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PhD értekezés kivonata

A z61d tea egyik hatéanyaga, az epigallokatekin-gallat (EGCQ) hatasait mar régota vizsgaljak, és
szamos esetben deriilt fény egészséget megdrz6 tulajdonsagaira, tobbek kozott arra, hogy
csokkenti a rak kialakuldsanak, az attétek képzddésének, illetve a sziv, -és érrendszeri betegségek
kockazatat, csokkenti a vérnyomast, koleszterinszintet és vércukrot, gyorsitja az anyagcserét, tovabba
egyes tanulmanyok szerint segit a virusok és baktériumok elleni védekezésben is. Pozitiv hatasairol
rengeteg publikacid beszamol, azonban a szakirodalomban ellentmondasos adatok, eredmények is
fellelhetok. Ennek oka valosziniileg az, hogy az EGCg kis molekulatomegli és rendkiviil instabil
anyag. Ezen tulajdonsdgai miatt jeldléses moddszerekkel problémaés, nehézkes lehet e polifenol
vizsgalata. A szakirodalomban az esetek tiulnyomo részében jeloléses modszereket alkalmaztak, igy
tehat hianypotldé munkanak is nevezhetd ezen kiilonleges hatdanyag jeldlésmentes technnikékkal
torténd vizsgalata.

A jel6lésmentes bioszenzorok ¢és képalkoto technikak robbanasszer( fejlodésen mentek keresztiil az
utobbi években; a bioldgiai alapkutatdsokban csak most kezdddott a kiaknazasuk, a miiszerek egyre
érzékenyebbek, alkalmazasuk 0j utakat nyithat meg a bioldgiai alapkutatasokban és biotechnologiai
alkalamzasokban. Az emlitett technikdk fontos elonye, hogy a méréseket valos idoben, jel6ld
anyagok, festékek nélkiil tudjuk megvalodsitani, igy ezek nem befolydsoljak a vizsgalt mintdkat.
Kutatasaim soran modern jelolésmentes modszereket alkalmaztam az EGCg vizsgalatara, hogy
megfigyeljem a hatasait él6 sejtekre (HeLa sejtvonal), és kopolimer bevonatokra, mindezt valds
idében. Kiilonos figyelmet forditottam a szakirodalomban eddig meglehet6sen hianyosan taglalt
oxidalt formajara is. Megvizsgaltam, hogy az oxidalt forma hogyan befolyasolja a bevonatokat,
PhD munkdm soran Holomonitor képalkotd technikéval bebizonyitottam, hogy az EGCg gatolja a
HeLa rakos sejtek mozgasat. Epic BT bioszenzorral mért eredmények alapjan megallapitottam, hogy
az EGCg hozzakotodik az alkalmazott PLL-g-PEG (sejttaszitd) és PLL-g-PEG:PLL-g-PEG-RGD

crer

crer

adhézios kinetikai gorbék tekintetében felfedeztem egy hatar koncentraciot (27,3 = 10 pg/ml), mely
alatt szigmoid jellegli adhézios kinetikai gorbéket kapunk (€16, aktiv folyamatra jellemzd), mig ennél
nagyobb koncentracional adszorpcios gorbéket rogzitettem (élettelen folyamat jellemzodje). Ezen
eredmények egyezést mutatnak a sejtek életképességét vizsgalo MTT teszttel. Megfigyeltem, hogy az
oxidalt formanak még erdteljesebb a hatasa; tobb réteg képzddik a bevonatokon, és a sejtadhézidra
gyakorolt befolyasa is jelentésebb. Az orvostudomény tobbek kozott nanoméretli részecskék
segitségével igyekszik megoldast nyujtani a hatdanyagok kizardlag a célsejtekbe torténd
bejuttatasara. Ezen iranyvonalat felvéve kisérletet tettem olyan ellentétesen toltott, arany
nanorészecskékbdl allo klaszterek (AuMUA és AuTMA) eldallitasara, melyek a jovOben esetlegesen
alkalmassa valhatnak az EGCg célsejtekbe torténd szallitasara, €s igy betegségek gyogyitasara.



Abstract (English)

Scientists examine the effects of epigallocatechin-gallate (EGCg), one of the active substances of
green tea, for a long while. Beneficitial impacts on health are revealed in a lot of cases, for
example, it reduces the risk of the formation and metastasis of cancer, it reduces the risk of
cardiovascular diseases, blood pressure, level of cholesterol and blood sugar, it intensifies the
metabolism and helps to fight against bacteria and viruses. Numerous papers have been published
about its positive effects, however, there are contradictory data and results in the literature as well.
The reason is probably that the EGCg has small molecular weight and it is a very unstable, sensitive
material. Because of these properties, its examinations by labeling techniques can be difficult and
problematic. In the literature the authors mostly uses labeling methods in general, thus, examination
of this specific material EGCg by label-free techniques may supply the incompletions.

Label-free biosensors and imaging techniques underwent enormous progress in the past years; their
utilization in biological basic researches has just begun, the appliances are more and more sensitive,
their application may open new ways in biological basic research and biotechnology. The advantages
of these methods are that they are real-time, and do not use labels, such as dyes, that may affect the
samples. In my experiments, | applied these novel techniques to investigate EGCg and its effects on
living cells (HeLa cell line), and on copolymer coatings in a real-time way. | paid attention to the
EGCg’s oxidized form, which is a pretty untended topic in the literature, and | examined that how can
the oxidized EGCqg affect the coatings and the action, adhesion, morphology of the cells.

In my PhD work, | proved by Holomonitor M4 imaging technique that EGCg inhibit the movement
of the HeLa cervical cancer cells. | revealed by Epic BT biosensor that EGCg binds to the PLL-g-
PEG (cell repellent) and PLL-g-PEG: PLL-g-PEG-RGD (cell attractive) synthetic copolymer coatings
and the EGCg molecules form multilayers. The EGCg binding modifies the original properties of the
coatings and inhibits HeLa cell adhesion to them in a concentration dependent manner. In the case of
Kinetic curves, | discovered a border concentration (27.3 + 10 pug/ml pug/ml). At lower concentration
of EGCg than this value, | recorded sigmoid type cell adhesion curves (active, living process),
and at higher concentrations, adsorption type curves (dead process) were obtained. | verified
with MTT assay, that the cell viability of HeLa cells start to decrease at around 27.3 + 10 pg/ml
EGCg concentration, thus I got the same result by MTT as well. The oxidized form has more
powerful effect; more layers formed than in the case of freshly created EGCg solutions, and its
inhibitory impact on cellular adhesion is more robust as well.

Medical sciences try to cure illnesses by transporting active substances in nanoparticles to reach
only the targeted cells. To follow this trend, | attempted to create clusters from oppositely
charged gold nanoparticles (AuMUA and AuTMA), which may be able to transport EGCg to
targeted cells and thus cure illnesses in the future.



Estratto (Italiano)

Gli scienziati esaminano gli effetti di epigallocatechina gallato (EGCg), uno dei principi attivi del
te verde, per lungo tempo. Effetti caritatevoli sulla salute sono rivelati in molti casi, per esempio
riduce il rischio della formazione e la metastasi del cancro, riduce il rischio di malattie
cardiovascolari, pressione sanguigna, livelli di colesterolo e di zucchero del sangue, si intensifica
il metabolismo e aiuta a combattere contro i batteri e virus. Esso ¢ stato pubblicato numerosi
articoli di suoi effetti positivi, tuttavia, ci sono dati ed i risultati opposti nella letteratura. La
ragione ¢ probabilmente che EGCg ha piccolo peso molecolare ed ¢ molto instabile. Grazie a
queste proprietd, i suoi esami di tecniche di etichettatura pud essere difficile e problematico.
Nella letteratura gli autori utilizza prevalentemente i metodi di etichettatura in generale, in tal
modo, I'esame di questo materiale specifico, EGCg con tecniche senza etichette possono fornire
le carenze. Biosensori senza etichette e tecniche di imaging ha subito enormi progressi negli
ultimi anni; il loro utilizzo in ricerche di base biologica ¢ appena iniziata, gli apparecchi sono
sempre piu sensibili, la loro applicazione potrebbe aprire nuove strade nel campo della ricerca di
base biologica e biotecnologia. | vantaggi di questi metodi ¢ che sono in tempo reale, e non
utilizzano etichette o coloranti che possono influenzare i campioni. Nei miei esperimenti, ho
applicato queste nuove tecniche per indagare EGCg e il suo impatto sulle cellule viventi (linea
cellulare HeLa), e sui rivestimenti copolimero in un modo in tempo reale. Ho preso in
considerazione la forma ossidata della EGCg, che ¢ un argomento incustodito abbondanza nella
letteratura, e ho esaminato che come puo il EGCg ossidato influenzare i rivestimenti e l'azione,
I'adesione, morfologiche delle cellule. Nel mio lavoro di dottorato, ho dimostrato da Holomonitor
M4 tecnica di imaging che EGCg inibisce il movimento delle cellule del cancro del collo
dell'utero HeLa. Ho studiato da Epic BT biosensore che I'EGCqg si lega al PLL-g-PEG (repellenti
cellulare) e PLL-g-PEG: PLL-g-PEG-RGD (cellule attraente) rivestimenti copolimeri sintetici e
le molecole EGCg formano multistrati su di loro. EGCg vincolante modifica le proprieta originali
dei rivestimenti e inibisce I'adesione delle cellule HeLa a loro in un modo dipendente dalla
concentrazione. Nel caso di curve cinetiche, ho scoperto una concentrazione confine (27.3 +
10 pg/ml). A valori inferiori a 27.3 = 10 pg/ml di EGCg ho ricevuto diffusione curve (attivi,
processo vivente), e al di sopra di questo valore, le curve di assorbimento (processo morto). Ho
verificato con test MTT, che la vitalita cellulare di cellule HeLa inizia a diminuire a 27.3 pg +
10 pg/ml concentrazione d’EGCg, quindi ho ottenuto lo stesso risultato MTT pure. La forma
ossidata ha un effetto piu potente; piu strati possono essere formati che nel caso di appena creato
EGCg, e il suo impatto inibitorio sulla adesione cellulare ¢ piu robusto pure. Scienze mediche
cerca di curare le malattie da trasporto di sostanze attive in nanoparticelle di raggiungere solo le
cellule bersaglio. Per seguire questa tendenza, ho cercato di creare grappoli da nanoparticelle
d'oro di carica opposta (AuMUA e AuTMA), che possono essere in grado di trasportare EGCg
alle cellule mirati e quindi curare le malattie in futuro.



1. INTRODUCTION

Herbs and traditional medicines have been applied for thousands of years, but researchers started
to study their mode of action at the molecular, cellular and tissue levels only recently. Nowadays,
just like in the ancient ages, natural compounds are still determining factors in remedy. To
support this statement, the recently won Nobel Prize in 2015 could be mentioned for an anti-
malaria agent from the plant sweet wormwood which had been used to effectively treat the
disease. Among natural compounds and traditional Chinese medicines, the green tea polyphenol
epigallocatechin gallate (EGCq) is one of the most studied active substance. However, in general
scientists apply labeling techniques to investigate its effects on cell adhesion, migration, motility,
apoptosis, etc. However, label-free biosensors can be emerging platforms to investigate the mode
of action of small molecules and are highly relevant for EGCg research and development [1]. My
first authored “Biophysical characteristics of proteins and living cells exposed to the green tea
polyphenol epigallocatecin-3-gallate (EGCg): Review of recent advances from molecular
mechanisms to nanomedicine and clinical trials” titled review paper was mainly used for the
introduction of EGCg (chapters 1.1-1.6) [1].

1.1. Epigallocatechin-gallate (EGCg), the green tea polyphenol

Drinking tea is an ancient habit; legends from India and China indicate that it started about 5000
years ago [2]. Traditionally, it was drunk to eliminate toxins and improve blood flow and
resistance to illnesses [2], so its habitual consumption has long been associated with health
benefits [3]. Infusion of the unfermented leaves of Camellia sinensis (L.) Kuntze, known as green
tea, is a very popular drink worldwide nowadays as well. Green tea beverage contains
polyphenolic compounds, including phenolic acids, flavanols, flavonoids and flavandiols [4]. In a
typical green tea infusion, prepared in a portion of 1 g leaves to 100 ml water in a few minutes
brew, most of the polyphenols are flavanols, known as catechins, and account for about 30-42 %
of the dry weight of the solids [4][5]. Among green tea catechins, epigallocatechin gallate
(EGCqg) is the most abundant, around 16.5 wt% of the water extractable fraction of green tea
leaves [5]. This component is regarded as a constituent characterizing green tea, because it is not
found in any plants except C. sinensis (L.) Kuntze [5]. Tea catechins, especially EGCg, have
been shown and reviewed to have various health benefits, for example, anti-metastasis, anti-
cardiovascular, anti-cancer, antiinflammatory and antioxidant effects [4][6][7].

EGCyqg is one of the most studied active substance, and a lot of studies observed its effects on
several cancer and normal cell lines and on animal models (Fig.1.1) [1][6][8].
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Fig.1.1 Diversified effects of EGCg. This polyphenol affect proteins: EGCg causes aggregation, association,
sedimentation, precipitation and gelation, furthermore, increases viscosity, and act as a cross-linker in the case of
mucins. It is suggested that EGCg interacts with phospholipids and plasma membrane proteins. It inhibits the
amyloid-fibril formation of a-synuclein, amyloid-B and huntingtin. Cancer cell adhesion, movement, proliferation are
decreased, while apoptosis is increased in the presence of EGCg via gene expression and biological pathways in in
vitro tests. In vivo studies also showed reduced tumor weight and suppression of tumor growth in animal models and
tissues, as well as clinical trials also showed its beneficial effects on the human health. Experiments proved that it
inhibited the viability of microbes as well. Due to EGCg’s special properties, curing and other utilizations,
experiments can be put in perspective [1].

10



1.2. Molecular scale properties and interactions of EGCg

Epigallocatechin gallate (EGCqg)*, is the ester of epigallocatechin and gallic acid. EGCg is an
odorless white, (sometimes faint pink) crystals (or powder). It is soluble in ethanol, dimethyl-
formamide, dimethyl sulfoxide (DMSO) and water’. This compound ([(2R,3R)-5,7-dihydroxy-2-
(3,4,5-trihydroxyphenyl)-3,4-dihydro-2H-chromen-3-yl] 3,4,5-trihydroxybenzoate*) consists of a
meta-5,7-dihydroxyl substituted A ring and trihydroxy phenol structures on both the B and D
rings. The polyphenolic structure of tea polyphenols makes them good donors for hydrogen
bonding [8]. For instance, hydrogen bonding of water molecules to EGCg forms a big hydration
shell, which reduces the absorption of EGCg [8].The hydrogen bonding capacity enables these
compounds to bind strongly to nucleic acids and proteins [1][8].

Bioavailability of EGCg

Poor bioavailability of tea catechin compounds needs to be considered when we extrapolate in
vitro results to in vivo situations [5][7][9]. Cool and dry storage, fasting conditions, vitamin C,
fish oil, albumin, piperine and soft water enhance the bioavailability of EGCg, while air contact
oxidation, gastrointestinal inactivation, glucuronidation, metal ions (e.g., Ca®*, Mg®"), sulfation
and COMT polymorphisms decrease its bioavailability [7]. In living organisms, EGCg absorption
takes places mostly in the small intestine, and it passes to the large intestine where it is broken
down to phenolic acids by the action of colonic microflora [7]. EGCg is principally excreted
through the bile to the colon [5]. In human volunteers, the time to reach the maximal
concentration (326 ng/ml (=0.326 pg/ml)) in the plasma was between 1.5 and 2.5 h after
consumption of decaffeinated green tea solids (4.5 g dissolved in 500 ml water) [5][10].
According to publications, its level in blood after consuming the equivalent of 2-3 cups of green

! (CAS Registry number: 989-51-5, PubChem CID: 65064; IUPAC Name*: [(2R,3R)-5,7-dihydroxy-
2-(3,4,5-trihydroxyphenyl)-3,4-dihydro-2H-chromen-3-yl] 3,4,5-trihydroxybenzoate; alternative and
trade names: (—)-cis-3,3',4',5,5', 7-Hexahydroxy-flavane-3-gallate, (—)-cis-2-(3,4,5-Trihydroxyphenyl)-
3,4-dihydro-1(2H)-benzopyran-3,5,7-triol 3-gallate (Sigma-Aldrich) (2R,3R)-2-(3,4,5-
Trihydroxyphenyl)-3,4-dihydro-1[2H]-benzopyran-3,5,7-triol-3-(3,4,5-trihydroxybenzoate), DNA
Methyltransferase Inhibitor IV, HAT Inhibitor X, Histone Acetyltransferase Inhibitor X, p300/CBP
Inhibitor VIII, PCAF Inhibitor V, DNA MTase Inhibitor IV (Merck), (2R,3R)-2-(3,4,5-
Trihydroxyphenyl)-3,4-dihydro-1[2H]-benzopyran-3,5,7-triol 3-(3,4,5-trihydroxybenzoate), inhibitor
of NOS, telomerase and Dnmt (Enzo Life Sciences), molecular Formula: C,,H,;,O,;, molecular
weight: 458.40 Da)

? according to substance records available from Sigma-Aldrich; Merck and Alexis Biochemicals (now
tully integrated into Enzo Life Sciences)
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tea was 0.1-0.6 uM and for an equivalent of 7-9 cups was still lower than 1 uM (=0,458 pg/ml)
[5]. The catechin levels were not detectable by 24 h, and the half-life of EGCg was 5.0-5.5 h

[5][10].
Antioxidant activity and stability

Tea polyphenols are well known for their antioxidant activities [11]. Among them, EGCg is the
most effective in reacting with the reactive oxygen species (ROS) [5]. Thus, some studies have
reported that EGCg is an antioxidant; however, on the other hand, Kim et. al reviewed that it
exerts pro-oxidant actions as well [12]. Its antioxidant activities are due to the presence of
phenolic groups that are sensitive to oxidation and can generate quinone, an oxidized derivative
of aromatic compounds [3]. The antioxidant potential of EGCg is reported to be greater than
those of vitamin C and E [13]. Tea polyphenols are also strong chelators [5]. They have a
significant interaction with transition metal ions and form insoluble complexes with iron [2].
Thus, this binding in the gastrointestinal tract inhibits iron absorption; however, it only affects
non-heme iron and can be overcome by the presence of ascorbic acid [2]. As pointed out by
Tachibana, the chelation of free metal ions prevents the formation of ROS from auto-oxidation of
many components [5]. It has been reported by several authors that EGCg and other catechins are
unstable at high temperature and under alkaline as well as neutral conditions, at pH above 7,
EGCg dimerizes and oxidizes easily [11][14]. It changes from non-colored at around pH 7 to
yellow at higher pH regions in aqueous solution, and the absorption is in the UV range [15]. This
observation indicated that the oxidation is an irreversible reaction, and Mizooku et al. reported
that the oxidation species was found to correspond to Mw + 14 (where Mw is the molecular
weight of EGCg), which has two hydrogen atoms removed and addition of one oxygen atom to
the gallyl moiety in the B-ring of EGCg [15]. EGCg is stable in saline or Ringer’s solutions at
low temperature, unless there are particular metal ion contaminants present [16]. According to a
study of Zhou and co-workers, there are clear advantages to stabilizing EGCg solutions by using
an antioxidant (ascorbic acid), metal scavenger (EDTA), keeping the pH somewhat below neutral
and keeping the temperature low during storage and sampling of EGCg [16]. EGCg is known to
be unstable under cell culture conditions, and both autooxidation and H,O, generation are
induced [15][17][18]; however, formation of H,O, was observed in aqueous solutions as well
[15]. According to a proposed mechanism by Hou and co-workers, the reaction in cell culture
medium is probably catalyzed by metal ions such as Cu®* and produces EGCg radicals and
superoxide [19]. The unpaired electron may delocalize around the B ring [19]. The superoxide
radical can further react with another EGCg molecule to produce EGCg radical and H,0, [19].
Two EGCg radical molecules probably collide to form a dimer, or it can be possible that the
EGCqg radical may attack the B ring of another EGCg molecule, which is more abundant, to form
a dimer radical [19]. It can react with molecular oxygen to form the EGCg dimer and regenerate
the superoxide radical [see Fig. 2(a)] [19]. An alternative mechanism by the same authors is that
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the EGCqg radical is oxidized by an oxygen molecule to form -O, and EGCg quinone (oxidized
derivative), and the quinone reacts with another molecule of EGCg to form the dimer [see Fig.
2(b)] [19]. In both cases, the process is propagated by the reaction of superoxide with EGCg,
generating H,0, and EGCg dimers [19]. Then these dimers can be further transformed to other
compounds, supposedly polymers, in a similar manner of oxidation (see Fig. 1.2) [19].

