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1 EINLEITUNG

Natiirliche und synthetische Biomaterialien sind in der modernen Medizin ldngst nicht mehr wegzudenken.
Malgeschneidert fiir den Ersatz oder die Wiederherstellung von erkranktem und beschidigtem Gewebe wie
Knochen, Ziahne oder Gefille interagieren sie im Korper mit dem biologischen System und steuern den
therapeutischen Verlauf'. Bis zum vollstindigen Verstindnis der fundamentalen Prozesse an der Schnittstelle
zwischen Biomaterial und Korper ist es allerdings noch ein weiter Weg?. Um diesen weiter zu beschreiten,
steht in dieser Dissertation die Verkniipfung zweier Hauptaspekte im Vordergrund: Die Oberflichenladung
abgeleitet vom Zetapotenzial ({), als eine Eigenschaft von Biomaterialien, und die Zellphysiologie und
Morphologie, die die Auswirkung der Zell-Material-Interaktion beschreibt. Einleitend wird demnach im

folgenden Abschnitt grundlegendes Wissen zu Biomaterialien und der Zell-Material-Interaktion vermittelt.

1.1 BIOMATERIALIEN — EIN KURZER EINBLICK IN EINE GIGANTISCHE BRANCHE

Der zunehmende Bedarf an Biomaterialien, der sich aus dem demografischen Wandel und dem Wunsch,
Gesundheit und Wohlbefinden in der alternden Bevolkerung zu erhalten, ergibt, fiihrt zu einem Wachstum des
Biomaterialmarktes. Resultierend aus den zunehmenden Mitteln und Zuschiissen von Regierungs-
einrichtungen und Universititen fiir die Entwicklung neuartiger Biomaterialien wird bis zum Jahr 2025 ein
Anstieg des Volumens auf rund 250 Mrd. US $ erwartet®. Die Weltgesundheitsorganisation (WHO, engl. world
health organization) schitzte schon 2015 die weltweit zur Verfligung stehenden generischen Produktgruppen
auf ca. 10.000*. Hinter dieser rasanten Weiterentwicklung von Biomaterialien steckt eine interdisziplinire
Zusammenarbeit aus Bereichen wie Material- und Ingenieurswissenschaften, Physik, Chemie, Biologie und
Medizin. Auf der anderen Seite schopft sie Wissen aus einer jahrtausendalten und faszinierenden Historie, die
den Grundstein fiir die Geburt der Biomaterialien gelegt hat*®. Im Laufe der Zeit hat sich der Schwerpunkt bei
der Entwicklung weg von der Gewebereparatur durch biopassive Materialien (eine moglichst minimale
Interaktion mit dem umgebenden Gewebe eingehend) hin zur Geweberegeneration durch bioaktive bzw.
biointeraktive Materialien (spezifische zellulire Reaktionen auf molekularer Ebene stimulierend) verlagert.
Dabei miissen im Wesentlichen die Anforderungen hinsichtlich klinischer (geeignete mechanische,
physikochemische und biologische FEigenschaften), fertigungstechnischer (wie Sterilisierbarkeit) und

wirtschaftlicher (Kosten, Marketing, Benutzer-freundlichkeit) Aspekte erfiillt werden®.

1.1.1 TITAN ALS BELIEBTES BIOMATERIAL FUR KNOCHENERSATZ

Knochengewebe wird weltweit nach der Transfusion von Blut an zweithdufigster Stelle ausgetauscht!®.
Traumatische Knochenschéden oder Erkrankungen wie Osteoarthritis (Entziindung der Knochengelenke) und
Osteoporose (Knochenschwund) fithren zu einer Verschlechterung der mechanischen Knocheneigenschaften.
Wenn konservative Behandlungen versagen, stellt der Ersatz des Knochengewebes durch ein Implantat eine
gute Option dar'!. Diese orthopidischen Implantate bestehen aufgrund ihrer hohen Stabilitit und Haltbarkeit

zu 95% aus metallischen Biomaterialien'?. Insbesondere Titan (Ti), seine Legierungen und Ti-basierte
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Verbundwerkstoffe finden seit den 1950ern groBe Beachtung'®!'4. Jihrlich werden weltweit mehr als 1000
Tonnen Ti auf vielfdltigste Weise fiir u.a. Zahnwurzelersatz, Hiift-, Knie-, Schulter- und Ellbogengelenk-ersatz
sowie als Knochenschrauben und -platten oder zur Wirbelséulenversteifung implantiert'®. Dies entspricht etwa
der Menge von 270 mg pro Person in Industrie- und Schwellenldndern. Der Grund dafiir liegt in der guten
Akzeptanz des menschlichen Korpers fiir Ti. Die Elastizitdtsmodule (Young' sche Module) von Ti-Legierungen
liegen im Unterschied zu anderen Metallen deutlich niher an denen von Knochen'>'®, Ti ist leicht, trotzdem
extrem robust'*"® und hat sich als biokompatibler'” und dank seines passiven Ti-Oxidfilms als
korrosionsbestindiger'® als andere Metalle wie Edelstahl oder Kobalt-Chrom erwiesen. Daher ist Ti das
gegenwiirtig meistverwendete Material fiir lasttragende Implantate!.

Dennoch steht all diesen Vorteilen ein entscheidender Nachteil gegeniiber: Es handelt sich in jedem Fall um
ein artifiziell hergestelltes Material, dessen Biofunktionalitidt im Allgemeinen schlecht ist, da es nicht direkt
mit dem lebenden Gewebe verwichst. Fibroses Gewebe zwischen Implantat und Knochen fiihrt dann zu einer
unzureichenden Osseointegration, der direkten, strukturellen und funktionellen Verbindung zwischen
lebendem Knochen und kiinstlicher Implantatoberflidche®. Eine daraus resultierende Implantatlockerung kann
letztlich ein vorzeitiges Versagen des permanenten Implantats zur Folge haben'!. Um dieses Risiko zu
verringern, wurden viele Ansédtze der Oberflichenmodifikation verfolgt, die die Osseointegration

beschleunigen und verbessern sollen.

1.1.2 OBERFLACHENMODIFIKATION ZUR VERBESSERUNG DER OSSEOINTEGRATION

Das Ziel der Oberflaichenmodifikation ist die chemische Bindung oder die mechanische Verankerung des
Gewebes mit dem Metallsubstrat. Dabei ist die Biomimetik (das Ubertragen von Naturphinomenen auf die
Technik) die derzeit wichtigste treibende Kraft bei der Entwicklung von Biomaterialien?!. Eine auf dieser Basis
modifizierte orthopddische Oberfldche soll die Kontrolle der biologischen Reaktion des Korpers auf das
Implantat ermdglichen. Allerdings ist die tatsdchliche Anwendung solcher Modifikationen aufgrund von
Problemen bei Umsetzung von Sicherheit und Qualititserhaltung nicht so weit fortgeschritten wie die
Forschung'?. Kommerziell angewendete Oberflachenmodifikationen von Ti beschrinken sich noch auf
physikalische Behandlungen zur Verdnderung der Oberflachenrauigkeit wie Sandstahlen, Séuredtzen oder
Anodisieren'' und physikochemische Behandlungen wie die Beschichtung mit Hydroxylapatit® oder das
Eintauchen in alkalische Natrium- oder Kaliumhydroxidldsungen zur Generierung einer Ti-Oxidgel-
schicht'??2, Diese Methoden stimulieren die Osseointegration nur indirekt. Indessen zeigt der Fortschritt in der
Forschung, dass die Osseointegration anhand von biochemischen und biologischen Beschichtungen direkt
gefordert werden kann, indem diese die osteogene Differenzierung sowie Anlagerung und Proliferation von
knochenbildenden Zellen (Osteoblasten) verbessern'®. Hierzu zdhlen biomimetische Oberflidchen-
modifikationen durch Immobilisierung von bioaktiven Molekiilen wie Peptiden, Proteinen und Polymeren, die

das Verhalten der Zellen steuern kdnnen. Diese werden in zwei Kategorien eingeteilt: (1) Molekiile, die Signale
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fiir die Knochenbildung erzeugen und (2) Molekiile, die den Zellen Adhésionsstellen prisentieren'®. Ersteres
schlieBt beispielsweise Wachstumsfaktoren wie BMP-2 (engl. bone morphorgenic protein-2)* ein, die die
Proliferation und Differenzierung von Stammzellen des Knochenmarks sowie Osteoblasten stimulieren.
Zweiteres impliziert extrazelluldre Matrixproteine (EZM-Proteine) wie Kollagen I, Fibronektin, Vitronektin
und RGD-haltige Oligopeptide, die {iber ihre Aminoséuresequenz aus Arginin, Glycin und Asparaginsidure
(Arg-Gly-Asp, kurz RGD) Adhésionsstellen fiir Osteoblasten schaffen und die Osseointegration
initialisieren!’'®, Die Proteine konnen entweder kovalent (durch funktionale Gruppen, spezielle
Linkermolekiile oder plasmabasierte Gasphasenabscheidung) oder nicht kovalent durch Adsorption an der
Oberfliche gebunden werden'®. Diese Art der Beschichtung ist fiir eine gezielte Kontrolle der Zell-Material-

Interaktion zwar vielversprechend, bendtigt jedoch noch mehr Forschung und Entwicklungszeit!!'%19,

1.2 ZELL-MATERIAL-INTERAKTION

Die frithe Osseointegration beginnt mit der Anlagerung, Adhésion und Ausbreitung von Osteoblasten und
beschreibt gleichzeitig die erste Phase der Zell-Material-Interaktion. Die Qualitdt dieser ersten Phase ist
entscheidend, da sie die Proliferation und Differenzierung der Zellen beeinflusst®®. Sie wird durch die
physikalischen (Topographie, Elastizitit) und chemischen (Benetzbarkeit, Ladung, Bioaktivitit) Oberfldchen-
eigenschaften gesteuert?>. Abbildung 1 stellt die wichtigsten Stufen der Zell-Material-Interaktion dar, die auf
verschiedene Gruppen von Adhédsionsproteinen beruhen. Diese lassen sich gemil3 des zeitlichen Ablaufs von
Proteinadsorption bis zur Zellausbreitung in vier Kategorien einteilen: (1) Abscheidung von EZM-Proteinen
wie Kollagen I, Fibronektin oder Vitronektin, (2) Auspragung von Zelladhisionsrezeptoren wie Integrine, (3)
Expression von Adaptorproteinen wie Talin, Paxillin oder Vinkulin und (4) Bildung von Zytoskelettproteinen
wie Aktin®,

Lange bevor eine Adsorption der EZM-Proteine an der Materialoberflache stattfindet, diffundieren Kationen
und Anionen dissoziierter Salze aus dem Blut (in vivo-Situation) oder aus dem fotalen Kélberserum (FKS, in
vitro-Situation) zur Oberfldche, sodass die geladenen funktionellen Gruppen einer Materialoberflache, aber
auch die der Proteine selbst, mit Gegenionen (Ionen mit entgegengesetzter Ladung zu der der Oberfléche)
komplexiert werden®®. Diese Gegenionen werden dann durch die Adsorption kleiner Proteine an der
Materialoberfliche ausgetauscht. Eine Kombination aus kinetischen und thermodynamischen Wechsel-
wirkungen fiihrt letztlich zu einer stabil adsorbierten Monoschicht der groBeren EZM-Proteinen, die stérker
mit der Materialoberfldche interagieren und die anfinglich adsorbierten Proteine durch den sogenannten
Vroman-Effekt?”?® verdringen. Sie iibersetzen damit die fremde Oberfliche in eine fiir die Zelladhédsion

<29

,.biologische Sprache
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Proteinadsorption Anhaftung Fokale Adhiision Ausbreitung Folgende Aktivititen

>

Blut (in vivo)

Serum (in vitro) Migration
i Fokale Proliferation
Kontakte Aktin
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RGD\\\/ Integrin
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physikalisch —————— Oberfliicheneigenschaften ———— chemisch
'--‘.-.?.,‘.t;;.-_
== Qe . 0P 3
Rauigkeit Porengrifie Elastizitit Benetzbarkeit Ladung  Bioaktivitiit

Abbildung 1: Interaktion der Osteoblasten mit Oberflichen spezifischer physikalischer und chemischer Materialeigenschaften.
Weéihrend der Proteinadsorption lagern sich EZM-Proteine aus dem Blut auf der Oberfliche ab und vermitteln die Zelladhdsion. Diese
wird in Zellanhaftung, fokale Adhdsion und Zellausbreitung unterteilt: Integrine erkennen RGD-Sequenzen der EZM-Proteine und
veranlassen die Zell-Material-Verankerung. Fokale Kontakte, bestehend aus einem komplexen Netzwerk der Integrine, Adaptorproteine
sowie kolokalisierten Kinasen und Phosphatasen, bilden das Bindeglied zwischen dem Aktinzytoskelett und der EZM. Die Zellen breiten
sich auf dem Material aus. Nachfolgende Aktivititen wie Migration, Proliferation und Differenzierung sind Teil der normalen
Zellfunktionen. In Abhdngigkeit von den Materialeigenschaften kann iiberdies das Ablosen der Zellen oder der Zelltod ausgeldst
werden. Abbildung basierend auf Chen et al.?®, Ferrari et al.>® und Khalili und Ahmad 3'.

Die Anhaftung der Zellen erfolgt kurz darauf und stellt die erste Interaktion zwischen Zellen und Material dar.
Sie umfasst zunédchst nur kurzfristige physikochemische Verbindungen durch beispielsweise ionische Kréfte
und Van-der-Waals-Krifte*>. Aber auch elektrostatische Krifte zwischen der Materialoberfliche und den
Zellen spielen hierbei eine wichtige Rolle. Diese kdnnen insbesondere durch die negativ geladene perizellulére
Hyaluronséurehiille der Osteoblasten entstehen®?, sodass eine schnelle Zellanhaftung vermittelt werden kann.
Daraufhin erkennen die transmembranen Integrinrezeptoren kurze Peptid-sequenzen der EZM-Proteine™,
wobei RGD die wichtigste Erkennungssequenz darstellt*®, und verankern die Zellen lingerfristig mit der EZM
und initiieren Signalwege fiir nachfolgende Zellreaktionen. Die Rekrutierung von Adaptorproteinen und die
Bildung von fokalen Kontakten fithren allméhlich zu einer stabilen Adhésion der Osteoblasten. Diese fokalen
Kontakte, bestehend aus einem komplexen Netzwerk der transmembranen Integrine, Adaptorproteine und
kolokalisierten Kinasen und Phosphatasen, die Signale zur Regulation der Genexpression an den Zellkern
weiterleiten, bilden das Bindeglied zwischen dem Aktinzytoskelett und der EZM?*. Durch die von den
Integrinen aktivierte Signaliibertragung, werden eine Reihe von Zytoskelett-proteinen aufgebaut. Die Zellen

breiten sich fortlaufend auf dem Material aus, was zu einer Abnahme der Zellhdhe und einer Zunahme der Zell-
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und Kontaktfliche mit verstirkter Adhésionskraft fiihrt*!. Die Morphologie der Osteoblasten wechselt von
kreisformig zu langgestreckt, was unverzichtbar fiir eine normale Zellfunktion und eine erfolgreiche friihe
Osseointegration ist®. Weitere Zellaktivititen wie Migration, Proliferation, Differenzierung oder auch
Apoptose (programmierter Zelltod) werden darauffolgend getriggert. Hierbei spielt Ca?" als Signalmolekiil eine

wichtige Rolle.

1.3 KALzIUM (Ca*") — EIN UNIVERSELLES SIGNALMOLEKUL

Intrazelluldre Signalkaskaden schaffen die Verkniipfung zwischen den externen Signalen der
Materialeigenschaften und der Zellantwort. Bis zu einem gewissen Grad werden alle physiologischen und
pathologischen Prozesse in den Zellen von ionischen Verdnderungen begleitet®®. Ca* ist solch ein Ion, das in
der Biologie ein nahezu universelles Signalmolekiil verkdrpert*”, sowohl in Eukaryoten als auch in
Prokaryoten*!. In einer Vielzahl von Zelltypen, auch Osteoblasten*’, reguliert Ca?" die interzellulire
Kommunikation sowie zahlreiche intrazelluldre Prozesse wie die fokale Adhéasion, Proliferation oder
Differenzierung, aber auch pathologische Ereignisse wie Zellschddigungen oder Zelltod*. Aufgrund der
bemerkenswerten Bedeutung von Ca®" in der Biologie wurden zahlreiche Methoden zur Analyse der zelluliren
Ca*"-Aktivitit etabliert*. Die Entwicklung einer Methode zur Messung des zytoplasmatischen Ca** mittels
voriibergehend membrandurchldssiger fluoreszierender Ca**-Indikatoren**® hat wesentlich zum Verstindnis
der normalen und abnormalen Zellfunktionen beigetragen®’.

Da Ca®" in viele verschiedene intrazelluldre Signalkaskaden integriert ist, ist eine Homdostase des intra-
zelluldren Ca®*-Spiegels von Bedeutung. Wihrend der Metabolismus innerhalb von Sekunden umgestellt
werden kann, miissen Ca®’-Ionen in Zeitspannen von Minuten bis Stunden wirken, um Ereignisse wie
Transkription oder Proliferation zu steuern*’. Insofern wird die intrazelluldre Ca*'-Konzentration von den
Zellen streng kontrolliert. Hierzu dient eine Vielzahl von Regulationsmechanismen wie Ca?*-Kanile, -Pumpen,
-Austauscher und -bindende Proteine*®*’, die als molekulare ,,Werkzeugkiste* fiir die zellulire Ca**-Dynamik
zusammengefasst werden*’. Jeder Zelltyp besitzt dabei ein spezifisches Komponentenset aus dieser
,,Werkzeugkiste“.

Wihrend das extrazellulire Ca*-Level im Knochen bei 1-2 mM liegt*>>°, sorgen verschiedene Ca?'-
Regulationsmechanismen der Osteoblasten fiir eine niedrige zytosolische Ca?*-Konzentration von ~100
nM**431 - Ein GroBteil des intrazelluliren Ca®" ist allerdings in Organellen gespeichert. Dabei ist das
endoplasmatische Retikulum (ER) mit 100-800 uM als groBtes Depot bekannt®?. Niedrigere Konzentrationen
befinden sich in den Mitochondrien (100-200 nM>?) und dem Golgiapparat (bis zu 300 pM>*). Kommt es zu
einer Aktivierung, steigt das zytosolische Ca**-Level auf 500-1.000 nM an®. Diese Konzentrationsdnderung
fithrt in der Zelle zur spezifischen Regulation der zelluliren Prozesse*’. Die Herkunft der Ca?"-Ionen beruht

dabei auf (1) einem Ca?*-Einstrom aus dem extrazelluliren Raum und/oder (2) einem Ca*"-Ausstrom aus den
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intrazelluldren Speichern, vorwiegend aus dem ER*-¢, Da die intrazellulire Ca®>*-Dynamik hoch komplex ist,

kann hier nur auf die wichtigsten Bestandteile eingegangen werden (Abb. 2).

bindende

Proteine  [P;R
RYR Mitochondrium

Abbildung 2: Die intrazelluliire Ca**-Dynamik — ein wichtiger Bestandteil bei der Regulation der Zellfunktionen. Zu den wichtigsten

Ca’*-Kandilen und -Rezeptoren der Einstrommechanismen gehéren diejenigen, die durch die Familie der Ca’*-permeablen Ionenkandile
mit transientem Rezeptorpotenzial (TRP), spannungsgesteuerten Ca’*-Kandilen (VGCC) und purinergen Rezeptoren (z.B. P2X)
vermittelt werden. Die Aktivierung von speziellen Plasmamembran-lokalisierten G-Protein-gekoppelten Rezeptoren (GPCR) durch z.B.
ATP fiihrt zur Anschaltung des Phospholipase C (PLC) Signalwegs, der die Bildung von Inositoltriphosphat (IP3) steigert. Die
anschliefSende Stimulation von IP3-Rezeptoren (IP3R), die sich vor allem auf dem endoplasmatischen Retikulum (ER) befinden, fiihrt
zur Freisetzung von Ca’" aus den intrazelluliiren Speichern. Die am ER und Golgi lokalisierten Ryanodinrezeptoren (RYR) und der
mitochondriale Na‘/Ca’*-Austauscher (NCX) regulieren ebenfalls den Ca’*-Ausstrom aus den Organellen. Weitere wie die
Sarko/Endoplasmatische Retikulum-Ca’*-ATPase (SERCA), die sekretorische Signalweg-Ca®*-ATPase (SPCA) und der mitochondriale
Uniporter (MCU) speichern zytosolisches Ca’* im ER, Golgi und den Mitochondrien, wihrend Ca’*-ATPasen der Plasmamembran
(PMCA) aktiv Ca’* aus dem Zytosol in den extrazelluliren Raum ausschleusen und zusammen mit NCX eine Rolle bei der
Wiederherstellung der ruhenden intrazelluliren Ca’*-Konzentration von ~ 100 nM spielen. Das Ca®*-Signal reguliert verschiedene
Ca’*-abhiingige Transkriptionsfaktoren und kann zusitzlich durch Ca’*-bindende Proteine wie Calmodulin gesteuert werden.

Abbildung basierend auf Berridge et al.*’, Marchi und Pinton*® und Stewart et al.>'.

Der extrazelluldre Einstrom von Ca*" in das Zytoplasma wird durch den elektrochemischen Gradienten entlang
der Plasmamembran angetrieben und mit Hilfe der Aktivierung von verschiedenen Eintrittskandlen
ermdglicht*’. Hierzu zihlen unter anderem spannungsabhingige Ca>*-Kanéle (VGCC, engl. voltage gated Ca’*
channel) und ligandengesteuerte Kationenkandle wie die durch Adenosintriphosphat (ATP) aktivierten

ionotropen Purinozeptoren vom Typ P2X*,



EINLEITUNG | 7

Die Aktivierung von G-Protein gekoppelten Rezeptoren (GPCR, engl. G-protein coupled receptor) etwa durch
ATP wie der Purinozeptor Typ P2Y,%" reguliert den zytosolischen Ca?*-Einstrom aus dem intrazelluliren ER-
Speicher iiber den Phospholipase C Signalweg. Dieser ermoglicht die Spaltung von Phosphatidylinositol-4,5-
Bisphosphat (PIP,) in Inositoltriphosphat (IP;) und Diacylglycerin (DAG)*®*%°. Wihrend DAG die
Proteinkinase C aktiviert®, dockt IP; im ER an IP;-Rezeptoren (IP;R) an und 16st die Ca**-Ausschiittung aus®'.
Die erschopften Vorrite des ER konnen durch extrazellulires Ca?" hauptsichlich iiber Sarco/Endoplasmatische
Retikulum Ca*-ATPasen (SERCA) wieder aufgefiillt werden®?. Dies trigt zur Ausschaltung des Ca®*-Signals
bei*.

Die Wiederherstellung des normalen zytoplasmatischen Ca**-Levels erfolgt zusitzlich durch das Ausschleusen
iiber die Ca?*-ATPasen der Plasmamembran (PMCA) und die Pufferwirkung der Mitochondrien®, die einen
GroBteil der vom ER ausgeschiitteten Ionen iiber den mitochondrialen Ca?*-Uniporter (MCU) aufnehmen®.
Diese werden nur allmihlich iiber Na*/Ca?*-Austauscher (NCX) in das Zytoplasma zuriickgegeben*®, um dann
von SERCA und PMCA kontrolliert aus der Zelle transportiert zu werden*’. Ca*" reguliert hier die
mitochondriale Atmung und die ATP-Synthese; eine mitochondriale Ca?>*-Uberlastung kann iiberdies Apoptose
auslésen®. Im Golgiapparat wird die Aufrecht-erhaltung des Ca*"-Spiegels vorwiegend iiber SPCA (engl.
secretory-pathway Ca’*-ATPases) sowie IP3R reguliert®. Dort ist Ca?* von entscheidender Bedeutung fiir die

enzymatische Aktivitéit bei der Modifikation, dem Transport und der Sekretion von Proteinen und Lipiden®.

Aufgrund dieser fundamentalen zellphysiologischen Aufgaben ist die Beeinflussung der Ca’*-Dynamik durch
Eigenschaften der Materialoberflache von besonderem Forschungsinteresse. In der vorliegenden Arbeit wurde
sich dieser komplexen Dynamik vor allem durch Messung der intrazelluliren Fahigkeit zur Ca?*-Mobilisierung
durch externe ATP-Stimulation auf Materialbeschichtungen verschiedener {-Potenziale gendhert, um Aussagen

iiber den Einfluss von Oberfldchenladungen auf die Zellphysiologie treffen zu kdnnen.
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2 FRAGESTELLUNG UND UNTERSUCHUNGSZIEL

Die Entwicklung und Anwendung von orthopddischen und dentalen Biomaterialien erfordert eine
umfangreiche Kenntnis von Materialeigenschaften sowie ein Verstindnis zu Wechselwirkungen von
Materialien mit dem biologischen System. Die vorliegende Arbeit ist im Rahmen des Teilprojektes A03 des
von der Deutschen Forschungsgemeinschaft geforderten Sonderforschungsbereichs (SFB) 1270/1 ELAINE
»Elektrisch Aktive Implantate* entstanden (www.elaine.uni-rostock.de, 299150580). Ziel dieser Dissertation
war es, die Zellphysiologie und Morphologie von Osteoblasten durch gezielte Materialoberflichenladungen,

abgeleitet vom {-Potenzial, zu verbessern.

Es besteht Grund zur Annahme, dass Oberflichenladungen eine entscheidende Rolle bei der Zell-Material-
Interaktion spielen. Die Oberflache von Osteoblasten ist aufgrund ihrer Hyaluronsiurehiille negativ geladen.
Man kann davon ausgehen, dass eine positiv geladene Materialoberfliche fiir die elektrostatischen
Wechselwirkungen bei der ersten Zellbegegnung attraktiv ist. Folgende Fragen sollten daher in dieser Arbeit

beantwortet werden:

D Ist das (-Potenzial der Materialoberfliche ein entscheidender Faktor fiir die Zell-Material-
Interaktion?
(II) Konnen positive Ladungen generell Zellfunktionen beglinstigen? Oder gibt es einen bestimmten

Bereich des -Potenzials der von Osteoblasten bevorzugt wird?

Um diese zu beantworten, waren systematische Experimente mit diversen chemischen Modifikationen von
planaren Ti-Oberfldchen erforderlich. In enger Kooperation mit dem SFB Teilprojekt A04 der Universitét
Greifswald (Prof. C. A. Helm), dem Leibniz-Institut fiir Plasmaforschung und Technologie e. V. (INP) in
Greifswald (Dr. K. Fricke), der Industrieforschungseinrichtung INNOVENT e. V. in Jena (Dr. M.
Schnabelrauch) und der Universitit Regensburg (Prof. R. Miiller) wurden die Oberflichen mit
Aminopolymeren, EZM-Proteinen und Peptidmotiven, Polyelektrolytmultischichten sowie mit Gold
funktionalisiert und charakterisiert. Um das Zellverhalten auf den negativ und positiv geladenen
Materialoberflichen zu erfassen, wurde die Zellmorphologie, die intrazellulire Ca**-Dynamik und die

Zellviabilitdt analysiert.
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3 METHODEN
Im Folgenden werden diejenigen Methoden aufgefiihrt, die fiir die jeweiligen Publikationen eigenhédndig

durchgefiihrt wurden. Detaillierte Protokolle sind in den Publikationen zu finden (ab Seite 49).

3.1 OBERFLACHENMODIFIKATIONEN

Als Basismaterial und Negativkontrolle fiir die Publikationen II, IV und V wurden planare Silizium-
Oberflachen des Zentrums fiir Mikrotechnologien (ZfM) verwendet, die mit 100 nm Ti besputtert wurden
(nachfolgend als Ti-Oberfldchen bezeichnet). Fiir die Zellexperimente und Bestimmung der Benetzbarkeit
wurden Oberflachen mit einer Gréfle von 1 x 1 x 0,075 cm (Lénge x Breite x Tiefe) und fiir die {-Potenzial-
analyse Oberflachen mit einer GréBle von 2 x 1 x 0,075 cm eingesetzt. Durch die Kooperationen der oben
aufgelisteten Institutionen konnten diverse Modifikationen aus den Kategorien (i) Aminopolymere, (ii) EZM-
Proteine & Peptidmotive, (iii) Polyelektrolytmultischichten (PEM), und (iv) ,,Sonstige* erzeugt und fiir
Zellexperimente genutzt werden. Tabelle 1 fasst die Oberflichenmodifikationen der Ti-Proben zusammen und

verweist auf deren Hersteller sowie die Datenverdffentlichung der Ergebnisse.

