three parallel assembled channel-well subarrays
(See: Figure 42) in the bottom layer and the in- and outlet holes (diameter: 1.5 mm) in the
upper cover layer. Droplet wells (diameter: 3 mm) are connected by channels of 0.2 mm
width and 0.05 mm height, which can be filled with a total volume of 21.48 pL (See: Figure
42B).
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Figure 44: Scheme of the established glass hanging drop device fabrication.

Sandblasting of the holes was performed before wet etching in order to avoid damage on the
channels. Defects emerged by sandblasting were near-completely prevented. However, the
process is time-consuming and the possibility to introduce damages is high. Alternative
techniques for the introduction of holes after etching such as drilling, laser ablation or hybrid
techniques could improve the disadvantages (Hof and Zziki, 2017). Furthermore it would
simplify the complex coating process and the glass bonding. The wet etching process was
already developed in the working group (Jellema et al., 2009). It offers the opportunity for fast
processing due to high etching rates, it needs only simple equipment and it shows a high
selectivity. Differences measured in channel width can be explained by the isotropic etching,
which results in material removal under the coating. Due to longer etching times, the quality
of the photoresist coating is affected massively and even results in spalling (Ciprian lliescu et
al., 2008). Improvement of the etching outcome by addition of Cr/Au, silicon or a multilayer
under the AZ coating, especially for deeper structures up to 1 mm and longer etching times,
is recommended (Bu et al., 2004; Ciprian lliescu et al., 2007; lliescu and Tay, 2005). Glass
surfaces have to be very cleaned, undamaged and smooth for the fusion bonding (Moriceau
et al., 2010). The newton rings, which appear after the fusion bonding, are a result of trapped
hydrogen. This is, a product from the reaction of water with silicon crystal substrates, which
is unable to diffuse to the edges (Masteika et al., 2014). A water layer between the pre-
bonded slides improved the process. The small number of newton rings, which appear in the
improved process, can also be a consequence of little damages introduced into the glass
substrate during the production process, particle contaminations or insufficient pressure after

pre-bonding (Moriceau et al., 2010).
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4.5.2. Droplet formation and stability

The stability of the hanging droplets in a humid and warm environment over time is a
precondition for the generation of equally formed cell spheroids. Preliminary experiments in
the PDMS devices resulted in spreading and fusion of the medium droplets over the device
and the other droplet wells after incubation at 37°C, 95% humidity and 5% CO, for two days.
In agreement with Frey et al., (2014), the spreading of medium was prevented by introducing
of a 100 um deep rim with an inner diameter of 4 mm and an outer of 5 mm in the PDMS

device around the droplet wells.

In order to accomplish successful droplet formation of a polar liquid such as cell medium on a
hydrophilic glass surface, hydrophobic coatings or nano- or microstructures have to be
introduced. In order to change the surface properties of the glass slides, the surface was
roughened in a round rim-like structure by a diamond pen and by sandblasting in borosilicate
glass and by wet etching with hydrofluoric acid in soda lime glass (See: Figure 45A-D;
Appendix | See: Figure A 10). In addition, the borosilicate glass was coated with a water
repellent polysiloxane solution Rain-X® and compared to a clued Teflon® ring (See: Figure
45E). The analysis of the droplet formation and stability on the mentioned surfaces was
performed by contact - and tilted angle measurements between the surface and the liquid
droplet. The contact angle provides a measure for wettability of the surface, whereas angles
between 90° and 120° are an expression for incomplete wetting, which is equivalent to
droplet formation on a hydrophobic surface (Yuan and Lee, 2013). The tilted angle was used

to determine the stability of the droplet on the surface under movement (Eral et al., 2013).

The contact angle of 40 uyL DMEM/F-12 cell medium droplets in comparison to water droplets
and untreated glass was measured on the different treated surfaces (See: Table 21). The
mechanical treatment by sandblasting and by diamond pen scratching did not change the
surface properties of the glass slide compared to the untreated glass. The exhibit structures
were either quite smooth (sandblasting) or scratched (diamond pen) (Appendix | see: Figure
A 10). Contact angles below 90° for both water and medium were determined similar to the
untreated glass (See: Table 21). In general, cell medium droplets showed smaller angles for
all approaches compared to water with in average 6° variance. The Rain-X® treatment and
the chemical etching of the surface exhibited an increase of the contact angle to 95° +/- 1.2°
for DMEM/F12 and thereby allowed droplet formation. The motion of the droplet on an
inclined plane was tested beginning with a 45° angle under slowly increasing the angle until
droplet movement was detected. Cavity-like structures were formed at the inner edge of the
wet etched rim (See: Figure 45A-C). The 40 uL droplets started moving at ~ 47° at the HF

etched rim. However, a decrease of the droplet volume to 20 puL caught the droplet at the
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etched rim, even in a vertical position (90°) of the slide (See: Table 21). In addition, the
droplet also slid off at an angle of 47°+/- 3.5° on the Rain-X® coated surfaces (See: Table
21).

Table 21: Contact and roll off angles measurements of 40 uL droplets on glass with different
surface treatments. Angels are given as mean of three measurements with standard deviation.

material chemical surface contact angle tilted angle
properties treatment °] []
H,O DMEM/F-12 DMEM/F-12

BOROFLOAT® | hydrophilic Untreated 35.0 +/-4.2 27 +/-4.0 -
BOROFLOAT® | hydrophilic diamond pen 34.0 +/-1.4 33 +/-9.0 -
BOROFLOAT® | hydrophilic sandblasting 32 +/-3.1 24 +/-1.2 -
BOROFLOAT® | hydrophilic Rain-X coating | 97.0 +/-3.4; 95 +/-1.2 47.0 +/-3.5
Soda lime hydrophilic HF etching 95.0 +/-4.4; 86 +/-5.1 - (20 pL

droplets)

Glass is a very hydrophilic and inert material and shows good wetting properties for polar
liquids such as water with contact angles below 40° (Englander et al., 1996). The basis of
cell culture medium is likewise water supplemented with proteins and growth factors. The
addition of proteins and the incubation at 37°C affect the surface tension of a liquid and
supports thereby the wetting properties, with contact angles below 30° (Lam et al., 2001,
Waghmare and Mitra, 2013). This was also observed in our experiments. The alteration of
the glass surface by sandblasting or diamond pen scratching was not efficient enough for the
formation of droplets. Roughness of a hydrophilic surface can change the surface
characteristics in two directions. It can become hydrophobic or can show even enhanced
hydrophilic effects. The hydrophobic behavior of a hydrophilic surface was interpreted by the
generation of a rough surface with cavities. In this cavities, air got trapped after depositing of
a liquid drop (Patankar, 2009). However, no cavities were formed on the glass by
sandblasting or diamond pen, but on HF treated glass. Etching changes the surface
topography of glass under creation of micro- and nanoscale structures due to generation of
insoluble products, which are deposit on the treated surface (lliescu et al., 2006; Xiong et al.,
2010). The generation of insoluble products is depending on the composition of the glass
substrate. The used soda lime glass contains high amounts of CaO and MgO, which react in
contact with HF acid to the insoluble products CaF, and MgF,. This causes increased
roughness (lliescu et al., 2005). The motion of a droplet at an inclined plane is introduced by
gravity, while the contact angle hysteresis keeps it in position. This yields in an asymmetric
shape of the droplet (thin is low angle on top and thick is high contact angle at the bottom),
but it will not start immediately to move. After reaching a critical angle, the droplet slipped off
the surface keeping the asymmetrical shape. The difference between front and back contact

angles is described as contact angle hysteresis (Eral et al., 2013). In consequence of contact
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angle hysteresis, change of surface roughness/topography and probably also by the creation
of liquid-air interface between the lower edge of the droplet and the rest of the glass surface,
the 20 pL droplet on the HF rim did not slip off. However, due to the generation of insoluble
products, the etching process for the soda lime glass was not satisfactory for the production
of the hanging drop device. Therefore, soda lime glass was replaced by borosilicate glass,
which contains only 2% Al,O3; and thus results in low concentrations of insoluble products
and small surface changes. As a consequence, the hydrophillic surface properties will not
change and so prevent droplet formation or stability. The hydrophobic RainX® coating
yielded in droplet formation and even so in an immediately droplet slid off from the surface on
an inclined plane. In consequence, neither a hydrophobic coating nor changes in surface
roughness are enough to keep the droplets stable on the planar glass device.

Figure 45: Droplet stability on glass due to surface treatment. The changes of
roughness/topography of soda lime glass after treatment with hydrofluoric acid (HF). Surface
inside of the HF generated rim (Bar scale = 100 uM) (A). Inner-edge of the HF generated rim
(Bar scale = 100 uM) (B). Rim HF generated on soda lime glass (red box shows position of
microscopic pictures) (C). Droplet stability was tested at the HF rim and is shown with 20 pL
water droplet in a vertical position (D).
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4.5.3. Introduction of a hydrophobic PFPE ring

Preliminary experiments showed that changing the glass surface properties was not enough
to form a droplet or keep it stable on the glass device. An introduction of a ring structure
using an hydrophobic and chemical inert material could improve this. The chemical inert UV-
curable material perfluoropolyether (PFPE) was used to form ring-like structures. Tests for
droplet stability on an inclined plane and for determination of the ring size was made with
different heights (0.5 and 1 mm) and widths (1 and 2 mm) of PDMS rings, which were
attached to glass and filled with different volumina of a stained solution. The results showed
increased stability for the hanging droplet with increased heigths and widths under
enlargement of the droplet volumina from 30 to 65 pL. Rings of 2 mm width and 1 mm height
were able to hold up 65 pL droplets stable even under movement (See: Figure 46A).

Nethertheless, 2 mm wide rings were more suitable within the production process.

Different PFPE-glass attachment approaches were investigated: direct bonding and adhesive
bonding to glass. Direct bonding of uncured PFPE rings with an outer diameter of 6 mm, 2
mm width and a height of 1 mm in PDMS molds with glass resulted in a lot of air bubbles in
the cured rings. Pre-curing of the rings in those molds and attachment to the glass slide with
liquid PFPE prevented air bubbles in the structures and resulted in strong bonding. However,
in a humid atmosphere, the rings delaminated from the glass slide even when treated with
oxygen plasma. Silane and epoxy based reagents such as APTES or SU-8 were used to
improve bonding to other materials, when plasma activation was not efficient (Aran et al.,
2010; Ren et al., 2015; van Dam, 2006). Adhesive bonding with SU-8 and APTES was
investigated for the strong attachment of the PFPE rings to glass slides. Glass slides were
functionalized with SU-8 and APTES (APTES functionalization according to van Dam,
(2006)). SU-8 solutions with different viscosities (from low to high) were tested for the
improvement of the bonding: SU-8 2002, 10 and 50. Pre-cured PFPE rings were bonded to
the coated surface by UV-light exposure using uncured PFPE as intermediate layer. The SU-
8 bonded rings were further treated with heat (95 °C) for 10 minutes. The APTES coating did
not improve the bonding. The PFPE rings immediately peel off after incubation under humid
conditions (Data not shown). Therefore, SU-8 coating resulted in a strong adhesive bonding
of PFPE rings to glass, especially for the SU-8 10 solution. However, under humid conditions
the SU-8 was delaminated. Further improvement of the SU-8 bonding was seen after
implementation of a prebake step, before the PFPE ring attachment via UV-light and a final
post-bake step under pressure after UV-treatment. In order to avoid clogging of the channels
by SU-8, the SU-8 10 solution was coated via micro contact printing using rounded and
punched PDMS stamps (See: Figure 46B, 47). As a result, the bonding was strengthened

and withstood humid conditions over two weeks. Delamination were seen exclusively, when
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the bonding between PFPE and SU-8 on the glass slide was insufficient due to non-planar

SU-8 layers or uncomplete SU-8 layer covering by PFPE.

Height x width [mm]:
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)
)

Figure 46: Determination of the ring dimensions on the droplet stability at an inclined plane.
Bonded PDMS rings were tested with different heights and widths to keep 65 L stained liquid
droplets (A). Glass hanging drop device with SU-8 bonded PFPE rims (B).
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Figure 47: Scheme of the attachment of the pre-cured Fluorolink®-PFPE-ring on the SU-8
coated BOROFLOAT ® glass slide.

Hsiao et al., (2012) introduced micro-ring structure in polystyrene hanging drop plates by
injection molding. That stabilized the droplets most effective against environmental
perturbations, supported droplet formation and prevented liquid spreading. PFPE was used
as material for the ring in our hanging droplet platform because it is chemical inert, non-toxic,
hydrophobic, less porous than PDMS and biocompatible, what was already proved within
tissue engineering approaches (Schulte et al., 2010). But, PFPE has also a low surface
energy and is hardly to polarize. As a result, it complicates the bonding to other materials
(PVA TePLA, 2018). In addition, PFPE shows weak bonding to glass or similar materials

(Devaraju and Unger, 2011). It was reported that plasma treatment improves the bond
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strengths through increase of the PFPE surface energy by addition or substitution of polar
surface groups (PVA TePLA, 2018). Especially, for PDMS-PFPE devices, strong bonding by
plasma treatment was reached (Rolland et al., 2004). However, it did not improve the binding
of PFPE to glass in our experiments. lrreversible attachment was obtained by APTES
modification of nanoporous polycarbonate membranes by covalently bonding of NH,-groups
of APTES with OH-groups of plasma activated PDMS (Aran et al., 2010). For the attachment
of PFPE to glass, APTES was not sufficient. SU-8 was used for the adhesive bonding of
glass wafers or PMMA devices, materials which are normally bonded at high temperatures
(Bilenberg et al., 2004; Lima et al., 2015; Serra et al., 2007; Yu et al., 2006b). Introduction of
the PFPE rings to glass was also successful for our approach. Interaction of PFPE and SU-8
is probably mediated by an ether bond formation by the —OH terminal groups of the PFPE
polymer and the carbo-cations (C+) of SU-8 epoxide rings by linkage under UV (Saravanan
et al., 2013). Saravanan et al., (2013), improved significant tri-biological properties such as
friction and wear life by using a mixture of SU-8 and PFPE to produce a self-lubricating Lub-
tape. The strong binding to SU-8 requires liquid PFPE, what could be an explanation for the

partly delamination.

4.5.4. Network stability, simultaneously filling and transfer of droplets

Perfusion experiments made in PDMS and glass applying different (20, 80,150 pL/min) flow
rates via pressure-driven flow, resulted in a simultaneously and an even droplet formation in
both two droplet wells (See: Figure 48A, B). Limitation for simultaneous filling were seen for
unequal glass bonding and slight differences in channel width, occurred by the production
process. Polystyrene particles (size: 20 um) in 30 pL droplets, which mimic the spheroids,
were used to determine effects by shear stress through the applied flow. No movement of
particles could be observed at flow rates between 10-40 yL/min. Perfusion of the droplets
using a stained solution and applying in— and outflow simultaneously, showed that only
around 15 pL droplets were completely perfused. The larger the volume of the droplet, the
less the droplet was perfused. In order to perfuse the whole droplet, the outflow had to be
stopped and only inflow was applied. That resulted in distribution of the stain at the bottom
part of the droplet. Old medium was removed by starting the outflow after stopping the inflow
(See: Figure 48B, C).
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Figure 48: Simultaneously formation and perfusion of the droplet (A). Stained liquid is applied
by the inlet and perfused the bottom part of the droplet. (B). A whole droplet can be perfused
by lagged perfusion of in-and outlet (C). Images were made at a flow rate of 20 pL/min in ~90°
(A) and ~45° (B) angles.

The final design was not sensitive to perturbations, when filled with droplets up to 40 pL at
RT or under humid conditions. When tilting the device in 45° or 90° angle, no change in
droplet volume and no droplet drip off were detected as seen for the series design (See:
Figure 49A). Under humid conditions, 30 pL droplets proved to be more stable. The droplets
reached a height of 7.92 mm and a volume of ~ 108 pL until drip off. The drip off of one
droplet did not affect the other droplets in the subarray (See: Figure 49B). The droplets were
fully automatic transferred by increase of the droplet volume until their drip off, whereas
approximately 60 pL was collected in the PDMS chamber (See: Figure 49C). However,
smaller volumes can be transferred by pipetting or by touching the droplets on a plane

surface.

The new droplet channel assembly provides a simultaneously filling of droplets wells without
pre-filling and therefore droplets can be fully automatic transferred to another device. One
droplet drip off did not affect other droplets and backflow of the liquid can be avoided as
observed and reported for the droplets in series (Frey et al., 2014). Frey et al., (2014)
postulated that droplets with a smaller base diameter withstand higher pressures until their
drip off, for example a drop with a base diameter of 3.5 mm can hold a water column of 8.5
mm in height, what explains the high droplet volume until drip off for the new glass hanging
drop platform. The prevented complete failure of the system can be explained by a parallel
circuit from electrical engineering, whereas the current represents the volumetric flow rate,

the voltage the droplet volume and the resistor the droplet well (Halliday and Resnick, 2015).
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The flow rate splits at the branches and is the same at in and outlet, whereas each droplet
well contains the same volume. The failure of one component, so the drip off of a droplet
does not affect failure of the whole system, but the volume of the remaining droplet
increases. Probably, pressure differences in the whole system, which occur due to channel
splitting and droplet holes are responsible for the prevention of backflow. The channel
designs of the new device support only the perfusion of approximately 15 pL. Pressure
driven flow supports maximal flow velocities in the center of the of closed channel, what
could be an explanation for the incomplete perfusion of the droplets (Frey et al., 2014), but

has to be proved in a simulation.

Figure 49: Network stability under movement (A). The stability was tested, when moving the
device in different angles (0°, ~45°, 90°). Droplet heights of ~7.92 mm were reached until drip
off, without affecting the volume of the second droplet in a subarray without movement (B).
Fully automatically transfer of droplets into a PDMS chamber (C).

4.5.5. Incubation chamber against evaporation

The open droplets device provides a permanent gas exchange and a high evaporation,
which could lead to an increase in osmolality and therefore effects on the growth conditions
of cells (Heo et al., 2007; Vadivelu et al., 2017). Testing the evaporation of 30 uL cell
medium droplets under static conditions in a plastic chamber with wetted paper at 37°C,
resulted in an evaporation loss of 22.5% over 24 hours. A pre-incubation of the chamber with

wetted paper at 37 °C for 30 minutes, before the droplet device was transferred into it,
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decreased the loss of liquid from the droplets to 11% (See: Figure 50A). Further reduction of
the extensive evaporation was reached with a 3D printed closeable incubation chamber
made out of polylactic acid (PLA). The 40x90 mm chamber enables gas exchange through
an opening on one side, ensures a horizontal device position and the detection of the
droplets through the glass bottom of the device (See: Figure 50B and C). A height of 4.5 mm
from the hanging droplet device to the bottom glass was appropriate for the detection of
spheroids in 30-65 pL droplets depending on the spheroid size. Evaporation experiments
with this chamber, closed with a PDMS slab for a better gas exchange (Halldorsson et al.,
2015), showed a further decrease in evaporation to a loss of 7.8%. However an evaporation
gradient from 0% at the closed side to 16.7% at the opening side was detected (See: Figure
50A). That is similar to cell culture experiments made under static conditions in 96-well
plates, because the outer wells show the highest evaporation (Lundholt et al., 2003; Neeley,
2016). In order to avoid unequal evaporation, wetted paper was added at both ends of the
chamber. That resulted in additional improvement of 12.5% to a loss of 7% and droplet
volume difference of around 1 pL or 3% per droplet. Pre-incubation of the holder in the
incubator for 30 minutes decreased it to 2.77% (See: Figure 50A). Further decrease was not

possible.