T o Catalyzed by metal ions 5
Hm@,@m - i -0, +  EGCgradical EGCgradical
‘ +0
) :’ : +EGCg +EGCg radical ’
EGCg 1 ] v
& : H,O0, + EGCg radical EGCgdimer ‘0,~ + EGCg quinone
|
| +EGCg l +EGCg
| v .
: Dimer radical EGCgdimer
! +0, Polymer
| ~
v
I ‘/V - o Polymer
A L - - - -0,”+ EGCgdimer - B

Fig.1.2 Proposed mechanisms of EGCg auto-oxidation under cell culture conditions by Hou and co-workers [1][19].
(a) The reaction in cell culture medium is probably catalyzed by metal ions such as Cu?*, and produces EGCg
radicals and superoxide radicals [19]. The unpaired electron may delocalize around the B ring [19]. The superoxide
radical can further react with another EGCg molecule to produce EGCg radical and H,0O, [19]. Two EGCqg radical
molecules probably collide to form a dimer, or it can be possible that the EGCg radical may attack the B ring of
another EGCg molecule, which is more abundant, to form a dimer radical [19]. It can react with oxygen molecule to
form the EGCg dimer and regenerate the superoxide radical [19]. (b) An alternative mechanism by the same authors
is that the EGCg radical is oxidized by an oxygen molecule to form ‘O, and EGCg quinone (oxidized derivative),
and the quinone mayreact with another molecule of EGCg to form the dimer [19].

The major oxidation products are theasinensin A (molecular weight 914 Da) and another dimer
with a molecular weight of 884 Da [11][19]. Both are dimers of EGCg, which have been reported
to be formed in mild alkaline fluids or after radical reaction with 1,1-diphenyl-2-picryl-hydrazyl
radical, and show a brown-yellow color (Fig.1.3) [11].
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Fig.1.3 Freshly created EGCg suspensions on the left, and their oxidized form on the right. The solutions became
brown in a concentration dependent manner when left at ambient temperatures.

It remains to be determined whether the auto-oxidation of EGCg occurs in vivo, but there is no
evidence for auto-oxidation in the mouse: the EGCqg is rather stable, and dimers have not been
detected in the blood [19]. Furthermore, the O-methylated form of EGCg, the (-)-
epigallocatechin 3-O-(3-O-methyl) gallate (EGCg3"”Me), is more stable than EGCg in animal and
human plasma [18]. However, in a previous study of Hong et al., EGCg was unstable in McCoy’s
5A culture media with a half-life of <30 min, and it increased to 130 min in the presence of cells:
addition of 50 uM (= 22.9 pg/ml ) EGCqg to the culture media caused the production of H,O,, but
the amount was lower and decreased in the presence of cells [11]. Addition of superoxide
dismutase (SOD) and catalase is proposed to avoid artifacts and stabilize itself. Since EGCg
degradation is intensified by the higher temperature and humidity, capsules should be stored in
dry, cool and hermetically closed places as well, to avoid enhanced oxidation with air contact [7].
However, human serum albumin participates in the stabilization of EGCq in the blood circulation
(as an in vivo carrier) [20]. According to a study of Ishii and co-workers, EGCqg is stable in
human plasma or in aqueous solutions with human serum albumin [20]. The authors suggest that
the reversible covalent modification of EGCg via a Schiff base formation and immobilization of
the polyphenol to human serum albumin through the formation of a stable complex prevent its
decomposition and polymerization [20].

Role of EGCq in protein layer structures and its effect on protein misfolding associated
conditions

Saliva is the human and animal organism’s first line of defense against ingested insults [21].
Aberrant saliva can result in signs of xerostomia (“dry mouth”) and it can interfere with oral
defense too [21].The cure of some of these symptoms by treatment with mucin-based saliva
substitutes highlights the significance of the mucin-rich network in saliva [21]. Among tea
polyphenols, EGCg has the highest affinity to interact with mucins, causing gelation and
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precipitation, whereas epicatechin and non-galloylated epicatechins do not [22]. Thus, it is
suggested that the presence of the galloyl moiety [D-ring (gallyl)] in the EGCg molecule allows it
to bind to mucin, which leads to association and aggregation [22]. EGCg-mucin mixtures indicate
that discrete particles are formed whose size increases with the ratio of EGCg to mucin [23]. A
study of Zhao et al. suggests that the EGCg-mucin binding process happens by single and/or
clusters of EGCg molecules driven to the surface of the mucin’s hydrophobic globules by the
hydrophobic interaction followed by hydrogen bonding between mucin and EGCg [24].
Multilayer formation by the adsorbing EGCg molecules onto already bound EGCg molecules can
occur as well [24]. The adsorption properties of EGCg-mucin mixtures on metal-oxide and
biomimetic surfaces were also investigated [23]. In the experiment by optical waveguide
lightmode spectroscopy (OWLS), the authors proved that the EGCg triggers a massive
adsorption-desorption hysteresis, reflecting a complicated structurally sequential adsorption-
desorption behavior [23]. Furthermore, the enhancement of this phenomena with an increasing
excess of EGCg mimics the increase of mucin concentration in an EGCg-free system as well
[23][25]. Furthermore, it is suggested that EGCg directly interacts with phospholipids and plasma
membrane proteins which stimulates intracellular signaling pathways as well [12].EGCg can bind
to fibronectin and histidinerich glycoprotein and to the o, B and y subunit chains of fibrinogen
[6][26]. Furthermore, it can bind to keratin as well, and the process is governed by both
hydrophobic interactions and hydrogen bonding [27].

Protein-misfolding diseases associated with the failure of a specific peptide/polypeptide or
protein to adopt or remain in their native functional form cause diseases such as cataract, type 1l
diabetes, Alzheimer’s and Parkinson’s diseases [28]. The majority of misfolding diseases are
associated with amyloidosis, which involves the aggregation of specific polypeptides into highly
stable and cytotoxic amyloid fibrils [28]. Recent studies indicate that EGCg has the ability to
inhibit protein aggregation and efficiently inhibits the amyloid-fibril formation of a-synuclein,
amyloid-p and huntingtin, the amyloidogenic proteins involved in Parkinson’s, Alzheimer’s and
Huntington’s diseases [28][29]. The current understanding of the non-covalent interactions
between amyloidogenic polypeptides and EGCg (or other polyphenols) is based on the
physicochemical properties and structural similarities of polyphenols [28]. It is conjectured that
EGCg and similar polyphenols interact with fibril-forming proteins with aromatic n—=
interactions between the polyphenolic rings and the aromatic residues common to most fibril-
forming sequences and hydrogen bonding to the polypeptide main chain via the phenolic
hydroxyls [28]. In vitro data and results on in vivo animal models suggest that tea consumption
may decrease the incidence of dementia [29]. In particular, EGCg showed neuroprotective/
neurorescue activities in various cellular and animal models of neurological disorders [29].
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Interaction with laminin, laminin receptor and regulation of signaling

A receptor for the extracellular matrix glycoprotein laminin was isolated and identified by three
different laboratories in 1983 [30]. Isolation of the protein from either normal or cancerous cells
results in a product with an approximate molecular mass of 67 kDa [30]. The so-called 67LR (67-
kDa laminin receptor) is a cell surface receptor with high affinity for its primary ligand [30]. Its
role as a laminin receptor makes it an important molecule in both cell adhesion and signal
transduction following this binding event [30]. At the cell surface, the laminin receptor exists as
both a monomer (37 kDa) and a dimer (67 kDa), and the association with the cell surface is
mediated by fatty acid acylation [31]. The 67LR receptor has been implicated in laminin-induced
tumor cell migration, attachment, metastasis, angiogenesis, and invasion, too [5]. It is possible
that the receptor plays a role in the regulation of cell adherence via the basement membrane
laminin [5]. The biological activities of EGCg are mediated through the binding to the cell
surface 67LR [32]. Experiments of Tachibana and co-workers using surface plasmon resonance
demonstrated the binding of EGCg to the 67LR with a 39.9 nM Kd value [33]. Furthermore,
affinity chromatography revealed the affinity between laminin and EGCg [34]. In an experiment
of Suzuki and Isemura, spreading of the cells was markedly inhibited on laminin pretreated with
EGCg at 6.25 uM compared to the untreated laminin [34]. These results also suggest the direct
binding of EGCg to laminin [34]. Furthermore, it was demonstrated by the authors that
gallatecontaining catechins inhibit the adhesion of B16 melanoma cells to laminin [34]. 67LR is a
cancer metastasis-associated protein expressed in of tumor cells [31]. The anticancer action of
EGCq is due to the lipid raft-associated laminin receptor, which hijacks EGCg from the surface
of the cell [31]. According to a study of Fujimura et al., the ten-amino-acid sequence
IPCNNKGAHS might be a functional domain responsible for the EGCg’s anticancer activity
[32]. Expression of the 67-kDa laminin receptor confers EGCg responsiveness to cancer cells at
physiologically relevant concentrations (0.1-1 uM (=0.0458-0.458 pg/ml)) [33]. Through 67LR,
EGCg can activate myosin phosphatase by reducing MYPT1 phosphorylation and can be
involved in EGCg-induced cell growth inhibition [35].

Eukaryotic translation elongation factor 1A (eEF1A) is identified as a component responsible for
the anticancer activity of EGCg, through both eEF1A and 67LR; EGCg induces the
dephosphorylation of myosin phosphatase-targeting subunit 1 (MYPT1) at Thr-696 and activates
myosin phosphatase and silencing of 67LR, eEF1A or MYPTL in tumor cells, which results in
abrogation of EGCg-induced tumor growth inhibition in vivo [35]. eEF1A is upregulated by
EGCg through 67LR [35]. These findings of Umeda et al. implicate both eEF1A and MYPT1 in
EGCg signaling for cancer prevention through 67LR [36]. 67LR is a critical sensor molecule to
respond to EGCg and mediate the beneficial activities of this polyphenol [5]. MYPT1 and eEF1A
are EGCg-sensing molecules for EGCg-elicited tumor prevention at physiological concentrations
[5]. According to Byun and co-workers, silencing of signaling of Toll-interacting protein (Tollip),
a negative regulator of the Toll-like receptor (TLR), impaired the TLR2 (one of the TLRs)
signaling inhibitory activity of EGCg, suggesting that TLR2 response can be inhibited by EGCg
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via Tollip and 67LR [37]. Thus, EGCg action through the cell surface 67LR can negatively
regulate TLR2 signaling [37]. The obstructive effect of EGCg on tumor cell proliferation is
exerted through its binding to the 67LR as a cell surface receptor [37]. This green tea polyphenol
inhibits cell growth by reducing the myosin regulatory light chain phosphorylation mediated
through 67LR [37]. As pointed out by the study of Byun et al., Tollip is a mediator responsible
for the anti-TLR2 signaling action of EGCg and provides new perspective into the understanding
of negative regulatory mechanisms for the TLR2 signaling pathway [37]. Silencing of 67LR or
anti- 67LR antibody treatment resulted in repeal of the inhibitory action of EGCg on
peptidoglycan (PGN)-induced output of proinflammatory mediators and activation of mitogen-
activated protein kinases [37]. Downregulation of 67LR expression induced a reduction in
activity of galloylated catechins [38]. The B-ring hydroxylation pattern and galloyl moiety also
participate in the exertion of biological activities of tea catechins and their 67LR-dependencies
[38]. 67LR not only mediates the anticancer action of EGCg, but it has also been shown to be
responsible for the antiallergic effects of EGCg [38]. Fujimura and co-workers found that the
binding of catechins to the cell surface 67LR is responsible for the inhibition of histamine release
[38]. 67LR mediated the EGCG3"Me-induced suppression of the high-affinity IgE receptor
FceRI expression by decreasing ERK1/2 (MAP kinases) phosphorylation [18]. According to
these findings, the anti-allergic effects of EGCG3”Me may be generated by the inhibition of
ERK1/2 or myosin regulatory light chain (MRLC) phosphorylation mediated through the cell
surface 67LR [18]. EGCg suppresses the expression of FceRI and histamine

release by binding to 67LR [37].

1.3. Impacts of EGCqg at cellular level

Much of the information on the biological activities of green tea polyphenols originated from in
vitro studies on cell cultures. The cellular uptake of EGCg is concentration dependent and does
not reach a plateau, suggesting a passive diffusion process [11][39]. It is metabolized in the cell,
and the metabolites and ECGg are pumped out by multidrug-resistant proteins (MRPS) or Pgp
[9][11]. The temperature is important in the uptake process [11]. For example, in the case of HT-
29 cells, EGCg accumulation is significantly higher at 4 °C than at 37 °C by over 40 % [11]. In
the studied cell lines, this compound has a significant effect on cell adhesion and movement,
apoptosis and proliferation generally by altering gene expression [13][40][41][42][43][44][45].
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Inhibition of cellular adhesion and spreading in the presence of EGCg

Monitoring of the cellular adhesion and spreading procedures are substantial because these
processes take part in maintaining the multicellular structure of the cells, migration, survival,
proliferation, differentiation, gene expression, cell-cell communication and immunity, and in
cancer metastasis as well. Tea polyphenols, especially EGCg, have become more popular in cell
adhesion studies, and many experiments have proved its inhibitory effect
[26][34][40][41][46][47][48][49]. EGCg blocks retinal pigment epithelium (RPE) cell adhesion
to fibronectin, and it changes the actin cytoskeleton organization during the adhesion process
[47]. Fibroblast cell adhesion is greatly reduced on mucin-coated substrata when compared with
PLL, but the reduction can be countered by incorporating EGCg into the layer [46]. It is possible
that the substratum’s viscoelastic properties are the leading influence on initial cell spreading
[46]. Tea polyphenols inhibited the expression of CD44 and CD54 adhesion molecules in PG
cells (highly metastatic lung carcinoma cell lines) in a dose-dependent manner and significantly
blocked the adhesion of these cells to endothelial cells not only in a state of rest but also when
active [40]. EGCg influenced CD44 and CD54 expression during the adhesion process of PG
cells to endothelial cells [40]. Lo and co-workers reported that EGCg and also epicatechin gallate
(ECG) were able to inhibit smooth muscle cell (SMC) adhesion on laminin and collagen (ECM
proteins) expressed in physiological and pathological conditions, and the authors found that
EGCg can bind more strongly to laminin than collagen [41]. EGCg could inhibit smooth muscle
cell adhesion to integrin B1 Ab and affect their B1 integrin expression; proposing it also affects
the cellular components [41]. Suzuki and Isemura reported that EGCg in the culture medium was
found to inhibit B16 melanoma cell adhesion, furthermore, approximately 50 % adhesion
inhibition occurred when the laminin coating was incubated with 4.8 uM (= 2.19 pg/ml) EGCg
[34] Table 1.1 summarizes the results and details of the listed references [1].
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Table 1.1 Summary of the listed references about the experiments of cellular adhesion and spreading®. Cancerous
and normal cell cultures were examined by different methods and techniques to reveal the effect of EGCg
(concentration between 0 and 200 uM) on adhesion and spreading. EGCg inhibited the cell adhesion and down-
regulated the genes evolved in the stimulation of proliferation, adhesion, motility, and invasion processes [1].

S e R | oo, [

METHOD

i blue d lusi 1l .
B16 fypaniue dye El:f,t”"“" gEsarlts Inhibition of cell adhesion to laminin 1200 uM Suzuki and
ATCC No.CRL-6322,murine C578L/6) ven) (0.458-91.6 pig/mi) lsemura
{ 0-LRL ,mt.vlrlne ! mouse Affinity chromatography EGCg binds to laminin 2001
melanoma, derived from skin)
Alamar blue assay (cell viability)
Cell attachment and spreading is reduced on mucin McColl et
Mc 0OWLS110 no data
oy coated substrata but the reduction can be al. 2009
(ATCC No.CRL-1696,murine, mouse fibroblast) Staining and confocal microscopy countered by incorporating EGCg into the layer
Dynamic Light Scattering
HPLC
PG G T Inhibition of the exPresswn of CD44 and CD54 100, 200, 400, 800 pg/ml T
adhesion molecules al. 2012
(highly metastatic lung carcinoma) Laser scanning confocal microscope Cell adhesion blocking (tea polyphenols) ’
EC LPS activating EC cell test
(endothelial cells)
A10 Dot binding assay Inhibition of A10 cell adhesion on collagen and laminin 10, 20, 50 UM Loetal.
(4.58, 9.16, 22.9 pg/ml) 2007
(ATCC No.CRL-1476, rat thoracic aorta smeoth muscle ‘ et
( X . X Western blot EGCg binds laminin more than collagen
cells, derivedfrom aorta, thoracic/medial layer)
Flow cytometer Inhibition of A10 cell adhesion to integrin B1 Ab
Cell migration assay (Boyden chamber) Affection of B1 integrin expression
Phase-contrast microscope Inhibition of migration
ARPE19 ESc ‘E"'s“htr?éEI:?DEda"‘E SEMSIN | | hibition of PDGF-BB induced RPE cell migration 0,1,3,10 pg/ml Chan etal.
2010
ATCC No.CRL- hi inal pi ithelial
aree i) i LELBUAE plg-ment <G Dot binding assay Inhibition of RPE cell adhesion to fibronectin
cells, derived from eye retina)
Immunofluorescence microscopy
Western blotting
Boyden chamber (migration assay)
THP-1 Flow cytometry, Annexin V-PE apoptosis kit Decreased MCP-1 and CCR2 gene expression 100 uM Melgarejo
. . (45.8 pg/ml) et al. 2009
(ATCC No.TIB-202, human, monocytic leukemia, - e . . -
7 i FRET-based competition assay Inhibited B1 integrin activation
derived from peripheral blood)
MCP-1 Human Biotrak Easy ELISA kit EGCg-induced inhibition of THP-1 migration
Adhesion assay Inhibited adhesion to fibronectin
Chemotaxis transwell system (migration ofinfi o L
assay) o
Down-regulation of genes involved in the stimulation
Hela RNAeasy Mini Kit (total RNA isolation) SRS NI S'f" MBI 10puM Tudoran et
. (4.58 pg/ml) al. 2012
(ATCC No. CCL-2, human, cervix epithelial ; : . R ——
N ) . PCR proliferation, adhesion, motility, invasion processes
adenocarcinoma derived from cervix)
ELISA Up-regulation of several genes known to have
antagonist effects
MTT assay (cell viability)
Attachment assay
Spreading assay
Adhesion to endothelium assay
Transwell migration assay (Boyden
chamber)

} (ATCC: American Type Culture Collection, CCR2: chemokine (C-C Motif) receptor 2, CD54: cluster of differentiation
protein 54 (also known as ICAM-1, intercellular adhesion molecule 1), ELISA: enzyme-linked immunosorbent assay,
FRET: fluorescence resonance HPLC: high performance liquid chromatography, LPS:
lipopolysaccharide, MCP-1: MTT:  3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, OWLS: optical waveguide lightmode spectroscopy, PCR: polimerase chain reaction,
PDGT: platelet-derivated growth Factor, RPE: retinal pigment epithelium).

energy transfer,

monocyte  chemoattractant  protein-1,
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Impact on cell motility, migration and stiffness

Observation of the movement of the tumor cells is an important topic: the formation of tumors
and metastasis arises when cells are moving [50]. Highly tumorigenic cells move faster than non-
tumorigenic cells [51]. Developing drugs that inhibit migration are the focus of many research
projects [50]. Traditional herbal extracts have become increasingly popular in the cure of these
illnesses. Some studies showed that EGCg is effective against many cancer cell lines
[2]1[3][4][52]. The action of EGCg on cell motility and migration is an actively researched topic
today [42][49][52][53][54]. Cell stiffness and motility are related to metastatic activity in tumor
cells [42]. An earlier experiment of Takahashi and co-workers also showed that EGCg treatment
dose dependently inhibited cell motility and increased cell stiffness in human lung cancer cells
and inhibited the expression of vimentin protein and Slug transcription factor as well [42]. EGCg
has inhibitory effects on chemoattractant- and hypoxia-stimulated migration of HelLa cells [52]
and blocks plateletderived growth factor-BB-induced (PDGF-BB) RPE cell migration [47].
EGCg inhibits the migration of 4T1 cells through the inhibition of nitric oxide production,
reduces the levels of cGMP, and inhibits mammary cancer cell migration through the inhibition
of NO/NOS and guanylate cyclase [43]. EGCg dose dependently inhibits cell motility and
induces rigid elasticity of cell membranes [42]. According to a study of Takahashi et al.,
treatment with 50 and 100 pM (= 22.9 and 45.8 ug/ml) EGCg can block H1299 cell migration
from 100 to 67.5 and 43.7 % [42]. Furthermore, addition of 10, 50 and 100 uM (= 4.58, 22.9 and
45.8 nug/ml) EGCg inhibited Lu99 cell migration to 81.3, 71.7 and 31.5 % as well [42]. In an
experiment of Tudoran et al., EGCg caused an average of 48 and 68 % reduction of migration
capability after 24 and 48 h [49]. In a novel study, the inhibitory effect on HeLa cell migration,
motility and motility speed was also monitored by an incubator proof miniaturized Holomonitor
[54]. Table 1.2 summarizes the results and details of the listed references.
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Table 1.2 Summary of the listed references about the experiments of motility and migration”. Different cancer cell
cultures were examined by different methods and techniques to reveal the effect of EGCg (concentration between 0
and 500 pM) on migration, motility and stiffness. EGCg reduced cell movement (migration, motility), increased
stiffness and affected the genes evolved in the stimulation of movement of the cells [1].