Tabelle 1. Kooperationen zur Herstellung unterschiedlich geladener Oberfliichen

N Hersteller .. .
Oberfliche Name Institution Datenveroffentlichung
. Norbert ZfM Chemintz, o
Kontrollen Ti Zichner Schichtabscheidung Publikation II, IV, V
Katja INP Greifswald, S
PPAAm Fricke Bioaktive Oberflichen Publikation II, IV, V
Amino- APTES Manucla In.novent J ena, Publikation V
1 Dubs Biomaterialien

potymere PEI Tutt UR, Publikation V
PPI-G4 Lehntold Kolloid- und Publikation V

PPI-G2 Grenzflichenchemie Mendeley Data%
EZM-Protein Col I Martina UMR, Publikation V
& I-’ep(t)ig- ¢ Matrigel Griining Zellbiologie Publikation V
motive RGD Manucla Inpovent J ena, Publikation V

Dubs Biomaterialien
PSS; ps Sven UHGW, Publikation IV, V
PEM PDADMA 15 bs Neuber | '/eiche Materie und Publikation TV, V
Biophysik
Regina UHRO,
Sonstige Au La%l . Oberflichen — und Mendeley Data%
& Grenzflichenphysik

Abkiirzungen: APTES, 3-Aminopropyltriethoxysilan; Col I, Kollagen Typ I; DS, Doppelschicht; EZM-Proteine, Extrazelluldre Matrix
Proteine; INP, Leibniz-Institut fir Plasmaforschung und Technologie; PEI, Polyethylenimin; PEM, Polyelektrolytmultischichten;
PDADMA, Polydiallyldimethylammoniumchlorid; PPAAm, Plasma polymerisiertes Allylamin; PPI-G2/4, Polypropylenimin
Dendrimere (Generation 2/4); PSS, Polystyrolsulfonat; RGD, Arginin-Glycin-Aspartat Sequenz; Ti, Titan, UHGW, Universitét
Greifswald; UHRO, Universitdt Rostock; UMR, Universitidtsmedizin Rostock; UR, Universitdt Regensburg; ZfM, Zentrum fiir

Mikrotechnologien.
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3.2 OBERFLACHENCHARAKTERISIERUNG

Die Modifikationen wurden anhand der Oberflachenladung mittels {-Potenzialmessung (Publikation IIL, IV, V)
und der Benetzbarkeit anhand der Bestimmung des Wasserkontaktwinkels 6 (WCA, engl. water contact angle)
und der freien Oberflichenenergie (SFE, engl. surface free energy) (Publikation II, IV, V) charakterisiert.
Folgend werden Grundlagen des (-Potenzials und des WCA, sowie der SFE dargelegt.

3.2.1 (-POTENZIAL

Das (-Potenzial (elektrokinetisches Potenzial) beschreibt das Ladungsverhalten an der Schnittstelle der
Materialoberflache zur Fliissigkeit und ist ein Indikator fiir die Oberflichenladung. Alle Materialien erhalten
spontan eine oberflichenelektrische Ladung im Kontakt mit Wasser. Dies erfolgt hauptsdchlich durch Saure-
Base-Reaktionen auf beschichteten Oberfldchen zwischen den funktionalen Gruppen von Proteinen, Polymeren
oder Polyelektrolyten und Wasser oder durch Adsorption von Wasserionen auf Oberfldchen ohne funktionale
Gruppen. Saure Gruppen wie Carbonsdure-, Sulfonséure- oder Hydroxylgruppen dissoziieren in Wasser und
sind somit negativ geladen. Basische Gruppen wie Aminogruppen werden protoniert und nehmen eine positive
Ladung an. Hierbei spielt der pH-Wert eine entscheidende Rolle.

Anhand des Models der elektrischen Doppelschicht (EDL, engl. electrical double layer) lasst sich das
Phédnomen vereinfacht darstellen (Abb. 3A). Die Materialoberflichenladung wird durch spezifisch
adsorbierende Gegenionen neutralisiert. Dieser der Oberfliche am néchstliegenden Bereich wird als stationire
Phase bezeichnet und gilt als unbeweglich. Die darauffolgende diffuse Phase zeichnet sich durch die Diffusion
und thermische Bewegung zufillig verteilter Ionen aus. Die Grenze zwischen dem Rand der stationéren und
diffusen Schicht wird als Scherungs- oder Abscherschicht bezeichnet. Das elektrische Potenzial sinkt erst
linear, dann exponentiell in der diffusen Schicht auf null ab. Wiahrend das tatsdchliche Oberflachenpotenzial
Wo unzuginglich ist, kann das {-Potenzial in der Abscherschicht bestimmt werden®’.

Bei der Messung zweier sich gegeniiberliegenden Oberfliachen am elektrokinetischen SurPASS™ Messgerit
(Anton Paar GmbH) bewegt sich die wiéssrige Losung aufgrund eines angelegten Drucks in der Messzelle und
Scherkrifte wirken auf die Gegenionen. Durch die Ladungstrennung entsteht ein Strdomungspotenzial, das
mittels Elektroden ermittelt werden kann. (Abb. 3B). Anhand der Formel von Hermann von Helmholtz und

Marian von Smoluchowski berechnet die Attract Software (Anton Paar GmbH) das {-Potenzial:

_ dlgy 1 L . .
{= v X Txe X (Helmholtz Smoluchowski Gleichung)

wobeli, ly das Stromungspotenzial, p der Druck, n die Viskositit und ¢ die Dielektrizititskonstante der

wiassrigen Losung, L die Lange und A die Weite x Hohe der Messkammer ist.
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Abbildung 3: Bestimmung des {-Potenzials als ein Indikator fiir die Oberflichenladung. (4) Das (-Potenzial ist das elektrische
Potenzial an der Abscherschicht zwischen der fiir Gegenionen unbeweglichen stationdren und fiir lonen beweglichen diffusen Phase
der elektrischen Doppelschicht. Das tatsdchliche Oberflichenpotenzial Vo ist unzugdnglich. (B) Aufgrund des angelegten Durchflusses
einer wdssrigen Losung wirken Scherkrifte auf die Gegenionen der Oberflichenladung, resultierend in einer Ladungstrennung. Das
so entstandene Stromungspotenzial wird mittels Elektroden gemessen und anhand der Helmholtz Smoluchowski Gleichung in das (-

Potenzial umgerechnet. Abbildung basierend auf Ferraris et al.®” und LLS Health CDMO Website®®.

3.2.2 WASSERKONTAKTWINKEL UND FREIE OBERFLACHENENERGIE

Der WCA ist ein MaB fiir die Benetzbarkeit einer Oberfliche durch Wasser. Bei vollstdndiger Benetzung ergibt
sich ein WCA von 0°. Zwischen 0° und 90° gilt die Oberfliche als hydrophil, iiber 90° als hydrophob.
Ultrahydrophobe Materialien mit dem sogenannten ,,Lotuseffekt* nédhern sich dem theoretischen Grenzwert
des WCA von 180°%”. GemiB der Young’schen Gleichung resultiert der WCA aus einem vorherrschenden

Kriftegleichgewicht dreier Komponente:
0,= 0 s+0;Xcos0, (Young’sche Gleichung)

wobei o5 (s, engl. solid) die freie Oberflichenenergie, o1 (1, engl. liguid) die Oberflichenspannung der
Fliissigkeit und ois die Grenzflachenspannung zwischen Materialoberfldche und Fliissigkeit ist (Abb. 4). Er
wird mittels Tropfenkonturanalyse (DSA, engl. drop shape analysis) der ADVANCE Software (Kriiss GmbH)
bestimmt, bei der anhand der Auswertung der Grauwerte des aufgenommenen Bildes eines liegenden Tropfens
zum einen die Basislinie (Kontakt zwischen Tropfen und Materialoberfliche) und zum anderen der

Tropfenumriss erkannt wird.

Wasser
Kamera T Lichtquelle

H - S Basislinie ST el 4 @

Materialoberflache
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Abbildung 4: Messung des Kontaktwinkels zur Bestimmung der Benetzbarkeit einer Oberfliiche mittels Tropfenkonturanalyse. Der
Kontaktwinkel 0 ist ein Maf fiir das Vermdégen einer Fliissigkeit (hier: Wasser) eine Materialoberfliche zu benetzen. Die Form, die ein
Tropfen auf der Fliche annimmt, hingt von der freien Oberflichenenergie (os), der Oberflichenspannung der Fliissigkeit (o)) und der
Grenzfldchenspannung zwischen Materialoberfldiche und Fliissigkeit (o1s) ab. Der Kontaktwinkel wird anhand eines durch eine Kamera
aufgenommenen Bildes eines liegenden Tropfens an der Grenze zwischen der Tropfenkontur und dem Oberflichenrand (Basislinie)

gemessen. Abbildung basierend auf DataPhysics Instruments Website®.

Wihrend der WCA alleine nur einen Hinweis auf die Benetzung der Materialoberfldche gibt, ist die SFE ein
quantitatives MaB fiir die intermolekularen Kréfte an der Materialgrenzfldche. Zu diesen Kréften zdhlen
dispersive van-der-Waals-Krifte wie Londonsche Dispersions- und Debye-Wechselwirkungen sowie polare
Wasserstoffbriickenbindungen und Dipol-Dipol-Wechselwirkungen. Ist die SFE hoch, wird das Material leicht
von jeder Fliissigkeit benetzt. Um die SFE zu bestimmen, wird am héaufigsten das Modell nach Owens, Wendt,
Rabel und Kaelble (OWRK) angewendet, das mit Kontaktwinkeln zweier Fliissigkeiten mit bekannten polaren

und dispersiven Anteilen der Oberflichenspannung auskommt (typischerweise Wasser und Diiodomethan).

3.3 ZELLBIOLOGISCHE UNTERSUCHUNGEN
Fiir die zellbiologischen Untersuchungen auf den Oberflichen wurden humane MG-63 Osteoblasten (ATCC®,
CRL1427™) verwendet, die sich zur Untersuchung der Zell-Material-Interaktion eignen” und deren

Eigenschaften den der primiren Osteoblasten dhneln’!7,

3.3.1 ZELLMORPHOLOGIE

Anhand der Zellmembranmarkierung mit dem rot fluoreszierenden Farbstoff PKH26, der sich mit langen
aliphatischen Schwinzen stabil in die Lipidregionen der Zellmembran einbaut, konnte die Zellflache und
Kreisformigkeit nach 1, 3 und 12 h Kultivierung (Publikation IV) mittels Photoshop CC 2017 ausgemessen
werden. Dabei berechnet die Software die Kreisformigkeit K wie folgt:

4-1TXAC
K = T
4

(Kreisformigkeit)
wobei Ac die Zellfliche und Uc der Zellumfang ist (C, engl. cell). Ein perfekter Kreis wird durch einen Wert
von 1,0 und ein zunehmend lang gestrecktes Polygon durch einen gegen 0 konvergierenden Wert beschrieben.
Zusitzlich konnte die Zellfldche und Kreisformigkeit nach einem Kultivierungszeitraum von 24 h von vital mit
dem Ca*-Indikator Fluo-3 gefirbten Zellen mit Photoshop ermittelt werden (Publikation IV, V).

Rasterelektronenmikroskopische (REM) Aufnahmen dienten zur genaueren Betrachtung der Zellmorphologie

nach 24 h Kultivierung (Publikation V).

3.3.2 INTRAZELLULARE Ca’**-DYNAMIK
(1) Voruntersuchungen: ATP-Rezeptoren, ATP-Konzentration, Ca’*-Ursprung (Publikation V)
Intrazellulires Ca?" kann durch externe ATP-Stimulation mobilisiert werden. Daher wurde fiir die Ca?'-

Mobilisierungsversuche in Publikation V zunéichst der Nachweis von G-Protein-gekoppelten ATP-Rezeptoren
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(P2Y:) und ATP-abhdngigen Liganden-gesteuerten lonenkandlen (P2X;) mittels immunzytochemischer
Férbung in Zusammenarbeit mit Dr. Susanne Stihlke (UMR, Zellbiologie) erbracht. Zusétzlich wurde anhand
eines Zellviabilititstests (MTS, siehe 3.3.3) iiberpriift, welche ATP-Konzentration fiir die Stimulation der Ca**-
Mobilisierung geeignet ist. Zudem konnen die mobilisierten Ca’"-Ionen extrazelluldren oder intrazelluliren
Ursprungs sein. Dies wurde anhand von ATP-Stimulation (siehe 3.3.2 (3)) in Ca*"-haltigem Puffer oder in

Abwesenheit von Ca?" (Ausschluss des extrazelluliren Einstroms) ermittelt.

(2) Ca’*- Aktin Vitalfirbung (BacMam)

Das intrazelluldre basale Ca**-Signal wurde nach einem Kultivierungszeitraum von 1 h mittels vitaler Fluo-3-
und Hoechst-Firbung untersucht (Publikation V). Um das basale Ca’*-Signal nach 24 h Zellkultivierung zu
visualisieren, erfolgte die Doppelfarbung von Fluo-3 und Hoechst an Aktin-RFP (RFP, engl. red fluorescent
protein) transfizierten Zellen (Publikation I, V). Diese Transfektion erfolgte mit Hilfe der BacMam-
Technologie, welche auf dem Gentransfer von Baculoviren in Mammalia-Zellen basiert, um das gewlinschte
Zielprotein (hier: Aktin) zu exprimieren. Hierfiir sind die Baculoviren mit einem von Siugetierzellen
erkennbaren Promoter oberhalb des Zielgens modifiziert. Die Genexpression in den Zellen beginnt 4-6 h nach
Transfektion und ist innerhalb von 24 h maximal. Allerdings werden wie bei jeder Transfektionstechnik nicht
alle Zellen gleich effiziert transfiziert. Fiir ein optimales Expressionslevel wurde die Zellzahl sowie das bei

Zellaussaat zugegebene Volumen der BacMam-Losung adjustiert.

(3) Ca’*-Mobilisierung (Publikation V)

Die intrazelluldre Ca?*-Dynamik in Abhingigkeit unterschiedlicher Oberflichenladungen wurde mittels Ca**-
Imaging Technik untersucht (Publikation V). Abbildung 5 zeigt die methodischen Hauptschritte von
Zelleinsaat bis zur Berechnung der mittlere Fluoreszenzintensitit (MFlc; engl. mean fluorescent intensity of
cells) der Fluo-3 gefarbten Zellen. Nach einer Kultivierung von 24 h wurden die Zellen mittels des nicht-
ratiometrischen Ca®-Indikators Fluo-3 griin geférbt. Ca*'-Indikatoren sind Molekiile, die zur Darstellung
raumlicher Dynamiken von Ca**-Signalen verwendet werden. Im Ruhe- und Ca*'-freien Zustand weisen sie
minimale Fluoreszenz auf. Diese erhoht sich um mehr als das 100-fache, wenn sie Ca?* binden’. Fluo-3 zihlt
zu den geeignetsten Ca”**-Indikatoren fiir die konfokale Laser-Scanning-Mikroskopie (LSM)*, wenn die
Wirkung externer Reize ohne eine absolute Konzentrationsbestimmung untersucht wird*. Der Indikator ist an
ein Acetoxymethyl (AM)-Ester gebunden, was eine passive Diffusion in die Zellen ermdglicht. Intrazellulére
Esterasen spalten die AM-Gruppe ab und schlieBen somit den Farbstoff in der Zelle ein. Unter dem inversen
konfokalen LSM wurden die Zellen mit ATP stimuliert (Abb. 5A), wéhrend eine Zeitserie iiber 8 min
aufgenommen und so das basale Ca®*-Signal und die Ca**-Mobilisierung nach ATP-Stimulation bei 180 s
erfasst wurde (Abb. 5B). Hierbei wurde mit einer maximal gedffneten Lochblende (engl. pinhole) gearbeitet,

um das gesamte Ca**-Signal verlustfrei zu dokumentieren.
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Zur quantitativen Ermittlung der Ca?*-Signal-Rohdaten wurden 10 Kistchen pro Oberfliche (1 Kistchen pro
Zelle mit einer definierten Flaiche Aror von 100 pm?) tiber die Aufnahmen gelegt und mittels ,,Mean ROI*-
Funktion (ROI, engl. region of interest) der ZEN blue Software analysiert (Abb. SC). Diese MFI innerhalb der
Kistchen wird als MFIror bezeichnet und beinhaltet die Ca®'-Signale der 10 Zellen iiber die gesamte
Aufnahmedauer von 8 min (sieche Diagramm in Abb. 5C). Fiir die weitere Auswertung wurden die MFIroi-
Werte in den Bereichen vor (0-170 s) und nach der ATP-Stimulation (maximales Signal zwischen 190-240 s)
als MFIg (B fiir basal) und MFI, (A fiir engl. after) definiert.

Aufgrund von Unterschieden in der Zellfliche, die das Ca?-Signal beeinflussen konnen, wurde im letzten
Schritt die gemittelte Zellfliche Ac (in um?) in der Berechnung der MFI¢ beriicksichtigt (Abb. 5D). Im
Vergleich zu einer flach ausgebreiteten Zelle ist das Ca**-Signal einer kugelformigen Zelle auf eine kleinere
Flache konzentriert (mehr Zellvolumen unter der Flache, da die Zellhdhe entsprechend groBer ist), was bei
einer maximal gedffneten Lochblende zu erhohten MFIroi-Werten fiihrt. Zur Veranschaulichung lésst sich
dieser Effekt mit einer Punktlichtquelle (kugelige Zelle) und einem groBflidchigen Scheinwerferlicht (flach
ausgebreitete Zelle) vergleichen. Unter der Annahme, dass das Ca?*-Signal in der Zelle gleichmiBig verteilt ist
(d.h., dass die MFIror-Werte unabhédngig von der Késtchenpositionierung in der Zelle sind), wurden alle MFI-
Werte auf Ac der jeweiligen Oberflidche und der definierten Fldche von Aror normiert. Der Anstieg des Ca?'-
Signals (Ca**-Mobilisierung, MFIa.g) auf den Oberflichen berechnete sich letztendlich aus der Differenz von

MFI4 und MFIg.
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Abbildung 5: Messung der intrazelluliren Ca**-Dynamik mittels Ca’*-Imaging Technik. (4) Zellbehandlung: Nach einer
Kultivierung von 24 h werden die Zellen mit dem Ca’*-Indikator Fluo-3 gefiirbt und mit ATP stimuliert. (B) Aufnahme am LSM780:
Die Ca’*-Mobilisierung wird iiber eine Zeitserie von 8 min dokumentiert. Dabei wird zundichst das basale Ca’*-Signal (0-170 s)
aufgenommen. Nach 180 s erfolgt die ATP-Stimulation der Zellen, wobei die maximale Zellreaktion zwischen 190 und 240 s liegt. (C)
Rohdatengenerierung: Die mittlere Fluoreszenzintensitdt (MFI) von 10 Kdstchen/10 Zellen wird anhand der ZEN blue Funktion ,, Mean
ROI* ermittelt (MFIror) und teilt sich in die Bereiche MFIs (basal, 0-170 s) und MFI4 (nach ATP-Stimulation, 180-240 s). (D)
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Berechnung des Ca**-Signals: MFIror ist von der Zellgrofle abhiingig. Im Gegensatz zu einer flach ausgebreiteten Zelle (Vergleich
Scheinwerferlicht) ist das Ca’*-Signal einer kugelfsrmigen Zelle (Vergleich Punktlichtquelle) auf eine kleinere Fliche konzentriert.
Um die MFI der Zellen (MFIc) zu erhalten, werden daher die MFIro-Werte auf die mittlere Zellfliche Ac und die definierte

Kdstchengrdfe von 100 um? (Aror) normiert.

3.3.3 ZELLVIABILITAT

Untersuchungen zur Zellviabilitdt (Publikation V) fanden anhand drei verschiedener Messprinzipien statt. Der
kolorimetrische ~ Stoffwechselaktivititstest (MTS) weist NADH(P)H-abhingige Dehydrogenasen in
mitochondrial aktiven und lebensfihigen Zellen nach, indem diese Enzyme gelbes MTS-Tetrazolium zu
violettem Formazan reduzieren. Mit Hilfe der fluoreszenzmikroskopischen Lebend/Tot-Férbung konnten die
Esteraseaktivitit (Calcein) und Membranintegritit (Ethidium-Homodimer) erfasst werden. Zudem konnte
anhand der durchflusszytometrischen Zellzyklusanalyse die proliferative Phase PP, basierend auf der mit

Propidiumiodid angeférbte DNA-Menge, wie folgt berechnet werden:
PP =S+ G2/M, (Proliferative Phase)

wobei wihrend der S-Phase (S, engl. synthesis) die Replikation der DNA und in der G2-Phase (G, engl. gap)
Qualitétskontrollen und Vorbereitungen auf die bevorstehende Zellteilung (M, Mitose) stattfinden, sodass hier

ein tetraploider Chromosomensatz vorliegt.

3.4 STATISTIK

Die statistische Auswertung und Darstellung der Daten erfolgte mit der Software GraphPad Prism Version 6.05
fiir Windows. Da die Daten nicht normalverteilt vorlagen (D'Agostino-Pearson Omnibus und Shapiro-Wilk-
Test), wurde zum einen der nichtparametrische Kruskal-Wallis-Test gefolgt von Dunn’s Post-hoc-Test mit dem
Signifikanzwert p < 0,05 fir Werte der Zellflache (Publikation IV), der Morphologie/ Kreisformigkeit, der
Ca’"-Mobilisierung und Proliferation (Publikation V) durchgefiihrt. Zum anderen wurde der Mann-Whitney-
U-Test fir Werte des Ca*-Ursprungs und der gepaarter Wilcoxon-Rangsummen-Test fiir Werte der
Zellviabilitdt (MTS) (Publikation V) mit dem Signifikanzwert p < 0,05 angewendet. Die Daten der Zellfliche
(siche Publikation VI) wurden als Boxplots mit Median, Interquartilsabstand (IQR, engl. interquartile range),
sowie Minimal- und Maximalwert dargestellt. Daten in Publikation V wurden als (i) Mittelwert + sem
(Standardfehler, engl. standard error of the mean) fir MFIc-Werte, (ii) Mittelwert = SD (Standardabweichung,
engl. standard deviation) fiir Proliferations- und Zellflichenwerte, sowie flir WCA-, SFE- und {-Potenzial-
Werte, und (iii) Median + IQR fiir Kreisformigkeits- und MTS-Werte dargelegt.

Fiir die zusammenfassenden Abbildungen 7 und 9 in dieser Arbeit wurden die Werte mittels Mann-Whitney-

U-Test auf Signifikanzen geprift (p < 0,05).



ERGEBNISSE | 17

4 ERGEBNISSE

In diesem Abschnitt werden die Publikationen in Form von Kurzfassungen mit Hintergrund, Ergebnissen, Fazit
und personlichem Beitrag vorgestellt. Publikationen I und II (Nebe et al. 2019, Staehlke et al. 2018) eréffnen
Grundlagen fiir Publikationen IV und V (Gruening et al. 2020, Gruening et al. 2020), die die Eigen- und
Hauptarbeit dieser Dissertation darstellen. Publikation III (Lehnfeld et al. 2020) entstand aus der Kooperation
zur Universitit Regensburg. Detaillierte Ergebnisse konnen in den jeweiligen Publikationen eingesehen werden
(ab Seite 49). Zudem werden bei Publikationen IV und V auf zusétzliche zum Teil in Mendeley Data

verdffentlichte Daten verwiesen, die nicht Teil der Manuskripte waren.

4.1 PUBLIKATION I: DIE ZELLATTRAKTIVE PPAAM NANOSCHICHT

HINTERGRUND. Orthopéddische permanente Implantate sollen spezifische zelluldre Reaktionen mit dem Ziel
der Geweberegeneration und der Integrationsbeschleunigung unterstiitzen. In vorangegangener Forschung
wurde gezeigt, dass eine stabile und y-sterilisierbare Oberflichenmodifikation mit plasmapolymerisiertem
Allylamin (PPAAm) nicht nur eine erhdhte Zellaktivitit in vitro, sondern auch eine verbesserte Osseo-
integration in vivo fordern kann’*. Die homogene Nanoschicht trigt aufgrund von Aminogruppen eine positive
Oberflachenladung und wechselwirkt somit elektrostatisch mit der negativen Ladung humaner Osteoblasten,
die durch die Carboxylgruppen der Hyaluronsdurehiille hervorgerufen wird®. Infolgedessen entstand die
Annahme, dass eine positive Ladung an der Materialoberflache generell die initiale Zelladhésion vorantreiben
konnte. Die Beschichtung wurde auf unterschiedlichen Biomaterialien wie Ti, Ti-Legierungen,
Kalziumphosphat-Gertiisten oder elektrogesponnenen Polylactid-Fasernetzen angewendet. In diesem Kontext
fasst die Studie die bisherig erzielten Ergebnisse mit PPAAm zusammen. Zudem wurde die Eignung der
Beschichtung (15 s bis 960 s Plasmabehandlung) fiir die Steigerung der Attraktivitit rauer und glatter
Keramikoberflichen fiir Dentalimplantate mit Yttriumoxid-stabilisiertem tetragonalem Zirkoniumoxid

untersucht.

ERGEBNISSE: Die PPAAm-Beschichtung liel sich fiir die Bioaktivierung von Keramikoberflichen unter
Aufrechterhaltung der tetragonalen Kristallstruktur nutzen. Es konnte ein quasi-lineares Schichtwachstum bei
einer Plasmabehandlung von 15 s bis 480 s beobachtet werden. Der Wasserkontaktwinkel (WCA) lag schon
nach einer Plasmabehandlung von 15 s (Schichtdicke < 10 nm) im optimal hydrophilen Bereich zwischen 40°
und 60°, wihrend sich die freie Oberflachenenergie (SFE) auf ~50 mN/m (bei 120 s und 960 s Plasma-
behandlung) erhohte und die Oberfldchenladung (C-Potenzial) bei pH 6 im positiven Bereich lag (+ 33 mV).
Humane MG-63 Osteoblasten zeigten einen sehr gut ausgebreiteten und extrem an die Materialoberfliche
angeschmiegten Phanotyp. Die Adhédsion (10 min nach Zelleinsaat) konnte durch die Oberfldachen-

modifizierung mit PPAAm deutlich verbessert werden.

F4ziT: Die PPAAm-Beschichtung eignet sich auf verschiedenen Materialien fiir die orthopadische und dentale

Implantologie. Die positiv geladene Nanoschicht zeichnet sich durch eine auBergewdhnlich zell-attraktive
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Eigenschaft aus, begriindet in diverser physiologischer Hinsicht, wie z.B. Zellmigration und Vinkulinmobilitat
(Abb. 6). Dementsprechend wurde PPAAm als Positivkontrolle fiir die Zellversuche der Publikationen VI und

V dieser Dissertation eingesetzt.