Microfluidic cell devices with large surface to volume ratios, a minimum of evaporation exhibit
significant osmolality shifts, especially in PDMS devices with high water vapor permeability
(Heo et al., 2007). The evaporation on the surface of a liquid occurs until the equilibrium
between evaporation and condensation is reached, so until the surrounding gas phase is
saturated with this liquid. Substance concentration in the surrounding gas phase,
temperature of the substance, amount of minerals in a liquid and the surface area are factors
which can influence evaporation. Also, surface wettability influences the evaporation of
liquids, which increases in microscale with a strong impact in microfluidic applications.
Complex fluids such as cell medium have an impact on the evaporation by changing of
surface properties, due to protein adsorption on the material (Choi and Kim, 2009). Droplets
on hydrophobic surfaces have slower evaporation rates due to a smaller droplet radius
compared to hydrophilic surfaces (Shahidzadeh et al., 2015). By implication, high mineral
concentrations of the liquid in the surrounding gas phase, high inter-molecular forces, small
volume to area ratios, hydrophobic surfaces and lower temperatures of the liquid and so
lower kinetic energy of the molecules in the liquid will lead to slower evaporation (Silberberg
and Amateis, 2015). Techniques applied for the prevention of excessive evaporation include:
high humidity at least 95%, avoiding non-essential opening of the incubator, covering of cell
culture devices during incubation, liquid reservoirs surrounding the culture area (Bartosh et

al., 2010; Breslin and O’Driscoll, 2013; Neeley, 2016), pre-incubation of freshly seeded cells
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at room temperature (Lundholt et al., 2003), wetted filter paper (Frey et al., 2014), PDMS
coatings minimizing water vapor permeability (Heo et al., 2007), minimizing the surface area
to volume ratio (Mcjannet et al., 2008; Scott Lynn et al., 2009) or by simply compensation of
evaporation by adding more medium (Breslin and O’Driscoll, 2013; Frey et al., 2014). Here
we showed that a decrease of droplet evaporation was reached by reduction of the
incubation area applying the 3D printed incubation chamber and by pre-incubation of the
device at 37 °C under ~ 95% humidity. The pre-incubation and the reduced area support a
faster saturation of the gas phase with liquid vapor, whereas the fact of using non- or less
permeable materials such as glass and PFPE could additionally promote less evaporation.
However, the hydrophobic PFPE supports additionally smaller diameter of droplets, which
tends to slower the evaporation, compared to materials with good wettability. Furthermore, a
decrease of the surface to volume ratio by using droplets as cell culture platform are
probably also affect the evaporation of the droplets.
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Figure 50: Reduction of evaporation of the hanging droplets in a 3D printed incubation
chamber. Graph shows the reduction of evaporation loss with and without incubation chamber
(IC), after pre-incubation and wetted conditions. Minus (-) and plus (+) at the front of IC and pre-
incubation refer to the absence or presence of it (A). Data are shown as mean with standard
deviation for n=6. Statistical significance was tested using the Mann-Whitney test for
alpha=0.05. Dimensions of the 3D printed incubation chamber (B). PLA incubation chamber is
shown, containing the hanging drop device (C).

4.5.6. Biocompatibility of the glass device materials

Materials applied for cell culture applications can affect cell growth and viability. The
biocompatibility of the glass device materials was investigated by growth and viability of
MCF-7 cell spheroids under static conditions in serum-free medium over four days in
comparison to PDMS. To prevent leaching of uncured PFPE, the glass devices were
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incubated in 70% EtOH and were placed into an ultrasonic bath for 20 minutes, a day before
application. The diameter of the MCF-7 cell spheroids increased continuously in a daily
average of 15.77+/-13.59 uM over the four days in the glass device, resulting in insignificant
differences compared to PDMS with 13.22+/-12.22 uM per day (See: Figure 51). No effects
on cell viability were observed (See: Figure 52B and C). The cell aggregates in both devices
became compact on the third day (See: Figure 51B). The circularity was increasing over time
and aspect ratios of in average 1.31+/-0.18 for the glass device and 1.59 +/-0.47 for PDMS
on day three with a circularity of 0.79+/-0.11 and 0.77+/-0.04 were measured. When the
PFPE rings were not sufficiently bonded to the glass, cells looked stressed and did not form
compact spheroids (Appendix | see: Figure A 11). To investigate which material induce this
effect on cell growth and spheroid formation, glass devices with SU-8 bonded and silicone
sealed PFPE rings were tested against PDMS rings. The rings were clued with silicon
sealant at the outer edge to avoid direct contact with the cultured cells. The devices were
incubated in 70% EtOH under ultrasound prior to cell culture. No negative influences on cell
viability were detected for PFPE (See: Figure 52A). Since the cells grew equal in PDMS and
glass devices with silicon clued rings, an impact on cells by SU-8 was concluded.
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Figure 51: The biocompatibility of the materials used for the glass hanging drop device is
shown for MCF-7 cell spheroids, which were grown in serum-free medium DMEM/F-12 over 4
days. The growth in the glass device is compared to the growth in a PDMS device (A). Data are
plotted as mean with SD from n=4. Morphology of MCF-7 spheroids: The spheroids grew in the
glass hanging drop device and are represented for the days 1 to 4 of cell culture (B). 300 cells
per 30 uL were seeded.
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Figure 52: Influences on MCF-7 cell viability through the device material. Viability of cells
growing in glass devices with PFPE rings bonded via SU-8 (when not totally covered by PFPE)
or silicon sealant compared to PDMS (A). Viability of cells growing in glass devices with PFPE
rings bonded via SU-8 (totally covered by PFPE) compared to PDMS (B). Fluorescent viability
stain CAAM images with corresponding phase contrast images of MCF-7 cell spheroids grown
in the glass hanging drop device with SU-8 attached PFPE rings (left) compared to spheroids
grown in PDMS devices (C). Data are given as mean with SEM. Statistical analysis of log
transformed fluorescence intensities of CAAM stained spheroids were made with an unpaired
t-test for alpha=0.05 n=5-11 (A) or n=3-7 (B). 300 cells per 30 puL were seeded.

Serum-free medium was already used from day one of the cell culture, due to less efficient
spheroid formation in conventional cell medium DMEM with 10% FBS. Therefore EGF; FGF,
B-27 mix and hydrocortisone were added to the growth medium. All materials used for the
new glass hanging drop device and the PDMS device, were already proved to be
biocompatible and used successfully for cell culture applications (Arscott, 2014; Ayuso et al.,
2015; Nemani et al., 2013; Schulte et al., 2010; P M van Midwoud et al., 2012). However,
Nemani et al., (2013) also reported an increase of imunne response in vivo for mice, which
were exposed to subcutaneous SU-8 implants. Furthermore they suggestesd to treat SU-8
for biological studies. SU-8 was exhibiting cytotoxicity within neuronal cultures. The authors
linked the cytotoxic effects on leachates such as antimony salts. However, post-processing
of SU-8 by a combined heat, isopropanol sonication and oxygen plasma treatment rendered
the material biocompatible (Vernekar et al., 2009). Additionally, during the crosslinking of SU-

8, a strong acid is formed after exposure to UV light, which is thermally catalyzed during the
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post bake. The extent of residual epoxy groups and antimony salts are determined by UV-
dose and baking time (Del Campo and Greiner, 2007). In the developmental stages of the
PFPE ring bonding procedure, a pH shift to the acidic range of the conventional cell medium
was observed, however it was not seen in later stages. This negative effect on cell growth
can be introduced by leaching of acid and thus shifts the pH of the medium or from antimony
salts showing direct toxic effects on cells. However, the SU-8 coating is covered by liquid
PFPE and the cured PFPE ring during the UV-exposure. The energy dose for the exposure
was decreased from 2 to approximately 1 J/ cm?2, which was still too high for SU-8 exposure.
On the other hand, the SU-8 layer did not lift of the glass when the PFPE ring was detached,
what would be an argument against insufficient UV-light exposure. Nevertheless, the effect
on the viability of MCF-7 cells was only observed when SU-8 was not totally covered by

PFPE, therefore SU-8 bonding and silicon bonding was used for further cell experiments.

4.5.7. Effect of material and flow on experimental outcome and spheroid
growth

Materials can have a different effect on the outcome of experiments, especially when working
with EDCs, which deploy their action already in low concentrations. Furthermore, spheroids
can be affected by shear stress provided by the liquid flow, which can result in degradation of

the construct.

MCF-7 cell spheroids were exposed to 100 pM and 1 nM estradiol over four days for the
investigation of the effects by different device materials. The spheroids were seeded in 30 puL
DMEM/F-12 supplemented with EGF, FGF, hydrocortisone, ITS, B-27 mix, L-glutamine and
BSA in glass devices with SU-8 and silicone sealed PFPE rings as wells as PDMS devices
for 24 hours. Next, the medium was changed to DMEM/F-12 with ITS EGF, FGF, L-
glutamine and BSA. After additional 24 hours, insulin was removed. 72 hours after seeding,
the spheroids were exposed to estradiol and the medium was changed every second day.
The estradiol solvent DMSO was taken in a concentration of 0.01% in the assay. The viability
of the spheroids was evaluated using the green-fluorescent calcein-AM stain, which indicates
intracellular esterase activity. Since the fluorescence intensity is proportional to the spheroid
diameter, the stain can also be used as indicator for growth of the spheroids. Relative
fluorescence intensities of treated to untreated spheroids was calculated and compared to
the values in the different devices. Significant differences on estradiol treatment was
obtained for the MCF-7 spheroids grown in the glass device with the silicone sealed rings
compared to the PDMS and the glass device with SU-8 attached rings. Fluorescence signals
increased 4 fold for spheroids in the glass device with the silicone clued rings for 1 nM and 2
fold for 100 pM estradiol treatment, whereas the spheroids in the other devices only showed

half of the signal (See: Figure 53A). Spheroids grown in the glass device with SU-8 clued
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rings and in the PDMS device did not differ in signal (See: Figure 53A). Comparison of
untreated, equal sized spheroids in the glass device with SU-8 and the PDMS device exhibit
less than half fluorescence intensities for the glass device with SU-8 compared to PDMS,
indicating toxic effects on the cells (See: Figure 53B). Furthermore, the molecule adsorption
in PDMS and PFPE was investigated using a 50 pM rhodamine solution and incubated
overnight at 37 °C, 5% CO, and 95% humidity. Rhodamine uptake in PDMS was significantly
higher compared to PFPE (See: Figure 54). After 24 hours, the rhodamine molecules
diffused through the 2 mm wide PDMS ring, but with higher accumulation in the first half of
the ring (See: Figure 54 A). The PFPE ring also exhibits higher accumulation in the first half,

however in the rest of the ring, the sighal was neglectable.
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Figure 53: Effect of culture material and flow on MCF-7 spheroids. Influence of culture
materials SU-8, PDMS and silicone sealant on cell growth prior to estradiol treatment (A).
Effects of SU-8 on viability of MCF-7 cell spheroids (B). Bars are shown with corresponding
fluorescent images of the spheroids grown in PDMS or glass device with SU-8 attached PFPE
rings. Data are shown as mean of corrected total cell fluorescence (CTCF) with SEM. Viability
of MCF-7 spheroids grown under flow (20 pL/min) or static conditions (C). Data are given as
mean of log fluorescence values with SEM. Morphology of a MCF-7 spheroid of 1500 cells on
day two of cell culture exposed 15 minutes to flow (D). Morphology of a MCF-7 spheroid of
1500 cells on day two of cell culture grown under static conditions is shown (E). Statistical
analysis was done with an unpaired t-test for alpha=0.05 (A: n=4-6, B: n=6, C: n=3-7 replicates).
Significance was tested group wise for each concentration, material or flow condition.
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Effects of flow on the spheroid morphology and viability were investigated. Therefore 325,
750 and 1500 cells were seeded in 30 uL DMEM/F-12 per well, settled down overnight for
aggregation before 20 puL/min flow was applied for 15 minutes between the in— and outlet.
The spheroids were evaluated for flow and static conditions after 48 hours of growth. The
application of flow exhibited no effects on the viability of spheroids (See: Figure 53 C).
Spheroids, which were exposed to flow, looked more compact than spheroids under static

conditions (See: Figure 53D; E).
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Figure 54: Adsorption of rhodamine. Fluorescence image of a 2 mm wide PDMS ring after 24
hours incubation in 50 pM rhodamine solution (Scale bar=100uM) (A). Fluorescence image of a
2 mm wide PFPE ring after 24 hours incubation in 50 uM rhodamine solution (Scale bar=100uM)
(B). Rhodamine adsorption in PFPE and PDMS is expressed as fluorescence intensity (C).
Fluorescence was measured for the first half (1/2) and the second half of both rings (1). Bar
graphs showing mean values with standard deviation for n=3 replicates. Significance was
tested with an unpaired t-test for alpha=0.05
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The proportional relationship of intensity increases with the spheroid diameter was seen in
our experiments, which was also demonstrated by (Frey et al., 2014). Therefore, the CAAM
cell stain can be applied for the indication of direct toxic effects on the viability as well as the
growth and thus the proliferation of spheroids. Diffusion of especially small hydrophobic
molecules into PDMS was reported manifold (Toepke and Beebe, 2006; van Meer et al.,
2017; Wang et al., 2012). Regehr et al., (2009) showed that neither a pre-saturation of the
PDMS with the hydrophobic molecule estradiol nor blocking with serum proteins was able to
prevent the reduction of estrogen concentration from approximately 1 to 0.1 nM within 24
hours. This features the importance of the careful choice of cell culture materials for
biological or toxicological screening, especially for endocrine active substances, which
exploit their action within the low concentration ranges and explains our findings. The
response of the MCF-7 cells after exposure to 100 pM estradiol in the glass device with
silicone clued rings is similar to the 1 nM treatment of spheroids in the other two devices. The
low response obtained for the glass device with the SU-8 attached rings seems to be a result
of direct effects of SU-8 leachates on the viability of the cells and thus on the response to
estradiol treatment. Compared to that, the high responses seen for spheroids in the glass
device with the silicone sealed rings could indicate leaching of estrogen active substances
from the sealant in the cell culture medium. However, nothing is stated for the substances
contained in the sealant, neither in literature nor in the safety data sheet of the manufacturer
RS (RS, 2018).

Flow, applied after 24 hours of cell seeding, did not have any influences on cell
sedimentation and aggregation. A flow rate of 20 pL/min for 15 minutes did not result in
disaggregation or effects on the viability of the spheroids. However, more compactly formed
spheroids were observed under flow than under static conditions after 48 hours. Spheroid
formation is faster under continuous medium perfusion in microfluidic devices (Gupta et al.,
2016; Katt et al., 2016; Mehta et al., 2012; Wu et al., 2008). Wu et al., (2008) showed that
especially at higher perfusion rates (e.g. 10 pyL/min) the formation time decreases to in
average 7 hours. In addition, it has positive effects on the size uniformity (Mehta et al., 2012).
However, high flow rates can additionally result in high shear stress for the cells and thereby
cause spheroid disaggregation. The maximum shear stress a spheroid can withstand was
reported in a range of 0.001 to 10 dyne/cm? and is dependent on the cell type. Furthermore,
it can influence the cell cycle, differentiation and gene expression (Moshksayan et al., 2018).
Zuchowska et al., (2017) obtained more compactly formed spheroids in 500 um deep
microwells compared to 350 um deep wells. They ascribed it to lower shear stresses in the

deeper well (Zuchowska et al., 2017). Due to large droplet volumes with the highest flow
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velocities in the upper droplet part, we conclude that the spheroids are less affected by shear

stress.

4.6. Spheroid perifusion chamber

The long-term culturing of spheroids requires a sufficient supply of oxygen and nutrients,
especially for spheroid diameters of 300 um and higher, which increases the viability of cells
inside the cell aggregate and therefore ensures accurate results (Anada et al., 2012; Cui et
al., 2007; Wan et al., 2016). Small hydrophobic molecules tend to diffuse into PDMS devices
with the consequence of concentration reduction in applied solutions and affect therefore the
accuracy and reliability of experiments. Glass coatings can reduced the absorption of
hydrophobic molecules in PDMS devices (Wang et al., 2012). A perifusion chamber
integrated in the chip system can provide efficient growth conditions for the MCF-7 cell
spheroids over long periods and can serve as an experimental platform for proliferation and
protein secretion due to EDC exposure of MCF-7 cell spheroids.

PDMS perifusion chambers provided by the group of Pharmaceutical Analysis of Elizabeth
Verpoorte, which were originally made to perifuse tissue samples (liver slices of 4 mm in
diameter, 100 pum thickness) (Van Midwoud et al., 2010) and were used as a basis for the
further development of the spheroid perifusion system. M. Skolimowski advanced the
perifusion system, which consists of two PDMS parts including three chambers with a total
height of 4 mm, a chamber diameter of 5 mm and a single chamber volume of ~ 79 pL. Both
PDMS slabs contained a non-transparent polycarbonate membrane (8 um pores), which kept
the tissue samples in position during perifusion and ensured equal perifusion. The term
“perifusion” was chosen by the authors instead of “perfusion”, because the medium flew
around the tissue sections (Van Midwoud et al., 2010). The tissue was perifused via a bottom
edge inlet and a top edge outlet, which were closed by 2 mm thick PDMS slabs (See: Figure
55D).

In order to attach the hanging drop device to the cell perifusion system and to enable
detection of the spheroids, the device had to be reassembled. Two assembling strategies
were tested: 1) an open perfusion system (See: Figure 55 A, C) and 2) a closed system with
an integrated hanging drop chip (See: Figure 55 B). The chamber parts were new assembled
by moving the outlet to the middle and removing the upper polycarbonate membrane, to
integrate the hanging drop system on top of the device and to ensure a detection of the inner
part of the chambers from above (See: Figure 55A, E). The bottom PDMS slab was replaced
by a glass slide, to ensure good bonding and to allow two perifusion chamber devices next to

each other for parallel transfer of six spheroids.
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Figure 55: Assembly strategies of the perifusion chamber. The reassembled perifusion
chamber is shown, with one polycarbonate membrane in the bottom layer (A). Closed approach
with integrated hanging drop system (B). Open approach with extra hanging drop system (C).
Scheme of the original perifusion chamber assembly is displayed (D). Scheme of the new
perifusion chamber assembly is displayed (E).