H1299 5,10, 50,100 uM Takahashi

(2.29,4.58,22.9,45.8 ug/ml) | etal. 2014

Wound healing assay (migration assay) Reduction of cell motility

(ATCC No. CRL-5803, human, non-small cell lung cancer,
derived from lymph node)

Western blot Increase in cell stiffness

Lu99

AFM Inhibition of expression of vimentin and Slug

Inhibition of epithelial -mesenchymal
transition pheno

(human non-small cell lung cancer)

Electric cell-subtrate impedance sensing Inhibition of PDGF-BB induced RPE cell
(ECIS) migration

Dot binding assay Inhibition of RPE cell adhesion to fibronectin

ARPE19

(ATCC No.CRL-2302,human, retinal pigment epithelial
cells, derived from eye retina)

0,1,3,10 pg/ml Chan et al.

2010

)./

Western blotting
Transwell migration assay (Boyden

Hela 'Hypoxic chamber with an auto-purge | Inhibition of hypoxia- and serum-induced HIF- 50,100 pmol/L Zhang etal.
: airlock 1a protein accumulation (22.9, 45.8 pg/ml) 2006
(ATCC No. CCL-2, human, cervix epithelial f and Lucife EGCg abolishes both chemottractant- and
adenocarcinoma derived from cervix) Reporter Assays hypoxia-
Western blot d Hela cell migr
HepG2 RT-PCR
(ATCC No. HB-8065, human, hepatocellular carcinoma, ELISA
derived from liver)
Cell migration kit (migration assay)
Cell viability

N (AFM: atomic force microscopy, ATCC: American Type Culture Collection, ELISA: enzyme-linked immunosorbent
assay, HPLC: high performance liquid chromatography, MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide, NO/NOS: nitrogen monoxide, nitrous oxide, PDGF: platelet-detivated growth factor, RT-PCR:revetse
transcripton polimerase chain reaction, RPE: retinal pigment epithelium).
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Reduced proliferation and induced apoptosis of cancer cells

A study of Hou and co-workers showed that in cell culture conditions, the auto-oxidation of
EGCqg result in epidermal growth factor receptor (EGFR) inactivation, however, the inhibition of
cell growth is due to other mechanisms [19]. EGCq itself induces chromosomal damage in WIL2-
NS cells at 100 umol/l (=45.8 pg/ml), and this damage is due to the production of H,O; [55]. But
EGCg at <10 umol/l (=4.58 pg/ml) does not induce chromosomal damage and does not produce
H,0, [55]. Hypothesis of Song et al. presents that EGCg exerts no direct effect on cancer cells in
culture; instead, any anticancer effect observed is an indirect result of the generation of H,0,
during the oxidation of EGCg [17]. However, it blocked the expression of HSP70 and HSP90 and
demonstrated that this effect was not induced by H,0O, [17][56]. As pointed out by Hayakawa and
co-workers, EGCqg elevates the caspase8 activity and its fragmentation in U937 cells [57].
According to this study, DNA ladder formation caused by EGCg treatment was inhibited by the
caspase 8 inhibitor [57]. These findings of the authors suggested the involvement of the Fas-
mediated cascade in the EGCg-induced apoptosis in U937 cells, and thus EGCg binding to Fas
presumably on the surface of the cells, triggers the Fas-mediated apoptosis in these cells [57].
EGCg treatment not only results in the downregulation of genes involved in the stimulation of
proliferation, motility, adhesion, and invasion processes, but also leads to the upregulation of
several genes known to have antagonist effects [49]. EGCg exposure decreases the HelLa cell
proliferation rate and invasion potential; thus, this compound might be an important anti-
angiogenic therapeutic approach in cervical cancers [49]. EGCg treatment resulted in a dose-
dependent inhibition of cell growth, induction of apoptosis, and GO/G1-phase arrest of the cell
cycle in human epidermoid carcinoma A431 cells, furthermore, itwas found that 10-80 puM (=
4.58-36.64 ng/ml) EGCg treatment results in loweringof nuclear factor kB NF-kB levels in both
the cytoplasm and nucleus in a dose-dependent manner [13]. EGCg exposure was found to result
in a dosebased differential inhibition of TNF-a- and LPS-mediated activation of (NF-xB) in the
previously mentioned cells in the study of Ahmad and co-workers [13]. EGCg at 50 pg/ml
inhibited the activity of NF-kB and hypoxia-inducible factor 1-o (HIF-1a) as well as vascular
endothelial growth factor (VEGF) expression in cultured E0771 cells compared to control, thus,
EGCg suppresses breast tumor angiogenesis and growth [44]. The hypothesis of Gu et al. is that
EGCg directly targets both cancer cells and also their vasculature, thereby reducing tumor
growth, proliferation, migration and angiogenesis of breast cancer, which is mediated by the
inhibition of NF-kB and HIF-1a activation as well as VEGF expression [44].In a previous study
of Weber and co-workers, it was demonstrated that EGCg blocked PDFG-BB isoform-mediated
signal transduction pathways and cell proliferation [45]. In the experiments of Siddiqui et al.,
EGCg decreased the growth and proliferation of prostate cancer cells (PCa), accompanied by the
reduction of prostate-specific antigen [58] . EGCg inhibits the activity of the protein phosphatase-
1 (PP1) recombinant &-isoform of the PP1 catalytic subunit (PP1c), and the galloyl group of the
polyphenol may play a role in phosphatase inhibition [59] . An experiment by D’Agostino et al.
demonstrated that the mucus gel layer on HT29 human colonic adenocarcinoma cells probably
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protects the cells against EGCg toxicity [60]. Cytotoxic impacts of high polyphenol levels may be
associated with the ability of polyphenolic compounds to interact with cellular mucins and
proteins [60]. According to the authors, food-related ingredients also can influence the toxicity of
EGCyg, for instance, -casein is effective in protecting cells against the toxicity effect; however,
maltodextrin is less efficient [60]. The speculation that certain carcinogenetic processes are
initiated and maintained by cancer stem cells (CSCs) has been partially verified [61]. It has been
reviewed by Scarpa and Ninfali that phytochemicals and herbal extracts are able to target and Kill
CSCs, therefore, EGCg and other phytochemicals, for example, p-carotene, genistein curcumin,
piperine, sulforaphane and whole extracts of some plants can inhibit CSCs [61]. Most of these
active substances act by interfering with the canonical Wnt [B-catenin/T cell factorlymphoid
enhancer factor (TCF-LEF)] pathway implicated in the pathogenesis of some tumors [61]. Table
1.3 summarizes the results and details of the listed references.

Table 1.3 Summary of the listed references about the experiments of apoptosis and proliferation’. Different cancer
cell lines were examined by different methods and techniques to reveal the effect of EGCg (concentration between 0
and 4000 pM) on migration, motility and stiffness. EGCg reduced proliferation and induced apoptosis via different
signaling pathways [1].

> (ATCC: American Type Culture Collection, CBMN: cytokinesis-block micronucleus, EGFR: epidermal growth factor
receptor, FLICE: FADD-like interleukin-1 beta-converting enzyme, ERK: extracellelar-signal regulated kinases, FRET:
fluorescence resonance energy transfer, HPLC: high performance liquid chromatography, HSP: heat shock protein, MTT: 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, NK: natural killer cells, NMR: Nuclear Magnetic Resonance, RT-
PCR:reverse transcripton polimerase chain reaction, SPR: surface plasmon resonance, TEM: transmission electron
microscopy, TNF: tumor necrosis factor).
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Differences in effects on healthy (normal) and cancer cells

It is very important to know the effects of a prospective anticancer agent on healthy cells as well.
In an experiment by Tao and co-workers, EGCg induced mitochondrialocalized ROS in human
oral squamous carcinoma cells (SCC-9, SCC-25) and in premalignant leukoplakia cells (MSK-
Leuk-1) as well, but not in normal human gingivalfibroblast cells (HGF-1) [62]. EGCg
suppressed mitochondrial redox modulator SIRT3 in SCC-25 cells, whereas it increased SIRT3
activity in HGF-1 cells [62]. The polyphenol selectively decreased the nuclear localization of the
estrogen-related receptor a (ERRa), the transcription factor regulating SIRT3 expression in SCC-
25 cells, and this indicates that EGCg may regulate SIRT3 transcription in oral tumor cells via
ERRo [62]. In the mentioned cells, SIRT3 activity and expression are inhibited by EGCg,
resulting in the accumulation of mtRQOS, as well as mitochondrial dysfunction and death [62]. In
normal oral cells, EGCg activates SIRT3 and related downstream antioxidant responsive genes
(AOX genes); thus, this process protects them cells from oxidative injuries [62]. In another study,
EGCg exposure resulted in a dose-dependent inhibition of cell growth, GO/G1-phase arrest of the
cell cycle and induction of apoptosis as well human epidermoid carcinoma A431 cells, but not in
normal human epidermal keratinocytes (NHEK) [13]. The inhibition of NF-kB expression and
activation in NHEK was monitored only at high concentrations [13]. The authors found that
EGCg imparts differential dose-based NF-xB inhibitory responses in tumor cells versus normal
cells [13]. EGCg caused inhibition of NF-kB expression, and activation was found to happen at
much higher doses of the polyphenol in NHEK as compared to A431 cells [13]. However,
another result showed that EGCg is much more toxic against normal cells, while at low
concentrations (<100 pM=45.8 ng/ml) increased the lung cancer cell viability slightly [63].
EGCg induced DNA double-strand breaks and apoptosis in normal cells and intensified their
mutation frequency, too [63]. EGCg did not induce chromosomal damage at <10 umol/l (=4.58
pg/ml) concentrations; however, 100 pmol/l EGCg triggered chromosomal injury in WIL2-NS
cells (human B lymphoblastoid cell line) [55]. EGCg at physiological concentrations (<1 pmol/l=
0.458 pg/ml) are not genotoxic, but rather can anticipate ROS-induced chromosomal damage
[55]. Experiments showed that EGCg inhibited the growth and proliferation of various prostate
cancer cells through multiple mechanisms, with minimal impacts on normal human prostate
epithelial cells [58].
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Inhibitory properties on microbes

EGCqg has a broad antimicrobial (antifungal, antibacterial, antiviral) spectrum as reviewed earlier
[64]. EGCg and ECG showed inhibitory effects on the growth and adherence of carcinogenic
bacteria on the tooth surface and on the glucan synthesis of streptococci [2]. EGCg also blocks
the adherence and growth of bacterium Porphyromonas gingivalis, responsible for periodontal
disease [2]. Furthermore, other compounds of tea, delta-cadinene and indole have a synergistic
effect on the inhibition of the growth of Streptococcus mutans [2]. It has been reviewed that tea
extracts have inhibitory effects against several other bacteria, for example, Vibrio cholerae,
Salmonella typhi, Helicobacter pylori, Campylobacter coli, Salmonella, Shigella, Clostridium,
Pseudomonas and Candida as well [2]. Tea can exhibit a beneficial effect against viral infections,
too: tea polyphenols significantly inhibit influenza A virus in animal cell culture and rotavirus in
monkey cell culture [2][64]. Recent studies showed that tea polyphenols inhibit the survival of
Mycobacterium tuberculosis in macrophages [65]. EGCg blocks the NADH-dependent enoyl-
ACP reductase encoded by the Mycobacterium gene inhA with an IC50 of 17.4 uM (= 7.96
ug/ml ) and interferes with the binding of NADH [66]. The enoyl acyl carrier protein reductase
(ACP, ENR) is one of the most important enzymes involved in the type 1l fatty acid biosynthesis
pathway of the intracellular pathogen and a relevant factor for their survival within host cells
[66]. EGCqg has anti-inflammatory and antioxidant effects on infected host cells by suppressing
the augmented expression of MTB 85B and proinflammatory TNF-o of human monocytes [67].
A study of Hellmann et al. also showed that EGCg inhibits even the motility of the Plasmodium
sporozoite, the causative agent of malaria [53]. It happens because the EGCg may bind to the
adhesion of molecules of the parasite surface, for example circumsporozoite protein (CSP) and
thrombospondin- related adhesive protein (TRAP), which are important for their motility [53].
The surface antigen PFEMP of Plasmodium falciparum is involved in the cytoadherence of the
pathogen-infected erythrocytes to a range of receptors on the host endothelium, e.g., ICAM-1,
which is related to cerebral malaria [68]. EGCg can be an effective inhibitor of ICAM-1-based
cytoadherence of P. falciparum-infected erythrocytes [68]. EGCg is able to inhibit the formation
of merozoite surface protein 2 (MSP2) fibrils and can alter the B-sheet-like structure of the fibril
and disaggregate pre-formed fibrils of MSP2 into soluble oligomers as well [69] . The summary
of the results and details of the listed references is shown in Table 1.4.
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Table 1.4 Summary of the listed references about the experiments with microbes®. Protozoons and bacteria and

human cells were examined by different methods and techniques. The treatment inhibited the viability of the
microbes. Measurements with Mycobacterium tuberculosis showed that EGCg maybe can be used in tuberculosis
infection or prevention in the future [1].

METHOD CONCENTRATION OF EGCg
Plasmodium berghei (strain NK65) Cytotoxicity assay (with fluorescent dyes) Inhibited motility and viability 12.5-1000 pg/ml Hellmann
(produced in Anopheles stephensi mosquitoes) Zeiss microscopy (GFP filter set), ImageJ Digitonin increases the cytotoxic of EGCg Clielheler

Inherent capacity to down regulate TACO gene

Mycobacterium tubercolosis (H37Rv) HPLC X el 0-60 pg/ml Anand et
transcription within human macrophages
al. 2006
THP-1 RT-PCR Inhibition of Sp1 transcription factor
(ATCC No.TIB-202, human, monocytic leukemia, PCR Inhibition of survival of M. tubercolosis within
derived fromperipheral blood) macrophages
Jurkat Transfection and reporter plasmid assay prevention of tubercolosis infection
(ATCC No. TIB-152, human, acute T cell leukemia, R
4 A : M. tubercolosis invasion assay
derived from peripherial blood)
Immunofluorescent labeling
Flow cytometry
Inhibiti Ii o 3
Mycobacterium tubercolosis Direct binding assay hhllfctiokiindats Shoy; l_\CP teductass of M 100 nM-20 uM Sharma et
uhercolosis (0.04-9.16 pg/ml) al. 2008
Jobin-Yvon Horiba fluorimeter (Fluorescence titration | EGCg increased the inhibitory activity of triclosan . 2 .
assay) towards InhA and vice-versa
PCR Tea cateechins and triclosan based drugs for
treating tubercolosis
Ni-NTA affinity chromatography
Mycobacterium tubercolosis (H37Rv) MTT assay (cell viability) Augmented expression of 858 in M. tubercolosis 0-25 pg/ml Fatima et
al. 2012

Suppression of TNF-A at the gene and protein

levels in infected monocytes
(ATCC No. PCS-800-011, human, peripherial blood Antiinfl; hanism was mediated by

ntitative RT-PCR i
mononuclear cells) Quanttatve = inhibition of NF-kB pathway
Ameliorates the sIFN- y and glutathione levels,

PBMC Trypan blue excursion assay (cell viability)

Assay for GPx activity and GHS levels (GSH kit) and glutathion peroxidase activity in infected
monocytes
ELISA Infected monocytes were suppressed
Anti-i y and antioxit effects can be

exploited in tubercolosis management

1.4. Observed action of EGCg using tissues and animal models and results of
clinical trials

Drug pharmacokinetic profile determines the onset, duration, and intensity of a compound’s
effect. Understanding the pharmacokinetics (the uptake of the compound into, through, and out of
the human body, the time course of its absorption, bioavailability, distribution, metabolism,
excretion, receptor binding, postreceptor effects, and chemical interactions) of EGCg is urgently
needed to interpret epidemiological, experimental data and to extrapolate in vitro or in vivo
animal data to humans [1].

e (ATCC: American Type Culture Collection, ELISA: enzyme-linked immunosorbent assay, HPLC: high performance
liquid chromatography, GIFP: green fluorescent protein, MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide, Ni-NTA: nickel-charged affinity resin (nitrilotriaceticacid), NK: ntural killer cells, PMBC: peripheral blood
mononuclear cell, RT-PCR:reverse transcripton polimerase chain reaction, TNT: tumor necrosis factor).
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Experiments with tissues and animal models

In CF-1 mice, EGCg exhibited a linear dose relationship in their plasma, prostate and liver [70].
In the colon and small intestine the levels of EGCg plateaued between 500 and 2,000 mg/kg [70].
These results of Lambert and co-workers suggest that absorption of EGCg from small intestine is
largely via passive diffusion; however, at higher concentrations, the colonic and small intestinal
tissues become saturated [70]. EGCg treatment reduced tumor weight in mice; nevertheless, it
had no effects on body weight, heart weight, angiogenesis and VEGF expression in the heart and
skeletal muscle of these animals [44]. Another study also showed that administration of EGCg
caused a 70 % decrease in tumor volume in BALB/c mice, and the cure did not alter body weight
compared with PBS-treated controls [56]. Furthermore, the expression levels of HSP70 and
HSP90 stress-inducible proteins were decreased in EGCg-treated mice [56]. In rats, epicatechin
(EC) and epigallocatechin (EGC) in plasma increased over time and reached peak values [71].
Among tea catechins, the plasma concentrations of EGCg were much lower than those of EC and
EGC [71]. Kim and co-workers found high levels of EC and EGC in urine, while high levels of
EGCg were found in feces [71]. When purified EGCg or green tea were administrated to mice in
drinking water, traversed angiogenesis in vivo and restrained Kaposi’s sarcoma tumor growth
[31]. Consumption of tea by rodents could induce adaptive responses influencing tissue and
blood levels of catechins with time, and an investigation of a similar phenomenon in humans can
be predicted [71]. In an experiment of Li and co-authors, it has been suggested that EGCg
inhibits high-mobility group box 1 protein (HMGBL, late proinflammatory mediator of lethal
sepsis) release by stimulating its aggregation and autophagic (“self-ecating”) degradation [72].
EGCg blocked bacterial endotoxin-induced HMGBL release in vitro and saved mice from lethal
sepsis when EGCg was given to them intraperitoneally, even when the first dose was given orally
at 24 hours after onset of the illness [72]. The authors validated the therapeutic potential of EGCg
in animal models of sepsis by administering it through a clinically practicable process [72]. The
summary of the results and details of the listed references are presented in Table 1.5.
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Table 1.5 Summary of the listed references about the experiments with animal models’. Male and female mice and

rats were treated by EGCg for days (oral administration or injection). The tumor growth was suppressed and the
treatment reduced tumor size in the animals [1].

C57BL/6 mice ELISA Decrease in tumor angiogenesis 50-100 mg/kg/d in drinking Guetal.
female, 8 week old Bio-Rad Protein Assay Down-regulation of VEGF water for 4 weeks 2013
3H-thymidine incorporation assay Reduced tumor weight
& Matrigel | ion Ch A
B Bcostids e :‘;:::’)n Cliankeq(nigration A relative high oral dose significantly inhibits

Motif binding assay the progression of breast cancer growth
Morphometric analysis
Immunohistochemistry

Balb/C mice MTT assay (cell viaability) Inhibition of the expression of HSP70 and HSP90 10 mg/kg for 7 days Tranetal.
2010
male, 6 week old Flow cytometry by inhibiting the promoter activity of HSP70 and HSP90 injection
Cell colony formation assay (soft agar assay) Delayed tumor incidence and reduced tumor size
Western blot Supression of tumor growth

Luciferase riporter assay
EGCg pull-down assay
Immunohistochemistry assay
A/) mice (female, 6 week sold) HPLC Catechin levels was observed in plasma, lung and liver 0,1 and 0,6% (wt/vol) Kim et al.
(female, 6 week old) EGCg levels where higher than in the rats EGCG as drinking fluid 2000

Sprague-Dawley rats
(male, 10 weeks old)
Balb/C mice Western blot Induction of HMGB1 aggregation 4 mg/kg daily for three days Lietal.

2011

male, 7-8 week old Fluorescence i i imulation of LC3-Il production and autophagosome formation oral administration

Inhibition of LPS-induced HMGB1-up-regulation and
extracellular release
Inhibition of HMGB1release by stimulating its autophagic
degradation
Cytokine antibody array Protection against lethal sepsis
RNA interference array

TEM

Nitroblue tetrazolium staining

Clinical trials and beneficial influences of EGCg

The effects of tea consumption on the risk of human cancer have been investigated in many
studies; however, the results have been inconclusive. Tachibana reviewed in 2011, that some
experiments suggested a cancer-preventive effect of tea, while other studies did not show an
association [5]. The inconsistent results of the studies were probably due to, for example,
different disturbing factors, difficulties in quantifying tea consumption, population heterogeneity
and varied cancer etiology in different populations [5]. Traditional cancer drugs often destroy
some healthy cells along with tumor cells, but EGCg appears to target functions unique to tumor
cells, thus, this green tea compound has a very acceptable safety profile [3]. For example, in
previous a clinical trial reviewed by Singh et al, EGCg capsules (200 mg p.o.) for 12 weeks was
reported to be effective in human papilloma virus-infected persons [3]. Epidemiological studies
identified an inverse association between tea consumption and the frequency of rectal and colon
cancer as well as esophageal and gastric tumors [9]. Other epidemiological data also show that

7 (ATCC: American Type Culture Collection, ELISA: enzyme-linked immunosorbent assay, HMGB: high-mobility group
box proteins, HPLC: high performance liquid chromatography, MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, ILC3: microtubule-associated protein light chain 3, LPS: lipopolysaccharide, TEM:
transmission electron microscopy, VEGF: vascular endothelial growth factor).