PERSONLICHER BEITRAG: Etablierung, Optimierung und Durchfithrung der BacMam-Methode (Transfektion
von Aktin-RFP (RFP, engl. red fluorescent protein)) am Laser-Scanning-Mikroskop LSM780 mit
gleichzeitiger Vitalfiarbung von Fluo-3 (Ca**-Indikator) und Hoechst (dSDNA) zur Visualisierung des basalen
Ca’"-Signals und des Aktinzytoskeletts nach 24 h Zellkultivierung auf Ti und PPAAm-modifiziertem Ti;

Manuskript Review.
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Abbildung 6: Eine einzigartige zellattraktive Beschichtung — Riickblick auf die Besonderheiten des Nanolayers PPAAm. Die
Nanobeschichtung eignet sich auf verschiedensten Materialien. Sie ist stabil, sterilisierbar, hydrophil und trigt eine positive
Oberflichenladung™. Sie ist in der Lage die Zellaktivitit und -funktion zu erhéhen: PPAAm verbessert die Zelladhdision und -
ausbreitung sowie die Organisation der Adhéisionskomponente wie Aktin oder Vinkulin®*"¢. Zellen weisen auf PPAAm eine erhéhte
Migration” (Zelle links) und einen extrem flachen Phdinotyp auf’®. Erstaunlicherweise setzt die Nanoschicht die darunterliegende
Topographie auffer Kraft und lisst die Zellen die Kontaktfiihrung ,,vergessen“" (Zelle mittig). Auf Pfostenstukturen hebt PPAAm die
eingeschrinkte Zellfunktion auf und erhoht die Ca’*-Mobilisierung® (Zelle rechts). Zudem kann durch PPAAm die Osseointegration

verbessert werden™. Illustration der Zellen von Dr. Nana-Maria Griining und Helena Noall.
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4.2 PUBLIKATION II: Ca**-MOBILISIERUNG ALS INDIKATOR FUR DIE ZELLPHYSIOLOGIE
HINTERGRUND: Die Oberfldcheneigenschaften der Biomaterialmodifikationen sind ausschlaggebend fiir die
Zell-Material-Interaktion und somit fiir die Integration in das Biosystem. Zellen sind in der Lage diese
Eigenschaften wahrzunehmen; die dadurch ausgelosten physiologischen Prozesse sind allerdings unzureichend
beschrieben. Bisherige Forschung zeigte, dass definiert geometrische Pfostenstrukturen nachteilige
zellphysiologische Prozesse bedingten, welche sich auch durch eine reduzierte intrazellulire Ca®*-
Mobilisierung nach ATP-Stimulation kennzeichneten. Zellen auf PPAAm-beschichteten Pfostenstrukturen
hingegen waren aktiver und reagierten mit einer erhdhten Ca*'-Mobilisierung nach ATP-Zugabe. In diesem
Zusammenhang wurde in dieser Studie die Bedeutung der intrazelluliren Ca®’-Dynamik fiir die
Charakterisierung der Zell-Material-Interaktion auf verschiedenen Oberfldchen (Ti, PPAAm, Collagen Typ I,
IBIDI Zellkulturplastik) in Verbindung mit der Zellviabilitdt humaner Osteoblasten untersucht.

ERGEBNISSE: Die Charakterisierung der Oberflicheneigenschaften mittels WCA-Messungen zeigte
hydrophilere Werte aller Oberflichen (60°-73°) im Vergleich zu unbeschichtetem Ti (85°). Die Oberflachen-
modifizierung mit PPAAm fiihrte zu einer positiv geladenen Oberfldche im physiologischen Bereich bei pH
7,4 ((-Potenzial +8.6 mV). Diese Oberflache resultierte in einer signifikant erhohten Zellviabilitit und in einer
verbesserten intrazelluldren Ca?*-Mobilisierung nach externer ATP-Stimulierung sowohl in MG-63 Zellen, als

auch in primiren humanen Osteoblasten.

FaziIT: Die intrazellulire Ca?*-Dynamik ist ein sensitiver Parameter, der die Zellphysiologie auf Biomaterial-
oberflichen reflektiert. Diese Studie unterstiitzt somit die Annahme, dass die Ca**-Signalkaskade bei der
Transmission externer Signale in die Zelle von wesentlicher Bedeutung ist. Das positive {-Potenzial scheint
hierbei fiir die Ca?*-Mobilisierung eine wichtige Rolle zu spielen. Folglich wurde dieses in vitro-Verfahren als
Hauptmethode fiir den Vergleich verschiedener Oberflachenladungen in dieser Dissertation (Publikation V)

angewendet und kann fiir die Bewertung neuer Biomaterialien von Nutzen sein.

PERSONLICHER BEITRAG: Bestimmung der WCA-Werte von Ti, PPAAm-modifiziertem Ti, Collagen Typ I-
modifiziertem Ti sowie IBIDI Zellkulturplastik am Drop Shape Analyzer DSA-25 mittels Tropfenkontur-
analyse der ADVANCE Software (Kriiss GmbH); Manuskript Review.
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4.3 PUBLIKATION III: {-POTENZIAL ABHANGIGE PROTEINADSORPTION

HINTERGRUND: Die Proteinadsorption ist einer der ersten Prozesse nach der Implantation eines Biomaterials
und kann die weitere Zell-Material-Interaktion beeinflussen. Daher ist es wichtig, den Prozess der
Proteinadsorption zu verstehen und unspezifische Proteinablagerungen zu verhindern. In dieser Studie wurden
auf Grundlage von Polyaminen und Polyamidoaminen (PAMAM) unterschiedliche Strukturen (Dendrimere,
Oligomere, Polymere) synthetisiert und in Hinblick auf die Proteinadsorption mit Einzel-proteinen
(Humanserumalbumin (HSA) und Lysozym) sowie komplexen physiologischen Fliissigkeiten (fotales
Kaélberserum (FKS) und menschlicher Speichel) untersucht. Um letztlich Aufschluss {iber das Proteinverhalten
geben zu konnen, wurde die Proteinadsorption mit den physikochemischen Eigenschaften der Oberflachen (C-

Potenzial, WCA, SFE) korreliert.

ERGEBNISSE: Alle Modifikationen konnten als hydrophil eingestuft werden (WCA <60°) und besalB3en dhnliche
freie Oberflachenenergien (SFE ~46-54 mN/m), wéhrend ihre Amingruppendichten und Oberflichenladungen
unter physiologischem pH 7,4 stark variierten ({-Potenzial: Strdmungspotenzial zwischen -90 und +48 mV).
Hinsichtlich der Benetzbarkeit (WCA, SFE) wurde keine Korrelation festgestellt. Vielmehr korrelierte die
Menge an adsorbiertem Protein stark mit dem (-Potenzial der Oberfldchen-beschichtungen. Fiir die HSA-,
Speichel- und FKS-Losungen (hauptsdchlich negativ geladene Proteine) konnte ein nahezu linearer Anstieg
der Proteinadsorption mit zunehmend positiverem {-Potenzial der Materialoberflachen beobachtet werden. Fiir
das positiv geladene Lysozym konnte ein entgegengesetztes Verhalten (d.h. abnehmende Adsorption mit

steigendem (-Potenzial) beobachtet werden.

FAzIT: Die Proteinadsorption an den Oberflachen wird hauptséchlich durch elektrostatische Effekte dominiert
und ist somit stark vom C-Potenzial abhédngig. Je positiver das (-Potenzial, desto mehr Proteine der
physiologischen FKS-Losung, die standardméBig als Medienzusatz bei der Zellkultivierung eingesetzt wird,

adsorbieren auf der Materialoberflache.

PERSONLICHER BEITRAG: Durchfithrung der {-Potenzial-Messungen (Stromungspotenzial) der Oberflachen-
modifikationen am elektrokinetischen SurPASS™ Messgerit (Anton Paar GmbH) mit Polypropylenimin (PPI)

Dendrimeren der Generationen 2 und 4 sowie Polyethylenimin (PEI) Polymeren; Manuskript Review.
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4.4 PUBLIKATION IV: {-POTENZIAL ABHANGIGE ZELLAUSBREITUNG

HINTERGRUND. Um geeignete Beschichtungen fiir Biomaterialien zu entwickeln, ist ein fundiertes Wissen zur
Zell-Material-Interaktion unerldsslich. Obwohl sich zahlreiche Forschungsgruppen mit diesem Thema
beschiftigen, ist der "Zell-Material-Kommunikationscode" nicht vollstindig entschliisselt. Betrachtet man
beispielsweise die Benetzbarkeit einer Oberfliche, so weist die Literatur darauf hin, dass hydrophile
Oberfldchen die Zelladhésion fordern. Jedoch werden auch kontroverse Ergebnisse berichtet. In dieser Studie
wurde das Augenmerk auf das {-Potenzial gelegt, als ein moglicher dominierender Faktor fiir das Zellverhalten
an der Materialgrenzflache. Es sollten erste Hinweise gesammelt werden, ob positive Ladungen generell
Zellfunktionen begiinstigen konnen. Daher wurde der zeitliche Verlauf der Zellausbreitung humaner
Osteoblasten von 1 h bis 24 h auf funktionalisierten Ti-Oberflichen mit unterschiedlichen Oberflachen-
ladungen untersucht und Daten beispielhafter Oberfldchen mit negativer (Ti, PSS), moderat positiver (PPAAm)
und stark positiver Ladung (PDADMA) publiziert. Im Folgenden werden die Ergebnisse aller 12 untersuchten

Oberflachen beschrieben.

ERGEBNISSE: Die Zellausbreitung der MG-63 Osteoblasten richtete sich stark nach dem {-Potenzial der
Oberflichen (Abb. 7). Abbildung 7A zeigt die Zellfliche nach 1 h und 24 h auf unterschiedlich geladenen
Oberflachen, Abbildung 7B die Kreisformigkeit. Hierbei wird ein perfekter Kreis durch einen Wert von 1,0
und ein zunehmend lang gestrecktes Polygon durch einen gegen 0 konvergierenden Wert beschrieben. Nach 1
h Kultivierung zeigten Oberflichen mit moderat positivem (-Potenzial (+1 mV bis +10 mV) die grofBite
Zellflache, wihrend die Kreisformigkeit der Zellen noch auf allen Oberfldchen erhoht war (0,6 bis 0,8). Nach
24 h wiesen Oberfldchen mit negativen (-120 mV bis -3 mV) und moderat positiven Ladungen kaum
Unterschiede in der Zellfliche auf, wohingegen sich die Fliche auf stark positiven Oberflachen (+50 mV bis
+55 mV), nach anfinglich besserer Ausbreitung als auf negativen Oberflichen, drastisch reduzierte. Die
Kreisformigkeit lag zwischen 0,7 und 0,8 (im Vergleich zu 0,3 bis 0,5 der negativen und moderat positiven
Oberflachen). Der Riickgang der Zellflache auf PPI-G4-modifizierten Oberflichen war im Zeitraum von 12 h
bis 24 h am deutlichsten (0,3-fach, Abb. 8). Bei PDADMA-modifizierten Oberfldchen erfolgte die Abnahme
der Zellflache bereits nach 1 h. Hier war der Flachenverlust zwischen 1 h und 3 h am stirksten (0,5-fach,

Publikation 1V).

FaziT: Das (-Potenzial spielt fiir die zeitliche Zellausbreitung und die Zellform eine entscheidende Rolle.
Humane MG-63 Osteoblasten scheinen hierbei jedoch nur einen bestimmten Bereich des {-Potenzials im
moderat Positiven zu favorisieren. Die Oberflachenbenetzbarkeit (WCA, SFE) stellt eine eher untergeordnete

Rolle dar.

PERSONLICHER BEITRAG: Versuchsplanung und -durchfithrung, Datenerhebung, -auswertung und -
visualisierung von insgesamt 12 Materialoberflichen (davon vier in Publikation IV verdffentlicht);

Koordination der Kooperationen mit dem SFB Teilprojekt A04 der Universitit Greifswald (Prof. C. A. Helm),
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dem Leibniz-Institut fiir Plasmaforschung und Technologie e¢. V. (INP) in Greifswald (Dr. K. Fricke), der
Industrieforschungseinrichtung INNOVENT e. V. in Jena (Dr. M. Schnabelrauch) und der Universitit
Regensburg (Prof. R. Miiller); Manuskriptpraparation.
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Abbildung 7: {-Potenzial abhingiger Verlauf der zeitlichen Zellausbreitung. (4) Osteoblasten auf moderat positiven Oberflichen
(+1 mV bis +10 mV) weisen nach 1 h die héchste Zellfliche auf (1791 £ 275 um?). Diese Zellfliche dndert sich innerhalb von 24 h nur
geringfiigig (1669 + 66 um?). Zellen aufnegativ geladenen Oberflichen (-120 mV bis -3 mV) besitzen zundichst eine geringere Zellfliche
nach 1 h (838 + 114 um?), breiten sich jedoch innerhalb von 24 h so aus, dass sie das gleiche Niveau der Zellen auf moderat positiven
Oberfldchen erreichen (roter Pfeil, 1513 + 108 um? nach 24 h). Zellen auf stark positiven Oberflichen (+50 mV bis +55 mV) zeigen
eine anfingliche signifikant bessere Ausbreitung (1321 + 89 um?) als auf negativen Oberflichen, doch nimmt die Fldche innerhalb von
24 h stark ab (roter Pfeil, 510 + 65 um?nach 24 h). (B) Wihrend die Zellform auf negativen und moderat positiv geladenen Oberflichen
innerhalb von 24 h von kreisformig zu einer langgestreckteren Form wechselt, weisen Zellen auf stark positiv geladenen Oberflichen
eine gestorte Zellausbreitung auf und behalten ihre kreisformige Morphologie bei. Darstellung: Beispielhafte mikroskopische
Aufnahmen PKH26 gefirbter Zellen nach 1 h auf Ti, PPAAm und PDADMA; Zellfliche nach 1 h und 24 h sowie (-Potenziale in
Mittelwerte + SD; Kreisformigkeit nach 1 h und 24 h in Mediane,; negativ geladene Oberflichen: Au, PSS, Ti, Matrigel und Col I;
moderat positiv geladene Oberflichen: RGD, APTES, PPAAm und PEI; stark positiv geladene Oberflichen: PPI-G4, PDADMA und
PPI-G2. (Statistik nicht in Abbildung enthalten: Mann-Whitney-U Test, p < 0.05, Signifikanzen nach 1 h: - vs. + und - vs. ++;

Signifikanzen nach 24 h: - vs. ++ und + vs. ++).
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Abbildung 8: Zeitlicher Verlauf der Zellausbreitung auf PPI-G4 im Vergleich zu Ti und PPAAm in Anlehnung der Publikation IV.
Zellen auf PPI-G4 breiten sich nach 1 h signifikant besser aus als auf Ti. Ab 3 h tritt jedoch eine drastische Reduktion der Zellfldiche
ein. (Darstellung: Mediane + IQR mit Maximum und Minimum; Kruskal-Wallis + Dunn's, p < 0.05, * Signifikanz zu Ti und # Signifikanz
zu PPAAm; n = 3 unabhdngige Experimente).
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4.5 PUBLIKATION V: {-POTENZIAL ABHANGIGE Ca?*-MOBILISIERUNG UND ZELLVIABILITAT

HINTERGRUND: Die vorherige Studie IV zeigte, dass positive Ladungen an der Materialgrenzflache nicht
generell die Zellausbreitung begiinstigen konnen. Daher bestand Grund zur Annahme, dass dies auch auf
weitere Zellaktivititen zutrifft. In dieser Studie wurde daher die intrazellulire Ca?*-Dynamik, metabolische
Aktivitdt, Membranintegritdt und Proliferation humaner MG-63 Osteoblasten nach einer Kultivierungsdauer
von 24 h auf funktionalisierten Ti-Oberflichen (Aminopolymere, EZM-Proteine & Peptidmotive, PEM) mit
einem breiten Spektrum an {-Potenzialen vom Negativen (-90 mV bis -3 mV), moderat Positiven (+1 mV bis
+10 mV) bis zum stark Positiven (~50 mV) untersucht. Nachfolgend werden die Ca?*-Mobilisierungs-
ergebnisse beziiglich eines {-Potenzialbereichs von -120 mV bis +55 mV dargestellt (zusitzliche Daten der Ti-

Modifikationen mit Au (- 120 mV) und PPI-G2 (+ 55 mV) sind im verlinkten Mendeley Dataset®® zu finden).

ERGEBNISSE: Ein Anstieg des intrazelluliren Ca**-Signals (Ca®"-Mobilisierung, MFI4.) auf den Oberflichen
wurde durch externe ATP-Stimulation ausgeldst und berechnete sich aus der Differenz der mittleren
Fluoreszenzintensitdt nach Stimulation (MFIs, A fiir engl. after) und der mittleren basalen Fluoreszenz-
intensitdt (MFIg, B fiir basal). Eine signifikante Verbesserung der intrazelluldren Ca®’-Mobilisierung wurde
auf Oberfldchen mit moderat positiven (955 + 146 MFIa.) im Vergleich zu negativen {-Potenzialen (426 + 55
MFIa.B) erreicht (Abb. 9). Dramatische Verluste der Zellaktivitdt wurden auf Oberflichen mit einem stark
positiven {-Potenzial beobachtet. Auf diesen Oberflichen war die Ca*-Dynamik deutlich gestort; die Zellen
konnten kaum auf eine externe ATP-Stimulation reagieren (52 + 68 MFI4.g). Dariiber hinaus wies der MTS-
Test auf eine Reduktion der metabolischen Aktivitdt zwischen 10% (PPI-G4) und 23% (PDADMA) im
Vergleich zu Ti hin. Die Lebend/Tot-Fiarbung zeigte, dass einige Zellen auf PPI-G4- und PDADMA-
funktionalisierten Oberflichen ihre Membranintegritét verloren. Zusétzlich konnte dokumentiert werden, dass
die Proliferation im Vergleich zu Ti zwischen 12% (PPI-G4) und 40% (PDADMA) abnahm, wéhrend der
Zellanteil in der G1-Phase um 14% (PPI-G4) beziehungsweise 40% (PDADMA) stieg und somit ein G1-Arrest

vorlag.

FaziT: Diese systematische Studie bestétigt die Vermutung, dass Zellen keine positiven Ladungen im
Allgemeinen, sondern nur moderat positive (-Potenziale favorisieren. Das Zellverhalten der MG-63
Osteoblasten hédngt stark von dem -Potenzial der Materialoberfldche, weniger von der Benetzbarkeit (WCA,
SFE), ab. Schlussfolgernd erscheint das {-Potenzial als einer der Schliisselparameter fiir die Zellinteraktion an
der Biomaterialgrenzflache und sollte bei der Entwicklung neuer Beschichtungen fiir dentale und orthopéadische

Implantate beriicksichtigt werden.

PERSONLICHER BEITRAG: Versuchsplanung und -durchfilhrung, Datenerhebung, -auswertung und -
visualisierung von insgesamt 12 Materialoberflachen (davon 10 in Publikation V veroffentlicht); Koordination
der Kooperationen mit dem SFB Teilprojekt A04 der Universitdt Greifswald (Prof. C. A. Helm), dem Leibniz-
Institut fiir Plasmaforschung und Technologie e. V. (INP) in Greifswald (Dr. K. Fricke), der



ERGEBNISSE | 25

Industrieforschungseinrichtung INNOVENT e. V. in Jena (Dr. M. Schnabelrauch) und der Universitét
Regensburg (Prof. R. Miiller); Manuskriptpraparation.
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Abbildung 9: {-Potenzial abhiingige Ca’*-Dynamik und Zellviabilitiit. Zellen auf moderat positiven Oberflichen (+1 mV bis +10 mV)
weisen eine signifikant bessere intrazellulire Ca’*-Mobilisierung nach ATP-Stimulation auf, als Zellen auf negativ geladenen
Oberflichen (-120 mV bis -3 mV). Stark positive Oberflichenladungen (+50 mV bis +55 mV) fiihren zu dramatischen Verlusten der
Zellaktivitiit und gestorten Zellfunktionen. Dies manifestiert sich in einer signifikant reduzierten Ca’*-Mobilisierung sowie einer
Reduktion der Zellfliche, Viabilitit, Membranintegritdit und Proliferation. Darstellung: Beispielhafte mikroskopische Aufnahmen Fluo-
3 gefiirbter Zellen nach 24 h; Ca’*-Mobilisierung in Mittelwerte + sem und {-Potenziale in Mittelwerte + SD; negativ geladene
Oberfldchen: Au, PSS, Ti, Matrigel und Col I; moderat positiv geladene Oberflichen: RGD, APTES, PPAAm und PEI; stark positiv
geladene Oberflichen: PPI-G4, PDADMA und PPI-G2. (Statistik nicht in Abbildung enthalten: Mann-Whitney-U-Test, p < 0.05, alle

paarweisen Vergleiche zeigten Signifikanzen,).
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S DISKUSSION
Oberflacheneigenschaften beeinflussen das Schicksal der Zellen, indem sie initiale zelluldre Prozesse wie
Anhaftung, Adhésion und Ausbreitung an der Grenzfliche steuern**. Diese wirken sich weiter auf andere

8283 aus. Die

Zellaktivititen wie Proliferation, Differenzierung®' und intrazellulire Signaliibertragung
Stimulation des Zellverhaltens durch Modifikation der Oberflicheneigenschaften wie Topographie, Elastizitét,
Benetzbarkeit und Bioaktivitit stellt eine gute Moglichkeit dar, die Knochenregeneration zu beschleunigen®.
Friihere Studien haben gezeigt, dass Osteoblasten nur bestimmte Bereiche dieser Eigenschaften bevorzugen?®,
wie eine der Knochenoberfliche dhnliche Rauigkeit im Nanometer-bereich!":3+%, PorengroBen von 100 bis
700 um'*’, eine miBig hydrophile Benetzbarkeit mit Kontakt-winkeln zwischen 40 und 65°7%7°#! oder auch
spezifische EZM-Proteine wie Kollagen, Fibronektin, Laminin und Vitronektin®3%% jhre RGD-Sequenz’

sowie Zytokine wie bFGF (engl. basic fibroblast growth factor)®™.

Welchen Effekt aber hat die Oberflichenladung auf die Zell-Material-Interaktion? Dies wurde in der
vorliegenden Arbeit anhand eines breiten Spektrums an {-Potenzialen durch chemische Modifikationen eines
Ti-basierten Materials untersucht. Zellen in lebendem Knochengewebe sind von einem elektrisch geladenen,
organisch-anorganischen Festkorper umgeben, durchdrungen von einem mit ionischer Losung gefiillten
komplexen Kanalsystem®. Daher kann die Physiologie der Knochenzellen auch auf kiinstlichen
Materialoberfldchen durch elektrische Signale beeinflusst werden. Wie Massen ein Schwerefeld, heille Korper
ein Temperaturfeld und Wasserquellen ein Stromungsfeld generieren, so erzeugen Ladungen ein elektrisches
Feld in ihrer Umgebung®. Bei der Anndherung zweier geladener Oberflachen (Material- und Zelloberfldche)
wird eine Kraft zwischen ihnen erzeugt. Oberfldchen, die die gleiche Polaritit aufweisen, stolen einander ab,
und diejenigen, die eine entgegengesetzte Polaritit aufweisen, ziehen einander an (Coulomb-Kraft®®). Dabei ist
die elektrische Kraft zwischen ihnen wesentlich groBer als die Gravitation®. Insofern erscheint es nur logisch,
dass elektrostatische Kréfte fiir die Zellanhaftung und -adhision auf Materialoberflichen von grof3er Bedeutung
sind*.

Die am haufigsten verwendete® und gut geeignete Technik®’, um die Materialoberflachenladung zu bestimmen,
ist die Messung des {-Potenzials, dass das Ladungsverhalten an der Grenze zwischen Materialoberfliche und
wiassriger Phase beschreibt. Frithere Studien haben sich meist entweder mit einem begrenzten Bereich des -

98-101

Potenzials befasst”™ 7 oder eine eindeutige Bestimmung der Ladung fehlte , sodass detaillierte Aussagen

iiber dessen Einfluss auf die Zell-Material-Interaktion bis jetzt nicht moglich waren.
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C-Potenzial — Ein vielversprechender Parameter zur Kontrolle des Zellverhaltens
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Abbildung 10: Ubersicht der Diskussionsthemen zum Effekt des {-Potenzials auf die Proteinadsorption sowie die Zellphysiologie
und -morphologie von Osteoblasten. Hier zusammengefasst sind die Ergebnisse im Bereich von -120 mV bis +55 mV der (4)
Proteinadsorption am Beispiel von FKS (BCA-Assay durchgefiihrt von Jutta Lehnfeld, Uni Regensburg), der (B) Zellmorphologie nach
24 h (REM-Aufnahmen) sowie des Verlaufs der Zellausbreitung von 1 bis 24 h (PKH26-Membranfirbung, Fluo-3-Fdrbung), der (C)
Ca’*-Dynamik nach 24 h (Ca**-Imaging Technik am LSM von vitalen Fluo-3 gefiirbten Zellen: basales Ca’*-Signal bis 180 s und
intrazelluliire Ca’*-Mobilisierung nach ATP-Stimulation zum Zeitpunkt von 180 s) und (D) der Zellviabilitiit (Zellzyklus-Histogramm
mittels Durchflusszytometrie mit LSM-Aufnahmen der Membranintegritit von Calcein und EtHD-1 gefirbten Zellen). Die
zellbiologischen Ergebnisse in B-D sind auf Ti, PPAAm und PDADMA als Repriisentation der negativ, moderat positiv und stark positiv
geladenen Oberflichen dargestellt.
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5.1 C-POTENZIAL — EIN VIELVERSPRECHENDER PARAMETER ZUR KONTROLLE DES
ZELLVERHALTENS
Jahrelange Forschung mit einer aufBergewohnlich zellattraktiven plasmapolymerisierten Nanoschicht aus
Allylamin (PPAAm) zeigte, dass diese Modifikation auf verschiedensten Materialien zu einem positiven (-
Potenzial und einer verbesserten Zellantwort fithrte (Publikation I). Daher entstand die Frage, ob das (-
Potenzial ein entscheidender Faktor fiir die Zell-Material-Interaktion ist und ob positive Oberflachen generell
die Zellfunktionen verbessern. Oder gibt es auch hier nur einen bestimmten optimalen Bereich des {-Potenzials
fiir Osteoblasten? Die zellbiologischen Untersuchungen haben gezeigt, dass man die Oberflichenladungen
anhand der Zellreaktionen in 3 Kategorien einteilen konnte: negativ (-120 bis -3 mV), moderat positiv (+1 bis
+10 mV) und stark positiv (+ 50 bis +55 mV). Die Ergebnisse werden im Folgenden beziiglich des Effekts auf
die Proteinadsorption, Zellausbreitung (Zellfliche und Zellform), Ca**-Dynamik sowie Zellviabilitit

(Metabolismusaktivitdt, Membranintegritit, Zellzyklus) diskutiert (Abb. 10).

5.1.1 VERMEHRTE PROTEINADSORPTION VON FKS MIT ZUNEHMEND POSITIVEM {-POTENZIAL
Bevor Zellen die Oberfliache erreichen, findet eine Adsorption von Proteinen wie Fibronektin, Kollagen oder
Albumin aus der physiologischen Losung statt, die als Signalgeber fungieren und die Anheftung und

Proliferation von Zellen vermitteln!'®

. Die Proteinadsorption wurde quantitativ von Jutta Lehnfeld an der
Universitit Regensburg in Bezug auf ein {-Potenzialbereich (Stromungspotenzial) von -90 bis +48 mV mittels
BCA Test (engl. bicinchoninic acid) in einfacher Form mit Modelproteinen in gepufferter Salzlosung (HSA
und Lysozym) und in viel komplexerer Form mit physiologischen Losungen (Speichel und FKS), die Hunderte
von verschiedenen Proteintypen enthalten®®, bestimmt (Publikation IIT).

Es konnte gezeigt werden, dass die Proteinadsorption an der Oberflache (Proteinmenge und -population)
hauptsédchlich durch elektrostatische Effekte dominiert wird und stark vom (-Potenzial abhingig ist.
Tendenziell gilt fiir physiologische Losungen mit vorwiegend negativ geladenen Proteinen wie FKS
(ungebundene Proteine mit Ladungen von -7 mV'%): Je positiver das {-Potenzial der Oberfliche, desto stérker

104

die Proteinadsorption. Dies konnte auch fiir Einzelproteine wie Fibronektin'®* oder BSA (engl. bovine serum

)105:106 " einer der Hauptbestandteile von FKS'Y, gezeigt werden.

albumin
Hinsichtlich der Benetzbarkeit (WCA, SFE) konnte in dieser Studie keine Korrelation zur Proteinmenge
beobachtet werden. Nichtsdestoweniger ist bekannt, dass die Benetzbarkeit einen Einfluss auf die
Konformation der Proteine hat. Diese liegen auf hydrophilen Oberflichen in einer nativen und flexiblen

Konformation vor'®, die fiir die Integrine gut zuginglich ist®!