For the fabrication of the device, both PDMS parts were bonded after 20 s of oxygen plasma
activation. Due to insufficient bonding, applied liquid diffused in between the two PDMS
parts. The bonding was further improved by 30 s of oxygen plasma treatment with an
additional 30 minutes post-heating step at 70 °C under pressure. The new assembly was
tested under flow conditions for leaking. Liquid applied by pressure driven flow via the inlets
neither penetrated the parallel located chambers nor overflew at the openings, when
aspirated via the outlet (See Figure: 56). However, during the filling of the molds with PDMS,
glycerol from the membrane parts was partly dissipated and created thereby areas, which
could not be filled with PDMS and resulted in holes in the PDMS device and thereby in
leakage. By minimizing the glycerol amount, it could be prevented. Van Midwoud et al.,

(2010) took aluminum clamps to press the two PMDS parts together to close them tightly.
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Figure 56: Liquid flow in perifusion chambers. Improvement of PDMS layer bonding prevented
leakage of fluid to other chambers (A). Perifusion of the open chamber was possible without
overrun of the liquid (B).

Abate et al., (2008) used a1 :1:1:1 ratio of TEOS, MTES, ethanol, and pH 4.5 water to
coat channels with a glass layer in a PDMS device. This protocol was used and was further
adapted for the glass coating of the perifusion chambers. The mixture was homogenized on
a 65 °C hotplate and either placed in a 65 °C oven for 12 hours pre-conversion or stored at
room temperature overnight. The total conversion of the mixture was tested at 100 °C heat
for both conditions by pipetting a droplet of approximately 1 mL sol-mixture in a petri dish,
before it was applied to the PDMS device. Full conversion was observed after 10 minutes. In
the droplet of the fast converted mixture, cracks were detected and the droplet seemed to be
shrunken (See: Figure 57 A). This was not obtained for the overnight storage at room

temperature. The surface of the droplet was very smooth and even (See: Figure 57 B).

Figure 57: Glass solution preparation with different incubation temperatures. Cured glass
solution droplet is shown after overnight incubation at 65 °C (A). Cured glass solution droplet
is shown after overnight incubation at RT (B).

The coating of the perifusion chambers were performed with the room temperature incubated
solution. The mixture was applied to the PDMS device immediately after oxygen plasma (30
s) and heat (10 min) treatment. Therefore, the whole device was incubated for 30 minutes in
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a box filled with the coating solution under movement at 80 °C. The channels were
immediately flushed with air after the coating, to prevent channel clogging. The device was

stored at 100°C for ensuring total conversion of the sol-mixture.

With the adapted protocol ~10 uM thick glass layer was coated on the PDMS device
(Appendix | see: Figure A 12, See: Figure 58A, B). The consistence of the coating was tested
by incubation with 50 uM rhodamine solution. Therefore, the rhodamine solution was applied
into the chambers and incubated at room temperature for 4 days. The rhodamine
permeability was evaluated by fluorescence measurements and compared to uncoated

PDMS devices. The coating prevented rhodamine diffusion into the PDMS device, but not

into the glass coating (See: Figure 58C, D).

Figure 58: Glass coated perifusion chambers. Glass coated perifusion chamber (A). Uncoated
perifusion chamber (B). Fluorescent image of the edge of a glass-coated PDMS perifusion
chamber after 4 day incubation in a 50 uM rhodamine solution is shown (C). Fluorescent image
of the edge of an uncoated PDMS perifusion chamber after 4 day incubation in a 50 pM
rhodamine solution is shown (D).

In order to enable the detection of the spheroids from the bottom part with an inverted
microscope, the polycarbonate membrane was replaced by a glass membrane (See: Figure
59A). The 2 x 2 mm G-Flat™ silicone oxide membrane from SimPore Inc. was fixed in a 5.4
x 5.4 mm silicon frame, which has a thickness of 0.3 mm and shows 20% porosity with 3 uM
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large pores. The membrane was slightly larger compared to the diameter of the perifusion
chamber and prevented therefore a simple click in of the membrane into the device. 3D
printed clamps (height: 1.8 mm) were used for the creation of a 6.5 x 6.5 mm area to
integrate the membranes into the chamber (See: Figure 59B). The removing of the clamps
resulted in PDMS surface irregularities due to the nonplanar 3D print and complicated the
perfect fitting of the membranes in the bottom chamber areas. PDMS had to be removed by
a scalpel to receive a plane surface and enable membrane integration in the glass coated
device (See: Figure 59C). The bottom part of the perifusion system was bonded to a glass

slide by oxygen plasma activation to close the system.

Figure 59: Glass membrane integration in the perifusion device. Glass membrane (A).
Perifusion device mold with 3D printed clamps around each chamber mold for the integration
of the glass membranes (B). Glass coated perifusion device with integrated glass detection
windows (C). A Solution of 15 uM particles (round circles) in the perifusion chamber, was
focused through the membrane (D).

A particle solution with 15 uM sized particles was applied for the detection feasibility.
Detection of the 15 uM particles was possible through the bottom part of the device over the
whole size of the glass membrane (See: Figure 59 D). The detection width of the chamber
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was limited by the dimension of the glass membrane. However, cracks in the coated surface
were obtained, caused by the pressure applied during the membrane integration and PDMS
glass bonding (See: Figure 59C). A test for liquid permeability of the glass membranes
showed that the liquid did not perfuse directly through the pores of the membrane, but rather
diffused over the outer edges of the membrane into the chambers. Increased pressure during

chamber filling resulted in membrane rupture.

The open system would provide better oxygen supply from above, while spheroid culturing
will enable direct access to the cell culture for direct screening of proliferation, what would be
more difficult in the closed device. The open and the closed system allow an easy spheroid
transfer from the hanging drop system into the chambers by increasing the droplet volume
until drip off. Higher evaporation and contamination of the cell culture might be more likely in
the open system, whereas an early droplet drip off due to mechanical perturbations or humid
conditions might occur in the closed design. As a conclusion, the open perifusion system was

used for the further development.

The nontransparent polycarbonate membranes in the chambers between the in-and outlet,
determined the tissue slice position,an uniform medium distribution and flow across the entire
chamber (Van Midwoud et al., 2010). Additional, the membranes generated flow resistances
to avoid high flow rates directly at the tissue. By removing of the upper membrane in the new
assembled device the outflow will be changed. Furthermore, we expect that the flow will
move the spheroids to the medium surface and thus expose them to air. Embedding of the
cell aggregates in hydrogel such as collagen-alginate mixtures or matrigel could prevent this,
spheroids are protected from direct flow and at the same time an extracellular matrix could
be provided (Gupta et al., 2016; Moshksayan et al., 2018; van Duinen et al., 2015). For the
detection of cells in the perifusion system, the lower polycarbonate membrane was replaced
for a glass membrane. Those membranes were already used within cell interaction and
differentiation studies, showing biocompatibility of the materials and the ability to study cell
interactions on both sides of the membrane (Mazzocchi et al., 2014). However, they suffered
from stability under liquid perfusion. The liquid could not penetrate the membrane, probably
due to insufficient permeability or the pore size. Furthermore, the size of the membrane
limited the detection area. Exchange of wider membranes containing larger pores and higher
porosity could probably improve the perfusion and the detection limitations. Another
possibility is the application of the recently developed method for liquid glass printing, which
could simplify the production process of the perifusion chamber and overcome the limitations
(Klein et al., 2015; Kotz et al., 2017).
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PDMS was used by the authors, because of its gas permeability and to obtain sufficient
oxygen and carbon dioxide supply for the tissue parts. However, the gas permeability is
limited by the thickness of the PDMS layers (Van Midwoud et al., 2010).

Sol-gels based on the alkoxy silanes TEOS and MTES are frequently applied for coating of
microfluidic devices, due to low synthesis temperatures, which mediate the formation of
strong covalent bonds between elements. The precursor MTES strongly influences the ratio,
which depends on mechanical and surface properties such as flexibility, hydrophobicity and
the porosity of the aerogels (Abate et al., 2008; Cai et al., 2014; Sinké, 2010; Wang et al.,
2012; Yu et al., 2003; Zhou et al., 2010). 1:1 ratios of TEOS and MTES were described for
higher porosity, whereas they are not fully permeable compared to other ratios (Yu et al.,
2003). The gels were successfully employed within cell culture applications and reduced
drug absorption into the material by preserving transparency and oxygen permeability
(Aymerich et al., 2016; Gomez-Sjoberg et al., 2010). Shrinkage of the gel and crack
development happened, due to condensation of surface silanol groups driven by capillary
pressure during gel drying (Aravind et al., 2010; Yang et al., 2014; Yun et al., 2014). The
shrinkage increases with the amount of organo-alkoxysilanes such as MTES (Yang et al.,
2014). Ambient pressure drying (APD) was reported to effective remove the pore liquid
without shrinkage effects or crack development compared to the other drying methods by
using for example temperature gradients (Aravind et al., 2010; Yun et al., 2007). However,

we obtained crack-free non-shrunken aerogel after RT incubation.

Further experiments have to be performed under long term flow conditions to ensure the
proper bonding of the device without leakage as well as biocompatibility. Additionally, flow
simulations and spheroid perifusion experiments have to be evaluated on changes in flow

and therefore possibly negative influences on spheroid growth.
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5. Summary and conclusions

A new approach for the screening of endocrine active substances and their effects with the
focus on estrogen and antiestrogen substances was presented. The detection system
consists of three main components: 1) a glass hanging drop platform for the generation of
compact MCF-7 cell multicellular spheroids 2) a spheroid perifusion chip supporting the long-
term spheroid culture, to ensure sufficient nutrient, oxygen supply and to serve as an
experimental platform for proliferation and biomarker measurements after exposure to
estrogen and antiestrogen substances, and 3) a protein microarray for the quantification of
the biomarker expression. The immobilization of BPA was investigated for the development
of an on chip BPA screening in real samples and shall serve as additional pre-screening tool

for the detection platform.

The human breast cancer cell line MCF-7 was chosen as a model for the establishment of
the system. The hormone sensitive cells proliferate in presence of estrogen or estrogen
active substances. In order to avoid interferences by hormones and hormone like substances
contained in supplements of cell medium, the cells were cultured under serum-free and
phenol-red free conditions. The proliferative response of MCF-7 cells due to exposure to
estrogen active substances can be measured in parallel to the quantification of the protein
expression with a proliferation assay based on metabolically conversion of resazurin to the
highly fluorescent resofurin. The proliferative response of MCF-7 cells was enhanced due to

incubation under hormone lacking conditions.

The glass hanging drop device for the generation of MCF-7 cell spheroids, contains six
droplet wells assembled in 3 sub-arrays, which can be individually perfused with medium via
a parallel assembled well-channel system. The formation and stability of droplets was
ensured by hydrophobic and inert PFPE rings around the droplet openings, which were
strongly attached to the glass surface by adhesive bonding with SU-8 photoresist or silicone
sealant. The system kept droplet volumes up to 65 pL even under humid conditions. The
design ensured a simultaneously liquid filling of two wells without pre-treatment of the
channels and independently on the flow rate. Droplets can reach a height of 7.92 mm (~100
pL) until they drip off and can be fully automatic transferred to the perifusion chambers by
stopping the outflow and providing a continuous inflow until drip off. Neither the droplet drip
off nor the tilting of the whole device was affecting the other droplets in the system. In order
to completely perfuse droplets larger than ~ 20 pL, in-and outflow of liquid was provided
consecutively. High evaporation emerged due to the open system, was reduced by the
integration of an incubation chamber. Detection of spheroids was enabled through a glass

window in the bottom of the incubation chamber. Compact spheroids were formed after three
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days of static cell culture and after two days under flow conditions. 20 pL/min flow was
neither affecting the viability of the MCF-7 cell spheroids nor the formation. Effects on the cell
viability were obtained for the photoresist SU-8, used for the attachment of the PFPE rings.
Due to SU-8 replacement by a silicone sealant, this effect could be prevented. No data were
found about potentially estrogenic action of the reagents in the sealant. However, by
mechanical integration of the PFPE rings via clicking or tracks, these secondary material- or
reagent-based effects can be avoided. Higher response of MCF-7 cells prior to estradiol
exposure was seen in the new glass hanging drop device compared to PMDS, confirming the
application of less porous and chemically inert materials for toxicological testing of endocrine
active substances at the low molar level and displays the importance for the right choice of

material.

The new channel design displaced the disadvantages seen for serial systems made of
PDMS such as back flow, droplet volume limit, pre-filling or network failure due to drip off.
The device can also be applied as experimental platform for toxicological research. The
channel-well-network can be further extended on larger glass plates for higher sample
numbers and the subarrays can be merged to one array with multi-ports or by integration of
additional channel structures connected to the subarrays following the principle of flow for
split channels. Limitation for simultaneously filling occurred, due to partial glass bonding and
resistance of the channels emerged by the production process. The application of other
production methods such as dry etching or laser ablation for the integration of structures and
holes in glass may improve this. The device can be further automatized by adding of inlets

for the introduction of the cell solution.

The PDMS based perifusion device, based on Van Midwoud et al., (2010), was reassembled
to enable the integration of the hanging droplet platform and the biomarker chip. Detection of
the spheroids was realized by integration of a glass membrane at the bottom of each
perifusion chamber and by opening of the upper part of the device. The opening might allow
additionally proliferation measurements in a plate reader. The glass membrane was not
permeable for liquids and broke under pressure. Due to removal of the polycarbonate
membranes, the flow distribution will be changed. A glass coating of the PDMS device
ensures the impermeability for small hydrophobic molecules into the PDMS layers. The
single perifusion chambers provide sufficient medium volumes for the processing of protein
microarray. However, also the direct integration of a bead based protein immunoassay in the
perifusion device is imaginable and thus enables the screening of lower supernatant
volumes. A further redesign of the system by for instance increasing the amount of the
chambers, decreasing the chamber volume or changing of in- and outlet flow conditions is

necessary to ensure the growth of 150-500 pm cell spheroids and to allow high throughput
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screening. In order to fasten and simplify the production process, new techniques such as

liquid glass printing can be applied.

A biomarker microarray for the fluorescence based detection of 10 proteins (IL-6, IL-8, IL-11,
MMP-9, CXCL10, VEGF, IGF-1, IGFBP-3, Rantes, MCP-1) in MCF-7 cell supernatant, which
are related to physiological and pathological endpoints of EDCs action in human can be
attached to the perifusion chamber. The assay performance was increased for some
biomarkers due to the addition of BSA to the sample matrix DMEM/F-12. Upon IL-1R
stimulation of the MCF-7 cells, the secretion of low abundant biomarkers was promoted to
measurable levels on one hand, but sometimes masked estrogen dependent secretion
variances on the other hand. However, mimicking inflammatory processes by IL-1i
application, allows the screening of estrogen active substances within complex biological
responses. The validation of the system was performed by exposure of MCF-7 cells grown in
2D to well-known estrogen and antiestrogen active substances and resulted in distinct
secretion patterns. The parallel determination of MCF-7 cell proliferation approved agonistic
and antagonistic effects by increase or decrease of proliferation of the hormone sensitive cell
line. Further experiments for the protein secretion of the MCF-7 spheroid culture have to be
performed to confirm the observed secretion patterns of the 2D cultured cells. However,
additional screening of various estrogen receptor ligands in different concentrations, binding
affinities to the receptor as well as over different periods is pivotal to assess the secretion

patterns seen.

In conclusion the biomarker chip represents an outstanding tool for the evaluation of
estrogen and antiestrogen action also for substances which are not assessed for endocrine
action by now. The platform can be applied for the evaluation of protein expression within the
progress of diseases and involvement in steroid synthesis or reproductive disorders. There
are manifold opportunities for the extension of the system, which further support the
detection of endocrine action with the new biomarker chip. An extension of the system may
include an increase of the biomarker amount, applying of cell lines or primary cells from

different tissues and co-cultures with for instance fibroblasts.