29


https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl

prostate cancer is sharply rising in the west, but its incidence has been especially low in East
Asian countries where green tea is a popular drink [58]. Fujiki and co authors reviewed that ten
Japanese-size cups of green tea daily, supplemented with tablets of green tea extract, reduced the
recurrence of colorectal adenoma by 51.6 % in persons after polypectomy according to a trial in
2008 [73]. Furthermore, a study also revealed that green tea most significantly prevented lung
cancer (the relative risk of 0.33 with at least 10 cups of green tea per/day), and at high
consumption prevented tumors of liver, colorectum, and stomach as well [73]. Unfortunately, the
antimicrobial activity of tea in humans is not well documented and should be investigated in a
multidimensional way because certain mechanisms are implicated, for example, the immune
system, heredity, microbial ecology, etc. [2]. Mereles and Hunstein summarized in their review
article that providing EGCqg is a pharmacon, side effects should also be expected, for example,
effects on the anxiolytic and hypoglycemic activity, hypochromic anemia, and liver and kidney
failure [7]. However, 800 mg caffeine-free EGCg per day for 4 weeks was shown to be well
tolerated and safe in healthy persons [7].

1.5. Perspectives: Investigation and application possibilities in the near
future

Recently, several novel directions appeared concerning the research and development and future
applications of EGCg.

Nanocarriers and nanocomposite systems for targeted drug delivery are also emerging and may
involve the application of EGCg.

Combination of EGCg and anticancer compounds

As reviwed by Fujiki and co-authors, some studies showed that the combination of green tea
catechins and anticancer drugs has the potential to enhance the efficacy of the drugs [73]. The
combination of these components induced similar synergistic anticancer effects for both in vivo
and in vitro experiments and showed an average reduction in tumor volume of 70.3 % [73].
Furthermore, among others, in in vivo mouse xenograft models, the combinations of paclitaxel
and EGCg as well as docetaxel and EGCg completely eliminated tumors of human prostate
cancer cell line PC-3ML, but other combinations also reduced the tumor volumes in the case of
various cancer cell lines [73]. The amount of EGCg for the elimination of tumors in mice varied
from 4.56 to 6.84 mg/day/mouse [73].Converted these numbers to humans, it would be 1.37-2.05
g/day/ person (6-9 Japanese-size cups of green tea) [73]. The results suggest that the
combinations of nonsteroidal anti-inflammatory drugs and EGCg activate the GADD153-DR5-
TRAIL apoptotic pathway [73]. There are also experiments involving EGCg alone or in
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combination with oxaliplatin and cisplatin because of EGCg’s ability to synergistically increase
the efficacy of these drugs against colorectal and prostate tumors [61][74]. According to Fujiki et
al., the combination of anticancer compounds and green tea catechins can be a new cancer
therapeutic strategy [73].

Enhancing stability and bioavailability of EGCg employing polymeric carrier systems with
controlled release: nanoparticles, liposomes and micelles

In the field of therapeutics, nanoparticles may serve as carriers in targeted therapy because of
EGCg’s poor stability and bioavailability [75] (see Fig. 1.4). Nanoparticles can increase the
stability and solubility of active compounds, enhance their absorption, protect them from
premature degradation in the organism and prolong their circulation time as well [76].
Furthermore, nanoparticles can show high differential uptake efficiency in the target cells/tissue
over normal cells/tissue and protect them from prematurely interacting with the biological
environment, enhanced retention and permeation impact in disease tissues [76]. Thus,
nanoparticle interactions with a biological system may determine its targeting effects and
therapeutic effectiveness [39]. For example, in a novel development of Ding et al., the multiple
core-shell functionalized colloidal mesoporous silica nanoparticle system (CMS) was shown to
be a good platform for prolonging the half-life of unstable active substances and thus enhancing
their pharmacodynamic action [77]. CMS is capable of entering easily into the cells and mostly
located around the nuclei [77]. These nanoparticles exert no visible cytotoxic effects on HelLa
cells, and it is an illustrious carrier for inhibiting the collision of EGCg radicals to form dimers
and polymers [77]. Furthermore, it improves the formation of certain compounds, for instance
H,0, for inducing cell apoptosis [77]. Active substances can then be released into the tumor
cells; thus, it may be an improved, better treatment with fewer side effects [77]. In another study,
EGCg enhanced the interaction and/or internalization of dextrancoated magnetic nanoparticles
(composed of an iron oxide core and a polymer coating) by glioma cells, but not vascular
endothelial cells [39]. The enhancing effects are depending on the concentration and time, too
[39]. This is a novel interaction of a nanocarrier system and nutriment component, which may be
potentially amenable to cell labeling, magnetofection, and targeted therapeutics [39]. The
niosome is a kind of recent vesicular system with a bilayer that contains cholesterol and nonionic
surfactants [75]. Niosomal formulation significantly enhanced drug absorption, compared with
the free drugs [75]. Furthermore, drug-loaded niosomes showed lower toxicity and stronger
stability, too [75]. EGCg can be loaded into liposomes and chitosan-coated liposomes as well to
reach its higher stability [76][78]. Nanoliposomes can be used as carriers prepared by reverse-
phase evaporation method, and it has been showed that prepared EGCg nanoliposomes are stable
and suitable for more widespread application [79]. EGCg at lower and physiologically relevant
concentrations by oral intake has little or very limited effect, thus improving its bioavailability is
very important, and the nanotechnology can help in this need [76]. For instance, chitosan
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nanoparticles can significantly enhance its bioavailability [80]. Chitosan is a biocompatible
polysaccharide, which confers a positive charge to the surface of nanoparticles, thus it can be
used as an absorption enhancer [76][80] [81]. Encapsulation of the green tea compound enhances
its inhibitory effect on cancer cell viability at higher concentrations [79]. These results showed
that the oral absorption of tea polyphenols could be improved by applying drug delivery systems
[75]. In the case of prostate tumors, a study of Shukla and co-workers showed that the
formulation of biocompatible radioactive gold nanoparticles (198AuNPs) uses the redox
chemistry of prostate tumor-specific EGCg [82]. It alters gold salt into gold nanoparticles and
selectively binds with good affinity to 67LR receptors, which are overexpressed in prostate
cancer cells [82]. This intratumorally injectable 198AuNP-EGCg nanotherapeutic active
substance may provide notable advances in oncology for use as a potent cure for prostate or other
tumors [82]. As reviewed earlier by Landis-Piwowar et al., micellar nanocomplexes can be used
as well. The coupling of excess EGCg with acetaldehyde in water/ethanol/acetic acid or DMSO
result is oligomeric epigallocatechin gallate (OEGCg) [83]. Aldehyde-terminated polyethylene
glycol (PEG-CHO) can be coupled with EGCg to give PEG-EGCg, furthermore, PEG-OEGCqg
can be obtained from the conjugation of PEG-CHO with OEGCg [83]. A two-step conjugation
(similar to PEG-OEGCG) results in a micellar nanocomplex with the flavonoid-rich OEGCg in
the central core, and the PEG on the external core [83]. These micellar nanocomplexes can be
used to deliver high doses of EGCg, potentially combined with other bioactive agents [83].
OEGCg can be coupled to an anticancer agent to create a micellar nanocomplex with PEG-EGCg
as an external core [83]. The anticancer agent conjugated to OEGCg is assembled in the micellar
nanocomplex [83]. For example, in a recent study of Chung et al., this system was obtained by
the complexation of oligomerized EGCg with the Herceptin anticancer protein Herceptin to form
the core, followed by the complexation of PEG-EGCg to form the shell [84]. In mice, the
Herceptin-loaded micellar nanocomplex exhibited better growth reduction, tumor selectivity and
a longer blood half-life than free Herceptin [84]. The complexes demonstrated good stability in
the presence of serum for 15 days at 37 °C for 15 days, without any change in their size,
additionally, they did not undergo any size reduction following a 1,000-fold dilution [84].

In another work by Haratifar and coworkers, the authors supposed that due to the binding of
caseins with EGCg casein micelles can be a good platform for the delivery of this agent and that
the binding would not affect the bioaccessibility of the green tea polyphenol [85].

In their publication they proved that EGCg-casein complexes were able to reduce the
proliferation of HT-29 cancer cells, demonstrating that bioavailability may not be decreased by
the encapsulation [85]. Thus, these mixed systems may ensure better stability of the tea
polyphenols both in storage and during digestion [85].
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Fig.1.4 Schematic representation of the carrier systems of EGCg: micelles, liposomes, niosomes, gold nanoparticles,
magnetic nanoparticles, and core-shell nanoparticles. These nanoobjects can serve as carriers in targeted therapy,
because of EGCg’s poor stability and poor bioavailability [1].

Nanocluster carriers

It has been published in certain studies, that gold nanoparticles have been applied succesfully to
carry EGCg and to cure tumors [86][82].

The fact, that not just nanoparticles, but also clusters can be applied in carrying EGCg and curing
illnesses, is just a possibility at this moment. Nobody studied nanoparticle clusters and EGCg
together yet.

However, polysaccharide-gold nanocluster supramolecular conjugates (HACD-AuNPs) have
been used to carry other anticancer compounds, for example doxorubicin-hidrochloride,
paclitaxel, campothecin, irinotechan-hidrochloride, topotecan-hidrochloride [87]. The experiment
was successful, and its main advantage was that the toxicity of compounds was less harmful
compared to their free form [87].
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In a study of Croissant et al. protein-gold clusters-capped mesoporous silica nanoparticles were
used for co-delivery gemcitabine and doxorubicin [88]. The advantage of this system is that the
co-delivery of these compounds was achieved for the first time via an inorganic nanocarrier,
possessing a zero-premature leakage behavior and drug loading capacities seven times higher
than what was obtained for polymersome nanoparticles [88].

Not just active substances can be delivered by nanoparticle clusters. For instance, in a study of
Mclntosh and co-workers, cationic mixed monolayer protected gold clusters were used to deliver
DNA/vector to mammalian cells [89].

From these publications, it seems to be a promising trend to apply nanoclusters and not just
nanoparticles to carry EGCg molecules in the future. In my PhD work, | started basic researhes to
create gold nanoparticle clusters and observe their formation in real time.

1.6. Emerging label-free techniques in polyphenol research

Label-free biosensors are emerging platforms to investigate the mode of action of small
molecules and are highly relevant for EGCg research and development. The significant chemical
variety encompassed by natural products continues to be of relevancy to drug discovery [90]. In
the field of EGCg research (or in research on other active compounds in traditional Chinese
medicines) novel methods, for example, optical waveguide lightmode spectroscopy (OWLS),
resonant waveguide grating (RWG), holographic microscopy can be applied without using any
dyes or other labels [91][54][46][92]. These label-free devices are more and more important to
systematically study special properties of active substances on cell behavior, and to investigate
various biological coatings and living cells in a high-throughput format. The above-mentioned
techniques do not require any labels which may disturb cells or the chemicals used in the
measurements, making them ideal for investigating the biological roles of small molecules.
Adhesion assays and migration tests can be also achieved in a completely label-free way. For
example, our recent study using Holomonitor M4 holographic microscopy showed that EGCg
reduced the migration, motility and motility speed of the HelLa cells [54]. Furthermore, the
instrument was able to create 3D images of the exposed cells and the changes in cell morphology
could be observed in real-time [54].

The above techniques, especially the highly sensitive waveguide based methods [46][91][92],
represent one of the promising phenotypic assays for drug discovery, owing to their capacity to
provide a holistic view of receptor-ligand interactions in living cells and show the complexity of
drug actions. Due to the recent technological development of label-free biosensors, these devices
became more and more popular in the field of drug discovery and in other areas focusing on the
biological roles of small molecules [1].

In the following subsection | survey the imaging techniques and evanescent field based methods.
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Label-free imaging optical techniques

Imaging techniques underwent a grandiose progress through the decades from the beginning of
the last century. Bright-field microscopy can be mentioned as the simplest of all the label-free
imaging optical techniques. The visualization is due to the absorbance of some of the transmitted
white light in dense areas of the observed biological object [93]. In general, the appearance of the
image is a darker biological object on a bright background [93]. It is a popular tool, but its main
disadvantage is that it has low contrast, thus transparent objects are difficult to see (Fig.1.5)
[11][93].

Then Fritz Zernike invented the phase contrast microscope, which became an everyday tool for
all cell biologists (Fig.1.6) [11][93].

Fig.1.5 The bright-field technique has low contrast (left). Zernike’s phase contrast utilizes specific optical elements
(e.g. phase-shift rings) to enhance the contrast of an image and visualize unstained cells. (This image is from
www.phiab.se. Scalebar is not shown) [I1].

Conventional phase contrast microscopy utilizes specific optical elements (e.g. phase-shift rings)
to enhance the contrast of an image and visualize unstained cells. He won Nobel Prize in 1953
for this invention [I1].

Two years later Georges Nomarski invented the differential interference contrast (DIC)
microscopy. This technique also enhances the contrast of transparent objects [11][93].
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Fig.1.6 Phase contrast imaging oftransparent thin objects [12].

Later, appearance of the quantitative phase contrast microscopy was possible due to the
development of high resolution digital image sensors [I1]. By computer processing image
information, quantitative phase contrast measures differences in optical distance (Fig.1.7) [I1].
These measurements can either be used to calculate the optical thickness of the sample or to
create a topographic image of it [I1].

Fig.1.7 The difference between the two imaging principles. On the left the image is taken by phase contrast
microscope, and by quantitave phase contrast on the right side. (This image is from www.phiab.se. Scalebar is not
shown) [I1].

Dennis Gabor (Gabor Dénes) won the Nobel Prize in 1971 for his invention and development of
the holographic method. This idea and the appearance of fast computers enabled the digital
holographic microscopy to be developed.

This is a relatively novel, label-free, non-phototoxic non-invasive and nondestructive method
[94]. It records all available diffraction information in a hologram, from which any particular
image in the observed volume can be reconstructed subsequently by numeric simulation of wave
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propagation with high precision [94]. Digital holograms can be obtained using single or multiple
light sources of different wavelengths, with or without an objective (lens) and possibly enhanced
by interferometry, for example Mach-Zehnder interferometry, when the illuminating light (for
instance HeNe laser at 633 nm wavelength) is split into an object beam and a reference beam
[94]. The object beam upon illumination of the sample is then re-joined and interfered with the
reference beam producing a hologram [94]. This technique can be used for refractometry of
different microscopic objects, including living cells, allowing both quantitative and qualitative
experiments of living cells over time, visualization of cell integrity, and observation of ongoing
cell-morphological changes (Fig.1.8) [94].

Fig.1.8 3-D image of L929 cells in culture. (This image is from www.commons.wikimedia.org. Scalebar is not
shown) [13].

A commercial digital holographic microscope, Holomonitor M4 allows cytometric time-lapse
microscopy created from image sequences of cultured cells recorded over long time periods [94].

ol alm-
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Fig.1.9 Holomonitor M4’s software is capable to calculate the parameters of the monitored cells. (This image is from
www.phiab.se. Scalebar is not shown) [14].

Holomonitor M4 is capable of monitoring cell movement (Fig.1.9). This type of investigation is
more and more important today [51][54]. Several other techniques exist to study cellular
movements, but they have been mainly directed at migration studies and they have their
drawbacks. For example, filter assays measure the cell migration over a membrane in response to
chemoattractants (Boyden chamber, Zigmond and Dunn chambers) [54]. The disadvantage is that
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they are very specialized, requiring cells to migrate through both a matrix and the pores of the
filter [51]. Very few cell lines can migrate through both of them. Single cell movements can be
studied by using time-lapse imaging, often with fluorescent markers [51][54].

Fluorescent imaging also has disadvantages [93]. It may disturb the cells and the imaging time is
limited by the bleaching of the fluorescent marker [51]. In contrast with fluorescent imaging,
holographic microscopy is a label-free technique [50][51][54], however, for investigating exact
processes in molecular levels, the dyes and labels are yet necessary.

Another application example beyond monitoring cell movement is the cytotoxicity study [95],
where holographic transmission microscopy was successfully applied to measure cell
morphology parameters as cell viability descriptors [94]. It was shown to be applicable to
quantitatively determine the effect of several agrochemicals (glyphosate, polyethoxylated
tallowamine) on a neuroectodermal cell line [94][95]. A similar study was published on the
effects of edaravone and methylglyoxal on brain endothelial cells, essential components of the
the blood-brain barrier [94][96].

Evanescent field based surface sensitive optical biosensors

Evanescent optical field based sensorics is capable of monitoring cellular and biomolecular
events localized at the solid-liquid interface using surface bound optical waves, the so-called
evanescent waves [94]. The advantage of these waves is their strong localization at the solid-
liquid interface [94]. Cellular and molecular events taking place in the 200-200 nm thick surface
layers are detected and changes happening further away from the interface are excluded, they are
not contributing to the biosensor signal [94]. When optical evanescent waves are used for
monitoring, the biosensor signal is mostly affected by local refractive index variations at the
interface [94]. Molecular binding, mass redistribution and adsorption can cause local refractive
index changes and therefore contribute to the monitored signal [94]. Prisms or nanosized gratings
can be used to generate these modes when the interface is illuminated by a laser beam [94].
Refractive index variations within the evanescent fields are changing the resonant condition and
affecting the resonant wavelength or angle [94]. Thus, the application of evanescent optical
waves can discover molecular interactions at the interface in real time with high sensitivities [94].
Biosensors can provide direct sensing of cell integrity and viability, can differentiate between
dead and living cells, and can provide label-free, real time methods to investigate the impacts of
cytotoxic agents [94].

The optical evanescent field effect, enhancing sensitivity, can be created by several ways, for
example plasmon generation on metal (in general gold) surfaces, as in surface plasmon resonance
(SPR) sensors, or by electromagnetic wave incoupling into suitable fabricated thin film
waveguides [94].
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Surface plasmon resonance

Surface plasmons are mostly generated when the incident light interacts with delocalized
electrons of a metal surface [94]. When the surface momentum of the incident light matches the
surface momentum of the electron oscillations of the conductive metal layer, the surface plasmon
resonance (SPR) condition is achieved, and the plasmon created is the quasi particle of the
collective oscillation of the free electrons [94]. A surface plasmon is confined to the surface and
interacts with light [94][97]. In SPR, the guiding layer is the metal surface, where light can be
coupled into these propagating surface plasmons through a prism or grating (Fig.1.10) [94]. SPR
is a frequently applied technique for label-free biological and chemical sensing (including
cellular characterization), allowing real-time analysis with high sensitivity [94][97].
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Fig.1.10 A schematic illustration for SPR biosensing [97].

Optical waveguide based biosensors

Optical waveguides are structures with high refractive index capable of guiding the propagation
of electromagnetic waves by total internal reflection [94]. Thus, waveguide sensors are based on
the phenomenon of incident light incoupling into a dielectric layer by using a diffraction grating
[94]. Optical waveguide signals are affected by an adlayer built up on the waveguide layer, where
it comes to contact with the analyte medium [94]. Molecular processes going on in this adlayer
may modify various characteristics (phase, intensity, polarization state or its incoupling
resonance angle) of light propagating in the waveguide, thus, all these optical characteristics can
serve as signal transducing elements [94]. Most important measurement setups include various
optical waveguides, interferometer based sensors, total internal reflection fluorescence (TIRF),
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ring resonator, total internal reflection ellipsometry (TIRE), reflectometric interference
spectroscopy (RIfS), etc [94]. Thus, a lot of optical methods have been developed for biosensing
by evanescent wave optical appliances in real time, without using labels [94][98], and gained
importance in environmental and food safety, as well as in biomedical and pharmaceutical
research [94][99].

Sensing principle of optical waveguide lightmode spectroscopy (OWLS) is based on the
evanescent electromagnetic field of guided light, which extends a few hundred nanometers above
the waveguide [100]. A grating serves to incouple light into a planar optical waveguide in which
the light then propagates, generating an evanescent field, which is used to probe the optical
properties of the solution in the vicinity of the surface [100]. This is the basis for the sensitivity of
the method; refractive index changes when deposition of macromolecules occurs [100]. OWLS
devices are equipped with flow-through cuvettes to introduce the liquid sample solution to the
grating part of the sensor surface [100][101][102].

An early exploration of the utility of this method in cell biology studies [103] revealed the
cellular processes of utmost importance on the surface of the sensor [94]. When the cells were
seeded onto the surface, they initially attached, subsequently flattened in shape, underwent
reorganization and spreading over the sensor surface [94]. Thus, small and growing flat regions
were formed at the initial points of contact, and only the cell shape modified, their number
remained constant [94]. The change in the signal measured by the OWLS sensor resulted from
the flattening and spreading of the cells on the surface of the sensor (Fig.1.11) [94]. This
observation has been the basis of several later applications [94][104].
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Fig.1.11 OWLS is capable of measuring small molecule adsorption and cell adhesion as well [105].

OWLS technique is an applicable tool for monitoring the adsorption of proteins and other
biological samples, for example EGCg polyphenol.