, wihrend hydrophobe Oberflichen zur
Proteinentfaltung fiihren kénnen'® !, bei der RGD-Sequenzen fiir die Integrine nicht oder nur begrenzt
prisentiert werden®!. Dies kann dann in einer instabilen Schicht auf der Materialoberfliche mit unnatiirlichen

Proteinstrukturen resultieren, die eine fibrose Einkapslung des Implantats verursachen kann'¢. Auch Ladungen
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an der Materialoberfliche konnen die spezifische Struktur der adsorbierenden Proteine durch

Wechselwirkungen mit Wasserstoff- und Salzbriicken verindern und zu einer Proteinentfaltung fithren?®.

Was letztendlich an der Materialoberflidche passiert ist allerdings nicht so trivial und einfach vorherzusagen'!'!.
Denn die Ladung der ionisierbaren Gruppen der Proteine ist nicht konstant, sondern wird durch die lokale
elektrostatische Umgebung beeinflusst!'?!#. Sind die Ionen in der entfernteren Losung und nahe der
Materialgrenzfliche ungleichmiBig verteilt, verschiebt sich der pH-Wert. Dies fithrt zu einer anderen
Proteinladung nahe der Materialoberfliche als aufgrund der Proteineigenschaften in entfernterer Losung

erwartet. Infolgedessen resultiert eine andere elektrostatische Affinitit des Proteins zur Oberfliche!!2.

5.1.2 OPTIMALE ZELLAUSBREITUNG IM BEREICH DES MODERAT POSITIVEN (-POTENZIALS

Die Zellanhaftung und -ausbreitung ist entscheidend fiir das weitere Zellverhalten. Um die Fragen zu
beantworten, ob positive Oberflichenladungen generell Zellfunktionen begiinstigen oder ob ein bestimmter
Bereich des (-Potenzials von Osteoblasten bevorzugt wird, wurde im ersten Schritt dieser Arbeit die
Zellmorphologie (GroBe und Form) anhand einer 24-stiindigen Analyse PKH26 (1-12 h) und Fluo-3 (24 h)
geférbter Zellen untersucht (Publikationen IV, V). Nach 24 h erfolgten zusétzlich REM-Aufnahmen der Zellen
auf ausgewihlten Oberflachen (Publikation V).

Es konnte gezeigt werden, dass MG-63 Osteoblasten grundsitzlich eine anfangliche Tendenz zur schnelleren
Ausbreitung auf positiv geladenen im Vergleich zu negativ geladenen Oberflachen aufwiesen. Im Frithstadium
der Osseointegration kénnen Osteoblasten mit ihrer negativ geladenen Hyaluronsdurehiille®* an den positiv
geladenen Materialoberflichen anhaften. Aber nicht nur Osteoblasten sind negativ geladen®, sondern
Saugetierzellen im Allgemeinen besitzen aufgrund geladener Bestandteile der Glykolipide und -proteine in der
Glykokalyx eine negative Nettoladung''>!'®. Daher ist es nicht verwunderlich, dass in der Literatur auch bei
anderen Zelltypen eine Verstirkung der Zelladhésion und -ausbreitung durch positive Oberflachenladungen zu
finden ist. Chang et al.”” dokumentierten die stirkere Ausbreitung von NIH/3T3-Fibroblasten mit steigendem
{-Potenzial von -187 mV und +6 mV auf SAM-modifizierten Au-Substraten. Auch endotheliale HEC-Zellen
auf Polymeroberflichen ({-Potenzial: +4 mV und +5 mV vs. -41 mV)"7 und humane mesenchymale
Stammzellen auf PAMAM modifizierten alginat-basierten Hydrogelen ({-Potenzial: +12 mV vs. -22 mV)!%
zeigten eine dhnlich gute Zellausbreitung auf den positiv geladenen Oberflachen. Jedoch beinhaltet keine dieser
Studien Daten zur Zellausbreitung auf Oberfldchen in dem hier definierten stark positiven {-Potenzialbereich
(+ 50 bis +55 mV).

Interessanterweise konnte in dieser Arbeit bei Osteoblasten auf stark positiven Oberfldchen eine drastische
Reduktion der Zellfliche innerhalb von 24 h gezeigt werden, wiahrend auf negativen und moderat positiven
Oberflachen nach 24 h ein langgestreckt ausgebreiteter Phanotyp mit dhnlichen Zellflichen vorzufinden war.
Dies lieferte erste Hinweise, dass Zellfunktionen nicht generell durch positive Ladungen geférdert werden,

sondern die Zellphysiologie auf stark positiv geladenen Oberfldchen eingeschrankt wird.
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Die Zellen wiesen auf stark positiven Oberflichenladungen vorwiegend eine kreisformige bis kugelige
Morphologie auf, bei Letzteren teilweise mit fehlender Mikrovillistruktur (beobachtet bei PDADMA). Apikale
Mikrovilli sind mit Aktin durchzogene membranése Fortsitze der Zellmembran und dienen normalerweise der

118 Bei Osteoblasten sind

OberflachenvergroBerung flir wichtige Sekretions-, Transport- und Enzymaktivititen
sie vor allem fiir die Mineralisierung wihrend der Knochenbildung und -entwicklung wichtig'?!. Wihrend
verkiirzte Mikrovilli auf eine Reduktion der metabolischen Aktivitit hinweisen konnen'?!, wird ein dauerhaftes

Verschwinden dieser Strukturen als eines der frithen Ereignisse in der Apoptose angesehen!!®-122,

5.1.3 GESTEIGERTE Ca**-MOBILISIERUNG IM BEREICH DES MODERAT POSITIVEN (-POTENZIALS

Als sekundirer Botenstoff reguliert Ca** auch in Osteoblasten*? zahlreiche zellulire Prozesse wie die
Ausbildung fokaler Adhésionen, Proliferation oder Differenzierung, aber auch pathologische Ereignisse wie
Zellschadigung oder Apoptose®. Die Messung von zytoplasmatischem Ca** kann wesentlich zum Verstindnis
von normalen und abnormalen Zellfunktionen beigetragen®.

In Publikation IT konnte gezeigt werden, dass die intrazellulire Ca®*-Dynamik ein sensitiver Parameter ist, der
die Zellphysiologie auf Biomaterialoberflichen reflektieren kann. Ca*'-Signalkaskaden sind bei der
Transmission externer Reize in die Zelle fiir die zellphysiologischen Prozesse von wesentlicher Bedeutung. In
vorangegangenen Studien wurden Osteoblasten auf topographischen Pfostenstrukturen kultiviert und zeigten
Veranderungen im Aufbau des Aktinzytoskeletts, welches geclustert auf den Pfosten vorlag, sowie eine
reduzierte Zellaktivitit, die durch ein verringertes Ca®’-Mobilisierungsvermdgen nach ATP-Stimulation
widergespiegelt werden konnte®>. Morke et al.!”® fanden heraus, dass es sich hierbei um eine versuchte
Phagozytose der fixierten Pfosten durch die Zellen handelte — ein sehr energicaufwendiger und stress-
induzierender Prozess mit Auswirkungen auf die Zellaktivitit. Beschichtete man allerdings diese
Pfostenstrukturen mit PPAAm wurden die eingeschriankten Zellfunktionen gemildert, was sich wiederum in
einer gesteigerten Ca®’-Mobilisierung bemerkbar machte®. Osteoblasten reagierten auch auf eine Modifizier-
ung planarer Ti-Oberfldchen mit PPAAm im Vergleich zur unbeschichteten Ti-Kontrolle mit einer erhdhten
Zellaktivitit, begleitet durch eine gesteigerte Ca**-Mobilisierung sowohl in MG-63 als auch in primdren
Osteoblasten (Publikation II).

Folglich wurde im zweiten Schritt dieser Arbeit die Fahigkeit zur intrazelluldren Ca?*-Mobilisierung auf
verschiedenen Oberfldchenladungen analysiert, um den Effekt des {-Potenzials auf die Zellphysiologie weiter
zu untersuchen. Hierfiir konnte in Publikation V zunichst die Ca?’-Messmethode in Bezug auf den Einsatz
der ATP-Konzentration als Stimulanz, den Nachweis von ATP-Rezeptoren in der Zellmembran (P2Y> und
P2X5) sowie die Herkunft der Ca?'-Ionen nach ATP-Stimulation (extrazellulir oder intrazellulir) niher
spezifiziert werden. AnschlieBend erfolgte die Untersuchung des basalen Ca?-Signals auf den Kontroll-
oberflidchen Ti und PPAAm nach 1 h und 24 h mittels BacMam-Methode (Vitalfarbung von Ca**, Aktin und

dsDNA). Die intrazellulire Ca?*-Mobilisierung in vitalen Fluo-3 gefirbten Zellen wurde auf allen
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Oberflichenmodifikationen am LSM analysiert, um tiefere Einblicke in die Wirkung der Oberflichen-ladungen

auf die Zellphysiologie zu gewinnen. Im Folgenden werden die Ergebnisse diskutiert.

Zahlreiche Substanzen (darunter beispielsweise das Nebenschilddriisenhormon PTH, Vitamin D3 oder
Prostaglandin), die den Knochenumbau beeinflussen, konnen die intrazelluldre Ca’**-Konzentration in

Osteoblasten verdndern'?*

. Es wird jedoch angenommen, dass extrazelluldres ATP eine wichtige Rolle in der
Knochenbiologie spielt, indem es die Funktion der Osteoblasten durch Erhohung des zytosolischen Ca?*-
Spiegels moduliert'?>12°, Extrazellulires ATP iibt seine Wirkung iiber eine spezielle Rezeptorfamilie namens
P2-Purinozeptoren aus'?’'?%, bestehend aus zwei Unterfamilien: P2Y (G-Protein-gekoppelte Rezeptoren) und
P2X (ligandengekoppelte Kationenkanile)?’. Um eine direkte intrazelluldre Ca?*-Reaktion auszuldsen, wurden
fiir die Ca®*-Mobilisierungsversuche eine extrazellulidre ATP-Konzentration von 0,5 mM verwendet. Der MTS-
Test zeigte, dass eine 20-miniitige Inkubation dieser ATP-Konzentration keinen Einfluss auf die Zellviabilitdt
der MG-63 Osteoblasten hatte. Die Ergebnisse wurden dadurch also nicht beeinflusst.

Immunzytochemische Férbungen zeigten sowohl die Anwesenheit von P2Y»- als auch von P2X7-Rezeptoren
in MG-63 Zellen. ATP induzierte jedoch die Mobilisierung des intrazelluldren Ca*" vorwiegend durch die
Aktivierung von P2Y,-Rezeptoren, die apikal exprimiert'?® werden und bekanntermaBen durch Kopplung an
Gq-Proteine die Phospholipase Cp aktivieren und somit die Produktion von IP; vermitteln'*®!3!, Denn obwohl
bei den Osteoblasten auch der ionotrope Purinozeptor P2X; nachgewiesen wurden, konnten die
Mobilisierungsversuche auf Ti unter Ausschluss von extrazellulirem Ca* im Medium keinen signifikanten
Unterschied im Anstieg des freigesetzten intrazelluldren Ca®" zeigen.

Es wurde nachgewiesen, dass das {-Potenzial einen enormen Effekt auf die intrazelluldre Ca**-Dynamik hat.
Oberflichen mit moderat positiven Ladungen fordern die Ca*'-Mobilisierung signifikant stirker als negativ
geladene Oberflidchen. Ein hoheres basales Ca?*-Level in Zellen auf PPAAm im Vergleich zu unbeschichtetem
Ti konnte schon nach 1 h festgestellt werden. Zellen sind in der Lage auf Oberfldchen im moderat positiven (-
Potenzialbereich effektiver auf ihre intrazelluliren Ca®*-Speicher nach einem externen Stimulus zuzugreifen,
sind somit aktiver, konnen besser auf ihre Umgebung reagieren und mit dem benachbarten Gewebe
kommunizieren. Im Gegensatz dazu, stellen stark positive {-Potenziale offensichtlich zellphysiologisch grof3e
Herausforderungen dar. Zellen konnten diese hohen Ladungen nicht tolerieren und zeigten eine stark gehemmte
Ca’*-Mobilisierung, was eine Einschrinkung der Zellfunktionen betont.

Durch Stress oder Beschidigung der Zelle wird iibermiBig viel Ca?>" aus dem ER in die Mitochondrien
iibertragen, was zu einer mitochondrialen Ca>"-Uberlastung'*>!'** und der Freisetzung pro-apoptotischer
Faktoren in das Zytosol fiihren kann*®. Im folgenden Abschnitt wird der Einfluss der stark positiven Ladungen

auf die Zellphysiologie ndher diskutiert.
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5.1.4 REDUZIERTE ZELLVIABILITAT IM BEREICH DES STARK POSITIVEN {~-POTENZIALS

Um den negativen Effekt von stark positiven Oberflichenladungen weiter zu konkretisieren wurde die
Zellviabilitdt auf den Oberfldchen Ti, PPAAm und PPI-G4/PDADMA, die jeweils negative, moderat positive
und stark positive -Potenziale verkdrpern, mittels MTS-Tests (metabolische Aktivitit), Lebend/Tod-Féarbung
(Membranintegritdt) und Zellzyklusanalyse (Proliferation) untersucht (Publikation V).

Es konnte die durch die Reduktion der Zellfliche und der Ca**-Mobilisierung vermutete Einschrinkung der
Zellfunktionen auf stark positiven Oberfldchen bestdtigt werden. Hier liegt zusétzlich eine verringerte
metabolische Aktivitit und Proliferation nach 24 h vor. In der Literatur geht man davon aus, dass positive
Oberflachenladungen, die in den hier definierten moderaten Bereich fallen, zur Erh6hung der Proliferation und
osteogenen Differenzierung beitragen!3*135103.136 Dahingegen wurde der Riickgang der Zell-proliferation auf
stark positiven Oberflachen durch einen beachtlichen Anstieg der Zellzahl in der G1-Phase begleitet. Wahrend
des Zellzyklus verhindern Kontrollpunkte in der G1- und G2-Phase die weitere Proliferation, wenn

)137

beispielsweise eine Zellschddigung durch Akkumulation reaktiver Sauerstoffspezies (ROS)'”’ oder inaddquate

138 139 1140

Umweltbedingungen wie bakterielle Infektionen'~®, Hypoxie'>” oder Nahrungsmangel'*® vorliegen. Zellen, die
diese Sicherheitskontrollen nicht bestehen, gehen in die nicht-proliferative ruhende GO/G1-Phase (Zellzyklus-
Arrest) oder sogar in die permanente Seneszenz iiber'*>'*!. Uberdies zeigen Guo et al.'*?, dass auch bei
Fibroblasten nach 24 h auf kationischen Polymerfilmen mit {-Potenzialen von +50 mV und +62 mV keine
weitere Proliferation erfolgte.

Die stark positive Oberflachenladung fiihrt zu einer intensiven Wechselwirkung mit der negativ geladenen
Zelloberfliche®. Diese wird als Ursache fiir geschidigte Lipiddoppelschichten angesehen, da neue vesikulire
Strukturen um die kationischen Molekiile herum entstehen und Locher in der Zellmembran verursachen'*.
Dies konnte durch die Lebend/Tot-Fiarbung unterstiitzt werden, die eine aufgehobene Membranintegritét in
noch vitalen Zellen auf stark positiven Oberflichen zeigte — ein Hinweis auf den moglicherweise bevor-
stehenden Zelltod.

Dieser kann in zwei Klassen unterteilt werden: Apoptose und Nekrose. Bei der energicaufwendigen Apoptose
schrumpft die Zelle und die chromosomale DNA sowie der Zellkern werden fragmentiert ohne eine
Beschiddigung der Plasmamembran. Die tote Zelle wird letztlich in apoptotische Vesikel verpackt und durch
phagozytire Zellen entfernt. Somit ist die Apoptose fiir das Ausbleiben von Entziindungsreaktionen bekannt.
Die Nekrose dagegen ist das Endergebnis einer ,bioenergetischen Katastrophe*“!*, die aus einer ATP-
Erschopfung resultiert und durch zelluldre Signalwege als Reaktion auf externe Reize wie Zell-beschadigungen
oder toxische Einfliisse ausgelost wird. Die Zellen schwellen an und es kommt zum Zusammenbruch der
Membranintegritdt. Durch die Freisetzung des Zellinhaltes und proinflammatorischer Molekiile wird eine
Entziindungsreaktion induziert'**. In der vorliegenden Arbeit konnten keine apoptotischen Ereignisse anhand

der Zellzyklusanalyse gemessen werden. Allerdings wére mittels Durchflusszytometrie nur eine spéte

Apoptosephase bei Vorliegen einer fragmentierten DNA quantifizierbar. Es ist nicht auszuschlieBen, dass nicht
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erfasste frithe apoptotische Events in den geschrumpften Zellen stattfanden, wie das erwidhnte Verschwinden
der Mikrovillistrukturen bei mehreren Zellen auf PDADMA andeutete. Nichtsdestotrotz konnte man auch von
nekrotischen Ablaufen ausgehen, da die Membranintegritét einiger Zellen auf Oberflachen mit stark positivem
{-Potenzial aufgehoben wurde. Tatsdchlich waren Membran-iiberreste der Zellen auf diesen Oberflichen

nachzuweisen wie Abbildung 11 am Beispiel von PDADMA Oberfldchen zeigt.

A B

Abbildung 11: Uberreste der Zellen auf PDADMA. (4) Bereits nach 1h kénnen Membraniiberreste der PKH26 gefiirbten Osteoblasten
in Abwesenheit von Zellkernen (fehlende DAPI-Fdrbung) nachgewiesen werden (Mikroskopische LSM780-Aufnahme mittels C-
Apochromat 40x/1.20W Korr M27 Objektiv und ZEN black Software 2011 SP4, Carl Zeiss).(B) Nach 24 h sind die Membraniiberreste
sowohl bei Zellen mit reduzierter Zellfliche als auch nach kompletter Zellablosung (weifse Pfeile) zu erkennen (REM-Aufnahme mittels
FE-SEM Merlin VP compact, InlenseDuo Scanner, Vergrofierung 500x).

Da apoptotische Zellen in Abwesenheit von Phagozytose in eine sekunddre Nekrose iibergehen, die viele
morphologische Merkmale der priméren nekrotischen Zellen aufweist, wie das Anschwellen des ER, der
Mitochondrien und des Zytoplasmas, ist es allerdings oft schwer diese beiden Prozesse voneinander zu
unterscheiden. Zudem haben sekundir nekrotische Zellen bereits ein apoptotisches Stadium durchlaufen und
besitzen kondensierte oder fragmentierte Zellkerne.!*

Einen kleinen Einblick in den mdglichen Ablauf beim Einsatz von stark positiv geladenen Biomaterial-
oberflichen in einer in vivo-Situation kénnte folgende Studie!*® geben, in der Wistar-Ratten durch die Injektion
von PPI-G5-Dendrimeren nach 24 h Himolyse und Gewebedegeneration durch Membran-destabilisierung'*’

aufwiesen. Die Zellen und das umliegende Gewebe wiirden also dramatisch und irreversibel beschadigt.
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5.2 FAZIT UND AUSBLICK

Eine zentrale Frage in der Biomaterialforschung zum Ersatz von Knochengewebe dreht sich um die
Verbesserung der Zell-Material-Interaktion und letztlich der Osseointegration mithilfe chemischer
Modifikationen der Implantatoberflichen. Eine schnelle und stabile Zelladhésion und -ausbreitung sowie ein
hohes Reaktions- und Kommunikationsvermogen sorgen fiir eine erfolgreiche Zellansiedlung und Einwachsen
des Biomaterials. Als generelles Fazit der vorliegenden Daten gilt, dass die Oberflachenladung, abgeleitet vom
{-Potenzial, angesichts ihres enormen Effekts auf die Zellphysiologie und —morphologie, ein fundamentaler
Faktor fiir die Zell-Material-Interaktion ist und somit bei der Entwicklung neuer Biomaterialien beachtet
werden sollte. In Abhédngigkeit von der zellphysiologischen Antwort auf die unterschiedlichen
Oberflachenladungen konnten erstmals drei Bereiche des {-Potenzials identifiziert werden: negativ (-120 mV
bis -3 mV), moderat positiv (+1 mV bis +10 mV) und stark positiv (+50 mV bis +55 mV). Es zeigte sich, dass
nicht generell positiv geladene Oberflédchen die Zellfunktionen begiinstigen, sondern der optimale Bereich fiir
die Zellantwort nur im moderat Positiven liegt.

Das {-Potenzial kann zwar als fundamentaler aber nicht als alleiniger, ausschlaggebender Faktor gelten, da die
Prozesse an der Schnittstelle zwischen Biomaterial und Organismus sehr komplex und noch nicht vollkommen
verstanden sind. Zukiinftige Forschungsarbeiten sollten sich daher auf die zugrundeliegenden molekularen
Strukturen und Mechanismen konzentrieren, die zu der durch Oberflichenladungen beeinflussten Zellreaktion

fiihren. Dazu konnten folgende Aspekte beitragen:

(D) Erweiterung des {-Potenzialbereichs
Ab welcher positiven Ladung tritt der negative Effekt auf die Zellphysiologie ein? Hierzu koénnten
polyelektrolytische Multischichten dienen, deren Vorteil in einer variablen Schichtanzahl liegt. Wahrend eine
PDADMA-endende Multischicht aus nur 3,5 Doppelschichten noch zu einem negativen {-Potenzial fiihrt, weist
PDADMA mit 10,5 Schichten ein stark positives {-Potenzial auf. Man koénnte durch Variation der
Schichtanzahl somit den Zellen unterschiedliche Oberfldchenladungen anbieten und den untersuchten positiven

{-Potenzialbereich erweitern.

(IT) Zusammenhang zwischen Oberflichenladung und Proteinadsorption
Die Adsorption geladener Proteine konnte das {-Potenzial der Materialoberfliche beeinflussen. Mit welchen
Oberfldachenladungen interagieren die Zellen nach Proteinadsorption? (-Potenzialmessungen vor und nach
Proteinadsorption aus physiologischen Losungen an modifizierten Oberflichen konnten mehr Klarheit iiber die

Wechselwirkung der Ladung und Proteinadsorption bringen, die letztlich die Zellreaktionen beeinflussen.

(IIT) Rolle und Ablauf des Zelltods auf Oberfldchen mit stark positivem {-Potenzial
Die Bestimmung der zytosolischen ATP-Konzentration konnte Aufschluss iiber den energetischen Zustand der

Zellen auf unterschiedlich geladenen Oberflachen geben. Um einen apoptotischen und nekrotischen Zelltod auf
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stark positiven Ladungen zu unterscheiden, bedarf es allerdings zeitabhdngiger Analysen der Zelltodparameter
auf verschiedenen Leveln (morphologisch und biochemisch). Mikroskopische Zeitraffer-aufnahmen der
Fluoreszenz von Zellen hinsichtlich spezieller Marker fiir die Membranintegritét, lysosomale Integritit oder
die mitochondriale Depolarisierung konnten den Verlauf der morphologischen und biochemischen
Verianderungen festhalten. Des Weiteren konnen spezifische zelluldre Marker fiir Apoptose wie die Zytochrom
C Freisetzung, die Produktion des Spaltprodukts tBid (,.,truncated Bid) sowie die Aktivierung der Kaspasen-
3/7 oder Marker fiir Nekrose wie Prokaspasen-3/7, Zytokeratin 18 und das High-Mobility-Group-Protein B1
(HMGB-1) im Uberstand der Zellen untersuchen werden.

(IV) Einfluss von Oberflidchen mit stark positivem (-Potenzial auf die Ca?>*-Dynamik
Welche Komponenten der Ca?*-Dynamik werden durch stark positive Oberfldchenladungen gehemmt? Neben
der gezielten Inhibition von wichtigen Komponenten wie die Sarko/Endoplasmatische Retikulum-Ca?*-ATPase
(z.B. durch Thapsigargin) oder IP;-Rezeptoren (durch z.B. Xestospongin C), sind Ca**-sensitive Aequorin-
Photoproteine vielversprechende Targets, um spezifische Organellen wie das ER, die Mitochon-drien und den
Golgi-Apparat zu adressieren und verschiedene Aspekte der Ca**-Homoostase fluoreszenz-mikroskopisch zu

verfolgen.

Diese Arbeit zeigt auf, dass durch eine gezielte Oberflichenmodifikation das (-Potenzial als ,,Fine Tuning®-
Werkzeug eingesetzt werden kann, um eine prizisere Zellreaktion zu erhalten. Letztlich kdnnte dies zu einer

erfolgreicheren Implantatintegration und einer lingeren Verweildauer des Implantats beitragen.
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6 ZUSAMMENFASSUNG

Ein tiefgreifendes Verstindnis der Prozesse an der Schnittstelle zwischen Biomaterial und Gewebe des
Organismus ist entscheidend fiir die Weiterentwicklung von orthopadischen und dentalen Implantaten.
Permanente Implantate sollen spezifische zelluldre Reaktionen mit dem Ziel der Geweberegeneration und der
Integrationsbeschleunigung unterstiitzen. Chemische Oberflichenmodifikationen, die eine Oberfldchenladung
besitzen, wie die positiv geladene zellattraktive Nanoschicht aus plasmapolymerisiertem Allylamin kénnen
Zellfunktionen fordern (Publikation I, IT). Die komplexen Zusammenhinge zwischen der Oberflichenladung
und dem Zellverhalten wurden jedoch noch nicht vollstindig aufgeklért.

Die vorliegende Arbeit befasste sich daher mit dem Einfluss der Oberflichenladung, abgeleitet vom (-
Potenzial, auf die Proteinadsorption und insbesondere auf die Interaktion von humanen MG-63 Osteoblasten
mit chemisch modifizierten Titan-Oberflichen. Es konnte gezeigt werden, dass die Proteinadsorption
hauptséchlich durch elektrostatische Effekte dominiert wird und somit stark vom {-Potenzial abhingig war. Je
hoher das {-Potenzial der Oberflédchen, desto mehr Proteine der physiologischen FKS-Losung adsorbierten auf
der Materialoberflache (Publikation III). Dagegen wurde weder fiir die Proteinadsorption noch fiir das
Zellverhalten ein klarer Zusammenhang mit der Benetzbarkeit der Oberflichen gefunden. Das (-Potenzial
konnte erstmals in Abhdngigkeit von der zelluldren Reaktion auf die Ladungen (Zellausbreitung, Zellviabilitit,
intrazellulire Ca®*-Mobilisierung) in drei Kategorien eingeteilt werden: negativ (-120 bis -3 mV), moderat
positiv (+1 bis +10 mV) und stark positiv (+50 bis +55 mV). Fiir die zeitliche Zellausbreitung, die Zellform
und Zellphysiologie spielte das (-Potenzial eine entscheidende Rolle. Nach 1 h Kultivierung zeigten
Osteoblasten auf Oberflichen mit moderat und stark positivem (-Potenzial eine stirkere Zellausbreitung als
auf negativ geladenen Oberfldchen. Interessanterweise verkleinerte sich jedoch die Zellfliche signifikant auf
stark positiv geladenen Oberflédchen im zeitlichen Verlauf bis 24 h (Publikation IV). Da die intrazelluldre Ca*"-
Dynamik ein sensitiver Parameter ist, der die Zellphysiologie auf Biomaterialoberflichen reflektiert
(Publikation II), konnte der Effekt des {-Potenzials weiter spezifiziert werden. Eine signifikante Verbesserung
der intrazelluldren Ca?*-Mobilisierung nach 24 h wurde auf Oberfldchen mit moderat positiven im Vergleich
zu negativen (-Potenzialen erreicht. Dramatische Verluste der Ca®*-Freisetzung wurden auf Oberfldchen mit
stark positiven (-Potenzialen beobachtet. Die deutlich gestorte Ca**-Dynamik korrelierte mit einer Reduktion
der metabolischen Aktivitdt, einer Authebung der Membranintegritdt und mit einer Proliferationsabnahme
bedingt durch einen G1-Arrest (Publikation V).