The immobilization of bisphenol A (BPA) was investigated for the on-chip BPA detection in
applied samples by a binding inhibition assay and shall be integrated as pre-screening tool
into the screening platform. Immobilization of BPA conjugates suffered from high cross-
reactivity of the bisphenol antibody against the protein carriers BSA, HSA and from low
signal intensities for KLH and HRP conjugates on different functionalized surfaces. The
unconjugated bisphenol A showed even higher signal intensities on poly-L-lysine surfaces

than conjugates without high cross-reactivity to the antibody. BPA was further tested in
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sciPOLY3D gel. Application of sciPOLY3D gel allows a fast and straight forward covalent
immobilization of especially small molecules owning less functional reactive groups, due to
bonding to alkyl groups. The immobilization of BPA in sciPOLY3D was validated within a
direct assay format, suggesting immobilization via its methyl groups and detection of its
phenyl groups. Spot morphology and inter-assay variances were improved by adding of
trehalose. The reached signal intensities were similar to unconjugated BPA on poly-L-lysine
surfaces. However, using sciPOLY3D gel as immobilization matrix, detection limits similar to
already established competitive formats with conjugated BPA, were analyzed for the binding
inhibition format. Further characterization and improvement of the performance of the BPA
binding inhibition assay is necessary to quantify BPA accurately in food or environmental
samples. The immobilization of other endocrine substances in sciPOLY3D gel has to be

tested as further extension of the chip to a multi-analyte platform.
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Figure 1: Section of the human endocrine system with the main endocrine glands (pituary,
pineal, thyroid, parathyroid and adrenal glands), organs containing endocrine cells
(pancreas, thymus, gonads (ovaries and testicles) and hypothalamus) and hormone targets
(adipose tissue, bone, muscle, heart) (Hadley and Levine, 2006). Pictures of the endocrine
system, liver and adipose tissue arrived from the clip art gallery of Microsoft Office
Professional Plus POWErPoint 2010. .........uuuuiiiiieeiiieiiiies st e e e e e e e e e e eennen s 11
Figure 2: Exposure sources for humans and environment and major exposure routes of
EDCs for humans. The exposure by EDCs can be direct (=) by the raw chemical or indirect
(-->) by treatments or manufacture processes (Kidd et al.,, 2012; Yang et al., 2015). Free
Stock Image 3D Human Character arrived from cute-pictures.blogspot.ro..............ccceeeeenn. 12
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Figure 5: Chemical structures of some natural and synthesized estrogenic (A) and
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agonists activate it. 2. Suppression of hormone synthesis, which result in no binding to the

[£<T07] o] 0] £ TP PP UPPPPUPPTRPPN 18
Figure 7: Genomic, non-genomic pathways and autocrine/paracrine signaling of estrogenic
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Figure 8: Comparison of monotonic and non-monotonic dose-response curves. Monotonic
curves show a proportional increase or inversely proportional decrease of response with the
dose. Non-monotonic curves are U-shaped, inverted U-shaped, or even more complex and
characterized by different responses for intermediate or low and high doses, but with
potential higher effects for low doses. Figure adapted from Fagin, 2012. ............cccccvvvvvnnnne 21
Figure 9: Overview of methods used to detect estrogenic activity by determination of the
signaling network of estrogen and estrogen like chemicals. The red letters indicate the
methods used to evaluate the corresponding action. Adapted from Kiyama and Wada-
Y= = T2 0 PN 22

172



Figure 10: Direct, sandwich competitive and binding inhibition immunoassay formats with
corresponding calibration curves are shown (1 and 2). Direct and sandwich formats show a
direct proportional relationship of analyte concentration and signal (1), and competitive and
binding inhibition formats an inversely proportional analyte-signal correlation (2) (Cox, 2012).
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Figure 11: Scheme of the five main steps of a protein microarray. From fabrication to
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Figure 12: Principles of non-contact and contact printing. Non-contact printers dispense the
probes without contact to the surface using nozzles. The dispensing of the probe is
supported by a piezoelement contained in the nozzle (A). Contact printers despose the probe
via contact to the surface using solid, split or quilled pins (B) (Austin and Holway, 2011; Ru et
AL, 200D, oo e 34
Figure 13: Structure of an IgG antibody. In general antibody monomers are divided into a
Fab (fragment antigen binding) (orange) region with antigen binding sites and FC (fragment,
crystallizable) region (blue) for cell interactions. They build of heavy (blue) and light (orange)
chains, whereas the heavy chain defines the antibody class. Both consist of a variable (upper
part) and a constant region (Schroeder and Cavacini, 2010). .......ccccoeeeviiiiiiiiiiieneeeeeeeeeriinnn. 36
Figure 14: Sigmoidal calibration curve using the 4-parameter logistic fit is shown. Here the
curve of a sandwich immunoassay is pictured and is characterized by a positive correlation
between fluorescence signal and concentration (Davies, 2013). ........ccoovviiiiiiiieieeeeeeeeiviinnn. 40
Figure 15: Accuracy versus precision. Accuracy describes how close the measured value to
the spiked value is. Precision how reducible the measurement is. Pictured adapted from
https://apchemcyhs. WiKiSPACES.COM. .......uuuuiiiiiiiiiiiiii e 41
Figure 16: Ways of cross-reactivity in sandwich immunoassays. 1) Binding of cross-reactant
to capture antibody blocks detection antibody binding. Decrease of signal intensities. 2)
Binding of cross-reactant to the detection antibody blocks binding to endogenous analyte on
capture antibody which result in a decrease of signal intensities. 3) Binding of cross-reactant
to capture and detection antibody shows an increase of signal intensities..................c......... 42
Figure 17: Jablonski diagram ((Jabtonhski, 1933) picture adapeted) of fluorescence pictures
the shift of an electron from the ground to an excited state due to absorption. The electron
loses energy due to vibrational relaxation in the excited state and returns back to the ground
state. There it emits photons (Fluorescence) with lower energy and longer wavelengths (A).
The shift is called Stokes Shift (B).........cooviiiiiiiiiiiiii 44
Figure 18: Principles of confocal (right) and non-confocal (left) laser designs. Confocal
systems reject signals from out of plane, whereas non-confocal all signals get captured.
Therefore non-confocal images contain more information from outside the focus plane.
Picture adapted from (Core Life Science, 2012). .......ouuiiiiieeeiieeicee e 45
Figure 19: Alignment and spot segmentation of a protein microarray using GenePix®. Each
spot can be evaluated with different flags (white surroundings, stripes or crosses). Flags
decsribe the quality (presence, absence, bad) of the spot signal and are consequently used
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Figure 20: Intracellular reduction of the sodium salt resazurin to resofurin and finally
hydroresofurin. Picture adapted and changed from Gier et al., (2017)......cccuveiiiiiiiiriiiiinnnnnnn. 49
Figure 21: Scheme of production of a microfluidic device out of PDMS using soft-lithography.
............................................................................................................................................. 55
Figure 22: Production process of microfluidic devices made of glass using a positive
photoresist, wet etching and fusion BONAING. ..........uuuiiiiiiiiii e 56

Figure 23: Spheroid formation process proceeds in three steps (Lin and Chang, 2008). ...... 58
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Figure 24: Microenvironments inside a spheroid according Lin and Chang, (2008). The layer
like structure results in insufficient transport of CO, and waste out of the MCS and an
inadequate supply of O, nutrients and growth factors...............cccccueeiiiiiiiiiiiiiiiiees 59
Figure 25: Cell morphology of MCF-7 cells after inner adaption of serum-free medium on day
four. Comparison of cell growth in DMEM supplemented with 10 % FBS (A) to DMEM/F-12
serum-free cell culture conditions with collagen coating (B) as well as to ITS lacking
conditions (C), no collagen | coating (D) or both (E). ....cccovvviviiiiiiieecie e, 83
Figure 26: Total cell numbers after inner adaption of serum-free medium by MCF-7 cells on
day four. Comparison of cell growth in serum-free DMEM/F-12 with collagen | coating
compared to DMEM with 10% FBS. Additionally under lacking of ITS, collagen | or both.
Total cell numbers were counted for n=2 and given as mean. ITS omission is coded by minus

(-) and adding by plus (+). 1x10” cells were seeded 0N day 0. ...........cccoveveeeieiieeeeee e 84
Figure 27: Morphology of MCF-7 cells after three days of growth in the conventional FBS
supplemented medium (A) or in serum-free medium (B) on collagen | coated surfaces........ 84

Figure 28: MCF-7 cell growth in the serum-free medium DMEM/F-12 supplemented with
Hepes, L-glutamine, insulin/transferrin/selenium and 1 mg/mL BSA over seven days
compared to the conventional DMEM with 10% FBS. 5x10* cells were seeded on day 0.
Cells in serum-free medium were grown on collagen | (10 pg/cm?2) coated surfaces. Data are
shown as mean of triplicates with standard deviation. ..., 85
Figure 29: Dependency of incubation time at the single cell densitiy on resazurin conversion
in DMEM with 10% FBS. Cells were incubated in 120 uM resazurin solution for 1 to 6 hours.
Data are background corrected and shown as mean with SD forn=3.............cc...oooiiiiiiiinnnnn. 87
Figure 30: Comparison of resazurin reduction in serum-free cultured cells (red) and
conventionally cultured cells (black). Cells were incubated for 4 hours in 120 uM resazurin
solution. Data are background corrected and shown as mean with SEM for n=4.................. 88
Figure 31: Influence of insulin omission (A) and incubation time in estrogen-free medium (B)
on the proliferative response of 1x10* MCF-7 cells prior to and during treatment with estradiol
(estradiol concentrations: 10%-10° M). Timeline for the insulin omission approach (C).
Timeline for incubation under estrogen lacking conditions (D). Data are corrected to the
fluorescence signals of the untreated cells and shown as mean of relative fluorescence
intensities with SEM for n=3. Significance was tested for matching concentrations and
treatments with an unpaired t-test for alpha=0.05. Estradiol was solved in DMSO (0.1 % was
USEA N TNE @SSAY). ..ttt 90
Figure 32: Improvement of the assay performance by 10 mg/mL BSA supplementation
shown for the biomarker Rantes. Calibration curves display the assay performance in BSA
(10 mg/mL) supplemented (red curve) and BSA free DMEM/F-12 (black curve)................... 94
Figure 33: Results of MCF-7 cell secretion after stimulation with IGF-1, MCP-1, IL-1a, IL-113,
TNF-a, and IFN-y. The box blots display the secretion of IL-8 (A), Rantes (B), IL-6 (C), MCP-
1 (D), and CXCL10 (E) after 24 hours in log [fluorescence]. Compared to two standards
(without cells) SO and S1 and the non-stimulated medium control (with cells) CO. Box plots
are expressed as 5th and 95th quartiles. One-way-ANOVA and Bonferroni multiple
comparison post-hoc test (p < 0.05 (*), p < 0.01 (**), p < 0.001 (***)), for alpha = 0.05 were
used for the statistical analysis of n = 6 samples for stimulation against the zero standard SO
(*) and the medium control CO (=). Figure was taken from (Gier et al., 2017). ........cccovvvrnnnnn.. 98
Figure 34: Biomarker chip and proliferation platform shown as experimental setup. First
MCF-7 cells are treated with samples containing estrogen receptor agonists and antagonists.
Due to the treatment, proteins are secreted and quantified in the cell medium, using the
fluorescence based multiplexed protein microarray. The biomarkers are measured on-chip in
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a sandwich assay format. Analytes are captured by immobilized antibodies. The binding is
detected by fluorescently labeled detection antibodies. A proliferation assay based on
metabolic reduction of resazurin to resofurin is applied in parallel, to measure the proliferative
effect in hormone-sensitive cancer cell line MCF-7. Figure was taken from (Gier et al., 2017).

Figure 35 Secretion of the biomarker Rantes in IL-1f3 stimulated cells challenged with
solvents 0.1% DMSO (A) and 0.1% EtOH (B) compared to untreated cells (C0), and estrogen
receptor agonist (estradiol) and antagonist (tamoxifen) treatment. Proliferation of MCF-7 cells
in standard medium and serum-free/phenol-red-free medium DMEM/F-12 with and without
0.1% EtOH (C). Proliferation data are log transformed. Bar graphs are plotted as means
+SEM. Significance was tested (n = 5 (A,B); n = 4-8 (C)) against the CO control with a one-
way ANOVA and a Bonferroni multiple comparison test for alpha = 0.05 (p < 0.5 (*), p < 0.01
(3%), P S 0,001 (F5%)). ittt 100
Figure 36: Graphs (left graph without (-) and right graph with IL-1(3 stimulation (+)) picture the
proliferative effect of MCF-7 cells. The cells were exposed to agonists (estradiol, bisphenol A
(BPA), genistein, and nonylphenol) and antagonists (tamoxifen and fulvestrant) of the
estrogen receptor. Antagonistically action (A) on the estrogen receptor blocks proliferation
signaling, and agonistically (B) triggers proliferation of cells. Baseline-corrected (to estradiol
treatment and medium control) data for n = 6, are plotted as relative fluorescence. ........... 101
Figure 37: The relative secretion after treatment with ER agonists (estradiol, BPA,
nonylphenol, genistein) and ER antagonists (fulvestrant, tamoxifen), without (-) or with (+) IL-
1@ stimulation of the markers MMP-9, VEGF, IGFBP-3, CXCL10, IL-6, Rantes, IL-8, and
MCP-1 over 48 hours is shown. The mean of baseline-corrected data with SEM is plotted,
and shown in percent to the medium control. One-way-ANOVA and a Bonferroni multiple
comparison post-hoc test (alpha = 0.05) was applied for significance testing against
treatment with tamoxifen (*) and fulvestrant (#) for n = 6 (p <0.05 (*), p < 0.01 (**), p < 0.001
i) ) 102
Figure 38: Additive and synergistic effects of the secretion of MMP-9, IGFBP-3 and IL-11
when treated with IL-13 and receptor agonist bisphenol A (BPA), genistein (Gen), R-estradiol
(17R) and antagonists fulvestrant (Ful) and tamoxifen (TAM) over 48 hours. Stacked graphs
show the addition of the concentration of the single treatments compared to the combi-
treatment. Bar graphs are shown as mean of n=6 with SD. Concentrations were calculated
via the calibration curves (Appendix | See: Figure A 6). ..........uuuuuuuimumimmmmmiiiiiiiiiiiiiinnnnnninnnnes 105
Figure 39: Immobilization of the bare molecule bisphenol A (BPA) (A) and the comparison of
BPA-PMPI-BSA-, BPA-BSA-, BPA-PMPI-conjugates (reduced and unreduced BSA) and bare
BPA immobilized on ARChip gel surfaces (B). Mean of fluorescence intensities of nine
replicates are plotted with standard deviation. The standard curves were made using a 4-
PAFAIMETIICTIL. ... 107
Figure 40: Immobilization of bisphenol A (BPA). BPA was immobilized in sciPOLY3D gel on
a ARChip Epoxy surface (A). Immobilization in sciPOLY3D gel via covalent binding to the
methyl groups of BPA, therefore antibody recognition of BPAs hydroxyphenyl groups is
assumed (B). Spot morphology for the immobilization of 1 to 4 mg/mL (1-4) BPA in
sciPOLY3D with and without 20 mM trehalose (C). Comparison of the standard curves of the
binding inhibition assay made with different BPA concentrations immobilized and with and
without 20 uM trehalose (D). Data of standards are shown as mean with standard deviation
Of NTB TP CALES. . e et 108
Figure 41: Serial (A) and parallel (F) channel-well assemblies are shown with liquid flow
directions and properties of the volumetric flow rate. Drawbacks of the serial channel-well
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assembly were: no perfusion without prefilling (B and C), backflow of liquid after movement

(D and E) and network failure caused by droplet drip off (E)......ccooovveeiiiiiiiiiiiieen, 111
Figure 42: Design of the developed glass hanging drop device (A) with specified dimensions
(=) TSP P PP PP PPPPPPO 112

Figure 43:. Defects occurred during the production process included: damages due to
sandblasting without protection (A, B) in comparison to protected glass slides (C and D),
channel dimension variances (C) peeling off of AZ photoresist (E) and newton rings after
fUSION DONAING (F). oo 114
Figure 44: Scheme of the established glass hanging drop device fabrication. .................... 115
Figure 45: Droplet stability on glass due to surface treatment. The changes of
roughness/topography of soda lime glass after treatment with hydrofluoric acid (HF). Surface
inside of the HF generated rim (Bar scale = 100 uM) (A). Inner-edge of the HF generated rim
(Bar scale = 100 uM) (B). Rim HF generated on soda lime glass (red box shows position of
microscopic pictures) (C). Droplet stability was tested at the HF rim and is shown with 20 L
water droplet in a vertical POSItION (D). ........uuuuuriiiiiiiiiiiiiiiiieiiieririeeeeee e 118
Figure 46: Determination of the ring dimensions on the droplet stability at an inclined plane.
Bonded PDMS rings were tested with different heights and widths to keep 65 uL stained

liquid droplets (A). Glass hanging drop device with SU-8 bonded PFPE rims (B). .............. 120
Figure 47: Scheme of the attachment of the pre-cured Fluorolink®-PFPE-ring on the SU-8
coated BOROFLOAT ® glass Slide. .....c.oeiniiiiii e 120