The adsorption properties of EGCg-mucin mixtures on solid oxide, biomimetic surfaces was also
investigated by this device [23]. It has been studied that the EGCg engenders a massive
adsorption-desorption hysteresis, reflecting a complicated structurally sequential adsorption-
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desorption behavior [23][25]. Furthermore, the intensification of the phenomena with increasing
excess of EGCg mimics the increase of mucin concentration in an EGCg-free system [23][25].
Cell attachment was also investigated with OWLS, when fibroblast cell attachment and spreading
was decreased on mucin-coated substrata when compared with PLL, however, the reduction
could be countered by mixing EGCg into the layer [46]. The disadvantage of this technique that
this is not high-throughput method, we can not do parallel measurements simultaneously, and it
may take a long time (weeks, months) to do the whole experimentalsession.

Other evanescent field based optical biosensors, for example photonic crystal biosensors [106],
grating coupling interferometry (GCI) [107] and resonant waveguide grating biosensors [108] are
particularly capable of monitoring surface adhesion processes as these techniques detect
molecular interactions on the surface of the in a 100-200 nm thick layer [94].

In a resonant waveguide grating (RWG) biosensor, the binding signals represent the averaged
response of the binding at a defined area, as predetermined by the size of illumination light as
well as the distance of the propagation length of the coupled light traveling within the waveguide
[108]. The propagation length is in the range of several micrometers to hundreds of micrometers,
it depends on the detection system and sensor design [108]. RWG biosensors have been used in
biomedical analysis to probe cancer signaling [109], and biosensor systems have been applied to
receptor assays as well [94].

The Epic BenchTop (BT) system (Corning Inc.) is a next-generation RWG imager biosensor
allowing high-throughput label-free detection [91][110][111]. The RWG imager accepts 96- or
384-well standard format biosensor microplates (Fig.1.12) [91].
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Fig.1.12 Epic BenchTop (BT) accepts 96- or 384-well microplates with biosensors in each well (colorful bottom).
With this setup, a lot of parallel measurements can be done simultaneously and quickly, thus this is a high-
throughput system [91].

The bottom of the microplate is a planar optical waveguide, a thin, high refractive-index,
transparent dielectric layer (waveguide layer, made of the biocompatible niobium pentoxide)
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deposited on a glass substratum [91]. Epic Benchtop has been used mostly for signaling
experiments [110][111]. Our research group has started to measure cellular adhesion with this
appliance for the first time. Orgovan et al. published the first article in 2014 [91] in this topic.
Since then, it is evident that this technique is capable of measuring adhesion process, not just
only cell signaling. Its main advantage is that we can do a lot of parallel measurements (because
of the microplate wells) simultaneously, and thus, we can get a lot of responsible results during
few hours, in contrast with for example using OWLS. We can do only maximum 3-4 experiments
per day by applying OWLS device (depending on the experimental time).

Finally, it has to be mentioned, that not just label-free evanescent field based techniques exist.
Waveguide evanescent field fluorescence microscopy [93][112] was applied to examine plasma
membranes of living osteoblast cells, imaging plasma membranes with high axial resolution, and
allowing time-lapse imaging to investigate the effect of membrane disrupters and cell
morphology [94].

42



2. MOTIVATION AND OBJECTIVES

In general, scientists apply labelling techniques to investigate the impacts of EGCg on cell
adhesion, migration, motility, apoptosis, etc. They are grandiose and popular techniques, but they
may have few drawbacks. For example, labeling techniques use dyes/fluorescent markers that
may disturb the cells, and the imaging time is often limited by the bleaching of the marker [54].
Furthermore, dyes may interact with the sample material itself. Some techniques are not high-
throughput and/or not real-time. Contralily, label-free methods are untapped and unexplored in
the EGCg experiments. It is well known, that EGCg oxidizes easily, but scientific literature
usually neglects the EGCg’s oxidized form; its properties and effects.
In my PhD work my aims were to:
e improve Holomonitor set-up to investigate the movement of HeLa cells exposed to the
green tea polyphenol
e investigate EGCg’s impacts on cells and polymers and prove that label-free techniques
are suitable to measure natural compounds and draw conclusions as well
e map the differences between EGCg and its oxidized form by label-free biosensors
e record the kinetic curves of cell adhesion when the polymer substrate is treated by EGCg
at different concentrations, and to observe the kinetic parameter changes during alterating
conditions, furthermore to compare these results with MTT viability tests
e create a basic nanoparticle system, that perhaps can be used in the future to carry EGCg
molecules to targeted cells.
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3. MATERIALS AND METHODS

3.1. Employed solutions and their prepartions

Synthetic polymer solutions

The synthetic copolymers, poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG, [PLL(20)-
g(3.5)-PEG(2)]) (hereafter PP) and its RGD functionalized counterpart, PLL-g-PEG/PEG-
GGGGYGRGDSP (PLL-g-PEG-RGD, [PLL (20)-g(3.5)-PEG(2.3)/PEG(3.4)-RGD]) (hereafter
PPR) were obtained as powders from SuSoS AG, Diibendorf, Switzerland. The materials were
stored at -20 °C until use. Each powder was then dissolved in 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, from Sigma-Aldrich Chemie GmbH, Munich, Germany)
at pH 7.4 to make stock solutions with a concentration of 1.0 mg/ml. Coating solution with RGD-
motifs and PLL-g-PEG were created by mixing the two 1 mg/ml stock solutions (hereafter
PP:PPR) [91].

Assay buffer was prepared by adding 20 mM HEPES to Hank’s balanced salt solution (HBSS,
from Sigma-Aldrich) and adjusted to pH 7.0 with 1 mM NaOH (hereafter HBSS-HEPES) [91].

Preparation of EGCg and oxidized EGCg solutions

The EGCg powder (from Sigma-Aldrich Chemie GmbH, Munich, Germany) was solved in 10
mM HEPES at pH 7.4, or in assay buffer (20 mM HEPES in HBSS, pH 7). Oxidation process
happens if simply the created EGCg solutions are exposed to light and higher temperature (for
example room temperature), and as a result, we get brown, oxidized liquids [11][14][15]. To
increase the speed of the process, the freshly created solutions were underwent heat treatment at
70°C for 1-1.5 hours.

Oppositly charged gold nanoparticle solutions

| used oppositely charged gold nanoparticles (average metal core diameter 5.5 nm and standard
deviation o = 15%) stabilized with self-assembled monolayers of N,N,N-trimethyl(11-
mercaptoundecyl)ammonium chloride (TMA, positively charged) and mercaptoundecanoic acid
(MUA; negatively charged and fully deprotonated at pH ~ 11). The zeta potentials of positively
and negatively charged nanoparticles are 45 mV and -45 mV, respectively. The concentration of
the AUMUA and AuTMA NPs used in experiments were 2.5x10° mM (refractive index:
1.33141) and 1.58x10"° mM (refractive index: 1.33146), respectively, and the pH was adjusted to
10 prior to the experiments. The used buffer during the alternating deposition was
tetramethylammonium hydroxide solution (TMAOH, Sigma-Aldrich) pH = 10 (refractive index:
1.33143) [113].
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3.2. Cell culture, cell fixation and staining

Cell lines and chemicals of reagent grade were obtained from Sigma-Aldrich (Hungary), unless
stated otherwise. The cervical cancer cell line HeLa cells (ATCC® number: CCL-2) were
routinely cultured in tissue culture polystyrene Petri dishes (Greiner) placed in a humidified
incubator (37°C, 5% CO,).

The cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM), supplemented with
10% fetal bovine serum (Biowest SAS, France), 4 mM L-glutamine, 0.25 pg/Mml amphotericin B,
100 Wml penicillin and 100 pgMml streptomycin solution. On reaching 80% confluence, cells
were detached every 3-5 days using 0.05% (w/v) trypsin, 0.02% (w/v) EDTA solution and were
not used beyond passage 20 [54].

During the fixation and cell staning procedure 55000 cell/well HeLa cells were seeded into a 96-
well, cell imaging, membrane bottom plate (Eppendorf, Cat. no.: 0030741013). The final
concentration of freshly created EGCg solutions were 0, 0.5, 5, 10, 20, 40, 50,100, 250 pg/ml.

The following steps were procecuted in the experiments. | created the PP:PPR (1:1) coating
(30 pl/well for 30 minutes), then | washed it with HBSS-HEPES buffer for 3 times. After that |
prepared the cell suspension and the cell number was counted (55000 cell/well). Then the cells
were seeded into the wells of the plate. The same volume of EGCg solutions (in different
concentrations) was pipetted into the wells to treat the cells. There was a waiting period for 2
hours. Then cell fixation was procecuted; | washed the wells with PBS buffer. After that |
pipetted PBS, and the same amount of 4% PFA very carefully, and | waited for 20 minutes. Then,
there was a washing step again with PBS for 3 times.

Millipore’s Actin Cytoskeleton and Focal Adhesion Staining Kit (Catalog Number FAK100) was
used to stain actin filaments and focal contacts of the EGCg treated HelLa cells. The kit contains
DAPI ((Part No. 90229. One vial containing 100 pl at 0.1mg/ml). Vinculin Monoclonal
Antibody, (purified clone 7F9 (Part No. 90227. One vial containing 100 pl at 1 mg/ml), TRITC-
conjugated Phalloidin (Part No. 90228. One vial containing 15 pug lyophilized TRITC-conjugated
Phalloidin). To prepare a stock solution, I resuspended one vial of TRITC-conjugated Phalloidin
(15 pg) into 250 pL of methanol. | stored at -20°C upon reconstitution).

Further required materials for the staining were the fixative (4% paraformaldehyde),
permeabilizing reagent, (0.1% Triton X-100), blocking solution (1% BSA in 1x PBS),
fluorescent-labeled anti-mouse secondary antibody (Millipore Cat. No. AP124F), 1x wash buffer
(1x PBS containing 0.05% Tween-20), antifade mounting solution (Millipore Cat. No. 5013),
glass slides and coverslips.

The steps of cell staining is the following according to the manufacturer’s protocol [114].

After the fixation procedure, they were washed twice with 1x wash buffer. | permeabilized cells
with 0.1% Triton X-100 in 1x PBS for 1-5 minutes at room temperature, then | washed again
twice with 1x wash buffer. Blocking solution was applied for 30 minutes at room temperature.
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After that, | diluted the primary antibody (Anti-Vinculin) to a working concentration in blocking
solution, and | incubated the cells for 1 hour at room temperature. (Recommended dilution for
anti-Vinculin was 1:100-1:500), then | washed them three times (5-10 minutes each) with 1x
wash buffer. The secondary antibody (Gt x Ms, FITC-conjugated, for example Millipore Cat. No.
AP124F) was diluted in 1x PBS just before use and I incubated it for 30-60 minutes at room
temperature. For double labeling TRITC conjugated Phalloidin could be incubated
simultaneously with the secondary antibody for 30-60 minutes at room temperature. (Optimal
dilution for TRITC-conjugated Phalloidin is 1:100 -1:1000). After that | washed three times (5-10
minutes each) with 1x wash buffer. Following this washing step, nuclei counterstaining was
performed by incubating cells with DAPI for 1-5 minutes at room temperature, followed by
washing cells three times (5-10 minutes each) with 1x wash buffer. (Recommended starting
dilution was 1:1000). The cells were covered with 1x PBS prior to visualization to prevent cells
from dryingout. Fluorescence images were visualized with a fluorescence microscope.

3.3. MTT cell viability assay

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction is one of the
most frequently used methods for measuring neural cytotoxicity and cell proliferation [115].
Tetrazolium salts accept electrons from oxidized substrates or appropriate enzymes, for instance
NADH and NADPH [116]. MTT is reduced at the ubiquinone and cytochrome b and c sites of
the mitochondrial electron transport system and as the result of succinate dehydrogenase activity
of the cells [116][117][118]. This reaction converts the yellow salts to blue-colored formazan
crystals that can be dissolved in an organic solvent (for example in dimethyl sulfoxide, DMSO)
whose concentration can be spectrophotometrically determined (Fig. 3.1) [116][117][118]. It has
been suggested that MTT is taken up by cells through endocytosis and the reduced MTT
formazan accumulates in the lysosomal/endosomal compartment and then transported to the
surface of the cell through exocytosis [115].

HeLa cells were plated into 96-well plate with initial cell number of 12500 per well. After 24 h
incubation at 37°C, cells were treated with the compound EGCg in 200 uL serum free medium or
in 200 pul HBSS-HEPES buffer. Cells were incubated with the compounds at 0.064 to 500 or
1000 pg/ml concentration range for 2 hrs. Control cells were treated with serum free medium
only or with HBSS-HEPES buffer at 37°C for 2 hrs. After washing the cells three times with
serum free medium or HBSS-HEPES buffer the viability was determined by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)-assay [119][120]. 45 pl MTT-
solution (2 mg/ml) was added to each well. The respiratory chain [15] and other electron
transport systems reduce MTT and thereby form non-water-soluble violet formazan crystals
within the cell [121]. The amount of these crystals can be determined spectrophotometrically
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[122]. After 3 hrs of incubation cells were centrifuged for 5 min (2000 RPM) and supernatant
was removed. The obtained formazan crystals were dissolved in DMSO and optical density (OD)
of the samples was measured at A = 540 and 620 nm using ELISA Reader (iEMS Reader,
Labsystems, Finland). ODgy Values were substracted from ODsg4 values [123].

In the case of cytostatic effect determination, cells were cultivated for further 72 h DMEM
medium containing 10% fetal calf serum (FCS), 2 mM L-glutamine, 160 pg/ml gentamycin at
37°C after the washing steps. After 72 h, viability was determined by the MTT assay (Fig.3.1).

The percent of cytotoxicity and cytostatic effect was calculated using the following equation:
cytotoxicity/cytostasis % = [1 — (ODxreated/ ODcontror)] X100, (3.1)

where ODyreared and ODcontrol COrrespond to the optical densities of the treated and the control
cells, respectively. In each case two independent experiments were carried out with 4 parallel
measurements. The 50% inhibitory concentration (ICsp) values were determined from the dose-
response curves. The curves were defined using MicrocalTM Originl (version 8.6) software.
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Fig.3.1 Determination of in vitro cytotoxic (red) and cytostatic (blue) effect. The basis of the tetrazolium-based
colorimetric MTT assay is that the yellow, water soluble tetrazole become purple, insoluble formazan by the
mitochondrial dehydrogenase of the living cells. The cytostatic and cytostatic activity can be calculated by the
optical density of the treated and control cells. (ICM: incomplete medium, CM: complete medium).
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3.3. Holomonitor M4

The applied instrument was an M4 Holomonitor (Phase Holographic Imaging AB, Lund,
Sweden) put into a Panasonic MCO-5AC-PE humidified incubator.

Digital holographic microscopy is a high-resolution imaging technique that offers real-time
imaging and quantitative measurements of cell morphological and physiological parameters
without labeling the observed cells [50][54][51]. This technique explores the phase shift of the
probing laser light that has been reflected or transmitted through the monitored object. The
amount of phase shift is determined by the optical thickness of the sample, which depends on the
index of refraction inside the object and its physical thickness (Fig.3.2). The optical thickness can
be measured with a precision down to the nanometer scale [50][54][51].

Diode laser

Reference beam

o Image sensor

Hologram

Fig.3.2 The mode of action of the Holomonitor M4. The diode laser is devided into a sample beam and a reference
beam. The sample beam get across the sample and the objective, then it become one with the reference beam again.
Image sensor senses the signals and than hologram can be formed [15].

Technical parameters of the Holomonitor M4 instrument (according to the manufacturer):
Light source: external laser unit, 635 nm

Sample illumination: 635 nm, 0.2 mW/cm?

Objective: 20%

Lateral and vertical resolution: 1 um

Field of view: 0.25 mm?

Working distance: 0.5 -2 mm
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Autofocusing range: 1.5 mm

Maximum image rate: 1 image/s

Image size: 1024x1024 pixel

Dimensions (Lx WxH) of Holomonitor: 250x160x180 mm
Weight of Holomonitor (incl. fixed stage): 3.9 kg

Cell culture vessels: T25, 6-well, Petri, IBIDI

Cells: Monolayer of adherent

Computer: Windows 7/8 64-bit, 83GB RAM

Incubator: access port for cabling

Operating temperature: 10 —40° C

Operating humidity: Max. 95%

3.4. Optical Waveguide Lightmode Spectroscopy (OWLYS)

Optical waveguide Lightmode Spectroscopy (OWLS210, Microvacuum Ltd., Hungary) is a label-
free surface sensitive technique employing evanescent optical waves. The OWLS method uses an
optical grating to excite the guided modes of a planar optical waveguide senor chip [100]. During
the experiment, linearly polarized light is coupled into the waveguide sensor (Type OW2400,
Microvacuum Ltd., Hungary) through a coupling grating. The incident plane-polarized laser is
diffracted from the grating and starts to propagate via total internal reflections within the high
refractive index waveguide film (Fig.3.3) [100]. Thousands of internal reflections under the
illuminated area interfere and excite a guided mode if the phase shift during one complete
reflection cycle (total internal reflection at the film-cover and at the film-substrate boundaries)
compared to the phase of the original exciting light is equals zero (zeroth order waveguide mode)
[100]. This only happens at two distinct incident angles for the employed mono-mode
waveguides (represented by the two effective refractive indices, one for the transverse electric
(N7e) and one for the transverse magnetic (Ntv) mode) according to the mode equations
[100][124]. A computer-controlled stepping motor rotates the sensor holder with high
reproducibility and accuracy [100].
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Fig.3.3 Schematic illustration of the optical setup of an OWLS device of Voros et al. [100]. He—Ne laser beam is
diffracted by an optical grating at the surface and starts to propagate via total internal reflection within the
waveguiding film (F). At a well-defined incident angle (o) the phase shift during one internal reflection equals zero
and a guided mode is excited, which generates an evanescent field penetrating into the bulk solution (C) up to a
distance of about 100-200 nm. Changes in the refractive index at the surface (for example formation of an adlayer
(A) of adsorbed biomolecules) can then be monitored by precise measurement of the incoupling angle (o) as a
function of time [100].

When the incoupling conditions are fulfilled, the waveguide guides the incoupled light of the TEo
or TMo mode to the photodetectors [100]. To determine the direction normal to the waveguide,
which is needed to calculate the absolute values of the incoupling angles, the OWLS instrument
scans from -7 to +7 degrees and measures the incoupling angles in both directions [100]. The
absolute values correspond to the means of the angles monitored in the two directions [100].
Typical anglular resolution is better than 10 degrees, and in the continuous effective refractive
index measurement mode, when only one incoupling angle change is monitored [100].

The effective refractive index (N) of the waveguide mode is calculated from the equation of the
incoupling condition:

A

N = ny, sin(a) + 17

(3.2)
where « is the measured incoupling angle. n,;, is the refractive index of air, | is the order of the
diffraction on the grating (equals 1 for the above mentioned chips), 4 is the wavelength of the
laser light (nm), 4 is the grating periodicity (nm) [125].

The incoupling angles are, arm for electric and magnetic modes are evaluated from the measured
lightmode spectra [125]. The effective refractive indices Ntg, Nty of the waveguided modes are
calculated on the basis of incoupling condition. Supposing that Ntg, Nty has been calculated and

50



the optical parameters of the waveguide layer (ng,dg), the glass substrate (ns), and the covering
medium (n¢c) are known, the refractive index (na) and the thickness (da) of the added layer can be
determined [125]. Using a model that the refractive index in the adsorbed layer depends linearly
on the concentration of the adsorbed material [125], the mass per unit area (M) of the adsorbed
material can be calculated from the de Feijter’s formula:

_ nap—nc
M = dA_dn Tac (3.3)

where dp is the thickness of the added layer (nm), na is the refractive index of the added layer, nc
is the refractive index of the covering medium [125]. A refractive index increment (dn/dc) value
of 0.18 cm®/g can be used for most of the protein solutions [100][126].

The final surface mass sensitivity of the OWLS device is ~1 ng/cm? [17].

The sensor chip cleaning procedure before each experiment was as follows. The chip was
immersed in chromosulfuric acid, ultrapure water, potassium hydroxide and ultrapure water to
purify its surface. The plastic cuvette and the fluidic system were treated by oxigen plasma (SPI
Supplies Plasma Prep 11™) that removes possible materials remained from the previous
experiment [113].

3.5. The Epic Benchtop resonant waveguide grating biosensor

In my experiments Epic BenchTop (BT) system (Corning Incorporated, Corning, NY, USA)
next-generation RWG imager biosensor was used. It accepts 96- or 384-well Society for
Biomolecular Screening (SBS) standard format biosensor microplates [91]. In the present work, a
384-well uncoated cell assay Epic® microplate (Corning, 5040) was used. The bottom of the
microplate is a planar optical waveguide, a thin, high refractive-index, transparent dielectric layer
(waveguide layer, made of the biocompatible material niobium pentoxide) deposited on a thicker
glass substratum [91]. At the central position of each well, a 2x2 mm optical grating is embedded
into the optical structure to enable the interrogation of the TMy waveguide mode using near-
infrared electromagnetic radiation [91]. Thus individually addressable biosensors are created in
each well of the microplate [91]. All wells of an Epic microplate are simultaneously interrogated
every 3 seconds by sweeping the illuminating wavelength through a range of 15000 pm with 0.25
pm precision (in the range of 825-840 nm) [91]. Waveguide mode excitation only happens at a
certain wavelength, called the resonant wavelength (1) [91]. Refractive index variation in an
approximately 150 nm thick layer (in the probing depth of the so-called evanescent wave) over
the biosensor surface shift the resonant wavelength to A'. Refractive index variation can be
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caused by, for example, bulk RI change, molecular adsorption, cell spreading, or dynamic mass
redistribution inside the cells [91]. The primary signal output of the Epic BT system is the shift
of the resonant wavelength (A4 = A" — 4) in each well (Fig.3.4) [91][110].
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Fig.3.4 Epic BT is capable of measuring the forthcoming changes in the cells (dynamic mass redistribution)
influenced by for example compound addition, signaling. Refractive index variation in a ~150 nm thick layer is
continually monitored. The primary signal output of the appliance is the shift of the resonant wavelength AX in each
well.