Diese systematische Arbeit mit insgesamt 12 Oberflichenmodifikationen zeigt die Bedeutung des (-Potenzials
fiir die Osteoblastenphysiologie und -funktion. Zusammenfassend konnte gezeigt werden, dass Zellen nur den
moderat positiven {-Potenzialbereich favorisieren. Das {-Potenzial erscheint als einer der Schliisselparameter
fiir die Zellinteraktion an der Biomaterialgrenzfliche und kann als ,,Fine Tuning-Werkzeug eingesetzt werden.
Dabher sollte es bei der Entwicklung und Charakterisierung neuer Implantatbeschichtungen Beriicksichtigung

finden.
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7 SUMMARY

A profound understanding of the processes at the interface between biomaterial and body is crucial for the
further development of orthopedic and dental implants. Permanent implants are intended to support specific
cellular reactions with the aim of tissue regeneration and acceleration of integration. Chemical surface
modifications resulting in a surface charge, such as the positively charged cell-attractive PPAAm nanolayer
can promote cell functions (publication I, II). However, the complex relationships between surface charge and
cell behavior have not yet been fully elucidated.

Therefore, the present work addressed the impact of the surface charge, deduced from {-potentials, on protein
adsorption, but especially on the interaction of human MG-63 osteoblasts with chemically modified titanium
surfaces. It could be demonstrated that protein adsorption is mainly dominated by electrostatic forces and was
therefore strongly dependent on the {-potential. The higher the (-potential of the surfaces, the more proteins of
the physiological FKS solution adsorbed on the material surface (publication III). No correlation could be found
for either protein adsorption or cell behavior with the wettability of the surfaces. In contrast, the {-potential
could for the first time be classified into three categories depending on the cellular response to the charges (cell
spreading, cell viability, intracellular Ca*" mobilization): negative (-120 to -3 mV), moderately positive (+1 to
+10 mV) and highly positive (+50 to +55 mV). The {-potential played a decisive role for the time-related cell
spreading, the cell shape and physiology. After 1 h of cultivation osteoblasts on surfaces with moderately and
highly positive {-potentials displayed a significantly enhanced cell spreading than on negatively charged
surfaces. However, it could be shown that the spreading behavior on surfaces with highly positively charged
potentials was strongly inhibited in the time course of 24 h. This resulted in a significant reduction of surface
area (publication IV). Since the intracellular Ca®" dynamics is a sensitive parameter reflecting the cell
physiology on biomaterial surfaces (publication II), the effect of the {-potential could be further specified via
ATP stimulation. A significant improvement of intracellular Ca** mobilization after 24 h was achieved on
surfaces with moderately positive compared to negative (-potentials. Dramatic losses of cell activity were
observed on surfaces with highly positive {-potentials: A significantly impaired Ca*" dynamic occurred along
with a reduction in metabolic activity, a loss of membrane integrity and a decline in proliferation due to
increasing G1 arrest (publication V).

This systematic work with a total of 12 surface modifications emphasizes the importance of the {-potential for
the osteoblastic physiology and function. In summary, it was revealed that cells favor only the moderately
positive (-potential range. The (-potential appears as one of the key parameters for cell interaction at the
biomaterial interface and can be used as a "fine tuning" tool. It should therefore be considered in the

development and characterization of new implant coatings.
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Abstract: Biomaterials should be bioactive in stimulating the surrounding tissue to accelerate the
ingrowth of permanent implants. Chemical and topographical features of the biomaterial surface
affect cell physiology at the interface. A frequently asked question is whether the chemistry or the
topography dominates the cell-material interaction. Recently, we demonstrated that a plasma-chemical
modification using allylamine as a precursor was able to boost not only cell attachment and cell
migration, but also intracellular signaling in vital cells. This microwave plasma process generated a
homogenous nanolayer with randomly distributed, positively charged amino groups. In contrast,
the surface of the human osteoblast is negatively charged at -15 mV due to its hyaluronan coat. As
a consequence, we assumed that positive charges at the material surface —provoking electrostatic
interaction forces —are attractive for the first cell encounter. This plasma-chemical nanocoating can be
used for several biomaterials in orthopedic and dental implantology like titanium, titanium alloys,
calcium phosphate scaffolds, and polylactide fiber meshes produced by electrospinning. In this
regard, we wanted to ascertain whether plasma polymerized allylamine (PPAAm) is also suitable
for increasing the attractiveness of a ceramic surface for dental implants using Yttria-stabilized
tetragonal zirconia.

Keywords: plasma polymerized allylamine; zirconia; surface characteristics; XPS; water contact
angle; zeta potential; cell adhesion; osteoblasts; actin cytoskeleton; cell signaling

1. Introduction

Novel biomaterials in orthopedic or dental surgery should actively promote the
osseointegration of implants. Both surface roughness and chemical modification can influence the
interaction of osteoblasts with biomaterial surfaces. In implantology, titanium (Ti) and its alloys are
often used because of their excellent biocompatibility and their mechanical properties. However,
they are relatively inert and therefore new functionalization strategies are needed.

Polymers 2019, 11, 1004; doi:10.3390/polym11061004 www.mdpi.com/journal/polymers
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Consequently, it is essential to understand the initial reactions of cells at the material interface,
including the organization of focal adhesion contacts that link the extracellular space and
intracellular signaling processes. Human osteoblasts possess a net negative charge (-15 mV) [1] due
to their hyaluronan coat [2], with carboxyl groups in the glycosaminoglycan chain. As a result, we
assumed that positive charges at the material surface are attractive for the first cell attachment. We,
therefore, developed a positively charged plasma polymerized nanolayer of allylamine (PPAAm) [2,3],
which was deposited using physical low-pressure gas-discharge plasma in a microwave reactor. These
processes are highly applicable, extremely effective, and valuable for the improvement of implant
performance. There are, however, high demands in terms of process guidance and film quality —still a
technological challenge even today. The PPAAm coating should adhere well and, thus, be
mechanically stable; cross-linked and also stable in different aqueous media, resistant to hydrolysis
and delamination, and equipped with a sufficient density of positively charged amino groups.
Furthermore, the sterilizability of the plasma polymerized implant surfaces and their long-term storage
characteristics are very important features, which have to be carefully evaluated before being used in
implantology. For later applications, it was of interest to assess the applicability of this PPAAm layer
on different material surfaces.

In recent years, we and other working groups [4-9] have thoroughly characterized this PPAAm
layer containing amino groups in regard to its physico-chemical characteristics as well as cell biological
outcomes after the modification of a variety of material substrates (Table 1) [10-18]. In general, this
plasma polymer nanolayer showed cell-attractive characteristics that could not be achieved by
coatings with extracellular matrix proteins, e.g., collagen type I or arginine-glycin-aspartic acid
(Arg-Gly-Asp, RGD) (Table 1).

PPAAmM was deposited on smooth and rough surfaces like polished, machined, or
corundum-blasted titanium (Ti) [15] or titanium alloy [13,19], electrospun polylactide fiber meshes
[14], B-tricalcium phosphate scaffolds [12], as well as a um-thick, porous calcium phosphate layer
[11]. The final plasma process conditions were chosen so as to yield substrate surfaces completely
covered by a thin (>20 nm) PPAAm plasma polymer film. In this way, the chemical surface
properties of the original substrate surface were completely replaced by the properties of PPAAm,
whereby the mechanical properties of the bulk material were retained.

1.1. PPAAm Layer Characteristics—An Overview

Under the plasma-chemical deposition conditions [3,13,18,20] employed here, PPAAm films are
mechanically stable and highly adhesive (80 N/mm?) [21]. A qualitative scratch test, a quantitative
standard adhesive bonding strength test according to DIN EN 582 [22], and a wear test using
artificial bone (30 pcf Sawbones and Palacos bone cement (PMMA)) [22] were carried out. An
explanation for the excellent adhesion and robustness of the plasma polymer films deposited on
zirconium/titanium substrates was given by the group of Bilek [23]: Metallic carbide and oxycarbide
bonds were formed during the initial film formation by a two-dimensional-like, layer by layer
(Frank-van der Merve) growth mode.

PPAAm coatings have, in general —regardless of the substrate—a positive zeta potential from
+7.7 mV (pH 6) [18] to +8.6 mV (pH 7.4) [10] to +14 mV (pH 6) [16], and +26.3 mV (pH 6), also after
long-term storage in ambient air for up to 200 days [13]. The total surface energy of the PPAAm film
is 52 + 8 mN/m, the polar part 22 + 8 mN/m (Table 1). The XPS surface elemental composition of
PPAAm is 30 + 2% for N/C and near the theoretical N/C value of allylamine of 33%. O/C as a
contamination is <10%. The amino group density NH:/C varies between 2—4%.

These surface properties and also the cell-attractive properties seem to be independent of the
film thickness produced by different treatment times under the same pulse/pause ratio of the
plasma.

The wettability of PPAAm-covered surfaces seems to be optimal for cell responses, with water
contact angles (WCA) between 45°—68° (Table 1) [24]. Our deposited, very well cross-linked PPAAm
films are stable in aqueous media [18]. This is a precondition for the layer effectiveness and stability
in cell culture, in animal evaluations, or for later applications in human tissue.
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Table 1. Overview of plasma polymerized allylamine (PPAAm) surface coating of diverse bulk materials, their physico-chemical characteristics, and cell biological

outcomes [10-18].

Materials Chemistry WCA (°) Zeta Potential (Mv) XPS (%) Surface Energy (mN/m) In Vitro Cell Behavior Published
PPAAm;
ilicon-titani - - .
Si '1con Hanium methyl-carboxyl N/C31 Abrogated MG-63 cell contact guidance; randomly oriented Moer?(e Cetal . AGS
microgrooves, plasma polymer, 57° +8.6 at pH 7.4 o/C 4 - actin stress fibers, PPAAmM vs. all coatings Applied Material
20 x 2 pm (ZM) COL-1, RGD; . : & Interfaces, 2017 [10]
480 s gross
Ti-6Al-4V plasma AAm: . N/C32 polar16 Accelerated MG-63 cell-surface interlocking, actin Rebl H et al,, Materials
chemical oxidation PPAAm; 60 s gross, 57_60° positively charged, 0/C2 disperse 30 formation around the pores of porous ceramics; 3-fold Science and Engineering C,
(PCO) 960 s gross by AFM NH:/C2.8  total 46 increase of cell area (30 min) 2016 [11]
icald hosohat N/C29 Continuous celll.flarization of hybrid 3D scaf'folds (14 day); Bergemann C et al,,
B- r1c-a cium phosphate PPAAm; 960 s gross — _ O/C10 _ DNA concentration at the bottom 7.7-fold higher; MG-63 Materials Science and
hybrid scaffolds NH:/C2.5 cell migration enhanced Engineering C, 2016 [12]
47° aft 1139024 Aging and vy-sterilization of PPAAm; maintenance of cell
Ti-6Al-4V, de? 050 e 860 1209 (20 SYS) N/c27. - polar25 adhesion capacity up to 360 day Finke B et al, L i
1-1_ h_ i P 8T4€ S ppAAm; 960 s gross - ta er +26.3 (200 ;ys) 0/Cé6 disperse 29 2.2-fold and 1.6-fold increased cell areas (30 min, 24 h, 2;;;49 1; al, Langmuir,
potishe ?ys storage on ¢ .H (6 ays) NH:/C25  total 54 resp.); cell area still visibly larger after 360 days of storage in (13]
ar ap air (5, 10, 30, 60 min, 24 h)
PPAAm; SV40-HUC-1 ithelial cells, Ca9-22 gingi ithelial
Electrospun mweoo N/C28 polar40 uroepitietia” ce s, -2 gigiva spithelia Schnabelrauch M et al.,
(L lactid o/ (preactivation in 50 _ o/C5 di 28 cells: enhanced cell integration in PLA fiber meshes; Int " 1] Lof
P(? y(t-lactide-co a Ar/O: plasma) 1sperse SV40-HUC-1 cell area: 1.26-fold, Ca9-22 cell area: 1.35-fold nterna 10n’f1 ournat o
ctide) mesh NH:/C25 total 68 . . R . Polymer Science, 2014 [14]
480 s gross (both 30 min), spreading not influenced by y-sterilization
i PPAAm; PEG i i :
Ti, cp, grade 2, m; 47°P-PPAAmM P-PPAAM total 55 Impact of plafsma chemlstfy versus Ti surface topography
P —polished, DA-COL-], MG-63 cells literally melt into the groove structure; fewer Rebl H et al., Acta
. 56°M-PPAAm - - M-PPAAm total 50 . . . . L1
M—machined, GDA-COL-], 41° CB-PPAAm CB-PPAAmM total 57 elongated cells; 4.7-fold increased cell adhesion (5 min); Biomaterialia, 2012 [15]
CB —corund. blasted 960 s gross ol 2.3-fold increased cell area (30 min)
PPAAmM: COLL: N/C20 Enhanced vinculin mobility (1.5-fold, nm/min) in vital Rebl H et al., Advanced
Borofloat glass 960 s o ’ ! 50° +14 at pH 6 O/C11 - MG-63 cells; 1.5-fold increased vinculin contact length; Engineering Materials, 2010
S 81088 NH./C 2-3 3.7-fold increase of cell area (30 min); all vs. COL-I [16]
MG-63 cell coverage of chips 2-fold, 72%; cell area increased .
) . polar27 A a T . Rebl H et al., International
B 02! 1 2 1.9-fold (4 h); 1 cell adh f ly high 24
ronas 500 metabolic PPAAm; 120 s gross ~ 45° +14 at pH 6 N/C20 disperse 27 9-fold (4 hy; vital ce ad' e.:s.lon.51gm icantly higher (0 Journal of Artificial Organs,
sensor chips SC 1000 O/C 14 h), e.g., 2.31-fold (2 h); acidification and oxygen
total 54 X ‘ 2010 [17]
consumption not influenced
PPAAm, PEG NjC23 coll adhesion ersased 7-c1d (15 iy acdeated Finke B et al, Biomatera
Ti, cp, grade 2 polished - DA-COL-I, COL-T; 487 7.7 at pH 6 o/c4 - formation of actin cytoskeleton and a;dllin and vinculin 2(1)r(1)7e 18e e
960 s gross NH:/C 2.5 Y p (18]

(60 min), vs. Ti-P, comparable with collagen coatings
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1.2. In Vitro Outcome

The plasma-chemical modification with PPAAm of all these different biomaterial surfaces
enormously improved initial cell adhesion, spreading, organization of adhesion-related
components, and the cell ingrowth into the structured material surfaces (Table 1) [10-18]. The cells
were strongly attached to the surface; this was detected by a spinning disk device [25]. Whereas the
bone cell (MG-63) adherence was lowest on uncoated Ti6Al4V disks (44.2 + 9.0 N/m?), on
PPAAm-coated (66.8 +12.0 N/m?) and plasma polymerized ethylenediamine (PPEDA)-coated (53.2 +
8.3 N/m?) Ti6Al4V disks, a significantly higher shear stress was necessary to detach the cells from the
PPAAm/PPEDA surface, indicating a stronger cell attachment (after 18 h of cell growth).

The osteoblasts displayed an extremely flattened phenotype and the cells seemed to merge with the
topography of the surface. These highly cell-attractive characteristics of the PPAAm layer remain even
after long-term storage up to one year or after y-sterilization [13]. If cells grow on micro-grooved
surfaces, the cells were aligned parallel to the grooves; this is called “contact guidance”. The
functionalization of geometrically micro-grooved surfaces (20 um groove width) with PPAAm
resulted in an astonishing cell behavior: Although PPAAm is only a nanolayer, the cells were no
longer able to “feel” the underlying grooves and the contact guidance was abrogated due to the
chemistry on the surface [10]. We could observe this behavior also on PPAAm-coated, machined Ti
surfaces: MG-63 cells could overcome the restrictions of the stochastically grooved surface and
spread out over a large area [15]. However, the actin fibers of the cells on machined Ti + PPAAm
were not arranged in parallel; instead, their actin fibers could also overcome the alignment (Figure
1).

Ti uncoated

Figure 1. Cell alignment on stochastically structured Ti surfaces (Ti cp, grade 2, Ra 0.315 um, [15]). Left:
The actin filaments are aligned in the direction of the striations (dashed lines in grey) caused by
machining. Right: Abrogated alignment due to PPAAm nanolayer coating of Ti (960 s gross) [15].
Technical description: Confocal laser scanning microscopy (LSM 410, Carl Zeiss AG, Oberkochen,
Germany), scale bar 5 um, actin staining (red) with Alexa Fluor 546 phalloidin, Ti surface in
reflection mode false colored in green.

Our latest investigations by Moerke et al. [26] revealed that the restricted functions of
osteoblasts on Ti micropillars (dimension 5 x 5 x 5 um) are alleviated by nanocoating the surface
with PPAAm. Human MG-63 cells growing on Ti micropillars normally express less mRNA of
collagen type I, osteocalcin, and fibronectin after 24 h. This could be attenuated by coating of the
micropillars with PPAAm. Although PPAAm is only a nanolayer, the influence was impressive and
significant. At the same time, we saw cells very sensitive to the kinetics of calcium signaling on
PPA Am-coated micropillars: After ATP stimulation, the intracellular calcium ion level increased
impressively. The basal calcium ion content of cells on PPAAm was also significantly higher
compared with uncoated Ti surfaces [26] as seen in the depiction (Figure 2). This is an indication that
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cells on PPAAm are very active in their cell physiology and it could explain why all the
adhesion-related cell functions are accelerated.

s

3

UniRo/§| Cell Biol

1W0pm

Figure 2. Basal calcium ion levels (green) in living MG-63 osteoblasts (red for actin, blue for nucleus)
24 h on planar Tj, either uncoated (left) or coated with a nanolayer of the plasma polymer (PPAAm,
480 s gross) (right). Note that on PPAAm, the intracellular basal Caz+ion level is elevated, indicating
higher cellular activity. Live-cell staining: 50,000 cells/cm:Ti wafer in DMEM with 10% FCS, staining
with 20 uL BacMam 2.0 reagent (red) (actin-RFP, Life Technologies Corporation, Eugene, Oregon,
USA) at 37 °C, 5 uM calcium indicator Fluo-3/AM (green) (Life Technologies Corporation) [27,28],
and 1:1000 Hoechst 33342 (blue) (Thermo Fisher Scientific, Waltham, Massachusetts, USA) in isotonic
HEPES buffer. Confocal laser scanning microscopy (LSM 780, Carl Zeiss Microscopy GmbH, Jena,
Germany) with a plan-apochromat 63x oil immersion objective (Carl Zeiss, 1.40. Oil DIC M27),
excitation at 405, 488, and 561 nm; scale bars 10 um.

1.3. In Vivo Outcome

The inflammatory response after implantation plays a central role for the in vivo biocompatibility of
an implant, with macrophages and other immune cells being of central importance [29].

To examine the influence of PPAAm films on the inflammatory response, Ti plates were coated
with PPAAm and implanted intramuscularly in a rat model [30]. In this study, each animal
simultaneously received an uncoated Ti implant and three Ti implants with PPAAm films created
with different plasma process parameters. After 7, 14, and 56 days, the implants were removed
together with the peri-implant tissue to quantify the number of total and tissue macrophages as well as
total T-lymphocytes and MHC class II positive antigen-presenting cells following
immunohistochemical staining. Based on experience from other studies, the different implantation
periods were chosen to represent the acute phase of inflammation (day 7), the transition from acute to
chronic inflammation (day 14), and the chronic phase of inflammation (day 56) typical for
implant-related inflammation. On day 14, all three PPAAm-coated sample series demonstrated a
significantly lower response of total macrophages than the uncoated samples. On day 56, the two-sample
series that received a PPAAm variant with a shorter gross processing time still had a significantly lower
number of total macrophages than the untreated samples (Figure 3). Taken together with the data
from the physico-chemical analysis, these results indicate that different plasma process parameters
lead to variations in the PPAAm film properties which influence the local inflammatory reactions.
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Figure 3. Total monocytes/macrophages (CD68*) in the peri-implant tissue 56 days after intramuscular
implantation into rats of an unmodified Ti plate (left) vs. a PPAAm-coated Ti plate (right). Note the
reduced macrophage response for PPAAm samples. Method: Peri-implant tissue samples were
immediately shock-frozen after explantation and, following careful removal of the Ti plates, processed
as cryosections (5 pm) and stained with monoclonal antibody ED1 (mouse anti-CD68); image
magnification 125x.

Antibacterial surface modifications could prevent infections frequently associated with the
implantation of biomaterials. In this regard, a surface modification with copper (Cu) could be an
interesting approach. A surface treatment called plasma immersion ion implantation of copper (Cu-PIII)
resulted in incorporation of copper ions into the topmost TiOzlayer. While implants treated with Cu-PIII
had antibacterial properties in vitro, preliminary in vivo data revealed a stronger local inflammatory
response after 56 days and a sustained increase of the IL-2 serum concentration. Thus, the hypothesis
that an additional PPAAm film on Cu-PIlI-treated Ti6 Al4V samples could reduce these Cu-induced
inflammatory reactions was tested in another study in rats. The results demonstrated that
Cu-Plll-treated Ti6Al4V plates with an additional PPAAm coating induced local inflammatory tissue
reactions comparable with untreated samples, while Cu-PlIIl-treated samples without PPAAm caused
significantly stronger reactions in the chronic phase for several inflammatory cells [31].

Furthermore, the serum profile of different pro- and anti-inflammatory cytokines after implantation
of Ti plates with PPAAm films or plasma polymerized acrylic acid films (PPAAc) in rats was examined
to characterize the systemic inflammatory response. It was found that the different plasma
modifications caused distinct serum cytokine profiles, which were as a whole comparable between
the PPAAm samples and the untreated controls, while the PPAAc samples differed markedly from
both PPAAm and controls [32]. The serum cytokine profile for the PPAAm samples also indicated
two distinct phases of the systemic inflammatory response, possibly caused by time-dependent changes
in the physico-chemical properties of PPAAm as described earlier [30]. The associations between the
cytokine serum concentrations and different inflammatory cell populations were additionally examined
by a multivariate correlation approach, revealing that high IFNy concentrations in the early phase
were associated with a high number of pro-inflammatory CD68: monocyte/macrophages in the late
phase [33]. This observation indicates that IFNy could possibly be a serum marker to predict the
local tissue response after implantation and associated implant-related complications.

In another in vivo approach using the rat femur, the osseointegration of Ti alloyed implants
modified by PPAAm as well as plasma polymerized ethylenediamine (PPEDA) were evaluated [25].
Whereas uncoated Ti alloys showed the lowest bone-to-implant contact zone (BIC) (40.4%), the
PPAAm and the PPEDA coatings revealed a clear increase of the BIC with 58.5% and 63.7%,
respectively, indicating enhanced bone on growth [25].

We suggest that this amino-group-containing plasma polymer nanolayer (PPAAm) improves
the cell-material interaction at the interface of diverse biomaterial surfaces, e.g., metals, polymers,
calcium phosphates. Thus, we expect an improvement of the clinical outcome of permanent
implants.
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In this regard, we wanted to ascertain if PPAAm is also suitable to increase the attractiveness of a
ceramic surface for dental implants. In recent years, these ceramic substrates were moved further into
the center of healthcare, replacing metallic implant materials especially for patients with allergies.
Building on our findings on PPAAm surface coatings of diverse bulk materials, the aim of our paper
was to describe the interaction of MG-63 osteoblasts with very thin PPAAm films deposited on
zirconia ceramic surfaces.

2. Materials and Methods

2.1. Substrates

Titanium: Disks of polished titanium (Ti), technical purity, cp grade 2 (Ra 0.2 um) or titanium
alloy (Ti6Al4V; Ra 0.4 um), 11 mm in diameter and a height of 1 mm were used for comparison
purposes as reference materials and for the chemical surface characteristics.

Furthermore, planar silicon (Si)-wafers (1 x 1 cm) were sputter-coated with 100 nm titanium (Ti,
ZfM, Chemnitz, Germany) [10]. The resulting average surface roughness (Ra) was 0.774 nm, measured
by atomic force microscopy (JPK Instruments, Berlin, Germany, [10]). The planar Si/Ti wafers were
used to evaluate the optimal PPAAm plasma process duration and its resulting layer thickness on
cell attachment.

Ceramics: Yttria-stabilized tetragonal zirconia polycrystals (Y-TZP, see patent) as a source
material for dental implants were produced according to the same standard ISO 13356:1997. The
material parameters such as density, the ratios of ZrOz, Y203, HfO:, and Al2Os, grain size, and the
minimum bending strength are defined precisely by that norm. In this way, identical Y-TZP ceramic
materials are ensured. Disks of Y-TZP, 13-20 mm in diameter and 2 mm thick with smooth or rough
topographies (root-mean-squared-roughness Rq 273 + 40 nm and Rq 1320 + 20 nm, respectively) were
utilized for the chemical functionalization, physico-chemical analysis, and in vitro cell culture. The
roughnesses were determined with the profiler Dektak 3ST (Veeco Instruments, Santa Barbara, CA,
USA,; radius of the standard diamond stylus 2.5 mm, stylus force 30 mg, scan length 500 mm; 100
measurements/sample) (see Patent, chapter 5).

2.2. Deposition of Plasma Polymerized Allylamine (PPAAm)

Titanium: To determine the minimal possible layer thickness that allows cells to spread optimally,
we evaluated the preconditions for the plasma deposition on the planar Ti wafers. The Ti wafers
were coated by plasma polymerized allylamine (PPAAm) for 60 s (layer thickness <10 nm) or 480 s
gross (layer thickness ~25 nm). Further preparation details are found in the following section.
Ceramics: The microwave (MW) plasma reactor V55G (2.45 GHz; 60 L, Plasma Finish, Wertheim,
Germany) was used for the deposition of the PPAAm films of different coating thicknesses. The
substrates were in a downstream position 9 cm below the MW coupling window. First, the substrates
were decontaminated and activated by continuous wave (cw) oxygen plasma (500 W, 50 Pa, 100 sccm Oy,
300 s cw) and subsequently followed, without breaking the vacuum, by coating with PPAAm using
allylamine as a precursor. A MW gas-discharge plasma (500 W) with a pulsed deposition regime (0.3 s
on/1.7 s off) at low pressure (p = 50 Pa) was used for the coating. All samples were prepared under
these identical standard plasma process conditions. Only the gross treatment time was varied from
960, 480, 240, 180, 120, 90, 60, 30, to 15 s [34]. Thin and very thin PPAAm films were realized
dependent on the treatment time. A calibrated needle valve (0.125 + 0.009 mL/min) allowed exact
dosing of the monomer allylamine (H2C=CH-CH:-NHz) (VWR International GmbH, Darmstadt,
Germany). Argon was used as a carrier gas (50 sccm).

2.3. Surface Characterization

2.3.1. Grazing Incidence X-ray Diffraction (GIXRD), X-ray Photoelectron Spectroscopy (XPS),
Fourier-Transform Infrared Spectroscopy FT-IR
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GIXRD using a Siemens D5000 AXS diffractometer with Cu Ka radiation at 40 kV and 40 mA
was carried out in order to study the crystallographic structure of the untreated and plasma-treated
ceramic samples used. The measurements were performed at a constant incident angle of w = 0.5°
relative to the sample surface, over a range of 2 0 from 10° to 60°, with a step width of 0.02° and data
collection time of 5 s per step.

The elemental chemical surface composition of the PPAAm thin films were determined by
high-resolution scanning X-ray photoelectron spectroscopy (XPS). The Axis Ultra DLD electron
spectrometer (Kratos Analytical, Manchester, UK) runs with monochromatic Al Ka radiation (1486
eV; 150 W), implemented charge neutralization, and a pass energy of 80 eV for estimating the
chemical elemental composition. The spot size was 250 pm. On each sample, three spots were
measured and averaged in different positions. The takeoff angle was 90° in all cases.

Data acquisition and processing was carried out with the “vision 2.1.3” software (operating
software Kratos) [13]. The labeling of primary amino groups was performed with
4-trifluoromethyl-benzaldehyde (TFBA, Alfa Aesar, Haverhill, MA, USA) at 40 °C over a saturated
gas phase of 2 h. The density of the amino groups NH2/C was determined from the fluorine
elemental fraction [35].

The chemical composition and molecular structure of PPAAm thin films were analyzed by means
of FT-IRRAS (FT-IR Type: Spectrum One, PerkinElmer, Waltham, MA, USA) [36]. The spectra were
obtained at the spectral resolution of 4 cm™, with the number of scans at 32 in the wavenumber
region 4000 to 600 cm™.