Figure 48: Simultaneously formation and perfusion of the droplet (A). Stained liquid is applied
by the inlet and perfused the bottom part of the droplet. (B). A whole droplet can be perfused
by lagged perfusion of in-and outlet (C). Images were made at a flow rate of 20 pL/min in
~90° (A) and ~45° (B) @NQIES. .. .coiieeeiice e 122
Figure 49: Network stability under movement (A). The stability was tested, when moving the
device in different angles (0°, ~45°, 90°). Droplet heights of ~7.92 mm were reached until drip
off, without affecting the volume of the second droplet in a subarray without movement (B).
Fully automatically transfer of droplets into a PDMS chamber (C). ........ccovvvvviiiiiiiiieereeenens 123
Figure 50: Reduction of evaporation of the hanging droplets in a 3D printed incubation
chamber. Graph shows the reduction of evaporation loss with and without incubation
chamber (IC), after pre-incubation and wetted conditions. Minus (-) and plus (+) at the front of
IC and pre-incubation refer to the absence or presence of it (A). Data are shown as mean
with standard deviation for n=6. Statistical significance was tested using the Mann-Whitney
test for alpha=0.05. Dimensions of the 3D printed incubation chamber (B). PLA incubation
chamber is shown, containing the hanging drop device (C)........cooviiiiiiiiiiiiieeeiceee e, 125
Figure 51: The biocompatibility of the materials used for the glass hanging drop device is
shown for MCF-7 cell spheroids, which were grown in serum-free medium DMEM/F-12 over
4 days. The growth in the glass device is compared to the growth in a PDMS device (A).
Data are plotted as mean with SD from n= 4. Morphology of MCF-7 spheroids: The spheroids
grew in the glass hanging drop device and are represented for the days 1 to 4 of cell culture
(B). 300 cells per 30 PL WEre SEEUEM. ........uuuuuuuiiiiiiiiiiiiiiiiiiiiiiiii b aeeeeeeeaneene 126
Figure 52: Influences on MCF-7 cell viability through the device material. Viability of cells
growing in glass devices with PFPE rings bonded via SU-8 (when not totally covered by
PFPE) or silicon sealant compared to PDMS (A). Viability of cells growing in glass devices
with PFPE rings bonded via SU-8 (totally covered by PFPE) compared to PDMS (B).
Fluorescent viability stain CAAM images with corresponding phase contrast images of MCF-
7 cell spheroids grown in the glass hanging drop device with SU-8 attached PFPE rings (left)
compared to spheroids grown in PDMS devices (C). Data are given as mean with SEM.
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Statistical analysis of log transformed fluorescence intensities of CAAM stained spheroids
were made with an unpaired t-test for alpha=0.05 n=5-11 (A) or n=3-7 (B). 300 cells per 30
ML WETE SEEUEM. ...ttt 127
Figure 53: Effect of culture material and flow on MCF-7 spheroids. Influence of culture
materials SU-8, PDMS and silicone sealant on cell growth prior to estradiol treatment (A).
Effects of SU-8 on viability of MCF-7 cell spheroids (B). Bars are shown with corresponding
fluorescent images of the spheroids grown in PDMS or glass device with SU-8 attached
PFPE rings. Data are shown as mean of corrected total cell fluorescence (CTCF) with SEM.
Viability of MCF-7 spheroids grown under flow (20 uL/min) or static conditions (C). Data are
given as mean of log fluorescence values with SEM. Morphology of a MCF-7 spheroid of
1500 cells on day two of cell culture exposed 15 minutes to flow (D). Morphology of a MCF-7
spheroid of 1500 cells on day two of cell culture grown under static conditions is shown (E).
Statistical analysis was done with an unpaired t-test for alpha=0.05 (A: n=4-6, B: n=6, C:
n=3-7 replicates). Significance was tested group wise for each concentration, material or flow
o] o 111 ) o 1A 129
Figure 60: Adsorption of rhodamine. Fluorescence image of a 2 mm wide PDMS ring after 24
hours incubation in 50 uM rhodamine solution (Scale bar=100uM) (A). Fluorescence image
of a 2 mm wide PFPE ring after 24 hours incubation in 50 uM rhodamine solution (Scale
bar=100uM) (B). Rhodamine adsorption in PFPE and PDMS is expressed as fluorescence
intensity (C). Fluorescence was measured for the first half (1/2) and the second half of both
rings (1). Bar graphs showing mean values with standard deviation for n=3 replicates.
Significance was tested with an unpaired t-test for alpha=0.05. ................ocooiiiiiinnn. 130
Figure 55: Assembly strategies of the perifusion chamber. The reassembled perifusion
chamber is shown, with one polycarbonate membrane in the bottom layer (A). Closed
approach with integrated hanging drop system (B). Open approach with extra hanging drop
system (C). Scheme of the original perifusion chamber assembly is displayed (D). Scheme of
the new perifusion chamber assembly is displayed (E).......ccccceeveeeriiiiiiiiiiiiieeeeeceee e, 133
Figure 56: Liquid flow in perifusion chambers. Improvement of PDMS layer bonding
prevented leakage of fluid to other chambers (A). Perifusion of the open chamber was
possible without overrun of the liquid (B). ........cooiiiiiiiiiii e 134
Figure 57: Glass solution preparation with different incubation temperatures. Cured glass
solution droplet is shown after overnight incubation at 65 °C (A). Cured glass solution droplet
is shown after overnight incubation at RT (B). ...c.cvviuiiiiiiiiiiii e 134
Figure 58: Glass coated perifusion chambers. Glass coated perifusion chamber (A).
Uncoated perifusion chamber (B). Fluorescent image of the edge of a glass-coated PDMS
perifusion chamber after 4 day incubation in a 50 uM rhodamine solution is shown (C).
Fluorescent image of the edge of an uncoated PDMS perifusion chamber after 4 day
incubation in a 50 UM rhodamine solution is Shown (D). ..........cceeiiiiieiiiiiiiieee e, 135
Figure 59: Glass membrane integration in the perifusion device. Glass membrane (A).
Perifusion device mold with 3D printed clamps around each chamber mold for the integration
of the glass membranes (B). Glass coated perifusion device with integrated glass detection
windows (C). A Solution of 15 pM particles (round circles) in the perifusion chamber, was
focused through the membrane (D). .......cooo e 136
Figure A 1: Cell morphology of MCF-7 cells after step-wise decrease of FBS to 0% in serum-
free media and serum supplemented medium cells on day four. Comparison of cell growth in
DMEM supplemented with 10% FBS (A), to serum-free cell culture conditions (B), and under
omission of ITS (C), collagen | (D) or both (E). Total cell humbers counted after 100%
adaption to serum-free medium on day four (F). Comparison of cell growth in DMEM
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supplemented with 10% FBS (DMEM 10%) to serum-free cell culture conditions (DMEM/F-
12) and under lacking of ITS, collagen | or both. Total cell numbers were counted for n=2 and
given as mean. ITS omission is coded by minus (-) and adding by plus (+).1*10" cells were
ESY=T=T0 [=To o] o 1o F- |V O S 179
Figure A 2: Cell morphology of MCF-7 cells after sequential media change of serum-free
medium and serum supplemented medium cells on day four. Comparison of cell growth in
DMEM supplemented with 10% FBS (A) to serum-free cell culture conditions (B) and under
lacking of ITS (C), collagen | (D) or both (E). Total cell numbers counted after 100% adaption
to serum-free medium on day four (F). Comparison of cell growth in DMEM supplemented
with 10% FBS to serum-free cell culture conditions (DMEM/F-12) and under lacking of ITS,
collagen | or both. Total cell numbers were counted for n=2 and given as mean. ITS omission
is coded by minus (-) and adding by plus (+).1*10" cells were seeded on day O............... 180
Figure A 3: Growth curve of MCF-7 cells grown in DMEM medium supplemented with 10%
FBS (red) and serum-free DMEM/F-12 medium supplemented with Hepes, L-glutamine,
insulin/transferrin, sodium selenite (black). Cells under serum-free conditions grew on
collagen | coated surfaces. Cells grew over 7 days. Data are shown as mean of triplicates
(L IRy = T o F= T o [T o] o 181
Figure A 4: Effects of 2 mM Resazurin solution on MCF-7 cells cultured in DMEM with 10%
FBS and serum-free DMEM/F-12 medium after 1.5, 3 and 4.5 hours of incubation. Data (n=4)
are shown as mean of background corrected fluorescence intensities with SEM................ 181
Figure A 5: Standard curves of the excluded biomarkers pS2, endostatin and IGFBP-4
showing a bad assay performance. The sandwich assays were performed in DMEM/F-12
(red), DMEM with 10% FBS (blue) and compared to the assay buffer J (black).................. 182

Figure A 6: Calibration curves of VEGF, Rantes, MMP-9, MCP-1, IL-11, IL-8, IL-6, IGFBP-3,
IGF-1, and CXCL10 are shown. The curves are generated with 11 standards in DMEM/F-12
supplemented with 10 mg/mL BSA as sample buffer. The average of the signals is
background corrected and shown with standard deviation in the graph. The mean was
calculated for n=9 technical replicates. A four-parametric fit was chosen. Figure from (Gier et
AL, 20007 i e 184
Figure A 7: Comparison of the assay performance in different matrices. The calibration

curves of IL-6 (A), IL-11 (B), MCP-1 (C) and IGF-1 (D) are displayed. The assays were made
in buffer J (black), and the cell culture media DMEM 10% FBS (red) and the serum-free
DMEM/F-12 (blue). Data are shown as mean of n=9 with standard deviation..................... 185
Figure A 8: Standard curves of bisphenol A antibody titration for different concentration of
BPA immobilized in SciPOLY3D. Data are shown as mean with standard deviation for n=9
replicates for each antibody CONCENTIAtION..............uuuiiiiiii e 186
Figure A 9: Inter slide variance of bisphenol A (BPA) binding inhibition assay. Comparison of
BPA-sciPOLY3D spots with and without 20 mM trehalose. Coefficient of variation of three
different slides with n=9 replicates each is ShOwN. ..........ccccoviiiii i, 186

Figure A 10: Introduction of micro structures in glass. Structure in BOROFLOAT® glass
generated with a diamond pen (A). Structure in BOROFLOAT® glass generated with

SANADIASHING (B). . .oeiiie i 187
Figure A 11: MCF-7 cell spheroid grown in the glass hanging drop device with SU-8 attached
PFPE riNgsS 24 NOUIS after SEEUING. .. ..uuuuutiiiiiiiiiiiiiiiiiiiiitiiiiiiieibiseabessseeeeseneseesneeseaneeeeeeenenne 187

Figure A 12: Fluorescence image of a coated perifusion chamber section. Thickness of the
coating approximately 10 um. Incubation with a 50 uM rhodamine solution stained the
(o = 111 o P 187
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Figure A 1: Cell morphology of MCF-7 cells after step-wise decrease of FBS to 0% in serum-
free media and serum supplemented medium cells on day four. Comparison of cell growth in
DMEM supplemented with 10% FBS (A), to serum-free cell culture conditions (B), and under
omission of ITS (C), collagen | (D) or both (E). Total cell numbers counted after 100% adaption
to serum-free medium on day four (F). Comparison of cell growth in DMEM supplemented
with 10% FBS (DMEM 10%) to serum-free cell culture conditions (DMEM/F-12) and under
lacking of ITS, collagen | or both. Total cell numbers were counted for n=2 and given as mean.
ITS omission is coded by minus (-) and adding by plus (+).1*10" cells were seeded on day O.
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Figure A 2: Cell morphology of MCF-7 cells after sequential media change of serum-free
medium and serum supplemented medium cells on day four. Comparison of cell growth in
DMEM supplemented with 10% FBS (A) to serum-free cell culture conditions (B) and under
lacking of ITS (C), collagen | (D) or both (E). Total cell numbers counted after 100% adaption to
serum-free medium on day four (F). Comparison of cell growth in DMEM supplemented with
10% FBS to serum-free cell culture conditions (DMEM/F-12) and under lacking of ITS, collagen
| or both. Total cell numbers were counted for n=2 and given as mean. ITS omission is coded
by minus (-) and adding by plus (+).1*104 cells were seeded on day 0.
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Figure A 3: Growth curve of MCF-7 cells grown in DMEM medium supplemented with 10% FBS
(red) and serum-free DMEM/F-12 medium supplemented with Hepes, L-glutamine,
insulin/transferrin, sodium selenite (black). Cells under serum-free conditions grew on collagen
| coated surfaces. Cells grew over 7 days. Data are shown as mean of triplicates with standard
deviation.
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Figure A 4: Effects of 2 mM Resazurin solution on MCF-7 cells cultured in DMEM with 10% FBS
and serum-free DMEM/F-12 medium after 1.5, 3 and 4.5 hours of incubation. Data (n=4) are
shown as mean of background corrected fluorescence intensities with SEM.

181



50000 50000 ~

m  Buffer J m  Buffer J
® DMEM/F-12 ® DMEM/F-12
A DMEM FBS A DMEM FBS
40000 A B 40000
5 300004 D 30000
< <
@ M o
© 20000~ VAR
5 & 20000 -
2 g 1%
i / o 1
5 10000 e © .
= 4 - = 10000 [
o % w [ I
o4 a3 o 8 1§ 2+ i e
l gy A
of 1—!* ‘1—l_. — &
-10000 —h . : . . e T
0 110 100 1000 10000 100000 0 110 100 1000 10000 100000
pS2 [pg/ml] Endostatin [pg/ml]
50000
m BufferJ
® DMEM/F-12
A DMEM FBS
40000 -
= 30000
<
@
g
& 20000 -
Q
g .
g 2
Z 10000+ P /,;
o 5/
345 4
T /T

Q 1 10 1(|)0 1060 10(500 1001000
IGFBP-4 [pg/ml]

Figure A 5: Standard curves of the excluded biomarkers pS2, endostatin and IGFBP-4 showing
a bad assay performance. The sandwich assays were performed in DMEM/F-12 (red), DMEM
with 10% FBS (blue) and compared to the assay buffer J (black).
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Figure A 6: Calibration curves of VEGF, Rantes, MMP-9, MCP-1, IL-11, IL-8, IL-6, IGFBP-3, IGF-1,
and CXCL10 are shown. The curves are generated with 11 standards in DMEM/F-12
supplemented with 10 mg/mL BSA as sample buffer. The average of the signals is background
corrected and shown with standard deviation in the graph. The mean was calculated for n=9
technical replicates. A four-parametric fit was chosen. Figure from (Gier et al., 2017).

Table A 1: Working ranges of commercially available standard ELISA kits measuring single

biomarkers in well plate formats. Table from (Gier et al., 2017).

Biomarker Range Comm. ELISA Supplier
[pPg/mL]

MCP-1 (CCL2) 15.6-1000 eBioscience, San Diego, USA
IL-6 3.1-200 eBioscience, San Diego, USA
Rantes (CCL5) 31.2-2000 RnD Systems, Minneapolis, USA
VEGF 15.6—-1000 RnD Systems, Minneapolis, USA
IL-8 31.2—-2000 Biolegend, San Diego, USA
CXCL10 (IP-10) 15.6-1000 Biolegend, San Diego, USA
IL-11 15.6—-1000 RnD Systems, Minneapolis, USA
IGFBP-3 800-50,000 RnD Systems, Minneapolis, USA
MMP-9 300-20,000 RnD Systems, Minneapolis, USA
IGF-1 100-6000 RnD Systems, Minneapolis, USA
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Figure A 7: Comparison of the assay performance in different matrices. The calibration curves
of IL-6 (A), IL-11 (B), MCP-1 (C) and IGF-1 (D) are displayed. The assays were made in buffer J
(black), and the cell culture media DMEM 10% FBS (red) and the serum-free DMEM/F-12 (blue).
Data are shown as mean of n=9 with standard deviation.

Table A 2: LOD-, LOQ-, and EC50-values of IL-6, IL-11, MCP-1 and IGF-1 assays made in assay
buffer J, in serum-supplemented medium DMEM 10% FBS and serum-free medium DMEM/F-12.

Biomarker & Matrix LOD LOQ EC50
[pg/mL] [Pg/mL] [Pg/mL]
IL-6
Buffer J 18 55 2769
DMEM 10% FBS 9 29 3768
DMEM/F-12 230 664 9413
IL-11
Buffer J 9834 22657 35743
DMEM 10% FBS 224 1000 12630
DMEM/F-12 3653 6979 24711
MCP-1
Buffer J 7 102 3609
DMEM 10% FBS 14 90 945
DMEM/F-12 21 62 1297
IGF-1
Buffer J 115 345 20615
DMEM 10% FBS 125 480 29232
DMEM/F-12 1809 3561 11642
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Figure A 8: Standard curves of bisphenol A antibody titration for different concentration of BPA
immobilized in SciPOLY3D. Data are shown as mean with standard deviation for n=9 replicates
for each antibody concentration.
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Figure A 9: Inter slide variance of bisphenol A (BPA) binding inhibition assay. Comparison of
BPA-sciPOLY3D spots with and without 20 mM trehalose. Coefficient of variation of three
different slides with n=9 replicates each is shown.
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Figure A 10: Introduction of micro structures in glass. Structure in BOROFLOAT® glass
generated with a diamond pen (A). Structure in BOROFLOAT® glass generated with
sandblasting (B).

Sy o

Figure A 11: MCF-7 cell spheroid grown in the glass hanging drop device with SU-8 attached
PFPE rings 24 hours after seeding.

Figure A 12: Fluorescence image of a coated perifusion chamber section. Thickness of the
coating approximately 10 um. Incubation with a 50 uM rhodamine solution stained the coating.

187



10. Appendix I

188



10.1. Conference contributions

189



Poster Presentation: 50™ Congress of the European Societies of Toxicology

Edinburgh, UK, 7" -10" September 2014

Microarray System for Toxicity and Bioavailability
Studies for Endocrine Disruptors in Food AUSTRIAN INSTITUTE

OF TECHNOLOGY
1 Gier, K.; ' Sauer, U. Konstanze.Gier@ait.ac.at
TAIT Austrian Institute of Technology GmbH, Health and Environment, Bioresources, Tulln, Austria.

Endocrine disrupting chemicals (EDCs) stand in the center of attention in food safety agencies in the European Union. The World
Health Organization has defined endocrine disruptors as exogenous substances or mixtures that alters functions of the endocrine
system and consequently causes adverse health effects in an intact organism, its progeny, or (sub)populations [1].

There is a lack of high-throughput platforms for identification and characterization of EDC related hazards in food. Therefor we
develop a microfluidic chip that combines human 3D- cell- and a multi- analyte protein microarray allowing the rapid analysis of
specific EDCs, their toxicity and bioavailability in food samples.

CHIP DESIGN MEASUREMENT ENDPOINTS

To evaluate endocrine disrupting processes, the chip includes assay The chip will enable detection of toxicological endpoints like
formats like culture cell responses, reporter gene assays and cytotoxicity, reproductive toxicity and carcinogenicity and pathological
immunoassays (binding inhibition, sandwich). On one hand antibodies, endpoints of cancer and metabolic syndrome by measuring of secreted

human transport proteins and synthetic or biomimetic receptors are used proteins (biomarkers) and cell proliferation. There will also be a focus on
as capture probes on the protein chip for detection of EDCs in food effects of hormone signaling, bioavailability and quantitative and
samples and on the other hand secreted proteins from cell culture qualitative detection of EDCs themselves.

supernatant are utilized. Due to the complexity of EDCs action, cells from -
different tissues are immobilized on the chip in a 3D-culture. The cells are
supplied by medium through a microfluidic system.

/
Cell Chip $
(Microfiudic System) /nﬂ\
]

Toxicity

g Pathology
Y Spheroids in
4 ! Cell Chambers
L]
?
R z BINDING INHIBITION FORMAT Hon'nqne
; Signaling
Protein Chip ! -
: SANDWICH FORMAT B‘“Vallability
&%
Figure 1: Model of a combined microarray system with serum free 3D-cell culture in a Figure 2: The measurement endpoints on the chip will be toxicity (cytotoxicity, reproductive
microfluidic system and a multi-analyte protein microarray. The protein chip includes binding toxicity and ) of and cancer by detection of
inhibition and sandwich assay formats. specific biomarkers in the cell culture ignaling and bioavailability.

METHODS

Cell Culture: Hormone active substances in cell culture media like
phenol red and hormones of fetal calf serum can affect the outcomes of
the future experiments. Therefore was established a serum-free cell
culture media. In a first setup the hormone sensitive breast
adenocarcinoma cell line MCF-7 was utilized. For the serum-free cell
culture DMEM/F12 HAM supplemented with insulin, transferrin and
selenium were taken. The cells grew on a collagen type | coated
surface.

Protein Microarray: The insulin growth like factor (IGF)-1 as a
biomarker for disrupting of steroid hormone signaling and effects on

reproduction was employed. As assay format a sandwich immunoassay o (T e

was chosen. The capture probes were spotted by a contact printer on i 2

an ARChip epoxy glass slide [2] and the samples were spiked in m e R ,-’

different matrices. Detection occured via fluorophor labled antibodies ."'" e e R /i

which were recorded using a non-confocal scanner. ?3’ A iw BT T Z /_,i

el H 7/

RESULTS & CONCLUSION S fu ,/
We established a serum-free MCF-7 cell culture. The MCF-7 cells e ‘;}’

grow without an adaption phase and the DMEM/F12 medium o . e

supplemented with insulin, transferrin and selenium will support a T

growth rate identical to the FCS supplemented medium, if the cells CouioNrs | DML Neulosrs vk S
grow on a collagen type | coated surface. Z s

Figure 3: A-C) MCF-7 cells grow under serum free conditions . A) MCF-7 cells in DMEM media
L " . with 10 % FCS (day 2); B) MCF-7 cells in DMEM/F12 media supplemented with insulin,
First experiments for the protein chip in different cell culture media transferrin and selenium on a collagen type |- coated surface (day 2) - Magnification: 10x C) Total

eomposltions showed a slight decrease in sensltivity and fluorescence number of MCF-7 cells on day 7 of cell culture: MCF-7 cells in DMEM/F12 medium with collagen
intensity against the assay buffer for the IGF-1 sandwich oot & 0T m o o e o O N O o e immmuoaseay for
immunoassay. Optimizing the assay performance will be the aim of IGF-1 in assay buffer J, DMEM/F12 medium (phenol red) and DMEM supplemented medium
further research. (without phenol red); Table 1: Calculated LOD-, LOQ- and EC50- values of the standard curves
References:
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Residues of bisphenol A (BPA), nonylphenol, atrazine and 2,4-Dichlorophenoxyacetic acid (2,4-D) arrive in food via food contact
materials, application of pesticides in agriculture or bioaccumulation in the food chain. These chemicals belong to the group of
endocrine disrupting chemicals (EDCs) which are able to interfere with the endocrine system of organisms. Thus there is a strong

need for a sensitive detection platform measuring several analytes at the same time and in different matrices. Here we present our
first results for the development of a biochip using biological and artificial recognition elements for the rapid detection of endocrine
disrupters in food. The chemicals are small molecules and difficult to immobilize because of only few reactive functional groups. Two
different immobilization and detection strategies are discussed. On one hand conjugates of either 2,4-D or an amino-modified
derivative which were detected with moleculary imprinted polymers (MIPs) and on the other hand we immobilized BPA in sciPOLY3D
without further modification and used labeled antibodies as recognition elements.