AA is proportional to the alteration in the effective refractive index N of the TM, waveguide
mode [127]. The adsorbed mass can be calculated from the AA (pm) values by an equation by
Orgovan et al., calibrated from OWLS and Epic BT measurements [128].

AM = 0.31 ;‘n—gzm (3.4)

where AM is the adsorbed mass (ng/cm?), and A is the wavelength shift (pm) [128].

This equation is regarded to the materials with dn/dc=0,182 cm®g. If the dn/dc value is different,
the calculation need to be corrected.

The device has a limit of detection down to 0.078 ng/cm? for the adsorbed mass and 2.2x10°® for
refractive index change [128].



3.6. Atomic Force Microsopy (AFM)

Atomic Force Microscopy (AIST-NT, DigiScopel000) in tapping mode with pumasch tips
(umasch, NSCI15/AIBS, tip radius < 10 nm, resonant frequency ca. 325 kHz) was used to
visualize nanoparticles adsorbed on the sensor’s surface.

The scanned areas were 5x5 um or 2x2 um. In order to quantitatively evaluate the recorded
images a free image analyzing software (Gwyddion 2.3) was used [113]. Scanning speed was 2
Hz, resolution 939x974 pixels.

Technical parameters of the tip (according to the manifacturer):
Typical probe tip radius of uncoated tip: 8 nm

Full tip cone angle: 40°

Total tip height: 12-18 pm

Probe material: n-type silicon

Probe bulk resistivity: 0.01 - 0.025 Ohm*cm

Detector coating: aluminum

Technical parameters of the cantilever (according to the manifacturer):
Resonance frequency: 265-410 Hz (typical 325 Hz)

Force constant: 20-80 N/m (typical 40 N/m)

Length: 125+ 5 um

Width: 30 £3 um

Thickness: 4 + 0.5 pm

53



4. RESULTS AND DISCUSSION

4.1 Cell morphological changes during EGCg exposure investigated by
Holomonitor M4

Digital holographic microscopy offers outstanding potentials in polyphenol research since cell
morphological parameters can be monitored in real time without applying any labels. In the
following, my results concerning the development and application of holographic microscopy in
EGCqg research is presented. In short, the findings of a high dose EGCg treatment on single cell
motility, motility speed and migration will be summarized. These results were published in the
Journal of Biomedical Optics with the title of “Incubator proof miniaturized Holomonitor to in
situ monitor cancer cells exposed to green tea polyphenol and preosteoblast cells adhering on
nanostructured titanate surfaces: validity of the measured parameters and their corrections” [54].

Instrumental developments: new sample stage for precise sample positioning

Previous versions of the Holomonitor (M2 and M3) are too large to be put into a cell culture
incubator, which causes serious drawbacks in the observations of the living cells under relevant
physiological conditions over long periods of time without any disturbance (Fig.4.1).

Fig.4.1 The difference between the Holomonitor M3 (large, red) and M4 (blue, small). The Holomonitor M4 is tiny
enough to put it into the incubator [16].

For example, to maintain and keep the cells at 37°C environment during the measurements, a
heated plate was used, but clearly, this is not as efficient as an incubator (due to the differences in
the temperature, humidity, and CO; level) [51]. Persson et al. recommended the development of a
Holomonitor system with controlled temperature and CO; levels [51]. During our experiments,
the newly developed remarkably small-sized M4 Holomonitor was inside a cell culture incubator
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continuously. The parts of the appliance are specially selected to withstand the harsh climate of
the cell incubator.

The Holomonitor creates the image of the cells digitally from the phase information. This process
works when the cells are positioned in a certain zone of the optical setup. However, the thickness
of the applied petri dishes and Ibidi slides are different. The manufacturer company
recommended to use adapter sheets with fixed thicknesses (1, 1.5, 2 or 2.5 mm) between the
petri dishes and the Holomonitor’s original sample stage. However, our experiments showed that
the lifting of the sample by 0.5 mm precision is not enough to get sharp images. To avoid this
problem, a special mechanical stage was developed and created by Plosz Engineering Office
(Hungary) in order to position the sample into that range of the optical arrangement where digital
autofocusing works with high reproducibility and precision. The geometrical constraints of this
special aluminum stage guarantee that when the micrometer screw (precision: 15 pm) is rotated,
the surface of the table remains horizontal, which does not tilt the sample but moves up or down
in a highly precise manner. Due to its formation, we can set the height of the sample and keep it
horizontal without bias [see Figs. 4.2(a) and 4.2(b)]. The necessity and importance of this stage is
evident. If the sample is positioned too low, only the edge of the field of vision can be seen [see
Fig. 4.2(f)], with a similar problem if the sample is positioned too high [see Fig. 4.2(d)]. In focus,
we can create clear images [see Fig. 4.2(e)]. This is important, because obtaining sharp images is
the main requirement for the further evaluations.

Fig.4.2 Incubator proof Holomonitor M4 and the developed sample stage. (a) Representation of the basics of the
working principle of the aluminum sample stage. (b) Appliance in the incubator. The sample stage is moveable
upward and downward using the screw. (c) Ibidi p-Slide filled with cell culture media with adhered cells in the
channel of the slide. (d) Image recorded by the Holomonitor above focus (e) in focus and (f) below focus. Note that
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the image above and below focus means that the sample stage is positioned above or below that range where the
image focus can be found by the Holomonitor digitally [54].

Cell motility, migration and motility speed after EGCg treatment

| used an Ibidi flow chamber (Ibidi, u-Slide I, hydrophobic, uncoated, sterile) made of the highest
optical quality plastic [see Fig. 4.2(c)]. The coating solution, the cell suspension, and later the
EGCg solution were pipetted into one of the chambers of the slide.

The 240 pl 1 mgml PP:PPR (120 pl PP and 120 pl PPR in 1:1 ratio) was pipetted into the
chamber for 30 min. Irreversibly adsorbed polymers were removed by an intense washing step
with solvent. After that, we filled the channel of the p-Slide with 100 pl cell suspension in
DMEM media (3x105 cells/ml). The Ibidi p-Slide was placed onto the sample stage. The cells
were incubated and monitored for 20 h and images were taken every 5 min. During this time, the
cells could spread, proliferate, and move. After 20 h, an additional 1 ml 500 pg/ml EGCg solution
(freshly solved in DMEM media) was added to the cells. From that chamber, the fluids flow into
the other chamber through a channel between them. They were incubated and monitored for 20 h
and images were again taken every 5 min. The images of the cells were taken at the channel area
[see Fig. 4.2(c)].

’O,DD pm

(. , 3 ‘
Fig.4.3 Typical 3-D images taken by Holomonitor M4. Left: cells are rounded when they can not adhere to the
surface or when they have just started to adhere onto a new surface. Right: The spreading process has begun.

From the captured images, a time-lapse video can be created by combining the images into a
continuous film (Fig.4.3). Single cells were tracked in each image sequence to get information
about cell movement: migration, motility, and motility speed. Holomonitor software uses 5 min
(the sampling time) for the calculations, and the centroid for the cell tracking (Fig.4.4).
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Fig.4.4 Cell tracking. This process is essential to receive informations about the selected cells.

A more detailed profile analysis can be made even of a single cell by the Holomonitor program
and by cross-sectional images of the spread cells [see Fig. 4.5(d)].

In the Holomonitor software, motility is calculated as the actual distance the cell has moved from
the start to the end of the analysis and migration as the shortest distance from the starting point to
the end point. The motility can be very high even if the migration is close to zero. Figures 4.5(a)-
4.5(c) show average motility, motility speed, and migration for typical five cells selected from the
captured images. My aim was to seed the cells in an optimal concentration, in which they do not
disturb each other’s movement during the Holomonitor experiment. Because of this reason, a
relatively slight cell number was used, and just few of them (25-50 cells) were in the field of
vision of the Holomonitor M4. Furthermore, certain cells left, and others got into the field of
vision during the 40 h experimental time. Thus, just few cells could be monitored with this
Holomonitor settings.

| found that after the addition of EGCg to the cells, mainly the migration, but also the motility
(reduction approx. 25%) and motility speed (reduction approx. 35%) of the cells started to reduce
or stagnate (see Fig. 4.5).

From the results, it can be seen, that the migrating behavior of the cells almost disappeared after
the EGCg treatment, but their movement did not stop completely (motility). With this
experiment, | proved that our newly developed sample stage is excellent for monitoring the cells
and to observe the effects of active substances. | first demonstrated that the movement of HelLa
cells temperately reduced after the addition of the polyphenol EGCg by Holomonitor M4. This
effect was monitored in a completely noninvasive and label-free manner under physiologically
relevant conditions.
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Fig.4.5 Cell movement analysis by Holomonitor M4 when epigallocatechin gallate (EGCg) is added to the HelLa
cancer cells. The black lines represent the mean of the values, averaged for five typical cells. (a) Motility, (b)

migration, (c) average motility speed, the effect of EGCg is clearly seen, and (d) profile analysis of the spread HelLa
cell by Holomonitor M4 [54].

4.2. Cell repellent and cell adhesive polymer coatings exposed to EGCg:
multicomponent model systems using biosensors

High dose EGCg treatment resulted in reduction of HelLa cell movement (approximately 25%
reduction in motility and 35% reduction in motility speed). In the following, | systhematically
analyze the adsorption of EGCg and its oxidized form on the cell repellent PLL-g-PEG (PP) and
cell adhesive PLL-g-PEG: PLL-g-PEG-RGD (PP:PPR) coatings and follow the cellular adhesion
and spreading on the pre-exposed coatings by using the novel Epic BT biosensor. The results of
this chapter is under submission, with the title of “Label-free optical biosensor to real-time study
multicomponent model system of cell-surface interactions: a case study on polymer coatings
exposed to EGCg and their interactions with living cells” [129].

58



Real-time EGCg and oxidized EGCg adsorption on PLL-g-PEG (PP) and PLL-g-PEG: PLL-g-
PEG-RGD (PP:PPR) coatings followed by OWLS

First, the EGCg adsorption to the coatings was investigated by using OWLS.

In the case of the PP:PPR measurements the baseline was recorded with continuous flow of
HEPES buffer using peristaltic pump with rate of 1 ul/sec for approximately 40 min. After that
100 ul of PP:PPR was injected onto the sensor surface to create the coating and washed out with
HEPES buffer after 20 min incubation. Then the HEPES buffer was changed to HBSS-HEPES
buffer and the baseline was recorded for 20 min until the stabilization of the baseline. After that
100 pl of EGCg solution (500 pg/ml, in HBSS-HEPES buffer) was injected to the cuvette and
incubated for 20 min, than excess of it was washed out by HBSS-HEPES buffer.

In the case of the PP measurements the baseline was fixed with HEPES buffer by using
peristaltic pump (1ul/sec) for approximately 40 min. After that PP was injected (100 ul) for 20
min to create the coating, then | washed it with HEPES buffer by peristaltic pump (1ul/sec) for
approximately 20 min. After that 100 ul EGCg solution (500 pg/ml, solved in HEPES buffer was
injected for 20 minutes. Later, another washing period was performed with HEPES buffer by
peristaltic pump (1pl/sec) for approximately 20 minutes.

After performing the mentioned steps described above, the following result was received.
Previous studies showed that PP has repellent properties. For instance, Lee at al. have shown that
a PP layer on various metal oxide surfaces displays resistance to a nonspecific adsorption of
proteins and provides a lubricious surface in an aqueous environment [130], furthermore, a pure
PP coating completely blocks cell spreading: all cells remain small and round, observed by
Orgovan et.al. [131]. The OWLS measurements showed that although PP layer is a repellent
layer, EGCg and oxidized EGCg molecules could bind to this repellent surface.

The degree of nanoscale order of RGD motifs (arginine-glycine-asparagine) on a surface (PLL-g-
PEG-RGD, here) has been shown to have a serious impact on cell spreading
[132][131][133][134]. The PP and its cell adhesive, functionalized counterpart, PPR solutions
can be mixed to increase the ligand density and to increase cell spreading [131] .

However, in this work, | proved that EGCg molecules (500 pug/ml) can bind partly irreversibly to
the PP coating (Fig.4.6). Moreover, the oxidized EGCg bound in an approximately threefold
(375.98 ng/cm?) amount than the non-oxidized, fresh EGCg (119.31 ng/cm?). | repeated this
measurements on PP:PPR coating as well, and | get almost the same values.
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Fig.4.6 Adsorbed mass curves of 500 pg/ml EGCg and oxidized EGCg on PP coating in HEPES buffer.

To do more measurements (for example measurements with more concentrations, observation of
cellular adhesion on these coatings, etc.). OWLS is not enough, because it is not a high-
throughput appliance. Thus, for further investigations, the Epic BT was used.

EGCg adsorption and subsequent cellular adhesion on the PLL-g-PEG (PP) and PLL-g-PEG:
PLL-g-PEG-RGD (PP:PPR) coatings monitored by high-throughput Epic BT

First, the baseline with HBSS-HEPES buffer (30 ul) was taken for approximately 40-60 min.
After that the PP:PPR and/or PP were created. Wells were given 30 ul HBBS-HEPES assay
buffer to pre-wet the 384-well Epic plate sensors and establish a baseline with the RWG imager
[91]. Following the stabilization of the biosensor signal, the measurement was stopped and the
buffer was replaced with 30 pl of the desired coating solution and incubated for 30 min while
gently shaking at room temperature [91]. The biosensor plate was then replaced into the RWG
imager and the signal was recorded [91]. The coating solutions were then removed and the wells
were rinsed three times with 30 ul of assay buffer. Wells were then given 30 ul assay buffer for
the fourth time to establish a new baseline [91]. Then the EGCg solutions were pipetted (30 ul)
into the wells and | measured them for an hour. Then came a wash for 4 times, and after that, new
kinetic curves were recorded by the biosensor for 30 minutes with HBSS-HEPES (30 ul). During
this time, HeLa cells were brought into suspension by using pre-warmed trypsin-EDTA solution
[91]. Trypsin was removed before complete detachment of HeLa cells and its activity arrested by
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adding culture medium (containing 10% FBS) [91]. Harvested cells were centrifuged at 2000 rpm
for 6 min and the cell pellet was resuspended in assay buffer with intensive pipetting [91]. Cells
were then counted in a hemocytometer, and 12000 cells were added to each sensor wells. Wells
for buffer control were also coated with the copolymers and treated the same way as the sample
wells during the experiment, except that they received assay buffer instead of cell suspension. All
measurements were done in triplicate in three different wells at room temperature [91]. Spreading
was monitored until saturation of the biosensor signals (2 h). Averaging every 5 subsequent data
points, the effective sampling rate was 1/15 s [91].

The interaction of the PP and PP:PPR with EGCg was in situ monitored and the EGCg exposed
coatings were washed with pure buffer. Right after, cellular adhesion on the EGCg treated
coatings was recorded in real time. The plate based sensor configuration allowed to follow the
mentioned processes with different surface coatings and EGCg/oxidized EGCg concentrations in
a single run, on the same biosensor plate. Therefore, the state of the investigated living cells was
the same for all experimental conditions. Moreover, the differences between the effects of the
freshly prepared and oxidized EGCg solution, often overlooked in literature, could be also
revealed. Fig. 4.7 schematically shows the measurement steps.
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Fig.4.7 384-well plate was used in the experiment. The processes can be observed simultaneously in a lot of wells, so
parallel measurements can be easily done. Here, | measured in triplicates, the coating was PP:PPR, and the
concentration of the EGCg suspension was 500 pg/ml. The cells cannot adhere to bare biosensor surface (dark blue
curve), in this case | get adsorption-like curves. Cells like to spread on PP:PPR coating, | got spreading (sigmoidal)
curve (pink). | received adsorption-like curves in the case of treated coatings both by freshly created EGCg
suspension (EGCg), and oxidized suspension (oxidized EGCg). This means that the cells could not adhere to this
treated surface (orange and dark cyan curves).

PP coating exposed to EGCg and subsequent cellular adhesion

EGCg molecules (added in different concentrations in suspension), adsorbed on the the prepared
coatings, and the rest of them remained on the PP chains after the washing procedure [(Fig.4.8
(A),(B),(E),(F)]. No significant cell signal was observed, except for the highest concentration
oxidized EGCg. Higher concentrations of EGCg suspension (oxidized form as well) destroys the
cell repellent properties of PP [(Fig.4.8 (D),(H)].
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Fig.4.8 DMR responses of the adsorbed EGCg and oxidized EGCg and cells on EGCqg treated PP coating. The used
concentrations of EGCg and oxidized EGCg are 0, 0.05, 0.5, 5, 20, 40, 50, 500 pg/ml. (A), (B) shows the response of
the adsorbed EGCg. (E), (F) shows the response of the adsorbed oxidized EGCg. (C), (D) shows the response of the
cells on the EGCqg treated PP coating. (G), (H) shows the response of the cells on the oxidized EGCg treated PP
coating.

PP:PPR coating exposed to EGCg and subsequent cellular adhesion

EGCg molecules (added in different concentrations in suspension), adsorbed on the prepared
coatings, and the rest of them remained on the PP:PPR chains after the washing procedure
[(Fig.4.9 (A), (B), (E), (F)]. At higher EGCg concentrations, decreased cell adhesion signal was
observed. The effect is more significant when the oxidized form was used. The cell attractive
property of PP:PPR is destroyed by using higher concentrations of EGCqg [(Fig.4.9 (D), (H)].

64



2000 C T T T T T ]
1500 2 g ]
. ] 8
—_— * g
E fooor= XL L 1
~ ! T S~ —
3 sl B TR RS
| 8 ,,[l“ memer= T i -
e —- —_-
0 et —
20 0 20 40 60 80 100 120
A Time (min)
1200} » R;sponse o|f the adsc:rbed EGC:g on PF:F;PR oca!ir:g 9
m  Response of the adsorbed EGCqg after the washing period
1000 g
800 - 1
—_ ) L]
£ 600} . . :
Q_ L}
400+ : 1
< 200} ]
of -
[}
-200 - I 1 s 1 N 1 N I I 1
0 10 20 30 40 50

Concentration (ug/ml)

vy

@ 1,2 p=0ug/ml = =
N - = 0.05ug/ml E
c 4ol=— '0.5;1;”1’“ ,/4 .- "
8_ Mol 5 ugiml ) Vs :
== 20 ug/ml “
$ 018 ...... 40 :gmﬂ // ‘ P
— - 50 pgf/ml a PR S
o 06 — 500M;lgfm| PRSPPSO o
o] st -
Nog - ]
© -
£ 02 !
(o]
Z 0,0 |
0 20 40 60 80 100 120
C Time (min)

® = Response of the cells on PP:PPR coating
o 2.0¢ g
c
2
by 1,5F - E
(0]
—
< 10+ ' ]
(0]
N : fy
© 0,5} g
£
S
Z 0!0 i 1 il Il il I-

0,01 0,1 1 10 100 1000

Concentration (ug/ml)

D

Oxidized EGCg

2000, ' ]
= =005  _=-=---=
—-05 ;77 S
15005 g - _
-= 20 o 4
o~ Jeeeee 40 ! 3 §
€ 1000f=- %0 I eimam. = .
o = =800 | gpmiensesann Tamamarny
~ 1§ @ memmme== -
S so0l g 1feemTTTTTT T i
gl
Q 7 I h T -
o v -
0 = e — A
-20 0 20 40 60 80 100 120
E Time (min)
1200 Relsponse ofyihe adsori)ed ox. EGICg on PPI:PFR coa;ing -
= Response of the adsorbed ox.EGCg after the washing period
1000 . k
800 + L] . N
—_ ® 4
£ 600+ L] 1
a
< 400 . .
< 200} . ]
0 ® -
T
-200 1 I | 1 I 1 ]
0 10 20 30 40 50

N

Concentration (ug/ml)

-
N

1,0
08
0,6

o
N

Normalized response
o
N

o
[=]

— ()

= 0.05 o "

@

60 80 100 120

Time (min)

n

65

Q opgl" Response of the cells on PP:PPR coating |

w il

c

8

o 151 R

e . .

© 10 1

o

N

® 05 = i

£ i

] i .