2.3.2. Film Thickness, PPAAm Roughness

The thickness of the deposited films was determined by surface profilometry. The film
thickness can be measured solely on very smooth surfaces; therefore, silicon wafers were used and
coated in the same plasma process together with the ceramic samples. For this purpose, before
coating, very thin strips of cellulose acetate were deposited across the substrate surfaces. After film
deposition, the acetate strip was removed. The height of the step obtained between the coated and
uncoated surface area was determined with the help of the surface profiler (Dektak3ST, Veeco
Instruments, Santa Barbara, CA, USA). Every sample was measured at a minimum of three different
positions. Tests by spectroscopic ellipsometry (SE 850 spectroscopic ellipsometer, SENTECH
Instruments, Berlin, Germany) confirmed the correctness of this method.

Surface roughness was determined using the scanning probe microscope diCP2 (Veeco
Instruments) in non-contact mode (cantilever MPP111, Veeco Instruments) with a tip radius of 10
nm before and after PPAAm film deposition on silicon wafers (Universitywafers.com). The
roughness Rq was calculated on a 10 um x 10 um wide area.

2.3.3. Surface Free Energy, Contact Angle, Zeta Potential

The surface energy with its polar and disperse components was calculated from measurements
of contact angles of three different liquids: Water, ethylene glycol, and methylene iodide. The contact
angles were measured by the sessile drop method (drop volume ~0.5 pL) using the measuring
system OCA30 (Data Physics Instruments GmbH, Filderstadt, Germany) and the software SCA 20.
The surface energy was calculated using the methods of Owens, Wendt, and Rabel [37,38]. These
measurements were always performed within 30-60 min after sample preparation at five different
positions along the ceramic surface [39].

Existing surface charges can be estimated by determining the so-called zeta potential.
Streaming potential measurements were carried out for various pressures using the Electrokinetic
Analyzer SurPass (Anton Paar Germany GmbH, Ostfildern, Germany) to determine the streaming
potentials dependent on the pressure. The measurements were performed in a 0.001 mol/L KCl
solution ranging from pH 6.0 to 8.0 with a gap height of 100 um. The streaming current was
determined depending on the pressure (max. 300 mbar). Finally, the surface charge was calculated
according to the method of Helmholtz-Smoluchowski. Measurements were performed in
quadruplicate on two independent samples.
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2.4. Cell Culture Experiments

The experiments were performed with the human osteoblast-like cell line MG-63 (CRL1427™,
ATCC®, American Type Culture Collection, Manassas, VA, USA). MG-63 cells are a suitable in
vitro-model for basic bone-related research, as the cell morphology, expression of adhesion receptors
(e.g., al-5, av, $1-3, 5, CD44, syndecans), cell cycle phases (GO, S, G2/M), and intracellular signaling
molecules (e.g., p-p38 MAPK, pERK, p-Akt, and intracellular Caz+) are stable over the passages 5 to
30, as Staehlke et al. discovered recently [40].

Titanium: For the experiments with Ti samples, the cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) (Life Technologies, Thermo Fischer Scientific, Waltham, MA, USA,
#31966021) containing 10% fetal calf serum (FCS) (Biochrom FCS Superior, Merck KGaA, Darmstadt,
Germany, #50615) and 1% gentamicin (Ratiopharm GmbH, Ulm, Germany).

Ceramic: For the experiments with ceramic samples, the cells were cultured in DMEM (high
glucose, Gibco Invitrogen, Karlsruhe, Germany), with 10% FCS (Gold, PAA, Pasching, Austria) for
passaging or serum-free for the experiments and 1% gentamicin. Serum-free medium was used to avoid
masking of the PPAAm-coated ceramic surface with proteins (soluble fibronectin) as described earlier
[18]. The culture conditions were at 37 °C in a humidified atmosphere with 5% CO..

2.4.1. Cell Morphology

Titanium: The morphology of MG-63 cells on Ti samples after 1 h cell culture (30,000 cells/1 x 1
cm-wafer, in DMEM + 10% FCS) was analyzed by field emission scanning electron microscopy
(FE-SEM, Merlin VP compact, Carl Zeiss Microscopy GmbH, Jena, Germany). The samples were fixed
with 2.5% glutaraldehyde (Merck KGaA, Darmstadt, Germany) at 4 °C for at least 1 h. Samples were
rinsed with 0.1% sodium phosphate buffer, dehydrated through a graded series of acetone (30% 5 min,
50% 5 min, 75% 15 min, 90% 10 min, 100% 2 x 10 min), and dried in a critical point dryer (K 850,
EMITECH, Taunusstein, Germany), then gold sputtered with a coater (20 nm, SCD 004, BAL-TEC
AG, Balzers, Liechtenstein). To image the cell morphology on the FE-SEM, an acceleration voltage of
5KkV, and a high-efficiency secondary electron detector were used.

Ceramic: The morphology of MG-63 cells on ceramic samples (series no. BK050, BK052) after 24 h of
cell culture (serum-free DMEM) was examined using the SEM DSM 960A (Carl Zeiss). The samples were
fixed with 4% glutaraldehyde (1 h), dehydrated through a graded series of acetone, dried in the critical
point dryer, and sputtered with the coater as described above (see also patent, Chapter 5).

2.4.2. Actin Cytoskeleton

Titanium samples: The actin cytoskeleton organization (30,000 cells/well) was observed using the
inverted confocal laser scanning microscope LSM 780 (Carl Zeiss Microscopy GmbH, Jena, Germany)
equipped with an He-Ne laser (excitation: 543 nm), and ZEISS 63x Plan Neofluar oil immersion
objective (1.25 0il/0.17). The MG-63 cells were grown on Ti samples for 1 h (DMEM + 10% FCS), and
then fixed with 4% paraformaldehyde (PFA, Sigma-Aldrich, St Louis, MO, USA) at room
temperature (RT) for 10 min and permeabilized with 0.1% Triton-X 100 (Merck) at RT for 10 min. For
actin staining, cells were incubated with phalloidin-tetramethyl-rhodamine (TRITC, dilution 1:15 in
phosphate buffer saline, Sigma-Aldrich) in the dark at RT for 30 min. Samples were embedded in the
mounting medium Fluoroshield™ (Sigma-Aldrich) on a cover slip and stored in the dark at 4 °C.
The software ZEN 2.3 software (ZEISS Efficient Navigation, ZEN 2.3, black edition, Carl Zeiss) was
used for image acquisition.

Cell spreading: To quantify the cell area (in um?), we measured 40 TRITC-stained cells/sample
using the software Image] 1.48a (Wayne Rasband, National Institutes of Health, Bethesda, MD,
USA).

2.4.3. Cell Adhesion

Ceramic: Suspended MG-63 cells in serum-free DMEM were seeded onto the ceramic plates (&
20 mm; series no. BK034) at a density of 1 x 10*/specimen for 10 min, and non-adherent cells in the
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supernatant were counted and analyzed by flow cytometry (FACSCalibur, software CellQuest Pro
4.0.1, BD Biosciences, Franklin Lakes, NJ, USA). Cell adhesion was then calculated as a percentage of
the cell number at 0 min. Three independent experiments were carried out.

2.5. Statistics

Titanium samples: Statistics were performed by GraphPad Prism 7 software for Windows
(GraphPad Software Inc., La Jolla, CA, USA). The spreading data (not normally distributed) were
evaluated by non-parametric Kruskal-Wallis test post uncorrected Dunn’s test.

Ceramic samples: The cell adhesion data were statistically evaluated by SPSS software 14.0 for
Windows (SPSS Inc., Chicago, IL, USA). The differences were evaluated with Student’s #-test.

All: In general, the normal distribution was established using the Kolmogorov-Smirnov test. Data
were presented as mean + standard error of mean (s.e.m.). Statistical significance was established at p
<0.05.

3. Results and Discussion

Plasma polymerized allylamine was deposited and investigated by us on a variety of materials
(see Table 1). In recent years, we extended our work to anorganic oxide ceramic materials that
should replace metallic implants for persons with allergies. So far, the influence of the plasma
radiation on these ceramics was unknown.

The ceramic utilized for dental implants is a special yttrium-stabilized, tetragonal zirconia
polycrystal (Y-TZP). The tetragonal crystal structure must be guaranteed for dental applications. It is
known that the tetragonal crystallites can be transformed into their monoclinic modification under a
volume expansion of ca. 3-5% followed by crack formation or break off of smaller particles; this can
happen, for instance, via the influence of manual grinding or chemical manipulations [41,42].
Transformation toughening is responsible for the unique failure behavior of Y-TZP. Mechanical
and/or chemical manipulations after sintering influence local phase transformations near the surface
and reduce the toughness and crack resistance of the ceramic. The stability of the tetragonal crystal
phase seems to be a problem [41].

Our aim was to determine both the applicability of the PPAAm layer on these crystalline
zirconia ceramics and also the minimal possible film thickness that would allow cells to spread
optimally. We carried out the standard plasma deposition process in dependence on the treatment time
and described, among other things, the interaction of MG-63 cells with the PPAAm film deposited in
different thicknesses on the Y-TZP ceramic.

3.1. Physico-Chemical Surface Properties of PPAAm-Treated Y-TZP Ceramic

As a precondition for our further investigations, we studied the crystallographic structure of
the ceramic substrate by X-ray diffraction analysis before and after plasma treatment to determine
the influence of the plasma process.

The GIXRD analysis of the untreated and PPAAm-treated ceramic samples confirmed clearly,
in agreement with the data file JCPDS 42-1164, the tetragonal crystal modification of Y-TZP (Figure
4). The undesired monoclinic phase was not detectable. The MW plasma process for the deposition
of PPAAm has no influence on the tetragonal crystal structure of Y-TZP present.
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Figure 4. Grazing incidence X-ray diffraction (GIXRD) patterns of untreated and plasma
polymerized allylamine (PPAAm) plasma-treated (960 s gross) tetragonal zirconia polycrystal
(Y-TZP) ceramic.

The chemical composition and molecular structure of PPA Am thin films on ceramic (not shown)
could be confirmed by means of FT-IRRAS. The FT-IRRAS spectra of PPAAm showed a high retention
of the structural properties of the monomer allylamine H.C=CH-CH:-NH: for the MW plasma
deposition method used here in accordance with [13].

A further approach in our investigations was the gradual reduction of the PPAAm film thickness.
We searched for the minimal possible film thickness, which would allow cells to behave optimally.
For all samples (Si-wafer), one and the same standard plasma process parameter was used, only the
gross treatment times varied (see Section 2.2) and, therefore, the film thickness. A quasi-linear film
growth could be found from 15 s until about 480 s (Figure 5). At 960 s, etching processes more
frequently accompany the deposition process, followed by a greater degree of cross-linking of the
plasma polymer, reduced film thickness, a loss of surface functional groups, and increasing WCA
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Figure 5. PPAAm film thickness dependent on the plasma treatment time determined on Si-wafers.

Layer formation and growth of the plasma polymer film PPAAm are of particular interest and
can be explained by the results of Michelmore et al. [9] and Akhavan et al. [23]. They shed some light
on the growth mechanisms of the very first layers of plasma polymer films, also for PPAAm.
Michelmore et al. [9] verified a very smooth PPAAm film growth, and a continuous layer formation
even for very thin films (<2 nm) from the very earliest stages on a silicon surface. The double bond in
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the precursor allylamine encourages a better cross-linking in PPAAm and seems to contribute to the
smooth layer formation. Island-like structures could be excluded for PPAAm. These results confirm
our observations of very smooth PPAAm films (480 s: Rq=1.9 + 0.2 nm; 960 s: Rq = 3.8 + 0.9 nm).
Akhavan et al. were, again, able to demonstrate that the formation of metallic (zirconium/titanium-)
carbide and oxycarbide bonds in the initial stages of the film formation led to the excellent film
adhesion of the plasma polymer. A 2D-like, layer-by-layer (Frank-van der Merve mechanism) manner
of growth was observed [23].

Plasma-treated surfaces are very reactive upon completion of the plasma deposition process.
So-called post plasma processes, especially oxidation and hydrolysis, take place after storage in
ambient air, influencing the wettability and surface energy by changing the surface chemical
compositions. The wettability is determined by the charge and polarity of the surface functional
groups. Therefore, the water contact angle (WCA) measurements were always carried out 30—60 min
after the plasma process in each case, to get comparable results.

Figure 6 shows the WCA of untreated (time point 0 s) and PPAAm-coated smooth and rough
ceramic surfaces as a function of the plasma treatment time. In the case of the smooth ceramic (Rq
~273 +40 nm), the WCA are in a range between 50° and 60° (54.9 + 4.4°), whereas the WCA values of
the rough ceramic (Rq~1320 + 20 nm) vary more strongly between 40° and 60° (46.5 + 12°) and are
more hydrophilic than the smooth ceramic surfaces. For both roughnesses, the WCA are in the
hydrophilic region in which the wettability is optimal for cell responses [24]. Even a very short
plasma treatment time of 15 s is sufficient to shift the WCA of the untreated samples into the
hydrophilic region, here especially apparent for the rough surfaces.
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Figure 6. Water contact angles of untreated (time point 0 s) and PPAAm-coated smooth and rough
ceramic. Note: Even a very short plasma treatment time of 15 s is sufficient to shift the water contact
angles (WCA) of the untreated samples into the hydrophilic region. (Plasma treatment times: 15, 30,
60, 90, 120, 180, 480, and 960 s; n =5).

The high WCA values of the untreated rough ceramic may be contributed to the enlargement of
the effective surfaces area combined with higher hydrocarbon content. Our recent experiments by
Rebl et al. [15] using polished and machined Ti showed similar tendency concerning WCA and
roughness: For Ti-P (Ra 0.045 pm) and Ti-M (Ra 0.315 pm), the WCA values results in ca. 60° vs. 80°,
respectively.

The zeta potential measured at pH 7 for the untreated rough zircon oxide ceramic is strongly
negative at -=53.1 + 1.4 mV. The PPAAm nanofilm (480 s; on Si-Ti wafer) led to a positively charged
surface (pH 6) at +32.8 + 12 mV immediately after the deposition process and +35.5+2 mV after 180 d
storage in ambient air. The trend is consistent with our results in [13].

The surface energy and water contact angle of untreated and PPAAm-coated (120 and 960 s)
smooth ceramic surfaces demonstrated that the PPAAm treatment led to an enhancement of the total
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surface energy, including their polar and disperse parts (Figure 7A) and to decreasing WCA (Figure
7B). The total surface energy of the untreated smooth ceramic increased from about 37 + 2 mN/m to
about 50 + 0.5 mN/m for both PPAAm coated surfaces (for 120 s and 960 s brutto, respectively). Also,
the disperse and polar part of the surface energy increased on PPAAm. The disperse part of the
untreated ceramic 24 + 3 mN/m rose to 30 and 33 mN/m and the polar part of the untreated ceramic
14 + 5 mN/m to 20 and 16 mN/m for 120 s and 960 s PPAAm. Furthermore, the shorter PPAAmM
treatment time of 120 s has a higher polar and lower disperse part than 960 s PPAAm. Possible
reasons for this may be a lower influence of the etching processes or more surface functional groups
through a lesser degree of cross-linking.
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Figure 7. Surface energy (A) and water contact angle (B) of the untreated and PPAAm-coated smooth
ceramic surface (n = 3). Note the tendency toward enhanced surface energy (dispersed and polar
part) and a reduced water contact angle (i.e., higher hydrophilicity) on PPAAm.

The XPS surface composition, as a function of the plasma treatment time (Figure 8) for smooth
and rough ceramic surfaces shows that, with increasing treatment time, the ceramic surface will be
covered systematically by the plasma polymer film PPAAm. The elements of the ceramic substrate
Zr, Y, in slight traces Al, Si, Na, and also O disappeared; meanwhile, the components of PPAAm C
and N increased. A complete covering by PPAAm is reached at about 200 s. The significantly higher
roughness of the rough ceramic led to higher standard deviations in C, O, and N. Zr and Y are in the
same dimensions as is the case for smooth ceramic surfaces.
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Figure 8. X-ray photoelectron spectroscopy (XPS) elemental content of PPAAm coating on a smooth
(A) and rough (B) ceramic surface dependent on the treatment time. For a clearer presentation, the
trace elements Al, Si, and Na were omitted.

The bar diagram (Figure 9) illustrates the surface composition of selected ceramic samples that were
used in cell culture. The N/C ratios of PPAAm coatings for as little as 15 s is at 20% (not shown here) and
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increases continuously: at 60 s to 26%, 120 s to 26.4%, 480 s to 25.8%, and 960 s to 26.8%, whereby the
theoretical N/C value of the precursor allylamine is 33%. The PPAAm films formed until about 120 s
of treatment time already contain a considerable number of nitrogen functional groups at the
surface.

[ 2 [ N O . c N

XPS element fraction [atom-%]

0 60 120 480 960
gross plasma treatment time [s]

Figure 9. XPS elemental content after PPAAm coating of smooth ceramic dependent on the treatment
time. The trace elements Al, Si, and Na were omitted.

Y-TZP ceramic surfaces that are negatively charged can be modified by the plasma polymer
PPAAmM under retention of the tetragonal crystal structure. Very smooth, positively charged
PPAAm films could be deposited. In accordance with Michelmore et al. [9] and Akhavan et al. [23], a
2D-like, layer-by-layer (Frank-van der Merve mechanism) manner of growth can be assumed from
the very earliest stages. Even short plasma treatment times led to PPAAm films with relatively high
N/C ratios of about 20-26%. The WCA are optimal, lying in the hydrophilic range, and the total
surface energy including their polar and disperse parts are enhanced on PPAAm. Thinner PPAAm
films (<10 nm) seem to be beneficial in every respect and showed optimal conditions for adhesion
and spreading of osteoblasts.

For future dental applications it is essential to evaluate the long-term stability of the PPAAm
nanolayer on these Yttria-stabilized, tetragonal zirconia polycrystal ceramics (at least one year) as
well as the in vivo effectiveness in the jawbone.

3.2. Cell Behavior on Titanium (Ti) and Ceramic Surfaces Bioactivated with Plasma Polymer (PPAAm)

The plasma nanolayer PPAAm is convincing in its cell attractiveness. The 480 s plasma process
on Ti, which results in a homogeneous nanolayer, allowed the cells to spread significantly in
comparison with the uncoated Ti control, which we had already observed earlier [20]. In this work, it
was of interest to determine whether a reduced plasma process time on Ti could induce the same
spreading behavior. The PPAAm plasma treatment time of 60 s and 480 s gross, which corresponds to
a layer thickness of about <10 nm and ~30 nm resp., revealed for both N/Cs ratios of about 26%.
However, the cell-attractive characteristic of this nanolayer was obvious (Figure 10). After 1 h, cells on
Ti PPAAm spread well and reached values of 1085.4 +55.5 pmzand 1365.6 + 68.7 umz for the PPAAm
processes 60 s and 480 s, respectively (control: 713.8 + 51.0 um?). The actin cytoskeleton is already
more pronounced in stress fibers after a 60 s deposition time of plasma polymerized allylamine.
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Figure 10. Impact of PPAAm plasma process duration and resulting nanolayer thickness on MG-63
cell morphology after 1 h on plane Ti. (A) Cell morphology (first row; FE-SEM Merlin VP compact,
Carl Zeiss) and actin cytoskeleton (second row; LSM 780, Carl Zeiss); scale bars 10 um. Note that the
plasma process at 60 s gross is sufficient to significantly increase the cell area. (B) Cell area measurements
(1 h) from the LSM actin images. (n =40 cells, mean + s.e.m., Kruskal-Wallis test post hoc uncorrected
Dunn'’s test, * p < 0.05 vs. control).

Analogous to our investigations of PPAAm coatings on different materials (see Table 1), we
prepared and analyzed the effects of conditioning ceramic surfaces with PPAAm, especially with
regard to their further use as dental materials. The well-spread morphology also on PPAAm-coated
ceramic surfaces is obvious (Figure 11). Ceramic on its own provides the cells with a surface
characteristic, which leads to cell spread. In addition, the coating allows the cells to melt into the
ceramic surface structure. The cells mimic the topography and the underlying structure appears
through the flattened cell. These phenomena could also be observed with cells on metal surfaces,
especially on corundum-blasted sharp-edged Ti coated with PPAAm, process duration 960 s gross
resulting in a 50 nm layer [15]; or on plasma chemical oxidized surfaces additionally coated with
PPAAm [11]. On PPAAm-modified ceramic, the cells are able to adhere immediately in the first 10
min and to a great degree of more than 80% compared with the untreated ceramic and the TCPS
control at 81.4 +9.9%, 19.3 +2.9%, and 30.6 + 4.7%, respectively (Figure 12).
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Figure 11. Cell morphology on plasma polymer (PPAAm)-modified rough ceramic after 24 h. The

cell area on PPAAm (960 s gross) is increased and the cells melt into the underlying ceramic
topography (arrow) in a way that the surface structures can be seen on the cell surface. (SEM DSM
960A, scale bars: left =2 um; middle and right = 20 um, no. BK052).
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Figure 12. Initial cell adhesion (10 min) on plasma polymer modified smooth ceramic (PPAAm, 960 s
gross). Flow cytometry, Student’s t-test: PPAAm vs. bare ceramic (no. BK034) * p <0.01, PPAAm vs.
tissue culture plastic (TCPS) * p < 0.05; mean * s.e.m., n =3 independent experiments.

Summarizing all results with ceramic surfaces as well as other biomaterials tested (see Table 1),
we can say that the moderately positively charged plasma polymerized allylamine (PPAAm)
nanolayer is very cell attractive. This phenomenon can be seen in many cell biological concerns: (i)
On PPAAm-modified materials, the cell spreading is very fast, cells are flattened, and cells melt into
the surface structure [15], and (ii) this cell attractiveness leads to the next phenomenon that cells
“forget” the underlying surface structure. This could be observed for the first time by our group.
Normally, on material topographies, cells feel the underlying topography, i.e., cells are aligned on
micro-grooves or machined Ti. But if these materials additionally PPAAm-modified, the cells not
only adhere better and spread faster, but also override the topography [10,15].

4. Conclusions

Yttria-stabilized tetragonal zirconia polycrystal (Y-TZP) ceramic surfaces can be modified by
the plasma polymer PPAAm under retention of the tetragonal crystal structure. The ceramic surface
is negatively charged. Very smooth, positively charged PPAAm films could be deposited and a
two-dimensional-like, layer-by-layer manner of growth can be assumed from the very earliest stages.
Even short plasma treatment times led to PPAAm films with relatively high N/C ratios of about 20-26%.
The WCA are in the optimal hydrophilic range. The surface energy is enhanced at ~50 mN/m
independent from the plasma deposition time (120, 960 s) on ceramic. XPS revealed that components
of PPAAm C and N reached their maximum already after a short plasma process. Thinner PPAAm
films (<10 nm) seem to be beneficial in every respect and showed optimal conditions for adhesion
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and spreading of human osteoblasts. Finally, we suggest that PPAAm as a cell-attractive nanolayer
is also suitable for the bioactivation of dental implant surfaces.

5. Patent

A process for preparing ceramic implants for medical purposes. European patent specification.
Vita Zahnfabrik H. Rauter GmbH & Co. KG, 79713 Bad Saeckingen (DE). Date of publication and
mention of the grant of the patent: 22.03.2017, Bulletin 2017/12, Application number: 12753522.7,
Date of filing: 05.09.2012. International application number: PCT/EP2012/067286. US14/236,740, US9,
241, 795, 26.01.2016.
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Enhanced calcium ion mobilization
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Abstract

Background: Biomaterial modifications—chemical and topographical—are of particular importance for the integra-
tion of materials in biosystems. Cells are known to sense these biomaterial characteristics, but it has remained unclear
which physiological processes bio modifications trigger. Hence, the question arises of whether the dynamic of
intracellular calcium ions is important for the characterization of the cell-material interaction. In our prior research we
could demonstrate that a defined geometrical surface topography affects the cell physiology; this was finally detect-
able in a reduced intracellular calcium mobilization after the addition of adenosine triphosphate (ATP).

Results: This new contribution examines the cell physiology of human osteoblasts concerning the relative cell
viability and the calcium ion dynamic on different chemical modifications of silicon—titanium (Ti) substrates. Chemical
modifications comprising the coating of Ti surfaces with a plasma polymerized allylamine (PPAAm)-layer or with a thin
layer of collagen type-1 were compared with a bare Ti substrate as well as tissue culture plastic. For this purpose, the
human osteoblasts (MG-63 and primary osteoblasts) were seeded onto the surfaces for 24 h. The relative cell viability
was determined by colorimetric measurements of the cell metabolism and relativized to the density of cells quanti-
fied using crystal violet staining. The calcium ion dynamic of osteoblasts was evaluated by the calcium imaging analy-
sis of fluo-3 stained vital cells using a confocal laser scanning microscope. The positively charged nano PPAAm-layer
resulted in enhanced intracellular calcium ion mobilization after ATP-stimulus and cell viability. This study underlines
the importance of the calcium signaling for the manifestation of the cell physiology.

Conclusions: Our current work provides new insights into the intracellular calcium dynamic caused by diverse
chemical surface compositions. The calcium ion dynamic appears to be a sensitive parameter for the cell physiology
and, thus, may represent a useful approach for evaluating a new biomaterial. In this regard, reliable in vitro-tests of cell
behavior at the interface to a material are crucial steps in securing the success of a new biomaterial in medicine.
Keywords: Chemical surface modifications, Titanium, Plasma polymer, Tissue culture plastic, Collagen type-I, Human
osteoblasts, Zeta potential, Cell viability, Signaling, Calcium ion dynamic

Background

Nowadays, there is an increasing demand for permanent,
temporary and biodegradable orthopedic devices devel-
oped for bone repair and regeneration [1-3]. The cell—
biomaterial interaction is a major challenge for tissue
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engineering. Both the topographical and chemical sur-
face stimuli of the biomaterials can affect cellular behav-
ior, either detrimentally or favorably, at the interface
[4—7]. The physico—chemical stimuli of biomaterial sur-
faces control complex molecular mechanisms responsible
for cell function [4, 8—10] by mechanotransduction—
translating external signals and forces into intracellular
biochemical signals [1]. As a result, initial processes like
cell adhesion [8, 11], spreading [9, 12] and the mechani-
cal attachment of cells to the biomaterial surface [5]
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further influence other cell activities such as prolifera-
tion, differentiation [2] and intracellular signaling [4, 10].
There is limited information on whether altered cellular
responses by external mechanical stimuli affect intracel-
lular signal transmission via an intracellular calcium ion
dynamic. Many cellular functions, like proliferation or
differentiation, are regulated by changes of cytosolic free
calcium ions (Ca?") [13—15]. The cations (Ca®") act like
common intracellular signaling molecules, which func-
tion as a “second messenger” [14, 16, 17]. Cytosolic free
Ca®*-concentration (1077 M) is strictly regulated [16]. A
short-term rise of Ca?" is important for signal transmis-
sion, and intracellular calcium dynamic is triggered by a
variety of factors like adenosine triphosphate (ATP) [14,
17, 18] or mechanical forces [10, 13]. The ligand ATP
typically activates the cell-surface G protein-coupled
receptor (GPCR) which generates inositol-1,4,5-triphos-
phate (IP3); this induces transient and rapid Ca*-release
through activation of its receptor which is located in the
membrane of the internal Ca*'-store, the smooth endo-
plasmic reticulum (ER) [14, 15, 19]. Intracellular Ca?*
as a second messenger system is responsible for signal
transduction [14] e.g. the transmission of external signals
and forces in adaptation to the changed environment [10,
18]. So, external signals provide a distinct Ca>* dynamic
that selectively controls long-term cellular responses like
proliferation [20] and differentiation [10, 14, 15] by, e.g.
binding and activation of other downstream signal pro-
teins and transcription factors [13, 17, 19]. To study the
role of the intracellular Ca** dynamic on different chemi-
cal surface compositions, osteoblasts were stained with a
very common non-ratiometric (single wavelength) Ca?*
indicator fluo-3 [16, 21] and analyzed using confocal
laser scanning microscopy. The variation of fluorescence
intensity in vital fluo-3-labeled osteoblasts was recorded
over the time of 240 cycles of 2 s each [10]. To stimulate
the intracellular calcium dynamic, ATP was added after
the 90th cycle [10].