Immobilization strategies Assay format and detection with different recognition elements
The analytes BPA and 2,4-D were immobilized onto functionalized glass For small toxins high quality antibodies are often not available, as an
surfaces as conjugates with proteins (bovine serum albumin, horseradish alternative labelled MIPs may be used in binding inhibition assays. Our
peroxidase) or in the hydrogel sciPOLY3D without further modification chip will combine natural and artificial recognition elements, namely
(Figure 1). The water-soluble polymer enables a covalent immobilization fluorescently-labeled human antibodies for BPA, nonylphenol and
of analytes in a random orientation. atrazine and MIPs for 2,4D detection (Figure 2).
’Pg(
o 2,4-D-HRP - conjugate ,/’/ \\\
vl £~ e S
@ ° Sorescenlly Fluorescently
labeled MIP S
) 28 > , labeled antibodies
2 - w
e %5 gk L e -, A
bl | A st
\Y Xk p )
epoxy surface g/T g 4 gt
A s BPA - sciPOLY3D mix -

XSS binding inhibition format

glass substrate

% 3 o
BPA - sciPOLY3D mix
Figure 1: ies for the P of the chip. The scheme shows
the immobilization of BPA in sciPOLY3D hydrogel (right) and the immobilization of a 2,4-D-

HRPconjugats on ARChip Egoxy. Figure 2: Scheme of the combination of different Ci
human antibodies will be used as well as moleculary imprinted polymers.

METHODS
ARChip Epoxy and ARChip Gel were used as immoblization matrix. A
Mixtures of sciPOLY3D and 1-4 mg/mL BPA in different
concentrations and with or without 20 mM trehalose were printed 0 : O

with the sciFLEXARRAYER non-contact spotter and crosslinked HO' OH
under UV light. Successful immobilization was tested in a direct anvTBS tinding
binding assay with labeled BPA antibodies. For binding inhibition
assays 0 - 3936.60 ng/mL BPA was incubated with 0.75 pg/mL
labelled antibody. 0 — 5 mg/mL 2,4D —HRP conjugates were printed
in PBS/0.1% chitosan and in PBS/0.005%CHAPS/0.1% BSA.
Binding studies with fluorescently labelled 24D MIPs were
performed.

RESULTS & CONCLUSIONS

Previous experiments with BPA-PMPI-BSA conjugates showed
promising results on ARChip Gel and ARChip Epoxy, but also high
cross reactivity of the detection antibody with BSA. Therefore we
investigated the immobilization of the small molecule BPA in
sciPOLY3D gel. Bisphenol A was immobilized via its methyl groups.
The epitope targeted by the antibody is not known but our results
suggest that the antibody binds to the hydroxyl groups of the
molecule (Figure 3A). The highest signal intensities in the binding
inhibition assay were achieved for 3 mg/mL BPA in sciPOLY3D plus
20 mM trehalose in the printing solution. Trehalose improved the | 1 I
spot morphology, the sensitivity and also the inter slide variation of N s R R i e R

the signals (CV: 1-19% for different concentrations of BPA) (Figure 3 2,40 [mg/mi) Bisphenol A [pg/mi]

B, C). In the binding inhibition assay a LOD of 3 ng/mL was

achieved (Figure 3 D+E). Binding studies with 0-5 M@/ML 24 D= yunrion sscay. Comparian of BPA-saGLY 3D Speis wih are winout Ttmlose. (o) Spot meromote of Sha
HRP and 2-(4-aminopenoxy)acetic acid-HRP conjugates in different printed in sciPOLY3D and with and without trehalose. (D) Limit of detection (LOD) and half maximal effective
print buffers with the labeled 2,4-D MIP demonstrated firstly :;;‘“"m“" Gﬁo)“hrwtvg :P":‘“‘ :og"ﬂ) ad """ e
successful immobilization of the small ligand and secondly sufficient mm"d"“ "Mh flr m“mwc “"""M'"" 24D with 2.4 D_W;m immobilized on ARChip Gel
affinity of both, the original molecule and the derivative to the MIP. in PBS/Chaps/BSA (cb); or 2-(4 ‘ y)acetic acid in PBS/ or cb printing buffer.
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Endocrine disrupting chemicals (EDCs) in food arise either from natural or anthropogenic
origin. Plasticizers and other plastic additives from food packaging or pestizides as residues
on fruits and vegetables belong to the most focused substances within these chemicals or
mixtures. There is still a lack of high-throughput platforms for identification and
characterization of EDC related hazards in food. Existing analyzing platforms for endocrine
activity are mostly insufficient because they do not reflect the complex interactions of
bioactive chemicals and hormones. Therefor we aim at developing a microfluidic device that
combines a cell- and protein- microarray allowing the rapid analysis of specific EDC’s, their
toxicity and bioavailability in food samples. The protein chip quantifies 13 biomarkers related
to various endpoints in a sandwich immunoassay format in the cell culture supernatant of
EDC exposed MCF-7 cells cultured in serum free media.

The human breast adenocarcinoma cell line MCF-7 is hormone sensitive and retained a
number of properties expressed by breast epithelium in vivo and features receptors for
estrogen, androgen, progesterone, glucocorticoid, insulin and L-3, 3", 5-triiodothyronine.
Estrogen, specifically estradiol and even estrogen active substances are capable of
modulating the expression and secretion of insulin-like growth factor binding proteins
(IGFBPs), insulin-like growth factor (IGF)-1, vascular epidermal growth factor (VEGF),
interleukin (IL)-8, matrix metallopeptidase (MMP)-9, estrogen-induced pS2 and endotstatin.

It was reported that the proteins IGF-1, IGFBP-3 and endostatin decreased after estradiol
exposure while IGFBP-4, VEGF, pS2, MMP-9 showed an increased protein secretion. The
addition of the antiestrogen tamoxifen opposed these effects. Furthermore the expression of
e.g. IGFBP-4 is also positively correlated with estrogen receptor (ER) status in mammary
tumors.

Steroid hormones like estradiol promote the development and maintenance of primary and
secondary female reproductive tissues. After estrogen exposure MCF-7 cells proliferate.
Including this effect the detection of the estrogen regulated proteins and the parallel
measurement of the proliferation of the cells will be part of the whole system. In ongoing
experiments biomarker secretion following exposure to endogen hormones (as control for an
ER agonists), EDC’s and ER receptor antagonists like tamoxifen is compared and used for
validation of the biomarker chip.
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Existing analysis platforms for endocrine activity are generally inadequate, as they either
require several sensors to detect this activity, or cannot assess the complex interactions
of hormone-active chemicals at all. We are therefore developing a double chip system
connected to a microfluidic device. This double chip combines a cell- and a protein-
microarray allowing the rapid analysis of specific endocrine disrupting chemicals (EDCs),
their toxicity and bioavailability in food samples. The protein chip quantifies 13 biomarkers
related to various endpoints of EDC action in a sandwich immunoassay format via
fluorescently labeled antibodies. The biomarkers for estrogen-related expression, cancer,
metabolic syndrome or disorders in reproduction and development will be measured in
the cell culture supernatant of hormone sensitive MCF-7 cells cultured in serum free
media and exposed to EDCs. The fully developed cell microarray will consist of different
cell lines and primary cells to cover different targets of EDC action. The cells will be
integrated as multi-cellular spheroids in a hanging drop microfluidic perfusion system
coupled to the protein- microarray.

Estradiol but also hormone active substances are capable of modulating the expression
and secretion of secreted proteins. We could show that the secretion of vascular
endothelial growth factor, chemokine ligand 5 and matrix metallopeptidase 9 is modulated
via estrogen receptor alpha agonists and antagonists. We can confirm that 80 % of the
biomarkers were secreted and could be detected on the biomarker chip in a pg/ml -range.
After estrogen exposure MCF-7 cells proliferate. Therefore a resazurin based cell
proliferation assay was established. In ongoing experiments biomarker secretion
following exposure to endogen hormones (as control for an estrogen receptor agonists),
EDC’s and estrogen receptor antagonists like tamoxifen and cell proliferation
measurement are compared and used for validation of the platform.
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Abstract

Endocrine disrupting chemicals (EDCs) are substances which affect the hormone system in
organisms through interference with different signalling pathways. They can act as agonists
or antagonists on nuclear receptors at concentrations in the picomolar range, and are
associated with diseases such as cancer, Type 2 diabetes, obesity and developmental
disorders. Existing analysis platforms for endocrine activity are generally inadequate, as they
either require several sensors to detect this activity, or cannot assess the complex
interactions of hormone-active chemicals at all. We are therefore developing a microfluidic
screening system to better assess the adverse effects of EDCs on organisms by using
hormone-sensitive MCF-7 cells.

The screening platform includes a microfluidic hanging-drop component to generate multi-
cellular spheroids, which, once formed, can be automatically transferred to integrated
perfusion microchambers for further cultivation. After incubation with medium containing
EDCs, the system allows a protein-microarray to be coupled to it, to quantify ten biomarkers
which are related to various endpoints of EDC action in organisms. In this way, the effect of
potential endocrine disrupting substances on the protein secretion of the cells can be
assessed.

The hormone-sensitive epithelial breast cancer cell line, MCF-7, was chosen as the
biological model at the heart of the sensing platform. We decided to use 3D-cell culture to
better mimic in vivo tissue conditions and thus improve the in vivo predictability of our assay.
The cells are cultured in serum-free, phenol red-free medium to ensure that no hormones or
hormone-active substances are present, thus circumventing possible interferences by these
compounds on experimental results. In order to avoid leaching of potential hormone-active
components or additives from the plastics conventionally used in cell culture, we have
developed the microfluidic spheroid-generation platform in glass.

The hanging-drop system (Figure 1) consists of two thermally bonded BOROFLOAT ® glass
slides (75.6 x 25 mm). Six hanging drops are formed in the row of 6 holes (wells) in the lower
chip. Each pair of holes is connected by parallel channels to a single inlet and outlet for
medium and cell introduction, which guarantees a more stable and even drop formation than
if six holes were connected to one in- and outlet via one channel. The 6 hanging-drop wells
have a diameter of 3 mm for the generation of 3D spheroids in droplets having volumes up to
45 puL drops. For stable drop formation in a hydrophilic glass device, a hydrophobic rim or
ring is required around the lower edge of each well, to avoid spreading of the liquid. We have
introduced a microfabricated ring made of the inert material, perfluoropolyether (PFPE), to
the system. Once cured, using UV light, each ring is attached to the well chip using the
epoxy, NANO™ SU-8.

194


mailto:Konstanze.Gier@ait.ac.at
mailto:e.m.j.verpoorte@rug.nl

Oral Presentation: 12" International Biosensor Conference (BBMEC), Rome, ltaly, 25" 29" May 2016

During static operation in a simplified device with drop wells and without channels, we
observed up to 40 % evaporation of the hanging drops after 24 hours, especially for the outer
wells. An incubation chamber with an integrated glass window was thus designed and
constructed by 3D printing for operation of the hanging-drop system. The hanging-drop chip
system can be inserted and positioned in this chamber to minimize evaporation and detect
the spheroids under the microscope. Polystyrene beads (g 15 pm) were used to mimic cells
in the droplets and look at direct effects of the flow on the beads at different flow rates. No
effect could be detected at flow rates from 1 to10 yL/min. Ongoing experiments focus on the
generation and cultivation of MCF-7 spheroids in the glass device and effects on the cells
through exposure by EDCs.

This contribution will describe the developed glass hanging drop device and its integration in
the screening system as well as the latest results gained for generation and testing of MCF-7
spheroids with EDC.

Figure 1: Microfluidic hanging drop system made of
glass with integrated PFPE rings for a better stability of
the droplet. A) Single sections of the hanging drop
device. B) Prototype of the microfluidic spheroid-
generation glass platform. C) Hanging drop incubation
chamber with glass device. D) Droplet generation in the
glass hanging drop device using stained water.

Acknowledgements: This project is part of the MARIE CURIE ITN (FP7-PEOPLE-2013-ITN) SAMOSS. Additional,
we like to thank M.D. Skolimowski for sharing his pre-work for a cell perfusion system.
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Abstract: The fluorescence based multi-analyte chip platform for the analysis of estrogenic and anti-
estrogenic substances is a new in vitro tool for high throughput screening of environmental samples.
In contrast to existing tools the chip investigates the complex action of xenoestrogens in a human cell
model by characterizing protein expression. It allows quantification of 10 proteins secreted by MCEF-7
cells, representing various biological and pathological endpoints of endocrine action and
distinguishing estrogen or anti-estrogen dependent secretion of proteins. Distinct protein secretion
patterns of the cancer cell line after exposure to known estrogen receptor agonists f3-estradiol,
bisphenol A, genistein and nonylphenol as well as antagonists fulvestrant and tamoxifen demonstrate
the potential of the chip. Stimulation of cells with Interleukin-11 shifts concentrations of low abundant
biomarkers towards the working range of the chip. In the non-stimulated cell culture Matrix
Metalloproteinase 9 (MMP-9) and Vascular Endothelial Growth Factor (VEGF) show differences upon
treatment with antagonists and agonists of the estrogen receptor. In stimulated MCEF-7 cells
challenged with receptor agonists secretion of Monocyte Chemoattractant Protein (MCP-1),
Interleukin-6 (IL-6), Rantes and Interleukin-8 (IL-8) significantly decreases. In parallel, the
proliferating effect of endocrine disrupting substances in MCF-7 cells is assessed in a proliferation
assay based on resazurin. Using ethanol as solvent for test substances increases the background of
proliferation and secretion experiments while using dimethyl sulfoxide (DMSO) does not show any
adverse effects. The role of the selected biomarkers in different physiological processes such as cell
development, reproduction, cancer and metabolic syndrome makes the chip an excellent tool for
either indicating endocrine disrupting effects in food and environmental samples or for screening the
effect of xenoestrogens on a cellular and molecular level.

Keywords: endocrine disrupting chemicals; protein microarray; bisphenol A; cell proliferation

1. Introduction

The World Health Organization defined endocrine disrupting chemicals (EDCs) as “exogenous
substances or mixtures that alter functions of the endocrine system and consequently cause adverse
health effects in an intact organism, or its progeny, or (sub) populations” [1]. EDCs are from natural
sources as for instance phytoestrogens from soy bean, or from anthropogenic sources, e.g. food
packaging material like bisphenol A, pesticide residues in food like atrazine or environmental
pollutants like alkylphenols [2-6]. Screening of several endocrine active substances showed that they
interact with different nuclear receptors such as the estrogen receptors, androgen receptor, or
peroxisome proliferative receptors. EDCs are able to inhibit or activate these receptors and to disrupt
the normal endocrine function by altering circulating hormone levels. They act together with endogen
hormones and show low dose, additive and synergistic effects [7-10]. Since EDCs interfere with the
endocrine system of an organism their action may result in symptoms of metabolic syndrome,
reproductive dysfunction, and cancer [11].
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Thus there is a strong need for test procedures characterizing estrogenic and anti-estrogenic
action of chemicals and their involvement in biological processes. Existing in vitro platforms examine
the interaction with or activation of nuclear receptors (e.g. Calux® assay, YES/YAS yeast based, ELRA)
[12-14], the hormone responsive cell proliferation (e.g. E-Screen) [15], gene products and gene activity
(e.g. DNA microarrays) [16], the secretion of single biomarkers (e.g. Vitellogenin) [17] or the enzyme
activity within the steroidogenesis [18]. The hormone like activity of substances is often evaluated
with several methods in parallel in order to minimize the chance of false positive and especially false
negative results [19]. The strong cell wall of yeast for instance can prevent the penetration of lipophilic
substances to the target location and cause false negative results of the YES test. Moreover,
transferability of yeast data for the risk assessment for different species, especially humans, is
questionable. Commonly used cell based receptor assays such as Calux®, show an interference of
estrogenic and anti-estrogenic activity which complicates substance dependent assignment to the
effect itself [20]. In addition there are no methods characterizing the cell proteome after exposure to
EDC’s [19]. Therefore we aimed at the development of an in vitro tool which is apt for a) high
throughput screening of environmental samples for endocrine disrupting effects in a human cell
model and b) providing information on their complex cellular effects at the protein level.

Biomarker panels are used in medical diagnostics where single markers cannot achieve the
required accuracy [21]. Multiparameter panels are especially meaningful for fast and highly specific
diagnosis [22-24], disease and targeted therapy monitoring, as well as patient stratification [25],
because they are drawing a picture of the metabolism of individuals. Furthermore, biomarker panels
can be used to detect exposure to xenobiotics and the related metabolic processes, both, on a cell and
on an organism level. In consequence of this we developed a fluorescence based multiplexed protein
microarray showing the complex action of estrogenic and anti-estrogenic substances based on human
MCE-7 cell culture and a parallel proliferation measurement (see Figure 1).

treatment of cells

LB

, s
i [} > sandwich
1 , "
proliferation measurement v &Y ’ Immunoassay
e ¥y '%
s Resazurin analysis Y
T — ™
HO 0 o i W
‘ reduction ‘ 2D MCF-7 &S
/ serum-free cell culture & &
viable cell % T Ny multiplexed
s /@ j;l = biomarker chip
HO' (o) °
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Figure 1. Experimental setup of the biomarker chip and proliferation platform. MCF-7 cells in serum-
free cell culture are exposed to e.g. food samples containing estrogen receptor agonists and antagonist;
biomarkers released are quantified in supernatant with a multiplexed protein microarray based on
fluorescence detection. The on-chip sandwich immunoassay employs immobilized antibodies for capturing
the biomarker and a fluorescently labeled detection antibody for read out. In parallel the proliferative effect
in hormone sensitive cancer cell line MCF-7 is measured with a resazurin assay.
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Supernatant of serum-free MCF-7 cell culture, exposed to estrogen receptor agonists and
antagonist present in environmental samples, is used for biomarker detection with the protein
microarray. In parallel, the proliferative effect of test substances on hormone sensitive cancer cell line
MCEF-7 is assessed with a resazurin proliferation assay. The microarray shows secretion patterns of ten
biomarkers after exposure to estrogen receptor agonists and antagonists and provides indications for
their involvement in: estrogen receptor interaction, steroid synthesis, cancer, metabolic syndrome and
reproductive and developmental processes. The tool overcomes penetration problems by using a
human cancer cell line and avoids interference of different effects by measuring the protein expression
of whole cells as an endpoint after exposure to EDCs in comparison to well-known agonists and
antagonists of the estrogen receptor.