Z 0’0 i L L L il L 1
0,1 1 10 100 1000

Concentration (ug/ml)



Fig.4.9 DMR responses of the adsorbed EGCg and oxidized EGCg and cells on EGCg treated PP:PPR coating. The
used concentrations of EGCg and oxidized EGCg are 0, 0.05, 0.5,5,20,40,50,500 pg/ml. (A), (B) shows the response
of the adsorbed EGCg. (E),(F) shows the response of the adsorbed oxidized EGCg. (C),(D) shows the response of the
cells on the EGCg treated PP:PPR coating. (G),(H) shows the response of the cells on the oxidized EGCqg treated
PP:PPR coating.

Taken together, these results showed that OWLS and Epic BT are excellent tools for monitoring
EGCg adsorbtion to PP and PP:PPR coatings and gave the same results. However, OWLS is not a
high-throughput device, and just the 500 pg/ml fresh and oxidized EGCg solutions were
monitored with it. Futher experiments, more concentrations and cellular adhesion to the treated
coatings were examined by using Epic BT. EGCg and its oxidized form adsorbed equally to both
coatings. The difference is in the case of cell adhesion; although PP:PPR has cell adhesion
inducing properties, the EGCg and oxidized EGCg solutions destroyed this feature, and HelLa
cells could not adhere to the surface depending on the polyphenol concentration. Cells did not
adhered to the originally repellent PP coating either, however, the highest EGCg (500 pg/ml) and
oxidized EGCg (50, 500 pg/ml) concentrations seem to increase cellular adhesion. EGCg has a
1.8 times larger inhibitory impact on HelLa cell adhesion in solution, and three times more binds
to the copolymer coatings from the oxidized form compared to the EGCg molecules adsorbing
from the freshly created EGCg solution.

The bound amount of EGCg and oxidized EGCqg

In the case of OWLS measurements, the appliance monitors the NTE and NTM (transverse
electric mode and transverse magnetic mode), and the ng, de (the optogeometric parameters of the
film) values. From these data, OWLS calculates the nA,dA values, and the adsorbed mass. The
mass always must be calculated and corrected by the exact dn/dc value of the sample (in this case
the dn/dc of the EGCg).

The correct adsorbed mass can be calculated from the de Feijter’s formula (equation 3.3)

A refractive index increment (dn/dc) value of 0.18 cm®/g can be used for most of the protein
adsorption calculations [100].

From this equation, the corrected adsorbed EGCg mass per unit area can be calculated as follows:

dn/dc(protein)

dn/dcggeg) (protein)» (4.1)

Mgeg) =

Where the dn/dcprotein is 0.182 (g/cm®)™, the dn/dcescq is 0.21 (g/cm®)™. From this formula, the
adsorbed mass of the EGCg solutions can be easily calculated. As a result, on the PP coating, the
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corrected mass of the EGCg is 119.31 ng/cm?, while the mass of the oxidized form is 375.98
ng/cm? (see Fig.1.). Approximately the same values were obtaine using the PP:PPR coating. The
adsorbed mass can be calculated from the Epic BT data. The wavelength shift (A4 (pm)) can be
transformed to mass (ng/cm?) from the following equation by Orgovan et al. [128].

AM = 0.31 ;‘n—ngA, (4.2)

where AM is the adsorbed mass (ng/cm?), and A4 is the wavelength shift (pm).

This equation applicable to the materials with dn/dc= 0.182 (g/cm®™. The dn/dc value of the
EGCgis 0.21 cm®/g, so the AM value need to be corrected by this value during the calculations.

The number of EGCg and oxidized EGCg layers can be easily calculated with the parameters of
the EGCg molecule, for example the molecular size of the EGCg molecule (1.4 nm) and the
molecular weight (458.37 g/mol). From these data and Avogadro constant, | could calculate that
37.786 ng EGCg can adsorb on 1cm? The number of the layers then can be calculated from
AMI37.786 ng.

The calculated data are summarized in Table 4.1 (EGCg on PP coating) and Table 4.2 (EGCg on
PP:PPR coating).
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Table 4.1 The adsorbed mass and the number of created layers of the EGCg and oxidized EGCg solutions
(5, 50, 500 pg/ml) on PP coating.

Conc. (ug/ml) AA (pm) AM (ng/cm?) Number of layers
5 324.93 £ 48.97 87.58 £ 13.20 231+ 0.34
EGCg 50 602.51 £92.20 162.40 + 24.85 4.29 + 0.65
500 690.09 + 108.61 186.01 £ 29.26 492 + 0.77
5 267.51+£31.75 72.10 £ 8.55 1.90+ 0.22
Ox. EGCg 50 930.15 + 28.21 250.73 £ 7.60 6.63 £ 0.20
500 1419.29 £ 17.47 382.58 £ 4.7 10.12+0.12

Table 4.2 The adsorbed mass and the number of created layers of the EGCg and oxidized EGCg solutions
(5, 50, 500 pg/ml) on PP:PPR coating.

Conc. (pg/ml) AA (pm) AM (ng/cm?) Number of layers
5 364.46 £ 4.81 98.24 +1.29 2.59+ 0.03
EGCg 50 576.52 £ 87.49 154.33 + 23.58 4,08+ 0.62
500 680.91 £ 140.50 183.54 + 37.86 4,85+ 1.00
5 244,51 £8.24 65.90 + 2.21 1.74 + 0.05
Ox. EGCg 50 859.25 +33.55 231.61 + 9.04 6.12 + 0.23
500 1425.75 * 41.46 384.33 = 11.17 10.17 £ 0.29

From these data, it can be clearly seen, that the adsorbed mass on the two types of coatings are
almost the same. The calculated layers seem to be correct, because the compressible thickness of
the PEG polymer layer (z range) is approximately 7 + 0.5 nm [135] and 4-5 molecules of EGCg
(1.4 nm) can be bound to a PEG chain. The spacing between the PEG chains is 1-2 nm [135], so
the EGCg molecules fit to the coating.

It is important to note, that the water content of the PP chains is 80 + 6 wt% [135]. During the
polymer adsorption phase, the measured mass data will be the other 20%, since the adsorbed
water is not detected by OWLS and Epic BT. Therefore, the polymer bound water molecules
might be replaced by EGCg molecules during the interaction of the polymer chains with EGCg
and oxidized EGCg, no adsorption on the top of the polymer film is necessary to explain the
observed high adsorbed masses.

From the received data of Table 4.1 and 4.2, it can be mentioned that multilayer formation of
EGCg molecules on both coatings can also occur. Moreover, after this process, these bound
EGCg molecules could inhibit the adhesion of HeLa cells [49] onto PP:PPR surface (Fig.4.10).
However, further examinations need to be done to know the exact impacts of EGCg on HelLa cell
adhesion without any coatings.
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Fig.4.10 Hypothetical schematic illustration of the effects of the bound EGCg molecules on HeLa cell adhesion. A.
The cell can easily spread to the PP:PPR coating. B. EGCg molecules bind to the PP:PPR chains, and inhibit cell
adhesion. The morphology of the cells can be seen in the images taken by phase contrast microscopy.

4.3. Whole cells exposed to EGCg: comparison of classical cell viability assay
with label-free biosensor data and fluorescent imaging of the treated cells

Previously | showed that EGCg strongly affets the cell adhesive properties of PLL-g-PEG (PP)
and PLL-g-PEG: PLL-g-PEG-RGD (PP:PPR) in a dose dependent manner. Here, the EGCg was
directly added into the cell media. The results are compared with classical MTT tests.
Furthermore, fluorescent images were taken of stained cells to obseve the changes in the actin
cytoskeleton due to EGCg treatment. The results of this chapter are under publication with a title
of “Label-free cytotoxicity assay using the kinetic cell spreading data” [123].

Kinetic curves of the inhibitory impact of EGCg on cellular adhesion monitored by Epic BT

In these measurements, the EGCg solution and the cells are pipetted together to the biosensor
surface to observe the effects of EGCg on cell spreading. A typical measurement was the
following. After filling the plate wells with HBSS-HEPES, the baseline was taken by the Corning
Epic appliance. Then | stopped recording the baseline. PLL-g-PEG:PLL-g-PEG-RGD coating
was created by the already mentioned procedure. After that | removed the PLL-g-PEG:PLL-g-
PEG-RGD from the wells, washed them with HBSS-HEPES (3 times), and | started a new
baseline with HBSS-HEPES (pH 7). HelLa cells were trypsinized with 1.0% pre-warmed trypsin-
EDTA. Trypsin was removed before complete detachment of HelLa cells and its activity arrested
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by adding culture medium containing 10% FBS. Harvested cells were centrifugated at 2000 rpm
for 6 min and the cell pellet was resuspended in assay buffer with intensive pipetting. Cells were
then counted in a hematocymeter, and ~20000 cells were added to the sensor wells already
containing 50 pl assay buffer. The EGCg powder was solved in HBSS-HEPES buffer to get the
desired concentrations. EGCg solutions were added to the cells in the wells. We added buffer to
the 0 ng/ml EGCg wells. The cells were measured for 2 hours (I let them spread). After a 2 hour
period, at the end of the measurement the microplate was placed under Zeiss Observer
microscope to visually observe and image the cells.

We can obseve an interesting phenomenon on the kinetic curves measured by Epic BT (Fig.4.11).
At lower values than the added 20 ug/ml of EGCg. | received sigmoidal shaped spreading curves
(active, living process), and above this value, adsorption curves (dead process). Supposedly, due
to the EGCg solution, the cells may emit some compounds from themselves at higher extract
concentrations, and that is the reason why | received adsorption curves. This border concentration
is approxiamately 20 pg/ml and above it the EGCg has harmful effects on the cancer cells.
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Fig.4.11 Kinetic curves by Epic BT. The cells and the EGCg solutions were pipetted together to the biosensor
surface and monitored for 2 hours.

The cells are shrinking, their shape, adhesion and spreading properties are also changing when
they are incubated with EGCg solutions. For example, in the microscope images (Fig.4.12) we
can clearly see, that at low EGCg concentrations (0-10 pug/ml), the cells could spread together
with EGCg, and after the 2 hour period the cells almost spread to the coated biosensor surface.
However, at higher concentrations than the added 20 pg/ml of EGCg, the shape of the cells
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changed, and they are not as spread as the other cells with lower concentrations or without green
tea extract. At higher quantities the cells remained rounded. We can observe the same
phenomenon on the measurement curves as mentioned before.

Fig.4.12 Images of the cells after the measurement of the Epic BT microplate wells. Left: cells without EGCg. Cell
could spread to the surface. Right: Cells with 250 pug/ml EGCg (highest concentration). Here the cells could not
spread and remained rounded. Scalebar: 100 pm.

Cytotoxic and cytostatic activity of the compound EGCg on HelLa cell culture (MTT assay)

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction is one of the
most frequently used methods for measuring neural cytotoxicity and cell proliferation [115]. As
the result of the MTT assay, 1Cso value of a compound can be calculated.

ICso value is the mean of experiments and represents the concentration of the compound which is
required for 50% inhibition. In the case of cytotoxicity, this value determines the concentration
which destroys the 50% of cell population (direct killing), while in the case of cytostatic activity,
it shows the concentration which inhibits the cell growth (proliferation) of 50% of the population.

Note, that negative cytotoxicity values can be occured, if there are higher OD values in several
wells, than in control wells. This is most probably due to the inhomogeneous distribution of cell
number between the wells and to the low values of signals.

Therefore HelLa cells were treated with EGCg at 0.064 to 500 pug/ml concentration range and the
viability of the cells was determined by using MTT-assay. The 50% inhibitory concentration
(1Csp) values were determined from the dose-response curves (data summarized in Fig.4.13 and
4.14). | found that EGCg exhibited a modest, but not negligible cytotoxic effect on HeLa cells
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(ICs0 > 500 pg/ml). From the cell cytotoxicity curves it can be mentioned that the results with the
Epic BT curves are in correlation: the changing concentration is around 20-30 pg/ml in the MTT
assay as well. The aim of the scientists is to find an anticancer compound, which has rather
cytostatic activity than cytotoxic. The main goal is to inhibit the proliferation of cancer cells.
Direct killing compounds are not selective, and destroys not just the abnormal cells. EGCqg is
rather cytostatic than cytotoxic, thus it can be an optimal substance in curing.
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Fig.4.13 Result of the in vitro cytotoxic activity assay (MTT-assay). EGCg exhibited a modest, but not negligible
cytotoxic effect on HelLa cells (ICso > 500 pg/ml).
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Fig.4.14 Result of the in vitro cytostasis activity assay. It shows higher inhibitory concentrations than cytotoxicity
test.
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Comparison of classical cell viability assay with label-free biosensor data

I tried to analyze the received Epic BT’s kinetic curves. First, I derivated the curves
(1% derivative), and | recommended an equation:

_am

dAA
A= _aaz
dt

7’
max dt lg=g

(4.3)

where A (pm/min) is the equivocal value that characterizes the cell adhesion curves monitored by

Epic BT, %
dt

: - : 7.9 Y
is the 1% derivative curve’s maximal value (at y-axis), —| is the
max dat lg=p

1% derivative curve’s y value at the t=0 timepoint (Fig.4.15). The t=0 definition is very important
for the correct calculation. The dt was 15 s, because 3 s is the time resolution of the Epic, and the
average of 5 datapoints was calculated.

If A>0 pm/min, | get sigmoid-like, spreading curves.

In the case of A=0 pm/min, | get adsorption-like curves, because the 1% derivative at the t=0
timepoint will be the maxima of 1* derivative for the whole adsoption like curve.
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Fig.4.15 1* derivative curves of HeLa cells treated by EGCg from 0 to 20 pg/ml concentrations and a buffer control.

| plotted the A values with the concentration data at the x axis and | used logarithmic scale, then |
fitted the curve (linear fit) (Fig.4.16).
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Fig.4.16 On the left the A>0 pm/min, indicating a cell spreading process. On the right, A values are 0 pm/min,
showing an adsorption-like process at higher concentrations. The transition concentration between them is 27.3 +
10 pg/ml, calculated by linear extrapolation.

At higher concentrations than 20 pg/ml the A values are 0 pm/min, and at lower concentrations
the A values are >0. The exact transition concentration is 27.3 = 10 pg/ml, calculated by linear
extrapolation. The error of the calculation is estimated from the standard errors of the linear
fitting.

The calculated transition concentration is compatible with the MTT assay, because this is the
point, where the fitted cytostatic activity curve strarts to increase as well.

Therefore, the above protocol might serve as an alternative way to quantitatively characterize cell
viability in a completely label-free manner.
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Cell staining and fluorescent imaging

| stained the cells to obseve the changes in the morphology of the treated cells by staining the
actin filaments and focal contacts.

The actin cytoskeleton is a highly dynamic network composed of actin polymers and associated
proteins [114]. Its role is to mediate a variety of essential biological functions in all eukaryotic
cells, including structural support and intra- and extra-cellular movement [114]. This dynamic
structure rapidly changes shape and organization in response to stimuli and cell cycle progression
[114]. Orientational distribution of actin filaments within a cell is, therefore, an important
determinant of cellular motility and shape [114][136]. Focal adhesion and adherent junctions are
membrane-associated complexes that serve as nucleation sites for actin filaments and as cross-
linkers between the cell exterior, plasma membrane and actin cytoskeleton [114][137]. Focal
adhesions consist of integrin-type receptors that are attached to the extracellular matrix and are
intracellularly associated with protein complexes containing vinculin (universal focal adhesion
marker), focal adhesion kinase (FAK), tensin, zyxin, talin, a-actinin and paxillin [114][138][139].

The used staining kit is a very sensitive immunocytochemical tool that contains fluorescent-
labeled Phalloidin (TRITC-conjugated Phalloidin) to map the local orientation of actin filaments
within cell and a monoclonal antibody to Vinculin that is very specific for the staining of focal
contacts in cells. The kit also contains DAPI for the fluorescent labeling of nuclei [114].

As we can see, the cells become rounded when the concentration of EGCg increases. At 0 and
low concentrations we can clearly see the actin filaments and filopodia, the cells can spread to the
surface. At 40 pg/ml, the cells in general are rounded and smaller, the actin filaments can not be
seen very well. The stained cells also showed, that probably the calculated 27.3 + 10 pug/ml is the
border concentration where the inhibitory impact of adhesion evidently begins, and EGCg
induces changes in cell adhesion processes and properties (Fig.4.17).
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Fig.4.17 Images of the EGCqg treated, staining cells by normal and fluorescent mode. Left side: images by normal
mode, right side: fluorescent mode. (A) HelLa cells without EGCg treatment. (B) HelLa cells treated by 5 ug/ml
EGCg. (C) HelLa cells treated by 10 ug/ml EGCg. (D) HeLa cells treated by 40 ug/ml EGCg. Scalebar: 50 pm.
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4.4. Nanoparticle clusters assembled from oppositely charged nanoparticles

Nanoparticles can be used as carrier systems for active substances. In this chapter, | take steps in
this direction and | examine the aggregation behavior of oppositely charged gold nanoparticles by
optical waveguide lightmode spectroscopy. The formed clusters might be employed to transport
EGCqg in the future. These results were published in the Langmuir journal with the title of
“Label-Free in Situ Optical Monitoring of the Adsorption of Oppositely Charged Metal
Nanoparticles” [113].

Alternating deposition of oppositely charged nanoparticles on OWLS chips

During the experiment, nanoparticle adsorption onto the bare waveguide surface was
investigated. After the baseline was fixed with TMAOH, the NP solution was allowed to flow
and was subsequently flushed with TMAOH. As expected, the negatively charged AUMUA
particles did not adsorb at all on the negatively charged surface.

Afterward, | alternately deposited AUTMA and AuMUA on the bare waveguide surface, starting
with the positively charged AUTMA nanoparticles. After the baseline was fixed with injected
TMAOH (~20 min) {1}, AuUTMA solution was injected for 20 min {2}, followed by flushing
with TMAOH for 5 min {3}. Then the AUMUA solution was injected for 20 min {4} and was
again flushed with TMAOH for 5 min {5}. The entire cycle was repeated four more times. Every
deposition cycle clearly increased the deposited amount (see Fig.4.18).
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Fig.4.18 Surface adsorbed mass per unit area during the alternating deposition of the AuUMUA and AuTMA particles.
Baseline with injected TMAOH {1}, AuTMA solution {2}, flushing with TMAOH {3}, AuMUA solution {4},
flushing with TMAOH again {5} [113].
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Deposition and characterization experiments were carried out at different dilutions. A serial
dilution from stock solutions of AUMUA and AuTMA gold nanoparticles was performed, and a
concentration of ~10°® mM for both AUMUA and AuTMA nanoparticles was found to be
optimal for the deposition experiments. The refractive index of the solutions was measured on a
table-top Rudolf Research J157 automatic refractometer. Atomic force microscopy was used to
visualize nanoparticles adsorbed on the sensor’s surface.

The concentration of the solutions was determined from the absorbance at 520 nm (Agilent 8453
spectrophotometer). Using the measured refractive indices and concentrations of the dilution
series, | determined the refractive index increments of the solutions [100][140]. This information
was necessary to estimate the mass of the adsorbed particles, which was determined according to
de Feijter’s formula (equation 3.3) [125].

The averaged refractive index increment of AUMUA and AuTMA was dn/dc = 0.3845 cm*/g.

Cluster formation of gold nanoparticles

First of all, the most important thing was to determine the nanoparticle concentration where
OWLS signal could be detected. If the solution has too high nanoparticle concentration (10° mM,
and 10 mM order of magnitude), | did not get correct OWLS signals, so | coluld not measure
the nanoparticles, since the high densitiy of gold nanoparticles damp the waveguided light and
completely eliminate the waveguided mode of OWLS (see Fig. 4.19).
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Fig.4.19 AuTMA positively charged gold nanoparticle solutions were injected onto the OWLS biosensor chip in
three different concentrations (1.58x10° mM, 1,58x10° mM, and 1.58x10™* mM). Only the lowest, 1.58x10° mM
concentration resulted in normal OWLS signal, so this concentration was used for further examinations.
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This step was crucial in these experiments. The optimal nanoparticle concentration in the
investigations was 1.58 x10° mM in the case of AUTMA and 2.5x10° mM in the case of
AuMUA.

After that, during the alternating deposition, at the beginning of each cycle, the positively charged
AuTMAs were allowed to flow over the chip’s negatively charged surface. Due to the
electrostatic attractions, these nanoparticles deposited onto the substrate, as reflected in the
recorded curve in Fig.4.18. After any weakly adsorbed positively charged particles were washed
away, negatively charged AuMUASs were introduced to the chip. The already-deposited AUTMA
particles facilitated the adsorption of these negatively charged particles. A repeated flush washed
away any weakly adsorbed negatively charged particles. These consecutive cycles could be
repeated several times, providing alternating deposition of oppositely charged nanoparticles.
Interestingly, with increasing deposition cycles, the initial slope of AuUMUA adsorption in
Fig.4.20 decreases, as the surface is covered with more particles and the number of binding sites
available to adsorb negatively charged particles decrease. This behavior contradicts the possible
formation of distinct layers of nanoparticles deposited on each other (as in classical layer-by-
layer deposition observed for the alternating deposition of oppositely charged polyelectrolytes).
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Fig.4.20 Dependence of the relative initial slopes (rate constant for adsorption) of the deposition kinetic curve for
AUMUA in each cycle [113].