The complex interplay between modified biomaterials
and cell behavior has not yet been fully understood and
elucidated. Therefore, it is important to determine param-
eters that reflect the cell physiological behavior of the cells
in interaction with the physico—chemical properties of the
biomaterial surface. Titanium (Ti) or titanium alloys (like
Ti6Al4V) as implant materials in medicine fulfill highly
demanding biological conditions, being both inert and
biocompatible, having excellent mechanical and physi-
cal properties, and being corrosion-resistant [2]. A layer
of titanium dioxide (TiO2) forms spontaneously when
titanium is exposed to air [22]. For an improved interac-
tion of cells on titanium materials, surfaces were endowed
with modified chemical as well as physical properties [5, 7,
23]. It is known that cells sense and respond sensitively to
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the topographical features of surfaces [4]. In this regard,
Staehlke et al. [10] found out that osteoblasts on Ti micro-
structures with impaired cell physiology (cell growth,
actin cytoskeleton organization and synthesis of fibronec-
tin) showed significantly reduced intracellular calcium
mobilization compared to planar controls. To create new
bioactive materials, in addition to the topographic modi-
fication, chemical surface properties are of significance
for the cell substrate interface [24, 25]. It is reported that
the ideal cell adhesion is mediated by positively charged
as well as hydrophilic surfaces [2]. The allylamine, polym-
erized by a low-pressure physical plasma process, gener-
ates positively charged amino groups on the wet surface
[8, 11]. The advantage of positively charged surfaces is
the adsorption of molecules and proteins which mediate
cell adhesion [2]. It has been shown that a PPAAm coat-
ing causes osteoblasts to respond with, in addition to
improved adhesion and increased spreading [7-9], also
an improved organization of the actin cytoskeleton with
typically long stress fibers and enhanced focal adhesion
kinase (FAK) protein expression [11, 12] which finally
enhanced cell function [26]. Collagen type-I is one main
organic part of the extracellular matrix (ECM), e.g. in
skeletal [27] and dental bone [22]. Collagen functions as
a ligand for cell adhesion receptors like integrins [6, 10]
and is therefore a cell-attractive surface [22]. Collagen
type-I layer as a biochemical surface modification sup-
ports the cell physiology, including adhesion and dif-
ferentiation [27, 28]. The objectives of this in vitro-study
on human osteoblasts was to investigate the cell physi-
ological effects of two chemically modified Ti surfaces—
PPAAm and collagen type-I—compared with a bare Ti
substrate, as well as with standard tissue culture plastic
(ibiTreat, IBIDI) (see Fig. 1). The zeta potentials on these
different chemical compositions of the surface modifica-
tions were determined in order to analyze the influence of
the surface charge on the cell behavior. Furthermore, this
study focused on the intracellular calcium ion dynamic
with its importance in the regulation of cell physiology.
We have identified the intracellular calcium ion mobi-
lization as a sensitive parameter to observe the cellular
behavior on different biomaterials. Reliable in vitro-tests

I ik
Tl + PPAAM Ti + Cal Ti | IBIDI I
C— silicon =3 Titaniurm [ PPAAM coating

[EEZE3 Collagen type-l coating [ Tissue culture plastic {IBIDI)

Fig. 1 Scheme of the chemical surface composition. The silicon-tita-
nium (T1) substrates were modified by amino functionalization with
plasma polymerized allylamine (Ti + PPAAm) as well as immobiliza-
tion of a bioactive collagen type-I layer (Ti + Col). These modifications
were compared with bare Ti substrates and tissue culture plastic

(BD)
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for the description of cell-material interactions are the
precondition for the design of new biomaterial surfaces in
medicine.

Results
Surface characterization reveals a positive surface charge
on the PPAAm-nanolayer

In order to evaluate the existing surface charges of the dif-
ferent chemical surface compositions, the zeta potential
at pH 6.0-8.0 was determined (Fig. 2). Table 1 represents
the values of the zeta potential at the cell physiological
pH 7.4 [7]. These results indicated that only the PPAAm
coating on Ti (Ti + PPAAm) exhibits a positive surface
charge. In contrast, the immobilized collagen type-I layer
on Ti (Ti + Col) revealed a slight negative surface charge,
and Ti as well as the tissue culture plastic (IBIDI) surfaces
showed a strong negative zeta potential (Table 1).

The measurements of water contact angle (WCA, dis-
tilled water) indicated that all chemical surface compo-
sitions (Ti + PPAAm, 68.4°; Ti + Col, 60.8°) as well as the
IBIDI (72.8°) were more hydrophilic compared with Ti
(85°) (Table 1).

The positively charged PPAAm nanolayer displayed
increased relative cell viability

The relative cell viability after 24 h was confirmed by col-
orimetric measurements of the cell metabolism (MTS)

Page 3 of 11

Table 1 Water
(mean % s.e.m.)

contact angle and zeta potential

Surface Water contact angle (in °)  Zeta potential at pH 7.4
(inmV)

Ti 85.0+0.7 —-82.3+£3.9[7]

Ti+PPAAmM 68.4+1.7 +8.6+14(7]

Ti+ Col 60.8+2.2 —18.5+£3.2[7]

IBIDI 728+1.6 —81.7+2.5

and relativized to the density of cells (crystal violet stain-
ing). We found a significantly higher relative cell viability
of MG-63 cells on Ti + PPAAm (3.66 + 0.27) in contrast
to all negatively charged surfaces after 24 h. A similar cell
viability per cell number could be observed for Ti + Col
(2.91+0.24), Ti (3.08+0.18) and IBIDI (2.87 +0.47)

(Fig. 3).

The positively charged PPAAm nanolayer triggered an
enhanced intracellular Ca?* dynamic in MG-63 osteoblasts
and HOB

Fluorescence measurements of vital fluo-3/acetoxym-
ethyl ester (AM)-stained osteoblasts were recorded on
the confocal laser scanning microscope (LSM780). The
mean fluorescence intensity (MFI) of 10 defined regions
of the cells (one region per cell, see Fig. 4) was analyzed
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Fig. 2 Surface characterization—the zeta potential—of different chemical compositions. Note that the zeta potential of the Ti + PPAAm indicated a
positive surface charge, whereas collagen type-I coating (Ti + Col) and the control surfaces (Ti and IBIDI) exhibited a negative charge. The cell physi-

71



Publikation II: Stachlke et al. Cell Biosci (2018) 8:22

*
5 *
*
£ 4]
Lo
- —_
2 3 =r= |
8 1
S 2
=
K
@
x 1]
0- r T r
& o - o
F d &
» A
R BN
x
o\
Fig. 3 Relative cell viability of MG-63 osteoblasts on the chemical
surface compositions after 24 h. Relative cell viability: values from the
cell metabolism (MTS) related to the values of the cell density (crystal
violet). Note that osteoblasts on Ti + PPAAm indicated an increase
in relative cell viability compared with Ti + Col and bare Ti as well as
IBIDI. (Anthos reader, mean = s.e.m., adjusted Mann-Whitney U-Test,
*p <0.05, n =5 independent experiments)

per cycle over a time series (240 cycles every 2 s, total
480 s). To stimulate the cytoplasmic Ca?'rise from
the endoplasmic reticulum (ER), ATP was added after
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the 90th cycle (180 s). The recorded fluorescence sig-
nal of the stained cells over time was evaluated as a (i)
basal calcium level (without ATP stimulation, 0—180 s),
and (ii) the calcium ion mobilization (after ATP stimu-
lation, 182—480 s). The individual values can be found
in Table 2. MG-63 cells on Ti + PPAAm showed a sig-
nificantly increased intracellular Ca?"-mobilization
after stimulation with ATP in contrast to Ti + Col, Ti
and IBIDI (Fig. 5). The results indicated that the Ca2+
dynamic in MG-63 osteoblasts was influenced by a posi-
tively charged surface.

It has often been discussed that the tumor cell lines
(e.g. the MG-63 cells) are different in its sensitivity to pri-
mary cells.

In order to confirm the influence of chemical modifi-
cations on intracellular Ca?* signaling also in human
primary osteoblasts (HOB), experiments were done in
direct comparison. MG-63 and HOB cells were cultured
for 24 h only on the most noticeable chemical modifica-
tion, the positively charged Ti + PPAAm, compared with
bare Ti. The fluorescence intensity of these fluo-3-stained
osteoblasts at the 120th cycle was higher in both HOB
and MG-63 cells on Ti + PPAAm (Fig. 6a). A significantly
increased cytosolic free Ca’?* mobilization after ATP
stimulation was found in HOB as well as in MG-63 cells
on Ti + PPAAm compared with Ti (Fig. 6b, ¢). The fluo-
rescence signals are indicated in Table 3. Thus, the pri-
mary osteoblasts confirm increased calcium signaling on
Ti + PPAAm.

over the entire time series.

Fig. 4 Fluorescence intensity of the Ca**-mobilization in osteoblasts over a time series using confocal laser scanning microscopy (LSM780, Carl
Zeiss) and the software ZEN2 (blue edition, Carl Zeiss) in the mode “mean region of interest (ROI)”. a In the first fluorescence image of the time series,
the defined areas in 10 cells (one area per cell) are fixed. b Graphical representation of the mean fluorescence intensity (MFI) of the 10 defined areas
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Table 2 Mean fluorescence intensity of mobilized Ca?*
in MG-63 cells on Ti substrates (mean £ s.e.m.)

Caz+ signal Ti Ti+PPAAm Ti+Col IBIDI

Basal level (0-180s)  38.7+0.8 51.9+06  386+02 23.6+08
After ATP (182-480s) 49.9+1.1 89.1+19 44816 172x0.1
Discussion

In the present study, osteoblast behavior (viability and
calcium signaling) was correlated to different chemical
surface compositions on titanium—plasma polymerized
allylamine (Ti+ PPAAm) and a collagen type-I coat-
ing (Ti + Col)—in comparison with the bare substrate
(Ti) and tissue culture plastic (IBIDI). Using in vitro
approaches, we showed clearly that chemical surface
modifications of biomaterials affect the relative cell
viability and, further, the intracellular Ca** dynamic in
osteoblasts. In addition, we found a biological analysis
method—calcium imaging—to determine cell regulatory
mechanisms which reflect the cell behavior on different
materials.

Titanium is the biomaterial of choice in medical
devices due to its mechanical and biological compatibility
[22, 28]. Today, new biomaterials in medicine should be
biocompatible and furthermore actively promote cellular
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functions [2]. Bioactive material surfaces are developed
by physico—chemical modification for better osseointe-
gration [4]. Different studies investigated the influence
of surface modifications on cell-material interaction [4,
5]. The research and evaluation of new materials requires
additional in vitro tests, also for the assessment of signal
transduction.

The interaction between materials and osteoblasts is
dependent on surface characteristics like wettability, sur-
face charge or surface energy [3]. First of all, we analyzed
the surface charge (at pH 7.4) of the different chemical
compositions [7]. The zeta potential is of importance
for biological responses like adhesion and spreading
[4, 8, 9]. The zeta potential of surfaces modified with a
Ti+ PPAAm showed the only positive surface charge of
all surfaces used in the study. The other chemical tita-
nium modification Ti + Col indicated a slight negative
surface charge. Our comparative surfaces—bare Ti sub-
strate as well as IBIDI—revealed a highly negative zeta
potential [7].

Previous studies, which characterized the PPAAm
coating, examined the positive zeta potential in addition
to hydrophilicity of this nanolayer [8, 11]. Interestingly,
a greater hydrophilic potential was also observed for a
collagen type-I coating, but in contrast to the PPAAm-
nanolayer, a negative surface charge was measured [7].
Rebl et al. [9] reported a negative surface charge for a
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Fig. 5 Time courses of Ca**-fluorescence signals of vital fluo-3 loaded MG-63 cells growing on different chemical surface compositions. The addi-
tion of ATP is highlighted at the time point 180 s (90th cycle). Note that cells on Ti + PPAAm showed significantly increased intracellular calcium
signals after ATP stimulation. Cells on the control IBIDI indicated not only a weaker basal calcium signal (without ATP) but also a significantly weaker
calcium ion mobilization after ATP compared with osteoblasts on Ti, Ti + PPAAm, and Ti + Col. (LSM780, Carl Zeiss; 3 independent approaches for 10
defined areas each of 10 cells per time point, polygon line as the mean + s.e.m., multiple t-test, *p < 0.05). Explanations: 1 = Tivs. Ti + PPAAm, 2 = Ti
vs. Ti+Col, 3=Ti vs. IBIDL 4 =Ti + PPAAm vs. Ti + Col, 5 = Ti + PPAAm vs. IBIDI, 6 =Ti + Col vs. IBIDI
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Fig. 6 Calcium imaging in vital fluo-3 loaded human osteoblasts—cell line (MG-63) and primary osteoblasts (HOB). Changes in fluorescence inten-
sities of the cells were detected using confocal laser scanning microscopy (LSM780, Carl Zeiss, ZEN-software). a The representative fluorescence
images, after ATP stimulation (240 s = 120th cycle), show the Ca*" increase on Ti + PPAAm surfaces compared with bare Ti in MG-63 as well as HOB
cells. (Scale bar MG-63: 20 um, HOB: 50 um). b Intracellular Ca®* dynamics in vital primary osteoblasts (HOB) over 480 s (= 240 cycles) every 2 s on
Ti+ PPAAm compared with Ti. Note the significantly enhanced intracellular calcium ion signal in HOB cells after ATP stimulus (180 s) on Ti + PPAAm.
¢ Intracellular Ca*" signal of MG-63 cells over time on Ti + PPAAm compared with Ti. Significant differences in the intracellular Ca** dynamic of
MG-63 after ATP stimulation was detectable (see explanation in b). MG-63 and HOB established the same cellular reactivity in calcium signaling on
Ti+PPAAm and bare Ti. (MG-63 =3, and HOB =5 independent approaches each for 10 defined areas of 10 cells per time point, 240 cycles, polygon

collagen type-I layer on glass as well. Likewise, IBIDI
dishes, with their high negative charge, exhibit hydro-
philic properties [29]. It is known that biomaterial sur-
faces with moderate hydrophilicity improve cell growth
and biocompatibility [2]. In addition, improved initial
cell adhesion on positively charged surfaces was previ-
ously observed [7-9]. The extracellular matrix (ECM)
molecules, which are synthesized by osteoblasts and
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important for cell adhesion and regeneration [22], are
negatively charged, e.g. hyaluronan or collagen type-I
[12]. The collagen type-I is, on the basis of the abundant
presence in human tissue, the stability and as part of the
ECM, a potential, organic bioactive coating for titanium
surfaces [22]. The positively charged PPAAm nanolayer
is capable of attracting negatively charged biomolecules
of the ECM [12], and therefore particularly suitable as a
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Table 3 Comparison of Ca?" signals in HOB and MG-63

cells on Ti and Ti + PPAAm (mean % s.e.m.)

Ca? signal Primary osteoblasts— Osteoblast cell line—

HOB MG
Ti Ti+PPAAm Ti Ti + PPAAm
Basal level (0-180s) 26.3+0.3 31.2+0.1 387+08 51.9+0.6

ATP peak maximum  50.5£1.0 99.2+£1.7%  593+1.9 106.6+2.5%
(182-300 5)

Slope after ATP 334405 503+0.8% 438+08 77.8+18
(302-480 5)

* Statistically significant, p <0.05, multiple t-test

coating for biofunctionalized implant surfaces. Anselme
et al. [4] described the electric charge, existing at the
interface of biomaterials, as a significant factor in pro-
tein adsorption and integrin binding. It is postulated that
for the best cell attachment a positively charged surface
should be used, since cell adhesion and spreading are
influenced by chemical composition and surface poten-
tial [2]. The initial cell reaction controls further cellular
responses like signaling events and finally cell viability
[2]. Major regulators of cell viability and proliferation
are cell adhesion and cell spreading [5]. Prior investiga-
tions on surfaces coated with PPAAm indicated a signifi-
cant increase in initial osteoblast adhesion and spreading
[9, 11, 12], and thus an enhanced cell-material con-
tact which finally improved the proliferation rate [26].
The positively charged modification with a nanolayer of
PPAAm seems to be attractive for cells and stabilizes the
adhesion of cells on the biomaterial surface, resulting, in
addition, in better implant osseointegration [8, 12, 26].

The new findings of this study confirm this assumption.
In this study, osteoblasts which were cultured for 24 h
on surfaces with a positively charged PPAAm nanolayer
showed a significant increase of relative cell viability
compared with negatively charged surfaces. Cell viability
on Ti + Col appears to be unchanged compared with the
Ti and IBIDI. It is postulated in the literature that a bioac-
tive protein coating with collagen type-I acts as a ligand
for cell adhesion receptors [4, 6] and therefore will be a
cell attractive surface [25]. In this regard, in in vitro- and
in vivo-studies Avila et al. [22] presented enhanced cel-
lular behavior on collagen type-I coated implants. Also,
in long-term experiments (8 weeks) Sverzut et al. [25]
showed that collagen type-I coatings led to improved
osseointegration and differentiation in vivo. In the proxi-
mal tibial metaphysis of rats, Reyes et al. [30] compared
bone-to-implant contact of machined titanium surfaces
(Ti) with e.g. bovine type I collagen (Col I). After 4 weeks
of healing the mean bone-to-implant contact percentages
were 58% for Col I and 43% for Ti. Col I was statistically
higher compared with Ti. The authors concluded that Col
I enhanced bone repair and implant integration.
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Further literature showed inconsistent results in
in vitro approaches. Also, Morra et al. [28] postulated
that the osteoblast growth rate on collagen-modified
biomaterials is lower and cell viability is similar com-
pared with pure titanium. Regarding our study, Rebl et al.
[9] were also able to show that the positive charges of a
PPAAm coating enhanced the cell physiology (initial cell
adhesion and spreading), and were more effective than
the collagen type-I coated surfaces. Thus, the zeta poten-
tial seems to be an important surface characteristic for
cell physiology, as demonstrated in this study with the
relative cell viability.

This feature of cell physiology—relative cell viability—is
also reflected in the intracellular calcium dynamic after
stimulation with ATP. In this study, an adapted cytosolic
calcium signal was found corresponding to the relative
cell viability in MG-63 osteoblasts on the different chem-
ical compositions. It is known from the literature that
intracellular Caz2+is a component of downstream signal-
ing cascades [13, 14, 17] and regulates characteristics of
cell physiology such as proliferation [15, 20]. The analy-
sis of the intracellular Ca?* dynamic in fluo-3 stained
osteoblasts on different chemical surface compositions
presented here were performed using confocal laser
scanning microscopy. The fluorescence changes over the
time of 240 cycles were recorded every 2 s and evaluated.
The basal calcium level (without stimulation), and the
calcium dynamic after stimulation with ATP (even at the
90th cycle) were determined [10]. Interestingly, the cells
on positively charged PPAAm reacted with a significantly
higher calcium signal after ATP-stimulus compared
with cells on negatively charged surfaces. Some studies
showed a similar cellular reaction of the cell line MG-63
and primary osteoblasts (HOB) on biomaterials concern-
ing the expression of integrin subunits and signaling, and
declared MG-63 cells to be useful in in vitro models [31].
Nevertheless, they intend to verify appropriate functional
studies with human primary cells [31]. Therefore, we
placed HOB on the most noticeable chemical modifica-
tion (Ti + PPAAm) compared with bare Ti and analyzed
the intracellular calcium signal. Not only in the MG-63
cell line, but also in HOB, we were able to demonstrate
this phenomenon of increased Ca?* mobilization on
Ti + PPAAm. Also, Ravenscroft et al. [24] showed that
chemical surface features of self-assembled monolayers
on coverslips (DETA) can influence the calcium dynamic
after an electrical stimulation (1 HZ, 6 V signal, 5 ms
per pulse), as demonstrated with fura 2-stained chicken
embryonic cardiac myocytes. Cells on the hydrophilic
silanes showed a significant higher excitation-induced
Ca?" concentration and dynamic (i.e. calcium transients,
amplitude and duration).
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Due to good spreading and adhesion properties, adhe-
sion receptors such as integrins mediated stronger cal-
cium signals [13]. Furthermore, cytoskeletal organization
and formation of a cytoskeletal signaling complex affects
the intracellular calcium mobilization [13]. In previ-
ous studies it was found that osteoblasts grown on the
PPAAm nanolayer displayed improved osteoblast adhe-
sion and spreading as well as a strong actin filament net-
work [11, 12]. This new, further study shows accordingly
the significantly increased calcium ion dynamic in osteo-
blasts on this positively charged surface.

In another earlier study we indicated altered cellular
behavior on the topography of a defined micro-struc-
tured surface (micro pillars): changed actin organization
resulting in short fiber formation on the top of the pillars
[10] and, as a consequence, a significant decrease in the
intracellular calcium signal [10, 16]. These topography-
dependent reactions finally led to inhibited cell func-
tion [10]. Thus, we suggest that osteoblasts transmitted
external signals and forces from the environment into the
cell via calcium signaling. The stringent regulation of the
intracellular Ca?* dynamic plays an important role in cell
function [10, 13, 15]. It seems to be a correlation between
the increased viability of MG-63 cells and the enhanced
calcium ion dynamic detected on Ti + PPAAm. In this
regard, it has been shown that the intracellular Ca2*
dynamic plays an important role, and thus can be an indi-
cator for the behavior of cells on different biomaterials.

Conclusion

The material surface functionalization with positively
charged plasma-polymerized allylamine (PPAAm)
resulted in increased cell viability and, furthermore, in
an enhanced calcium ion mobilization after ATP stimula-
tion. We conclude that the calcium ion dynamic reflects
the behavior of the cells on different surfaces accord-
ingly. To develop new biomaterials it is of importance to
understand the interaction of cells with the underlying
material.

We have found an in vitro-method—calcium imag-
ing—to assess the cell response to functionalized surface
modifications. This study is one of the first to examine
the intracellular calcium ion level and stimulus-depend-
ent dynamic of intracellular calcium ions on chemically
different coatings. These new results support our hypoth-
esis that the calcium ion dynamic in cells is important in
the transmission of external signals into the cell, which
finally regulate the cell physiology.

Methods

Surfaces and chemical composition
The bare substrate was silicon with a final 100 nm tita-
nium (Ti) coating. The surfaces thus had a native
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titanium-oxide layer (TiO2) at which the cells interact.
The Ti wafers, which measured 1 x 1 cm (length x width),
were obtained from the Center for Microtechnologies
(ZFM, University of Technology Chemnitz, Germany).
To sterilize the bare material, samples were incubated in
70% ethanol for 15 min and rinsed with phosphate buffer
saline (PBS, Sigma Aldrich, Munich, Germany).

One of the modifications of the bare Ti substrate was
the wet chemical coating with collagen type-I (Ti + Col).
For this purpose, 200 pl of a collagen work solution (Col,
type I, rat tail tendon, BD Bioscience, Heidelberg, Ger-
many, 200 pg/ml in acetic acid) was dripped onto the Ti
sample under sterile conditions (laminar flow box) and
allowed to adhere for 3 h. To remove the acetic acid from
the working solution, the surfaces were rinsed 3 times
with PBS before use.

Another chemical modification of the bare Ti was the
coating with plasma polymerized allylamine (PPAAm)
(Ti + PPAAm). The preparation was carried out in a low-
pressure microwave plasma reactor (2.45 GHz; 500 W,
50 Pa) V55G (Plasma Finish, Germany, V = 60 1). The
samples underwent a two-step procedure: at first they
were decontaminated and activated in pulsed oxygen
plasma (10 ms on/90 ms off; 30 s effective) and then,
without breaking the vacuum, coated with the monomer
allylamine by the pulsed plasma polymerization pro-
cess (300 ms on, 1700 ms off, 72 s effective, gross 480 s).
Prior to use, the allylamine was carefully purified of air
by evacuating and purging with N2. A liquid handling
system allowed for the exact dosing of allylamine. Argon
was used as a carrier gas (50 sccm Ar). The substrate was
located in the plasma reactor in a downstream position
[11]. The thickness of the deposited coatings was around
25 nm. Before the experiments started, these surfaces
were rinsed with PBS.

The following control surfaces were used for the exper-
iments—a bare Ti wafer (see above) and a tissue culture
plastic (IBIDI). The tissue culture plastic ibidi p-dishes
with polymer coverslip (ibiTreat, @ 35 mm; ibidi GmbH,
Martinsried, Germany) are appropriate for microscopy
and cell-based assays and fulfill optical requirements [29].

Surface characterization—surface charge

Zeta-potential measurements were performed using
SurPASS™ system (Anton Paar, Ostfildern, Germany) to
determine the surface charge. Smooth samples with a
size of 2 X 1 cm were mounted pairwise in the chamber
with a gap height of 100 pm. The measurements were
performed in a 0.001 mol/l KCI solution ranging from
pH 6.0 to 8.0. The streaming current was determined
depending on the pressure (max. 400 mbar). Finally, the
zeta potential was calculated according to the method
of Helmholtz—Smoluchowski. ~Measurements were
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performed in quadruplicate on three independent pairs
of samples (except for IBIDI, where only two samples
were measured).

Surface characterization—wettability

The water contact angle (WCA) was determined by the
sessile drop method using the Drop Shape Analyzer—
DSA25 (Kriiss GmbH, Hamburg, Germany) and 2 ul
distilled water. Drop images were acquired with the digi-
tal camera of the DSA25, and the contact angles were
determined with the included software by the fit method
ellipse (ADVANCE, V.1.7.2.1). The measurements were
done with three sessile drops on one sample (technical
triplicates), and 3 independent samples were used for
each surface (n = 3).

Cell culture

For the main part of the experiments, MG-63 cells,

a human osteoblast-like cell line from ATCC (American
Type Culture Collection ATCC®, CRL1427™ were used.
The MG-63 cell line has similar characteristics concern-
ing morphological behavior, adhesion, integrin receptor
expression and signaling properties to primary human
osteoblasts [31]. For comparison and confirmation of
the intracellular calcium ion dynamic we used human
primary osteoblasts (HOB, PromoCell GmbH, Heidel-
berg, Germany, C-12720) as well. Both cell types were
cultured at 37 °C in a humidified atmosphere (5% CO2).
MG-63 cells were grown in Dulbecco’s modified eagle
medium (DMEM; Life Technologies GmbH, Darmstadt,
Germany), with 10% fetal calf serum (FCS, Biochrom
FCS Superior, Merck KGaA, Darmstadt, Germany) and
1% antibiotic (gentamicin, Ratiopharm GmbH, Ulm,
Germany). Experiments were performed in passages
5-25. The HOB cells were cultivated in osteoblast growth
medium with SupplementMix (PromoCell) and 1% anti-
biotic—antimycotic (Anti-Anti 100%, Life Technologies).
Investigations with HOB were done in low passages (two
to four). All cell cultures were examined prior to further
examination on the one hand for mycoplasma, and on
the other hand for density and growth. Cells in the near-
confluent state (70-80% of confluency) were used for the
corresponding in vitro-experiments.

Relative cell viability assay

To estimate the relative viability of cells growing on
different chemical surface compositions, MTS assay
was used. MTS ((3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetra-
zolium salt), a yellow tetrazolium, is reduced to
purple formazan in living cells by mitochondrial meta-
bolic activity. The absorbance of this colored solution
could be measured. For this, MG-63 cells (50,000 cells/
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cm?) were seeded onto the 1 x 1 cm surfaces in 24-well
plates (Thermo Fisher Scientific, Roskilde, Denmark)
and cultivated for 24 h. Thereafter, materials with adher-
ent cells were transferred into a fresh 24-well plate. Here,
cells were incubated for 2-3 h in 500 pl culture medium
containing 100 pl of MTS reagent (CellTiter 96 Aqueous
ONE-Solution Cell Proliferation Assay, Promega, USA) at
37 °C. Supernatants were transferred into a 96-well plate
(for each experimental group 4 x 100 ul were analyzed).
The absorbance was recorded at 490 nm with a micro-
plate reader (Anthos, Mikrosysteme, Krefeld, Germany).
A background measurement was taken at 650 nm. To
quantify the cell number, crystal violet staining was per-
formed. Crystal violet binds to the negatively charged
DNA in a linear fashion via ionic attraction. Staining
was done on the basis of a protocol published previously
[32]. Briefly, cells were fixed in 2-propanol (Walter CMP
GmbH, Kiel, Germany) after washing with PBS. The
permeabilization of the cell membrane was achieved by
washing with 0.05% Tween 20 (VWR Chemicals, Leuven,
Belgium). After shaking with 0.1% crystal violet solution
(Serva, Heidelberg, Germany) for 20 min at room tem-
perature, cells were washed with double-distilled (dd)
H20. The bound crystal violet was re-dissolved using 33%
acetic acid (J. T. Baker, Deventer, Netherlands). The opti-
cal density of the transferred supernatants was quanti-
fied with a microplate reader at 620 nm. The relative cell
viability of osteoblasts will be presented as a quotient of
MTS and crystal violet data.