2. Materials and Methods

2.1. Cell line and cultivation

The hormone sensitive breast cancer cell line MCF-7 was obtained from American Type Culture
Collection (ATCC, Manassas, VA, USA). The cells were cultivated routinely in Dulbecco’s modified
Eagle’s Medium (DMEM) (Sigma Aldrich, St. Louis, MO, USA) supplemented with 10 % heat
inactivated fetal bovine serum (FBS), 1 % non-essential amino acid (NEAA), 2 mM L-glutamine and
penicillin/streptomycin (Thermo Fischer Scientific, Waltham, MA, USA) at 37 °C, 5 % CO2 and a
humidity of 95 % in cell culture flasks (Falcon® Corning Inc., Corning, NY, USA). Cells were grown
for five days to confluence of 80 % and then trypsinated by a 10 % dilution of a 0.5 % trypsin-
ethylenediaminetetraacetic acid (EDTA) mixture (Thermo Fischer Scientific, Waltham, MA, USA) in
phosphate buffered saline (PBS) without magnesium and calcium (Sigma Aldrich, St. Louis, MO,
USA).

2.2. Cell cultivation in serum- /phenol red- free medium

For biomarker secretion and proliferation assays cells were cultured in serum free medium which
was introduced by the following adaption phase. MCF-7 cells were seeded at a density of 5x10* cells
per well in Costar® cell culture plates, 96 well, flat bottom (Corning Incorporated, Corning, NY, USA)
in 200 ul DMEM supplemented with 10 % FBS, 1 % NEAA, 2 mM L-glutamine and pen/step for one
day at 37 °C, 95 % humidity and 5 % CO2. Cells were allowed to attach on the well surface for 24 hrs
before changing to Gibco™. Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12)
with Hepes, L-glutamine supplemented with pen/strep, bovine serum albumin (BSA) solution and
insulin/transferrin/selenium (ITS) mixture (Thermo Fischer Scientificc Waltham, MA, USA) but
without phenol red. After 24 hrs the medium was removed and DMEM/F-12 without insulin was
added for increasing the proliferative effect 33 and for acclimatization of cells in the changed
environment. Transferrin (Thermo Fischer Scientific, Waltham, MA), sodium selenite (Sigma- Aldrich,
St. Louis, MO), BSA solution and pen/strep were added. The cell layers were washed with 300 uL PBS
(-Ca/-Mg) before changing the medium.

2.3. Cell treatment for biomarker and proliferation assays

After 72 hrs the cells were treated with 1 nM $-estradiol, 1 nM tamoxifen, 10 nM fulvestrant, 1
1M nonylphenol, 1 uM bisphenol A (BPA) and 1 uM genistein (Sigma- Aldrich, St. Louis, MO, USA)
with and without stimulation by 10 ng/mL human recombinant IL-1f3 (eBioscience, San Diego, CA,
USA) in 200 pL DMEM/F-12 without insulin for 48 hrs. After 48 hrs of treatment 200 pL of each
sample was transferred in a 96 well plate and centrifuged for 1 min at 0.3 (x 1000) rpm to get rid of cell
particles. The samples were stored on ice while preparing the sampling step for the protein
microarray. Test substances were dissolved in dimethyl sulfoxide (DMSO) (Sigma- Aldrich, St. Louis,
MO, USA) or 99.9 % ethanol absolute (ETOH) (Emsure® Merck Millipore, Darmstadt, Germany). The
final solvent concentration in cell culture medium was 0.1 %. A sterile stock concentration of 100 mM
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for each test-substance was made and diluted to the desired concentrations with the solvents. The
different dilutions were stored in dark glass jars at 4°C or — 20°C for genistein. After supernatant
removal the cells were washed with 300 uL PBS (-Mg/-Ca) for the resazurin proliferation assay.

2.4. Resazurin proliferation assay

1x10* cells (in the linear range of the standard curve) were seeded per well to determine the
proliferation of the cells in microtiter plates with 200 pL medium. After acclimatization, cells were
treated with estradiol, tamoxifen, fulvestrant and three different EDCs. After 48 hrs of exposure the
medium was aspirated and the cells were washed with 300 uL of PBS (-Mg/-Ca). 200 uL of fresh
medium containing 2 mM Resazurin (Sigma- Aldrich, St. Louis, MO, USA) were added to the wells
and incubated for five hrs. No-cell controls were included. The plates were wrapped in aluminium foil
and incubated for 4 hrs in cell incubator at 37°C, 5 % CO2, 95 % humidity. Afterwards 150 puL aliquots
of each sample and controls were transferred into white fluorescence measurement plates Falcon™
White Opaque 96-Well Tissue Culture Plates (Corning, Corning, NY, USA). Fluorescence signals were
read at Aex= 560 nm and Aem= 590 nm on a plate reader.

2.5. Materials and reagents for the protein microarray

The proprietary ARChip Epoxy [26] was used as a protein microarray immobilization platform.
Anti-human IL-6 (MQ2-13A5), recombinant IL-6 protein, biotinylated anti-human IL-6 (MQ2-39C3), as
well as anti-human MCP-1 (5D3-F7), recombinant MCP-1, biotinylated anti-human MCP-1 (2H5) and
recombinant IL-18 for the stimulation of the cells were purchased from eBioscience (San Diego, CA,
USA). Anti-human IL-8 (H8A5), anti-human CXCL10 (IP-10) (J036G3), anti-human Rantes (J047C5),
recombinant protein IL-8, recombinant protein CXCL10 (IP-10), recombinant protein Rantes and the
biotinylated anti-human IL-8 (E8N1), biotinylated anti-human CXCL10 (IP-10) (Poly5194), biotinylated
anti-human Rantes (Poly5197) were obtained from Biolegend (San Diego, CA, USA). Human IGFBP-3
Antibody (E8N1), Recombinant Human IGFBP-3, Biotinylated Antihuman IGFBP-3, Antibody Human
IGF-I, Mouse IgG1 (MAb56408), Recombinant Human IGF-I, CF Recombinant Human IL-11, Human
IGF-I Biotinylated Affinity Purified PAb, Goat IgG, Monoclonal Anti-human IL-11 Antibody,
Biotinylated Anti-human IL-11(22616), Anti hVEGF 165 (26503), Recombinant Human VEGF 165,
VEGF Antibody anti-hVEGF biotinylated, Human Anti-hMMP-9 (36020), Recombinant Human
MMP-9, Biotinylated Anti-human MMP-9 Antibody were obtained from R&D Systems (Minneapolis,
MN, USA). Labelled streptavidin Dy647 was from Dyomics (Jena, TH, Germany). Polysorbate 20
(Tween 20), sodium deoxycholate, sodium chloride (NaCl), calcium chloride (CaCl) were purchased
from Sigma (St. Louis, MO, USA). Phosphate buffered saline (PBS, pH 7.2, 10X) was from Thermo
Fischer Scientific (Waltham, MA, USA) and Tris(hydroxymethyl)aminomethane (Tris) from
AMRESCO (Cleveland, OH, USA).

2.6. Protein microarray fabrication, processing and scanning

The probes were diluted for spotting in sterile 1x PBS (pH 7.2) /0.01 % sodium deoxycholate to
concentrations of 0.4 mg/mL for IL-6, IL-8, IL-11, CXCL10, Rantes, MCP-1, IGF-1, IGFBP-3, MMP-9
and 0.5 mg/mL for VEGF. The capture antibodies were arrayed in triplicates onto ARChip Epoxy with
the Arrayit Nanoprint™ contact spotter (Arrayit corporation, Sunnyvale, CA, USA). Twelve identical
arrays were spotted on each slide with a SMP3 pin at a relative humidity of 50 %. The spot-to-spot
distance was 350 um. To achieve immobilization of the probes, slides were stored at 4 °C for at least
three days. The appropriate spotting conditions such as composition of print buffer, humidity during
spotting and antibody concentration were established previously [27]. The blocking was performed
inlx PBS (pH 7.2)/0.1 % Tween 20 for half an hour. After washing two times in 1x PBS (pH 7.2) the
slides were dried with compressed air and mounted into the hybridization cassette (Arrayit
Corporation, Sunnyvale, CA, USA) holding four slides and generating 4 x 12 separated arrays. For
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setting up calibration curves with at least ten standards for the quantitative assays, a dilution series of
mixtures of all analytes in DMEM F12-BSA (minus insulin) was prepared. For an abbreviated
procedure, only two to three calibration standards in the linear range and the zero standards were
used. Nine replicates for each calibration point (three arrays with three replicate spots) were made
which were distributed on different array fields on three slides. The standards and the cell culture
samples (six biological each with three technical replicates) were incubated for 2.5 hrs. After washing
three times with 1x PBS (pH 7.2)/0.1% Tween-20, slides were incubated for 45 min with 50 uL of
biotinylated antibody mixtures in buffer ] (100 mM TRIS, 100 mM NaCl, 10 mM CaClz and 0.1 %
Tween 20; pH 7.4) with final concentrations of 1 ug/mL each. Succeeding another washing cycle 2
pg/mL Dy647 streptavidin (in buffer J) was added. Slides were incubates for 45 min and washed two
times with PBS-T, 2 times with 1x PBS, dried with compressed air and stored in the dark until
scanning. All incubation steps were made at room temperature on a rotary shaker. The slides were
measured at Aex= 635 nm, Aem= 670 nm at optimal photomultiplier tube (PMTs) voltages for each
analyte with a confocal laser scanner (LS100, Tecan Group Ltd, Switzerland).

The cross reactivity of each single biomarker with all non-specific capture antibodies of the panel
was analysed and calculated as ratio of unspecific to specific fluorescence signal in percent of
concentration well within the linear range.

2.7. Statistical data analysis

Spot segmentation and data analysis of the arrays were made using GenePix® Pro 7.0 software
(Molecular Devices, LLC Sunnyvale, CA, USA). Background corrected means signals were calculated
from nine technical and six biological replicates for the cell culture samples. Data points that were out
of mean signal values + standard deviation (SD) were excluded. Standard curves were set up with
OriginPro 8G using a four parameter fit; and bar graphs with Graph Pad Prism 5.0. Data were plotted
with mean +/- standard error of mean (SEM). The limit of detection (LOD) was calculated mean zero
concentration plus three SD for the limit of quantification (LOQ) plus ten SDs of the blank of the
measured fluorescence intensities [28]. Recovery rates were calculated displaying the %-relation
between calculated concentrations and expected concentrations. The proliferation values were
calculated by averaging fluorescence signals of the non-cell control and subtract these values from
each sample value. The fluorescent values of the samples were averaged and plotted as mean with
SEM. Normal distribution of the data was tested with the Kolmogorov-Smirnov test. The data
(stimulation experiment, proliferation) were log transformed (Y=Log(Y)) or baseline corrected
(treatment dependent secretion experiments) to the medium control (C0) and statistical analyses were
made using a one way ANOVA and Bonferroni multiple comparison test for alpha=0.05.

3. Results

3.1. Compilation of the biomarker panel

Based on literature we made an initial selection of 26 potentially interesting biomarkers with
known estrogen dependent secretion, representing clues for reproductive and developmental toxicity
or links to cancer and metabolic syndrome (as for instance: amphiregulin; ET-1, GCDFP-24 (PBCP);
GCDEFP-15 (PIP); MMP-2; PGE2; pS2 protein; SCF; TGF-3; IL-18; Platelet-Derived Growth Factor
(PDGEF); EGF; endostatin; IGFBP-4). Markers such as endostatin, PDGF and human estrogen-induced
protein pS2 had to be excluded as antibodies were either not commercially available or did not show
activity in our assays. Ten biomarkers entered the final panel, including the cytokines Interleukin-6
(IL-6), IL-8 and IL-11, Vascular Endothelial Growth Factor (VEGF), Matrix Metalloproteinase-9 (MMP-
9), Monocyte Chemotactic Protein-1 (MCP-1), Chemokine (C-C motif) Ligand 5 (CCL5, Rantes), C-X-C
Motif Chemokine 10 (CXCL10, IP-10), Insulin-like Growth Factor-1 (IGF-1) and Insulin-like Growth
Factor Binding Protein (IGFBP)-3.
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3.2. Assay performance in serum free cell culture medium

For the resulting panel of 10 biomarkers (IL-11, IL-6, IL-8, MCP-1, IGF-1, IGFBP-3, CXCL10,
Rantes, MMP-9, VEGF) a multiplexed protein chip was developed, evaluating and optimizing the
performance of antibody pairs, protein standards and assay reagents of the sandwich immunoassay
(Calibration curves see Figure S1 in supplementary data). Sensitivity and specificity of assays
processed in buffer were compared to those transferred to standard medium of MCEF-7 cell culture,
DMEM supplemented with 10 % FBS, and serum free/phenol-red free medium DMEM F-12.
Sensitivity as expressed by the limit of detection was as good or even better in the standard cell
culture medium compared to assay buffer. LOD of IL-6 for instance changed from 18 pg/mL in buffer
to 9 pg/mL in DMEM/ 10 % FBS, whereas MCP-1 and IGF-1 showed only little impairment of the
detection limit from 7 pg/mL and 115 pg/mL in buffer to 14 pg/mL and 125 pg/mL in DMEM/ 10 %
FBS, respectively. Interestingly, processing the biomarker arrays in serum free cell culture medium
revealed severe losses in sensitivity for IL-6, IL-11, MCP-1, Rantes and CXCL10. The signal intensities
for IL-11 decreased by around 50 % from 48000 to 25000 A.U. and the LOD increased from 224 pg/mL
to 3653 pg/mL compared to DMEM/ 10 % FBS. In addition, cross reactivity of VEGF antibodies,
primarily against IGF-1 (58 %), occurred. Upon adding BSA solution in a final concentration of 10
mg/mL to the serum free medium we detected an up to 10 fold increase in sensitivity for IL-11, Rantes,
CXCL10, and IL-6. In addition signal intensities for IL-11 and Rantes were improved by 25 to 36 % for
the highest standard concentration in the assay. The cross reactivity seen for the biomarker VEGF to
IGF-1 decreased by 77 %. Also recovery rates of IL-6, IL-11, Rantes, VEGF, IGF-1 and MMP-9 were
improved (see Table 1). The system recovered the analytes within a range of 80 - 144 %, depending on
the biomarker measured, for relevant concentrations within the working range of the assay. Typical

working ranges of commercial ELISA kits for single biomarkers are reported in supplementary Table
S1.

Table 1. Limit of detection (LOD), limit of quantification (LOQ), half maximal effective concentration
(EC50), recovery rates, and coefficient of variation (CV) of sandwich assays for IL-6, IL-8, IL-11, MCP-1, CXCL10,
Rantes, IGF-1, VEGF, MMP-9 and IGFBP-3 on the multiplexed chip platform in DMEM/F-12 cell culture medium
supplemented with 10 mg/mL BSA. Data of LOD, LOQ and EC50 are shown as mean +/- SEM of three
experiments. The coefficient of variation is calculated as mean of eleven standards of three experiments. The
recovery rate is given for a spiked concentration within the linear range of the curves.

Biomarker LOD LoQ EC50 Recovery Rate cv
[pg/mL] [pg/mL] [pg/mL] [%] [%]

MCP-1 (CCL2) 4+/-2 16 +/-7 2431+/- 1668 83 14
IL-6 5+/-2 16 +/-6 3916 +/- 1155 132 13
Rantes (CCL5) 16 +/-7 46 +/- 21 4400 +/- 1841 144 11
VEGF 20 +/- 12 61 +/- 25 3923 +/-938 131 15
IL-8 53 +/-17 196 +/- 97 3216 +/- 678 80 22
CXCL10 (IP-10) 91 +/-24 321+/- 119 7852 +/- 2275 116 19
IL-11 157 +/- 26 530 +/- 199 26330 +/-13022 105 13
IGFBP-3 581 +/- 254 1630 +/- 477 30644 +/- 3011 104 17
MMP-9 669 +/- 197 2035 +/- 447 49071+/- 7070 118 19
IGF-1 803 +/- 122 2553 +/- 453 39523 +/- 10874 87 15

3.3. Quantification of biomarker secretion in cell culture supernatant

For a successful quantification, the working range of the chip (see Table 1 and Figure Sl in
supplementary data) needs to cover the biomarker concentrations secreted by MCF-7 cells. MMP-9,
VEGF, IGFBP-3, IL-8, IL-11, IGF-1 and Rantes could be detected with sufficient sensitivity with the
chip, albeit IL-8 and Rantes were secreted only in the low pg/mL range and hence difficult to quantify.
Secretion of CXCL10, MCP-1 and IL-6 was below the LOD of their respective standard curves. Since it
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is known that MCF-7 cells are able to increase secretion of proteins by stimulation with cytokines or
growth factors, we tested various stimulants in order to shift secretion of biomarkers to higher
concentration levels, fitting better the sensitivity of the chip. The concentrations considered for
stimulation were deduced from literature and from specifications on the biological activity provided
by the supplier [29-32]. After separate stimulation of MCF-7 cells with either 10 ng/mL TNF-a, 50
ng/mL IL-1a, 10 ng/mL IL-1pB, 50 ng/mL IGF-1, 10 ng/mL IFN-y or 50 ng/mL MCP-1 for 24 to 48 hours
all biomarkers were secreted at levels matching the measuring range of the chip. In Figure 2 secretion
of low abundant markers is shown without (C0) and with stimulation. Fresh medium without cells
and devoid of proteins of the panel was used as zero standard (50), medium spiked with a 7.7 ng/mL
(a concentration in the linear range of the standard curves) biomarker standard as positive control
(51), and medium with cells (C0) as control for a successful stimulation. Particularly stimulation with
IL-1a, IL-1P and TNF-a resulted in up to one log higher expression of the analytes compared to the
other stimulants and no stimulation. Especially IL-1 stimulation yielded highest signals, notably for
IL-6, IL-8, Rantes, MCP-1 and CXCL10, markers which could not be detected or only in low quantities
without stimulation. Consequently, for the experimental set up, in parallel to untreated MCF-7 cells,
stimulation with IL-188 and accumulation of the secretion products over 48 hours was chosen. In
following experiments we could quantify nine of the ten biomarkers at concentrations > 50 pg/mL
after 48 hrs of cell culture stimulation. Only IGF-1 secretion was falling below the detection limit upon
treatment with receptor agonists.
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Figure 2. Secretion of IL-8 (A), Rantes (B), IL-6 (C), MCP-1 (D) and CXCL10 (E) after stimulation with IGF-1,
MCP-1, IL-1a, IL-18, TNF-a and IFN-y. Log of the fluorescence intensities [A.U.] of two standards (without cells)
S0 and S1 and the medium control (with cells) CO without stimulation as well as stimulated cells. Box plOtS are
shown with 5 and 95 quartile. Significance was tested for stimulation (n = 6) against the zero standard SO
(*) and the medium control CO (*) for alpha=0.05 using a 1-way-ANOVA and Bonferroni multiple comparison
post-hoc test (p<=0.05(*), p<=0.01(**), p<=0.001(***)).
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3.4. Effect of solvents on biomarker secretion and cell proliferation

Hormones such as estradiol and estrogen like substances are hydrophobic compounds and hence
ask for an organic solvent rather than water or cell medium. Clearly, it has to be tested if the vehicles
in which the substances are dissolved have an influence on outcome and interpretation of cell
experiments. For hormones and xenobiotics tested herein, ethanol (EtOH) and DMSO are suitable
solvents. We used the evaluation of those two solvents as a first show case for the utility of the
biomarker chip. As reference a proliferation assay was employed, based on fluorescence detection
through the biochemical conversion of resazurin to the fluorescent resofurin.