To investigate the morphology of the nanoparticle films, 1 examined the surface of the chip after
the deposition by AFM microscopy. Fig.4.21 shows the AFM images of the waveguide sensor
after the adsorption experiment. The incoupling grating lines and the nanoparticle clusters are
clearly seen. These AFM studies revealed that the deposited nanoparticles form distinct
patches/clusters rather than a continuous film. | got the cluster sizes and the number of each
clusters from the analisys using Gwyddion software. The 5x5 um image was analyzed for the
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calculation. The nanoparticle size (diameter) is approx. 5 nm, the height is approx. 30 nm.The
cluster numbers were added together (Fig. 4.22). The total cluster number is 582 on 5x5 um
(=25 um?). From this, the density of nanoparticle clusters is 23.3 clusters/um? and the number of
clusters decreases approximately exponentially with cluster size (see Fig.4.22). The largest
nanoparticle clusters have an area of around 23500 nm?, corresponding to a mean size of ~ 153
nm, whereas the smallest clusters have an area of around 2350 nm? with mean sizes of ~ 48 nm.
The height of the clusters is ranging from 5-35 nm depending on the area of the clusters. The
volume of the largest and smallest clusters can be easily calculated from the area and height data.
Comparing these dimensions with the average diameter of one nanoparticle (~ 5 nm), and their
average volume as well, one can conclude the largest clusters contain approximately 5-6000
nanoparticles and even the smallest clusters contain some hundreds of nanoparticles.
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Fig.4.21 AFM image of the sensor surface after five deposition cycles of AUMUA and AuTMA particles. (a)
S5umx5um imaged area. (b) A magnified 2umx=2um area [113].
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Fig.4.22 Number of the nanoparticle clusters versus their area obtained from AFM measurements (Fig. 4.21). The
cluster size distribution follows an exponential function (red dashed curve) [113].

The radius of the employed AFM tip is less than 10 nm. The occurrent distortion due to the tip
geometry was neglected; Gwyddion software has the possibility to use the tip parameters during
the analysis, but the conclusions, fitting parameters and exponential curve did not change
significantly. | excluded the possibility of a contious layer formation of nanoparticles during
these measurements. My first experiments with higher nanoparticle concentrations suggested that
a countinous gold nanolayer can completely eliminate the waveguide mode of OWLS.
Furthermore, Dr. Jeremy Ramsden (Cranfield University, unpublished results) did similar OWLS
experiments, and he also found that a 5 nm thick, continous metal nanolayer caused the same
phenomenon. It should be mentioned as well that repulsion will be occur between nanoparticles
with the same charging (positive or negative), thus, continous layer can not be formed on the
OWLS chip surface. The negatively charged gold nanoparticles could not adsorb to the negative
biosensor chip.

Based on the above considerations, the adsorption mechanism can be illustrated as in Fig.4.23.
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Fig.4.23 Illustration of nanoparticle cluster build up from oppositely charged particles [113].
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The size distribution and the relative size could affect the film formation. Previous studies have
shown in a liquid phase that if the size distributions of the oppositely charged nanoparticles fully
overlap, the nanoparticles can self-assemble into stable nanocrystals [113]. However, if the
average sizes of oppositely charged particles are different, this can provide formation of not well
defined crystals. Changes in relative size can also affect the mechanism through the interplay
between the electrostatic and vdW interactions, and this will be the topic of the further
investigations [113]. For example these types of clusters can be a basis of theoretical calculations
and models. In the future, nanoparticle clusters may be used for delivery of EGCg, and probably
it can be created these types of clusters in solutions as well.
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5. SUMMARY AND OUTLOOK

Though a lot of papers and experiments have been published on the biophysical effects of EGCg
and green tea polyphenols, there are still remaining fields to study and factors to consider. For
example, although most of published studies in cell culture systems used 10-100 uM (= 4.58-45.8
ug/ml) of EGCyg, its level in blood after consuming the equivalent of 2-3 cups of green tea was
0.1-0.6 uM (= 0.0458-0.274 ug/ml) and for an equivalent of 7-9 cups was still lower than 1 uM
(= 0.458 ug/ml) [5][1]. The concentrations of EGCg shown to have an effect (20-100 uM/ 9.16-
45.8 ug/ml) in most previous studies are much higher than the concentrations observed in the
plasma or tissues of animals or in human plasma (usually lower than 1 uM/ 0.458 ug/ml) after
tea ingestion [5][1][11][12][36]. The rather poor bioavailability of tea catechins needs to be
considered as well when we extrapolate results obtained in vitro to situations in vivo [5][1][9]. In
the studies, in general there is no information about the EGCg solutions; they are freshly created,
just before the measurement or they are stored. It is very important because of its instability and
oxidation. The incubation time in cell media with cells also can be very significant factor for the
same reason. Due to the complex conditions (for example the particle pressure in oxygen, the
activity of antioxidant enzymes, stability of pH, etc.) found in vivo are difficult to replicate, the
traditional culture condition can be inappropriate model for EGCg activity [17]. In the in vitro
experiments with cell lines, there are often studies with only cancerous cells, without normal,
healthy cell culture control. It would be useful, if one could compare the effects on both types of
cells under the same experimental circumstances. EGCg has an influence on cell viability as well.
The most used method for this effect is MTT assay (3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide), however, both MTT and MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)-based assays provides an
underestimation of the anti-proliferative effect of EGCg. This phenomenon is probably due to the
increased activity of mitochondrial dehydrogenase in response to EGCg treatment, as well as the
intrinsic potential of EGCg to reduce MTT and MTS and increase the formation of formazan
[141]. Because of this, careful evaluation of the method is significant for in vitro assessment of
cell viability and proliferation [141]. Until this time, a lot of papers and results have been
published about the beneficial effects of EGCg [1].

| report on the successful application of the M4 Holomonitor to monitor cancer cell motility,
migration, motility speed, and the spreading of preosteoblast cells on a nanostructured titanate
coating [54]. The M4 Holomonitor, applied in the present study, has a small size, and it is making
it feasible to be directly put into a humidified cell culture incubator. This technique is completely
noninvasive and label-free, therefore, nothing disturbs the cells during their movements. A
special mechanical stage was also developed in order to position the sample into that range of the
optical arrangement where digital autofocusing works with high reproducibility and precision
[54]. This new development significantly improved image quality. With the help of this novel
development, | could perform two successful measurements demonstrating the capabilities of our
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novel arrangement [54]. The Holomonitor was used to analyze the morphology and movements
of living cells in a way that is automatic, cost efficient, and causes the cells no harm [54][142]. It
is demonstrated that the movement of HelLa cells was temperately reduced after the addition of
polyphenol EGCg [54]. This phenomenon could be monitored in a completely noninvasive and
label-free manner. With this experiment, | proved that our recently developed sample stage is an
excellent tool for observing cell dynamical changes and monitoring the effects of chemical
substances on living cells. Measurements with a Holomonitor can be especially useful in
combination with other novel label-free biosensing methods [91][54][143] to obtain a high
content analysis of live cell morphology and behavior [54].

| proved that EGCg can bind to synthetic copolymer coatings by using OWLS. Then, for further
examinations, Epic BT was used. The speciality of the study with EPIC BT is that the coating
fabrication, its treating with EGCg, and the observation of cell adhesion were examined by the
same biosensor in one procedure in triplicates and with different EGCg solutions, thus | got
representative kinetic curves of the processes. To compare the methods, it should be mentioned
that a lot of parallel measurements can be done by using Epic BT with 96 or 384 well plates,
while only one measurement can be done by OWLS, without parallels. Thus, Epic BT also saves
time; doing the same amount of experiments by OWLS would be taken for weeks or maybe
months, conversely, this time is only few hours by Epic. | verified that EGCg binds irreversibly
to PP and PP:PPR chains after the buffer wash as well, and multilayer formation of EGCg
molecules on these coatings can also occur. Moreover, after this process, these bound EGCg
molecules could inhibit the adhesion of HeLa cells onto this (PP:PPR) surface [129].

| proved that EGCg and its oxidized form, especially at higher concentrations can eliminate the
cell repellent property of PP, and cell attractive property of PP:PPR. However, the exact
background of the processes are hazy, thus further examinations need to be done to explain the
received results. The effects of oxidized form of EGCg are neglected in the literature. I showed
that oxidized EGCg solutions have greater impacts on coatings and cell adhesion [129].

The knowledge of this interaction can be more and more important in the future, because there
are a lot of developments in therapeutics. Studying cell adhesion on different coatings and to
examine active substances are very relevant topics. Our new examination method by Epic BT
may open new application trends in the future.

| determined the EGCg concentration where the kinetic curves change. We can observe this
phenomenon on the measurement curves, while at lower values than 20 pg/ml of EGCg I
received spreading curves, and above this value, adsorption curves. | get this result by MTT cell
viability assay as well.

| calculated that 27.3 + 10 pg/ml is a transition concentration between the two types of kinetic
curves by a simple equation. This value is the starting point of the increasing part of the fitted
cytotoxicity curve. These convincing results show that the high-throughput Epic BT biosensor
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can be applied in cytotoxicity assays, too. This may be an alternative way to carachterize cell
viability in a label-free way [123].

| investigated alternating adsorption of oppositely charged gold nanoparticles (stabilized with
self-assembled monolayers of positively charged TMA and negatively charged MUA) onto a
negatively charged substrate. | used optical waveguide ligthmode spectroscopy (OWLS) to study
the Kkinetic process of deposition of nanoparticles onto the substrate surface. This method
provides a convenient means for such investigations owing to a label-free surface. Our results
revealed that already adsorbed positively charged particles considerably increase the adsorption
of negatively charged particles. Investigation of the morphology of the created surface by AFM
revealed that deposited nanoparticles form clusters with various sizes and heights [113]. Kinetic
information on cluster formation from nanoobjects can help to design and engineer
nanostructured films and materials by self-assembly. Clusters are not just active substance
transfering nanoparticles. They are bigger, but still small, and it is not a monocomponent system;
thus more active substance can be transported, and there are more opportunities and potentials in
carrier design as well. Clusters may be created by biocompatible materials in the future.

My results prove that label-free optical biosensors, so far explored to monitor proteins and living
cells [100][143][113] could also be useful in investigating selfassembly processes in
nanotechnology, especially when the kinetics of adsorption of nanoscopic components play a
crucial role in the formation of nanostructured materials [113].

There are numerous studies in the literature about the antioxidant, antimicrobial, anticancer
activity of EGCg, and about its biophysical and biological effects in general. These results are
promising, but one should take into account the special properties of EGCg much more carefully
during the evaluations. This specific active substance may still has surprises to store for
scientists, and with or without further developments (for example with nanoparticles) some time
or other could be the most applied natural compound against several illnesses, and it can became
the most used chemical for being healthy for a long time.
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6. THESIS HIGHLIGHTS

1. | demonstarted for the first time that the novel, miniaturized, quantitative phasecontrast
microscope, the Holomonitor M4, is capable of investigating the movement of the
epigallocatechin-gallate (EGCqg) green tea polyphenol treated cells.

1.a. | applied a new setting with a unique sampe stage to investigate HeLa cervical cancer
cells in humified incubator. | employed the Holomonitor M4 with the sample stage fot the
first time to examine the effects of EGCg on single cell movements.

1.b. | proved that 500 pg/ml EGCg solution inhibits the movement of HelLa cervical
cancer cells. It induced 35% reduction inmotility speed, and 25% reduction in motility,
and the migrative behavior almost disappeared due to the EGCg treatment.

2. | revealed that EGCg binds irreversibly to two synthetic copolymer coatings, the poly(L-
lysine)-graft-poly(ethylene glycol) (PLL-g-PEG) anti-adhesive, and its mixed solution with RGD
functionalized counterpart, PLL-g-PEG/PEG-GGGGYGRGDSP (PLL-g-PEG-RGD) in 1:1 ratio,
which has cell attractive properties. Furthermore, | investigated by using OWLS (Optical
Waveguide Lightmode Spetroscopy) and Epic BT, that EGCg and oxidized EGCg form
multilayers with the polymer coatings and the EGCg treatement affects the cellular adhesion
properties of the polymer films in a concentration dependent manner.

2.a. | applied the Epic BT biosensor for the first time in measurements, where the effect of
EGCg on coatings, and the cellular adhesion on these treated coatings were both
investigated in the same process. In my experiments | online monitored the coating
formation, the interaction of EGCg with the coatings and subsequent adhesion of HelLa
cells on these layers, measured by Epic BT all along. Due to the high-throughput property
of this appliance | could examine a lot of concentrations and parallels at the same
condition of the cells.

2.b. | proved for the first time by employing label-free optical biosensors, that the
oxidized form (brown liquid, where EGCg is in dimerized or in polymerized form) of
EGCg has a 1.8 times larger inhibitory impact on HeLa cell adhesion in solution, and
three times more binds to the copolymer coatings from the oxidized form compared to the
EGCg molecules adsorbing from the freshly created EGCg solution. It has been
mentioned for the first time that the freshness of the created EGGg solutions is highly
important during the experiments and it can strongly affect the results.

2c. In the case of 500 ug/ml EGCg solution, approximately 5 layers, while in the case of
oxidized EGCg solution at the same concentration, approximately 10 layers can be
formed with both types of coatings.
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2.d. | showed, that the adhesive properties of the PLL-g-PEG and PLL-g-PEG:PLL-g-
PEG-RGD coatings change due to the EGCg binding; the cells can not adhere to these
surfaces. Thus, the EGCqg inhibits HeLa cell adhesion to the PLL-g-PEG:PLL-g-PEG-
RGD coating, however, it has got some cell attractive properties (the inhibition depends
on the concentration of EGCg). At the same time, EGCg destroys the cell repellent
properties of the PLL-g-PEG.

3. | verified with MTT assay, that the cell viability of HeLa cells starts to decrease at around
20 pg/ml EGCqg concentration. | recorded cell adhesion kinetic curves by using Epic BT, and |
got the same results. At lower values than 20 ug/ml of EGCg, | received spreading curves (active,
living process), and above this value, adsorption curves (dead process). | calculated that 27.3
+ 10 ug/ml is a transition concentration between the two types of kinetic curves by developing a
simple equation. According to these results, the mentioned method is capable of carachterizing
cell viability in an alternative, completely label-free way.

4. | proved by OWLS (Optical Waveguide Lightmode Spectroscopy) and AFM (Atomic Force
Microscopy) that the positively charged N,N,N-trimethyl(11-mercaptoundecyl)ammonium
chloride (AuTMA) and the negatively charged mercaptoundecanoic acid (AuMUA) gold
nanoparticles create clusters with each other on the OWLS chip surfaces during alternating
deposition by self-assembly. | determined the concentration which is optimal for the OWLS
measurements (AUTMA: 1.58x10"° mM and AuMUA: (2.5x10°° mM).

4.a. | revealed that already adsorbed positively charged particles considerably increase the
adsorption of negatively charged particles.

4.b. Investigation of the morphology of the created surface using AFM revealed that the
deposited nanoparticles form clusters with various sizes and heights, and not
homogeneous layers. These types of clusters can be a basis of further theoretical
calculations and models. In the future, these types of clusters may be created in solutions,
too, and may be applied in nanomedicine loaded by EGCg as well.
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TEZISPONTOK

1. Bebizonyitottam, hogy a Holomonitor M4 1j, miniatiirizalt, kvantitativ digitalis holografikus
mikroszkop kivaloan alkalmazhato a z6ld tea polifenol epigallokatekin-gallattal (EGCg) kezelt
sejtek vizsgalatara.

l.a. A HeLa méhnyakrak sejtek inkubatorban torténd vizsgalatdhoz egy 0j mérési
elrendezést alkalmaztam egyedi mintatarté allvannyal. A Holomonitor M4 berendezést a
mintatartd allvannyal én alkalmaztam elséként az EGCg sejtmozgasra gyakorolt
hatadsanak kimutatasara.

1.b. Holomonitor M4 berendezés segitségével bebizonyitottam, hogy az EGCg
500 pg/ml-es oldata gatolja a HeLa méhnyakrak sejtek mozgasat. A sejtek motilitasi
sebessége 35%-kal, a motilitasa 25%-kal csokkent, illetve migracios hajlandosag csaknem
eltiinik a kezelést kdvetden.

2. Feltartam, hogy az EGCg irreverzibilisen kotédik két szintetikus kopolimerhez, az anti-
adheziv PLL-g-PEG-hez (poli-L-lizin-g-polietilénglikol) ¢és az RGD motivummal ellatott
modosulataval, a PLL-g-PEG-RGD-vel (PLL-g-PEG/PEG-GGGGYGRGDSP) 1:1-ben vegyitett,
sejtadhéziot eldsegitd bevonathoz (PLL-g-PEG:PLL-g-PEG-RGD). Tovabba az OWLS és Epic
BT miiszerek segitségével kimutattam, hogy az EGCg, és oxidalt formaja multiréteget alakit ki
ezen polimerekkel, és a kezelt bevonatok befolyasoljak a sejtadhéziot.

2.a. El6szor alkalmaztam az Epic BT RWG bioszenzort olyan méréseknél, ahol az EGCg
hatasat a bevonatokra, és e kezelt rétegre torténd sejtadhéziot is ugyanazon, egymast
kovetd folyamat soran vizsgaltam. Kisérleteim soran online kovettem a bevonat
képzddést, EGCg interakcidjat a bevonattal, és a kezelt feliiletre torténd sejtadhéziot,
mindvégig Epic BT miszerrel. A késziilék nagy ateresztOképességének koszonhetden
tobbféle EGCg koncentracidt tudtam vizsgalni parhuzamos mérésekkel, a sejtek
ugyanazon allapotaban.

2.b. El6szor bizonyitottam be jelolésmentes bioszenzorok alkalmazasaval, hogy az EGCg
oxidalt forméaja (barna folyadék, ahol az EGCg dimerizalodott vagy polimerizalddott) 1,8-
mennyiségben kotddik a bevonatokra, mint az EGCg molekulak a frissen készitett EGCg
oldatbol. Eldszor keriilt emlitésre, hogy az elkészitett EGCg oldat frissesége kritikus
tényezd a mérések és azok eredményei szempontjabol.

2¢. Kimutattam, hogy 500 pg/ml EGCg oldat esetén koriilbeliill 5, mig ugyanilyen

tipusu bevonat esetében.
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2.d. Megmutattam, hogy a PLL-g-PEG ¢és PLL-g-PEG:PLL-g-PEG-RGD bevonatok
tulajdonsagai megvaltoznak az EGCg bekotdédése kovetkeztében, az alkalmazott
koncentracioktol fiiggéen; a sejtek nem tudnak hozzakotddni ezekhez a kezelt
feliiletekhez. Igy tehat, annak ellenére, hogy a PLL-g-PEG:PLL-g-PEG-RGD réteg
sejteket vonzo tulajdonsdgokkal rendelkezik, az EGCg a koncentracio fiiggvényében

crcr

sejteket taszito tulajdonsagat is.

3. MTT teszttel igazoltam, hogy a HeLa sejtek ¢életképessége 20 pg/ml EGCg jelenlétében kezd
el csokkenni. Epic BT segitségével kinetikai gorbéket rogzitettem, €s hasonld eredményeket
kaptam. 20 pg/ml EGCg koncentracié alatt szigmoid jellegii kiteriilési gorbéket kaptam (aktiv,
¢l6 folyamat jele), mig ezen érték felett adszorpcios jellegi gorbéket (halott, élettelen folyamat
jele). Egy egyszerii képlet segitségével kiszamoltam, hogy az atmenti koncentracio a két fajta
kinetikai gorbe kozott 27,3 £ 10 ug/ml. Eredményeim alapjan az altalam kidolgozott modszer
alkalmasnak tlinik egy alternativ életképesség-vizsgalatként torténd széleskorli felhasznalésra,
amely kiiktatja a potencialisan zavaro jelolok alkalmazasat.

4.  Bebizonyitottam OWLS-sel (Optical Waveguide Lightmode Spectroscopy) és AFM-mel
(Atomic  Force  Microscopy), hogy a  pozitiv  toltési N,N,N-trimetil(11-
merkaptoundecil)ammoénium-klorid (AuTMA) és a negativ t6ltésii  merkaptoundekansav
(AuMUA\) arany nanorészecskék klasztereket formalnak egymassal és onszervezédnek az OWLS
chipen a valtakoz6 depozicids eljaras (alternating deposition) soran. Meghataroztam az OWLS
méréseknél alkalmazhatd optimalis nanorészecske koncentraciot (AUTMA: 1.58x107° mM és
AuMUA: 2.5x107° mM).

4.a. Feltartam, hogy a mar adszorbealodott pozitiv toltésii részecskék jelentdsen eldsegitik
a negativ toltésli részecskék adszorpciojat.

4b. Az AFM-mel tortént morfologiai vizsgalatok alapjan elmondhatd, hogy a
nanorészecskék nem homogén rétegeket, hanem klasztereket képeznek az alkalmazott
feliileten, és ezek a képzddmények kiilonbozd méretliek és magassdguak. Ezek az uj
tipusu klaszterek a késdbbiekben alapjaul szolgalhatnak elméleti szamitdsoknak ¢&s
modelleknek. A jovOben lehetségessé valhat ilyen jellegli klaszterek kialakitasa
folyadékokban is, illetve EGCg-vel feltdltve a nanogydgyaszatban torténd felhasznalasuk
IS igéretes lehet.
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