Effects of 0.1% EtOH and 0.1% DMSO on MCE-7 proliferation and biomarker expression were
tested in both, DMEM/ 10 % FBS and DMEM FE-12. The secretion of biomarkers VEGF, Rantes, IL-6
and IGFBP-3 increased after treatment with 0.1 % EtOH, suggesting direct stimulation of their
expression, while neither MMP-9 expression nor the other markers were affected. The strongest
upregulation was seen for Rantes of about 34 % compared to the medium control (see Figure 3 B).
Also cell proliferation in serum-supplemented cell culture with 0.1 % EtOH compared to medium
control increased, while serum free cell cultures were not significantly affected. Experiments with 0.1
% DMSO, a concentration also reported in literature as not cytotoxic [(Jamalzadeh et al., 2016)],
showed no significant effect on the proliferation and secretion compared to the medium control after
48 hours and was used in the following experiments for dissolving test substances.
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Figure 3. Secretion of the biomarker Rantes in IL-1s stimulated cells challenged with solvents (A) 0.1%
DMSO and (B) 0.1% EtOH compared to untreated cells (C0), and estrogen receptor agonist (estradiol) and
antagonist (tamoxifen) treatment. (C) Proliferation of MCF-7 cells in standard medium and serum free/phenol
red free medium with and without 0.1% EtOH. Proliferation data are log transformed. Bar graphs are plotted
as mean with +/- SEM. Significance was tested (n=5 (A, B); n= 4-8 (C)) against the C0O control with a one way
ANOVA and a Bonferroni multiple comparison test for alpha=0.05 (p < 0.5 (*), p < 0.01 (**), p < 0.001 (***)).

3.5. Specific biomarker secretion patterns and proliferative effect of ER agonists and antagonists

MCE-7 cells were exposed to 1 pM nonylphenol, bisphenol A and genistein, known estrogen
receptor agonists, for 48 hours. As positive controls for estrogenic action 1 nM 178-estradiol, the most
affine endogen ligand of the estrogen receptor, and for anti-estrogenic action 1 nM tamoxifen (in
breast tissue) and 10 nM fulvestrant were employed. These concentrations were chosen according to
maximal response they showed in proliferative assays without being cytotoxic [(Payne et al., 2000;
Soto et al., 1995; van Meeuwen et al., 2007, Wetherill et al., 2007)]. Nuclear receptors act as
transcription factors and are switched on and off by agonistic and antagonistic ligands, respectively
(Figure 4(A) and (B)). An increase in proliferation after treatment with estrogen receptor agonists,
particularly agonists to the receptor isoform ERa, was expected compared to the antagonists. With
and without IL-1f stimulation nonylphenol showed the same proliferative effect as estradiol,
bisphenol A reduced it by half, while genistein evoked 50 % more response without stimulation
(Figure 4).
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Fulvestrant (+)

Fulvestrant (-)
Tamoxifen (-) Tamoxifen (+)

Nonylphenol (-) Nonylphenol (+)

Genistein (-) Genistein (+)

BPA (-) BPA (+)

Estradiol (-) Estradiol (+)
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Figure 4. Proliferative effect of MCF-7 cells after treatment with the agonists estradiol,
bisphenol A (BPA), genistein and nonylphenol and the antagonists tamoxifen and fulvestrant of the estrogen
receptor left graph without (-) and right graph with IL-18 stimulation (+). The binding of agonists (B) to the
estrogen receptor results in proliferation of the cells while the antagonistic (A) action inhibits the proliferation.
Data (n = 6) are baseline corrected to the estradiol treatment and the medium control and plotted as relative
fluorescence.

Figure 5 depicts the biomarkers which resulted in a specific secretion upon exposure to tested
estrogens and anti-estrogens. Without stimulation VEGF and MMP-9 exhibited significant differences
in cells challenged with fulvestrant compared to estrogen receptor agonists, however no differential
response to agonists and antagonists with stimulation was found. Other biomarkers showed distinct
expression patterns upon treatment with agonists and antagonists also when cells were grown in
presence of IL-1fs. Relative expression of IL-6, IL-8, Rantes and MCP-1 was significantly lower for
estradiol, nonylphenol and genistein compared to tamoxifen and fulvestrant, the effect of bisphenol A
was less prominent. IGFBP-3 was downregulated after estradiol, bisphenol A and nonylphenol
exposure while genistein treatment resulted in similar secretion like fulvestrant after IL-188
stimulation. Next to IGFBP-3 only MMP-9 and IL-11 were upregulated compared to the medium
control when challenged with endocrine active substances while the other biomarkers were expressed
in lower levels. Table 2. summarizes these results, showing the relative expression of markers
translated into a colour code.

Table 2. Colour coded biomarker secretion patterns. MCF-7 cells (stimulated + , non-stimulated -)
challenged with tamoxifen, fulvestrant, estradiol, genistein, bisphenol A, and nonylphenol and marker expression
quantified with the chip relative to untreated cells (%). Colours are graded in steps of 20%.

Tamoxifen Fulvestrant Estradiol Genistein BPA Nonylphenol

124

MMP-9 - 102 89
98

veor- | S
crors [

IL-6 + 68 126 15
IL-8+ AT 78 17
MCP-1 + 51 24
Rantes + 21
CXCL-10
IGF-1+ n.a.
Colour code
B0 505 7100%  91-110% 111-130 % IS0 SO
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Figure 5. Relative secretion of MMP-9, VEGF, IGFBP-3, CXCL10, IL-6, Rantes, IL-8 and MCP-1 after
exposure to estrogen receptor agonists (estradiol, BPA, nonylphenol, genistein) and antagonists (fulvestrant,
tamoxifen) without (-) or with (+) stimulation by IL-18 after 48 hours. Data are baseline corrected and plotted as
mean +/- SEM in percent to the CO control. Significance against tamoxifen (*) and fulvestrant (¥) was tested for n=
6 using a 1-way-ANOVA and a Bonferroni multiple comparison post-hoc test for alpha=0.05 ((p<=0.05(*),
p<=0.01(**), p<=0.001(***)).

4. Discussion

The fluorescence based multi-analyte chip platform for the analysis of estrogenic and anti-
estrogenic substances is a new in vitro tool for high throughput screening of environmental samples.
In contrast to existing tools the chip investigates the complex action of xenoestrogens in a human cell
model by characterizing protein expression. It allows quantification of 10 proteins secreted by MCEF-7
cells, representing various biological and pathological endpoints of endocrine action and
distinguishing estrogen or anti-estrogen dependent secretion of proteins. Biomarkers IL-6 and IL-8,
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VEGF, MMP-9, MCP-1, IL-11, IGF-1 and Rantes are associated with different stages of cancer.
MCP-1 and IL-11 are stimulators within the development and progression of breast cancer while IL-6
takes part in survival, proliferation and cell migration processes [(Chiu et al., 1996; Johnstone et al.,
2015; Schafer and Brugge, 2007; Soria and Ben-Baruch, 2008)]. IL-8 as well as VEGF are involved in
tumour angiogenesis, metastasis in breast cancer, MMP-9 is related to degradation of the extracellular
matrix and tumour cell invasion [41-44]. Co-expression of Rantes, the main inducer of cell invasion,
and MCP-1 is related to advanced stages of cancer [38]. In contrast, CXCL10 and IGFBP-3 were shown
to have anti-malignant properties by anti-angiogenic action or inhibition of breast cancer cell
proliferation [(Cardona et al., 2013; Colston et al., 1998; Goldberg-Bittman et al., 2004)7]. IGF-1 has a
main role in cell proliferation and development and is additionally involved in the pathology of
adipositas, diabetes mellitus and hypertriglyceridemia, factors of the metabolic syndrome; secretion is
stimulated via growth hormones like estradiol [(Dupont and Le Roith, 2001; Lorincz and Sukumar,
2006)9]. IGFBP-3 is the main IGF transport protein and its expression correlates with the estrogen
receptor status [50,51]. The biomarker IL-6 is able to stimulate the aromatase secretion and thereby the
estrogen biosynthesis. In addition elevated expression was seen for IL-6 in adipose tissue in
connection to obesity and insulin resistance [48]. In contrast the multifunctional cytokine IL-11 acts as
an effective inhibitor of adipogenesis, one of the factors of the metabolic syndrome [52]. Next to IGF-1
also MCP-1, IL-8, VEGF, MMP-9, Rantes, IL-6 and IGFBP-3 are up- or down-regulated after treatment
with estrogen or estrogen like substances [(Bendrik and Dabrosin, 2009; Chrzan and Bradford, 2007;
Dubois et al., 1995; Garvin et al., 2005; Inadera et al., 2000; Kanda and Watanabe, 2003; Nilsson et al.,
2007)6]. MCP-1, Rantes, IGF-1 and IL-8 are additionally involved in developmental or reproductive
processes such as menstruation, pregnancy and endometriosis [(Hull and Harvey, 2014; Kayisli et al.,
2002)8]. The role of the selected biomarkers in different physiological processes such as cell
development, reproduction, cancer and metabolic syndrome makes the chip an excellent tool for
either indicating endocrine disrupting effects in food and environmental samples or for screening new
xenoestrogens and their additive or synergistic effects on a cellular and molecular level. Further, the
microarray can easily be extended with additional markers, if reagents of adequate quality become
available.

Multiplexed on-chip sandwich immunoassays with fluorescent read-out were chosen because the
highly parallel, miniaturized format of the chip outperforms conventional bioanalytical techniques in
screening applications. Apart from antibody quality, interferences from the sample matrix are likely to
affect sensitivity, specificity and reproducibility of immunoassays. In our biomarker chip no sample
preparation step of cell supernatants is intended in order to keep the experimental set-up simple and
protein expression unbiased. Due to the generally low abundance of the targeted proteins, dilution of
the sample is not an option. The drop in assay performance upon changing the matrix from DMEM/
10% FBS to DMEM F-12 can be explained by the absence of serum proteins from fetal serum in the
latter one. Serum albumins such as BSA or HSA, as part of the natural environment of antibodies, are
known to minimize or even prevent non-specific binding, to increase signal intensities, to ensure
specificity and to stabilize the biomolecules immobilized to the surface [59,60]. Nevertheless, for
markers IL-6, IL-8, Rantes, MCP-1 and CXCL10, known to be secreted in vitro in low quantities by
MCEF-7 cells [29,32,39,45,54] sensitivity of the chip was not sufficient for a reliable detection in the low
pg/mL range (see Table 1). Stimulation of MCF-7 cells with cytokines and growth factors, most
effectively with interleukin-18, mimicking biological processes such as inflammation, promoted
secretion to measureable levels for very low abundant biomarkers (Figure 2). There is evidence
suggesting that IL-1 in combination with genistein and fulvestrant showed additive effects for IL-11,
IGFBP-3 and MMP-9 and that treatment with BPA and IL-18 even resulted in synergistic effects,
probably due to positive feedback loops within the cells. Further experiments would be needed to
decide whether there are additive or synergistic effects of IL-1§5 and the estrogen receptor agonists and
antagonists.
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The proliferation of MCF-7 cells is regulated via hormones. Therefore they are used in validated

toxicological methods such as the E-Screen to detect estrogen like activity of xenobiotics compared to
estradiol via proliferation measurements [15]. Hormone regulated proliferation of MCF-7 cells
evaluated by means of fluorescence measurements using the conversion of resazurin to resofurin was
therefore used as a reference for our chip experiments. We found more prominent differences in
proliferation without IL-1f8 stimulation, especially with genistein. Increased proliferation upon
challenging cells with genistein was also found in [61]. Bisphenol A showed only half of the effect
compared to estradiol. Such differences in proliferation were also detected with the EScreen
developed by Soto et al. [15]. They described nonylphenol with a relative proliferative effect of 100 %
as a full agonist of the estrogen receptor while Bisphenol A showed only 85 % [62]. Antagonists,
fulvestrant and tamoxifen were below 30 % compared to estradiol, but still showed a proliferative
response. After stimulation with IL-18 not only the proliferative effect of genistein was decreased to
the level of estradiol, also tamoxifen showed a drop in proliferation (Figure 4).
Both tools, the proliferation assay and the chip, were employed for testing the effects of organic
solvents, which may be a necessary vehicle to introduce the test substances in the cell culture medium.
Ethanol was described as less cytotoxic compared to DMSO, which showed low cytotoxicity in
concentrations above 0.5 % [33]. Nevertheless we detected an increase of cell proliferation in serum-
supplemented cell culture with 0.1 % EtOH compared to the medium control, but not in the serum-
free and phenol-red free medium (see Figure 3C). A possible explanation might be an additive effect
of weak estrogenic phenol red and ethanol. Our results are supported by Etique et al. [63], showing an
enhanced proliferation of MCF-7 cells especially in the presence of low concentrations of EtOH. EtOH
was described to directly affect the expression of MMP-9 especially at concentrations = 0.3 % [64] and
it significantly stimulated the ER alpha activity in a dose dependent manner [65]. However, we did
not detect any effects on the secretion of MMP-9 related to 0.1 % EtOH, but on VEGF, Rantes, IL-6 and
IGFBP-3. Based on literature and our own data we concluded that the experimental background error
by EtOH is higher compared to DMSO at low concentrations and that < 0.1 % DMSO should be the
preferred solvent for sample preparation. The system was validated by exposing MCF-7 cells to well-
known estrogen like endocrine disruptors resulting in obviously related secretion patterns (Table 2)
and proliferation as estradiol treated cells. The biomarker patterns resulting from treatments with the
antagonist fulvestrant and with estradiol were clearly distinctive. Anti-estrogens can have agonistic as
well as antagonistic effects on MCF-7 cell proliferation in estrogen lacking conditions. Especially
tamoxifen was mentioned to show agonistic effects in low concentrations [66]. The biomarker
expression pattern of tamoxifen stands out from the one of fulvestrant treated cells and supports this
finding.

Especially IL-6, IL-8, MCP-1, and Rantes, showed significantly downregulated expression for all
estrogen active substances compared to the full antagonist fulvestrant while the other biomarkers
featured a more diverse secretion (Figure 5 and Table 2). Genistein is able to induce the
downregulation of the ERa mRNA and protein levels which would explain a similar secretion
especially of MMP-9, VEGF and IGFBP-3 following fulvestrant treatment [67]. The selective estrogen
receptor antagonist fulvestrant accelerates the degradation of the estrogen receptor too [68].
Furthermore it is reported that the phytoestrogen genistein can bind to both isoforms of the estrogen
receptor ERa and ERP with a high affinity, which also could explain differences in secretion and
proliferation.

Additional screening of estrogen receptor agonists and antagonists with graded binding affinities, in
varied concentrations and treatments, for different time periods, will be necessary to refine the specific
secretion patterns and gain a comprehensive and differentiated understanding of EDCs mode of
action. Further, the chip can be employed for elucidating protein secretion within disease
development or involvement in processes such as steroid synthesis. An extension of the system offers
various options, which can further promote the biomarker chip as new tool for the detection and
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characterization of endocrine action: adding more biomarkers; integration of other human cell lines;
applying 3D cell culture in order to be closer to in vivo conditions; co-cultures with e.g. fibroblasts; or
the use of primary cells.

Supplementary Materials: The following are available online at www.mdpi.com/link, Figure S1: Standard curves
of CXCL10, IGF-1, IL-6, VEGEF, IL-8, Rantes, IL-11, MCP-1, IGFBP-3 and MMP-9 generated with 11 standards
using serum free cell culture medium as matrix. Table S1. Typical working ranges of standard ELISA kits for
single biomarkers in microtiter plate format.
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Figure S1. Standard curves of IL-6, IL-8, IL-11, MMP-9, CXCL10, Rantes, VEGF, MCP-1,
IGFBP-3, and IGF-1 generated with 11 standards using serum free cell culture medium as matrix.
Background-corrected mean signals were calculated from nine technical replicates and plotted as
mean +/- SD. Curves were fitted using a four parametric model.

Table S1. Typical working ranges of standard ELISA kits for single biomarkers in microtiter plate
format.

Biomarker range comm. ELISA Supplier
[pg/mL]
MCP-1 (CCL2) 15.6 - 1000 eBioscience, San Diego, USA
IL-6 3.1-200 eBioscience, San Diego, USA
Rantes (CCL5) 31.2 - 2000 RnD Systems, Minneapolis, USA
VEGF 15.6. - 1000 RnD Systems, Minneapolis, USA
IL-8 31.2 -2000 Biolegend, San Diego, USA
CXCL10 (IP-10) 15.6 - 1000 Biolegend, San Diego, USA
IL-11 15.6 - 1000 RnD Systems, Minneapolis, USA
IGFBP-3 800 - 50 000 RnD Systems, Minneapolis, USA
MMP-9 300 - 20 000 RnD Systems, Minneapolis, USA
IGF-1 100 - 6000 RnD Systems, Minneapolis, USA
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11. Table of abbreviations

EGFR
Wnt3A
c-Fos
IL-18
IGF-1R
IRS-1
Akt
NF-kB
AP-1
ERK
Ca
ERRa
GPER
PKA
CREB
HER
c-Src
TGF-B1
Smad
NO
Wnt
DDT
DEHP

DINP
DIDP

BBP
PAH

PFC
PBDE

Epidermal growth factor receptor

Protein Wnt-3a

Proto-oncogene c-Fos

Interleukin-1

Insulin-like growth factor 1 receptor

Insulin receptor substrate-1

Protein kinase B

Nuclear factor kappa-light-chain-enhancer of activated B cells)
Activator protein 1

Extracellular signal-regulated kinase
Calcium

Estrogen related receptor alpha
G-protein-coupled estrogen receptor
Protein kinase A

cAMP response element-binding protein
Human epidermal growth factor receptor
Proto-oncogene tyrosine-protein kinase Src
Transforming growth factor 8

Smad signaling pathway

Nitrogen oxide

Whnt signaling pathway
Dichlorodiphenyltrichloroethane
Bis(2-ethylhexyl) phthalate (di-2-ethylhexyl phthalate

Diisononyl phthalate
Diisodecyl phthalate
N-butyl benzyl phthalate

Polycyclic aromatic hydrocarbon
Perfluorinated compound

Polybrominated diphenyl ethers
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