Intracellular Ca?* dynamic analysis by calcium imaging

For the live cell calcium imaging, 80,000 cells/cm?
osteoblasts were cultured on 1 x 1 cm samples with dif-
ferent chemical compositions for 24 h, and afterwards
washed with pre-warmed PBS (+ Ca/Mg, Sigma) and
stained with the calcium indicator fluo-3/AM (Life
Technologies Corporation, Eugene, Oregon, US, 5 uM)
according to Stachlke et al. [10]. Briefly, cells were
transferred to a slightly hypotonic 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) buffer and
loaded with fluo-3/AM. Fluo-3 is engineered with ace-
toxymethyl (AM) ester to load the dye into the osteo-
blasts [21]. In order to completely incorporate the dye
in the osteoblasts for the best fluorescence signal, the
method of hypo-osmotic shock treatment was addi-
tionally applied [16]. After incubation of the fluo-3/
AM (40 min at 37 °C), the cells were cultured further
in an isotonic HEPES buffer. Vital fluo-3/AM-labeled
osteoblasts were visualized by a confocal laser scanning
microscope (LSM780, Carl Zeiss AG, Oberkochen,
Germany) with a C Apochromat 40x water immer-
sion objective (Carl Zeiss, 1.20 W Korr M27) and an
excitation at 488 nm by the argon ion laser (emission
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at 515 nm). To record the global Ca?" fluorescence
signal from single cells, the mode “time series” of the
ZEN software (ZEISS efficient navigation, ZEN 2011
SP4, black edition, Carl Zeiss) of one cycle every 2 s
for 240 cycles was applied. In order to stimulate the
intracellular Ca?" release from the endoplasmic reticu-
lum and thus the intracellular calcium dynamic, ATP
(adenosine 50-triphosphate, 10 pM, SERVA Electro-
phoresis GmbH, Heidelberg, Germany) was added to
the experiment always at the same time point—after
the 90th cycle—during the recording of the time series.
At least three independent samples were analyzed for
each experimental group to assess the chemical surface
influence on the calcium ion dynamic. Samples were
exposed with the same settings (Gain, Digital Offset)
as well as with a pinhole of maximal airy units (15 AU,
13.5 pm section). The measurement of the mean fluo-
rescence intensity (MFI) of the global Ca?* signal from
the separate images of the time series was done by
ZEN2 (blue edition, version 2.0.0.0, Carl Zeiss). Ten
defined areas of cells (one area per cell) for each time
point (240 cycles =240 time points) were analyzed
using the function “mean ROI” (mean region of inter-
est). For this, the corresponding defined areas were
selected in the first image of a time series and the soft-
ware analyzed the mean fluorescence intensity (MFI)
of these areas in each cycle (one cycle = one image) of
the entire time series (Fig. 4). Fluorescence images were
acquired at a resolution of 512 x 512 pixels.

Statistical evaluation

The statistical evaluation was conducted at least three
times in independent tests. Results for the in vitro-
investigations are expressed as mean * standard error of
the mean (s.e.m.). For the relative cell viability, we used
the Mann—Whitney U-test. For the intracellular Ca2*
dynamic experiments, a multiple t-test was done. Signifi-
cant differences were reported as adjusted p-values < 0.05
(two-sided). All statistical analyses were performed with
GraphPad Prism7 software (GraphPad Software Inc., La
Jolla, CA USA).
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ABSTRACT: For many biomedical applications, material surfaces should not
only prevent unspecific protein adsorption and bacterial attachment as in
many other applications in the food, health, or marine industry, but they
should also promote the adhesion of tissue cells. In order to take a first step
toward the challenging development of protein and bacteria-repelling and
cell-adhesion-promoting materials, polyamine and poly(amido amine)
surface coatings with terminal amine groups and varying structure
(dendrimer, oligomer, polymer) were immobilized on model surfaces via
silane chemistry. Physicochemical analysis showed that all modifications are
hydrophilic (contact angles <60°) and possess similar surface free energies
(SFEs, ~46—54 mN/m), wheteas their amine group densities and zeta
potentials at physiological conditions (pH 7.4) varied greatly (—50 to +75

s [+
N, .ﬁ*\NJK,r"
H

polymers

oligomeric SAMs

o -NH,/-NH

dendrimers

gole |l 00®

zeta potential at pH 7.4
protein adsorption from FBS

mV). In protein adsorption experiments with single proteins (human serum albumin (HSA) and lysozyme) as well as complex
physiological fluids (fetal bovine serum (FBS) and human saliva), the amounts of adsorbed protein were found to correlate
strongly with the zeta potential of the surface coatings. Both modifications based on linear polymers exhibited good protein
repellency toward all proteins examined and are thus promising for testing in cell adhesion studies.

| wTrobucTION

Surface fouling is a usually undesirable process, affecting, for
example, the food industry,! the marine industry and
sensoring,” and particularly health care.® In the medical field,
the performance of medical devices or orthopedic implants
strongly depends on the adsorption of proteins on the material
surface because the attachment of proteins occurs rapidly after
the first contact of the biomaterial with the human body and
subsequent processes are mediated by this initial layer of
proteins.* The colonization of bacteria and biofilm formation,
for example, are enhanced by specific interactions between the
protein film and the bacterial surface.> The attachment of
tissue cells to a biomaterial surface was found to be influenced
by adsorbed proteins as well.* Thus, it is vital to control
protein adsorption as well as to prevent unspecific protein
deposition. So far, many attempts have been made both to
understand the correlation between physicochemical surface
properties and the adsorption of proteins®~® and also to
develop homogeneous or nanostructured nonfouling surface
coatings.”~!>  Poly(ethylene glycol) (PEG)-based surface
functionalizations exhibit excellent protein-repellent properties
and have been used in a variety of applications,'4~!” but PEG
coatings lack stability, especially under oxidative condi-
tions.!'®!Y Thus, novel protein-resistant and more stable
functionalizations must be found, which, ideally, also inhibit
bacterial attachment and, in the case of orthopedic implants,
promote the attachment of tissue cells and the integration in
the surrounding tissue.

© XXXX American Chemical Society
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In this context, some tequirements for surface modifications
can be described if they are supposed to show the
aforementioned properties.

As unspecific protein adsorption is mainly entropy-driven
and thus observed on hydrophobic surfaces, hydrophilic
surfaces exhibit better protein-repellent properties in gener-
al.?0=22 Coatings withstanding protein adsorption also often
share some additional similarities: They are swellable,
moderately flexible, and possess polar functional groups with
hydrogen bond-accepting moieties but lack hydrogen bond-
donating groups as well as net charges.>>=2° Positively charged
surface coatings, however, promote cell adhesion due to the
interaction with the negatively charged eukaryotic cell surfaces
and exhibit antibacterial properties, although bactericidal
properties of cationic groups are reduced by previously
adsorbed proteins.?*?’

In our workgroup, poly(amido amine) (PAMAM) den-
drimers, which are symmetrically branched macromolecules
that are comparable to proteins with respect to their size and
physicochemical properties, have been studied as surface
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Figure 1. Overview of the synthesized surface modifications with (A) N,N'-bis(3-aminopropyl)-1,3-propanediamine, an oligo(propylene imine),
(B) second- or fourth-generation poly(propyleneimine) dendrimers, (C) a linear poly(amido amine) polymer, (D) a linear poly(ethylene imine)
polymer, and (E) an amidoamine structure from N,N'-cthylenebis(acrylamide) and piperazine.

modifications and were found to reduce unspecific protein
adsorption and bacterial attachment but promote the adhesion
of osteoblast cells.?®?” Continuing this approach of combining
surface amine groups, which are positively charged under
physiological conditions, with varying, flexible structures, a
systematic investigation of the surface properties of and protein
adsorption on novel sutface functionalizations of silicon and
silica-based model substrates is presented. Via initial silane-
based self-assembled monolayers (SAMs), surface modifca-
tions with terminal amine groups were immobilized on the
surfaces. The structure and the chemical functionalities within
the molecules of the modifications were varied. Polyamines
and PAMAMs were examined as dendrimers, linear polymers,
or short oligomer-like species. The only exception in this
systematic study is the PAMAM dendrimer which has been
examined in detail in previous works.?730 These surface
modifications were investigated thoroughly with respect to
both their physicochemical characteristics (zeta potential, static
and dynamic wetting behavior, and SFE) and their perform-
ance in protein adsorption experiments, determining unspecific
protein adsorption with the bicinchoninic acid (BCA) assay.
We hypothesized that sufficiently flexible and hydrophilic

coatings can exhibit protein-repellent properties despite
possessing positively charged amine groups and thus may be
suitable for further experiments regarding bacterial adhesion
and cell attachment.

I EXPERIMENTAL SECTION

Chemicals. Nonporous sintered silica beads (diameter 250—315
um, sutface area 0.19 m?/g from gas adsorption expetiment) wete

obtained from Brace GmbH (Germany), and nonporous silica
particles (diameter 1 pm) were purchased from micromod
Partikeltechnologie GmbH (Germany). In addition, 10 mm X 10
mm single-side-polished silicon wafers as well as 10 mm X 25 mm
double-side-polished silicon wafers (Si-Mat Silicon Materials,
Germany, cut by Disco Hi-Tec Europe GmbH, Germany) were
used as substrates. Silanes 11-bromoundecyltrichlorosilane (95%), 7-
oct-1-enyltrichlorosilane (95%), and 3-(triethoxysilyl)propylsuccinic
acid anhydride (TESPSA, 95%) were purchased from ABCR Gelest
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(Germany). The poly(propylene imine) (PPI) dendrimers of
generations 2 (PPI-G2, MW 773.3 g/mol, C4HosNi4, eight terminal
primary amine groups) and 4 (PPI-G4, MW 3513.8 g/mol,
Cis4H432Ne2, 32 terminal primary amine groups) were obtained

from SyMO-Chem (The Netherlands) (structure in Figure S1),
whereas N,N'-bis(3-aminopropyl)-1,3-propanediamine (APD, 97%),
N,N'-ethylenebis(acrylamide) (96%), piperazine (anhydrous, 99%),
and poly(ethylene imine) (PEI) polymer (linear, MW 25 000 g/mol)
were purchased from ABCR Gelest (Germany).

Sulfosuccinimidyl-4-O-(4,4'-dimethoxytrityl) butyrate (sulfo-
SDTB) was purchased from Bioworld (USA). HSA (=96%) and
lysozyme (=90%) were obtained from Sigma-Aldrich Chemie GmbH
(Germany), and FBS was purchased from PAN-Biotech GmbH
(Germany). Human saliva was prepared as published previously.?s
Unless otherwise stated, all further solvents and reagents were
obtained from Sigma-Aldrich Chemie (Germany), VWR International
GmbH (Germany), or Carl Roth GmbH (Germany) in the highest
purity available. Sterile-filtered water was obtained by the filtration
of purified water (p = 18 MQcm, by means of an ultrafiltration
apparatus from Millipore Corp., USA) with a bottle top vacuum
filtration system with a 0.2 um poly(ether sulfone) membrane (VWR,
Germany).

Oxidation of the Substrates. As described in previous
publications,?=30 wafer substrates were cleaned by sonication in
acetone for 15 min. After that, substrates (precleaned wafersand
previously untreated beads) were oxidized in half-concentrated nitric
acid (38% w/w) via sonication for 30 min and stored in HNOj forat
least 2 weeks. Prior to functionalization, nitric acid was removed via
rinsing repeatedly with sterile-filtered water (until pH 5—6 was
reached), and the substrates were dried in a desiccator equipped with
silica gel as the drying agent under vacuum.

Modification of Silicon and Silica Substrates. Synthesis of
Siloxane Monolayers. Unless stated otherwise, silanizations as well as
successive functionalization steps were carried out under the exclusion
of water (use of dried solvents and glassware) under an argon
atmosphere, as described previously.?

The synthesis of the of 6-carboxyhexanylsiloxane monolayer (SAM-
COOH) was performed according to Liu et al’! and has been
explained in previous publications.?®* Silanization was achieved with
a 7-oct-1-enyltrichlorosilane solution in anhydrous toluene for 2 h at
room temperature under a protective nitrogen atmosphere. After
rinsing multiple times with toluene and drying, the oxidation of the

https://dx.doi.org/10.102 | /acs.langmuir.0c00625
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terminal alkene groups was performed with KMnOy (25 mmol/L in
0.1 mol/L sulfuric acid) for 15 min at room temperature. The removal
of manganese dioxide and excess permanganate was achieved by
rinsing multiple times with 0.1 mol/L HSOs, 0.1 mol/L sodium
bisulfite (NaHSO3) solution, 0.1 mol/L HCl solution, and repeatedly
with water until a neutral pH was reached.

The preparation of the 11-aminoundecylsiloxane monolayers
(SAM-NH;) was derived from the protocol by Balachander and
Sukenik?? and has already been published previously.?s3 Summar-
ized shortly, silanization was cattried out in a 11-bromoundecyltri-
chlorosilane solution in anhydrous toluene for at least 2 h at room
temperature. The bromine-terminated SAM was rinsed with toluene
for excess silane removal and dimethyl sulfoxide (DMSO).
Substitution of the bromine with azide groups was performed with
a solution of sodium azide (NaNj3) in anhydrous DMSO for at least
24 h. After rinsing with DMSO and tetrahydrofuran (THF), reduction
of the azide groups was performed with a lithium aluminum hydride
(LiAlHg4) solution in anhydrous THF for at least 24 h. Wafer
substrates were then rinsed once with 10% hydrochloric acid (HCI),
once with 0.1 mol/L HCI, and repeatedly with water until
neutralization was reached. Silica beads and particles, however, were
first rinsed with anhydrous THF and then several times with diluted
HCI solution (0.1 mol/L) and repeatedly with water (until pH 6 was
reached).

The silanization of substrates with a TESPSA monolayer was

achieved as described previously2s—30 with a solution of TESPSAand

anhydrous acetic anhydride (molar ratio 1:3) in anhydrous toluene at
elevated temperatures (110 °C for 30 min, 130 °C for 10 min) under
an argon atmosphere. Excess silane was removed by rinsing with
toluene.

Further Modification of SAMs with Amine-Group-Containing
Reagents. APD as well as second- and fourth-generation PPI
dendrimers were immobilized on TESPSA-modified substrates via
the formation of an amide bond, similar to previously described
immobilization proecdures.?’ After the rinsing steps with toluene, the
TESPSA-coated substrates were sonicated once with anhydrous
DMSO and immersed in the respective APD or PPI dendrimer
solution in anhydrous DMSO for 2 days at room temperature. (See
Supporting Information Table S1 for details.) Excessive reagent was
removed by rinsing at least once with DMSO and multiple times with
methanol before drying.

A linear poly(amido amine) (PAMAM) polymer was synthesized
similar to the procedure described by Dey and Ray.® N,N'-
Ethylenebis(acrylamide) and piperazine were dissolved in waterin a
1:1 molar ratio, and the solution was stitred under an argon
atmosphere at 30 °C. After 2 days, a 20% molar excess of piperazine
was added to the solution and stirred for 5 h in order to guarantee
pipetrazine end groups. After a total reaction time of 48 h, the solution
was poured into excess acetone, and the slightly yellow and viscous
precipitate was filtered. The crude product was separated from
oligomeric species by dialysis against water overnight and
subsequently freeze-dried and analyzed via HPLC-ESI-MS, reflective
IR, and 'H and BC NMR spectroscopy (Figures S2—S4 in the
Supporting Information).

The obtained linear PAMAM polymer and a linear PEI polymer
were immobilized on SAM-COOH-modified substrates. Therefore,
the carboxylic acid groups were converted to active esters via reaction
with a solution containing N-(3-(dimethylamino)propyl)-N'-cthyl-
carbodiimide hydrochloride and N-hydroxysuccinimide in 0.1 mol/L
2-(N-mortpholino)ethanesulfonic acid buffer (pH 5.4) for 2 h atroom
temperature. After reagent removal via rinsing with buffer and water,
immobilization of the PAMAM polymer was performed via
immersion in a 10 mg/mL solution in water for 1 h at room
temperature. Excess polymer was removed by rinsing with water. For
the modification with PEI polymer, the substrates with activated
carboxylic acid esters were rinsed with buffer, water, and methanol
before immersion in a 10 mg/mL PEI solution in a methanol/water
mixture (9:1 v/v) for 1.5 h at room temperature. Removal of excess
polymer was achieved by rinsing with the methanol/water mixture
and methanol.
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The synthesis of an amidoamine (AMAM) SAM (with structure
analogous to that of the PAMAM polymer) was cartied out with the
SAM-NHo,. The substrates were immersed in a 200 mmol/L solution
of N,N'-cthylenebis(acrylamide) in DMSO overnight at room
temperature. After the removal of excess N,N'-ethylenebis-
(acrylamide) by rinsing with DMSO several times, the substrates
were transferred to a 200 mmol/L solution of piperazine in DMSO
and the reaction was performed at room temperature overnight.
Excess reagent was removed by rinsing with DMSO and methanol.

Analysis of the Modified Substrates. Verification of Successful
Surface Modification. In order to confirm successful surface
modification diffuse reflectance infrared Foutier transform (DRIFT)
spectra were recorded from functionalized silica particles, using a
diffuse reflectance accessory from Pike Technologies Inc.

(USA) and a FT/IR-610 infrared spectrometer from Jasco Inc.
(Japan). Spectra of unmodified particles were used as background.

Furthermore, X-ray photoelectron (XPS) spectra of modified
silicon wafers were recorded with a PHI 5700 electron spectrometer
from Physical Electronics Co. (USA) using monochromatic Al Ka
radiation (1486.6 eV).

The density of surface amino groups was determined with the
colotrimetric sulfo-SDTB assay on functionalizedsilica beads.>* Beads
were incubated in 0.1 mol/L sulfo-SDTB in 50 mmol/L NaHCO3
buffer (pH 8.5, 2% (v/v) dimethylformamide (DMF)) for 30 min at
room temperature. After removal of the unbound analyte by rinsing
with water, 4,4-dimethoxytrityl cations were released upon treatment
with 35% perchloric acid for 20 min. The absorbance of the
supernatant solution at 495.6 nm was recorded with a Lambda 18
UV /vis spectrometer from PerkinElmer (USA).

Physicochemical Analysis. The hydrophilicity of functionalized
silicon wafers was obtained from static contact angle measurements
with water via a sessile drop technique using a P1 goniometer from
Erna Inc. (Japan). Droplets of 2.5 ul. were placed on the wafer surface
with an automated dispenser from Hamilton Company (USA). For
the calculation of the SFE, static contact angles were measured with
watet, formamide, and dilodomethane. The SFE was calculated using
the Lifshitz—van der Waals/acid—base approach.’> Dynamic wetting
behavior was analyzed on double-side-coated silicon wafers via the
Wilhelmy balance technique using a K100 tensiometer from Kruess
(Germany). After the determination of the surface tension of the
wetting liquid (water or phosphate-buffered saline solution (PBS)) via
the Wilhelmy plate method, for each wafer 10 immersion cycles were
recorded with a maximum immersion depth of 12 mm and a
progtression speed of 10 mm/min. The respective advancing and
receding contact angles were obtained by extrapolation of the linear
parts of the force/length lines to zero immersion depth.

The zeta potential of modified substrates was examined using two
different techniques via either electrophotretic measurements of
functionalized silica particles with a Zetasizer Nano ZS from Malvern
Inc. (U.K.) or by means of streaming current measurements of single-
side-coated wafers with a SurPass electrokinetic analyzer from Anton
Paar (Austria). Measurements were petformed in 1 mmol/L KCl
solution, and the pH was adjusted with HCI and KOH or NaOH
solutions.

Quantification of Protein Adsorption. Quantification of protein
adsorption on modified silica beads was performed via the BCA assay
according to the procedure described previously.282° Protein
adsorption was tested with undiluted physiological fluids FBS and
human saliva as well as 10 mg/mL solutions of HSA or lysozyme in
PBS buffer (150 mmol/L, pH 7.4). The protein content of the
physiological fluids was determined before adsorption expetiments by
means of the BCA assay. After the incubation of functionalized beads
with protein solution for 60 min at 25 °C, unadsorbed protein was
removed by rinsing thoroughly with PBS. (See the Supporting
Information for details on the procedure.) Dried protein-covered
beads and the BCA working solution (prepared according to the
manufacturer’s instructions) were mixed while cooling in an ice bath.
Functionalized beads without protein (HSA, lysozyme) or oxidized
but otherwise unmodified beads (saliva, FBS) served as controls for
blank samples and the standard curve. For each BCA assay, a standard
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curve was recorded, adding dilutions with known concentration of the
respective protein solution to BCA working solution in the presence
of functionalized or oxidized beads, respectively. After incubation for
30 min in a water bath at 40 °C, the reaction was stopped by cooling
in an ice bath, and the extinction of the supernatant solution was
recorded at 562 nm with the Lambda 18 UV /vis spectrophotometer
from PerkinElmer (USA).

Statistics. For the protein adsorption experiments, pairwise
comparisons were performed with the Mann—Whitney-U-Test with
considered p values of <0.05 (IBM SPSS Statistics, version 25, USA).
Unless otherwise stated, results are provided as medians with 25 and
75% quartiles (interquartile range).

I RESULTS AND DISCUSSION

Verification of Successful Surface Modification.
Successful immobilization of the surface modifications could
be proven by XPS (on silicon wafers), IR spectroscopy (on
silica particles, see Supporting Information Figure S5), and the
sulfo-SDTB assay (on silica beads) (Table 1). Compared to

Table 1. Characterization of the Surface Modifications via
XPS and a Sulfo-SDTB Assay (Providing Amine Group
Density)?

XPS [atom %]

amine group density

Si C O N [nmol/m?|
oxidized? 49 19 31 1 104 (33—127)
TESPSA? 22 42 35 0 186 (128—188)
APD 17 47 29 6 504 (362—680)
PPI-G2 12 56 24 8 2100 (2031—2935)
PPI-G4 10 58 20 11 3784 (3155—4092)
SAM-COOH? 41 26 33 0 164 (136—170)
PAMAM polymer 23 40 27 10 472 (427—569)
PEI polymer 30 33 31 6 717 (660—776)
SAM-NH? 38 32 28 2 2553 (2036—3038)
AMAM 30 37 29 4 2581 (2295—26006)

“For XPS measurements, at least two wafers were measured (n = 2).
The amine group density was determined from at least two
independent experiments with three replicates each (n = 6) for

each surface modification. Medians are provided (with 25 and 75%
quartiles in brackets). UXPS data for oxidized substrates, TESPSA,
SAM-COOH, and SAM-NH; from Katzur et al.?

the XPS data from the intermediate siloxane SAMs? a
decreased silicon content but increased carbon content could
be detected for all surface modifications, which is a
consequence of the formation of a thicker organic layer. In
addition, a higher nitrogen content was measured due to the
introduction of amine groups. This result was supported by the
data obtained from the sulfo-SDTB assay, an assay detecting
amine groups. For all surface modifications, an increase in the
amine group density could be observed compared to that of
previous silane SAMs without amine groups (Table 1). The
only exception is the AMAM surface, where no change in the
amine group density was observed, compared to the SAM-NH>
monolayer, as the number of surface amine groups remained
constant.

An interpretation of the results of the sulfo-SDTB assay in
terms of the grafting density of the different coatings should be
made very carefully. The assay is broadly applied for the
quantification of primary amine groups on solid substrates
(e.g., of immobilized peptides®*?’) but not for modifications
containing only secondary amine groups as reactive species. As
secondary amines have been proven to be mote nucleophilic
than primary amine groups,® it can be assumed that these
groups may also contribute to the formation of the trityl cation
in the sulfo-SD'TB assay despite possible steric hindrance. This
effect can be seen in the positive signal of the PAMAM
polymer coating of the present study which carries only
secondary and tertiary groups. Although no direct comparison
between surface modifications with varying compositions of
primary, secondary, and tertiary amines can be made, the
results allow a rough estimate of the surface density of the
immobilized molecules. We can state that the dendrimers are
immobilized at high surface densities, while all linear molecules
are immobilized at considerably lower surface densities.

Analysis of the Physicochemical Properties. The
different sutface modifications were further analyzed with
respect to their physicochemical properties, namely, static
wetting behavior, SFE, dynamic wetting behavior, and zeta
potential. The results are summarized in Table 2, Figures 2 and
3, and the Supporting Information (Table S3, Figure S0).

Wettability and SFE. All sutface modifications exhibit
increased water contact angles compared to those of oxidized
but uncoated wafers.”” Nevertheless, they can be considered to
be hydrophilic because they exhibit water contact angles of

Table 2. Static Contact Angles, SFE, and Zeta Potential Data (Isoelectric Point (IEP) and Zeta Potential at pH 7.4) for the

Surface Modifications?

contact angle [deg]

water formamide CHazl2
oxidized? 14 (12—106) 9 (6—12) 41 (40—45)
APD 46 (41-53) 34 (33—35) 26 (24—28)
PPI-G2 45 (39—54) 31 (29-32) 32 (29-33)
PPI-G4 39 (31—47) 30 (24—32) 40 (39—-42)
PAMAM polymer 27 (22—36) 19 (16—23) 37 (27—40)
PEI polymer 35 (33—41) 31 (29—-33) 39 (34—40)
AMAM 57 (46—060) 40 (38—40) 45 (43—48)

zeta potential

electrophoresis streaming current
SFE [mN/m] 1IEP at pH 7.4 [mV] IEP at pH 7.4 [mV]

56.8 (56.5—57.2) 2.5 =50 2.7 —90

50.2 (49.7—50.5) 6.0 =50

51.3 (51.2—51.6) 7.9 +25 8.29 +31

50.4 (49.7—52.8) 9.1 +75 8.87 +48

54.3 (53.7—54.5) 5.7 —35

49.3 (48.8—50.3) 5.9 =30 7.46 +2

46.0 (45.5—46.6) 9.0 +50

“For each surface coating, contact angles were measured on at least 5 wafers per liquid (four drops per wafer, n = 20). Zeta potential measurements

were performed in 1T mmol/L KCl solution. Electrophoresis data was obtained from at least four measurements at each pH value, each consisting of

two measurements in triplicate (1 = 24). Three streaming current measurements were carried out for each modification (n = 3). Medians are

provided (with 25 and 75% quattiles in brackets). PResults for contact angles, SFE, and zeta potentials of oxidized substrates are taken from

Staehlke et al.2?

https://dx.doi.org/10.1021/acs.langmuir.0c00625
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Figure 2. Zeta potential determined via electrophoresis of silica particles functionalized with (A) PPI-G2, PPI-G4, or PEI polymer or (B) APD,
AMAM, or PAMAM polymer. (C) Zeta potential of PPI-G2-, PPI-G4-, or PEI-polymer-coated silicon wafers, obtained from streaming current
measurements (mean average T standard deviation). All zeta potential measurements were petformed in 1 mmol/L KCl solution. (D) SFE as well
as polar and dispersive components of the different surface coatings. For (A), (B), and (D), medians (with the interquartile range shown as error

bars) are provided.

<60°. The lowest angles can be found for the polymers (27°
for the PAMAM polymer and 35° for the PEI polymer), which
are thus the most hydrophilic surface modifications. Contact
angles of between 39 and 46° were measured for PPI-G4-, PP1-
G2-, and APD-functionalized surfaces. The least hydrophilic
surface modification was the AMAM structure with a contact
angle of 57°. In all cases, the contact angles of the terminal
modification were lower than those of the intermediate SAMs,
again indicating successful surface modification.?

From contact angle measurements with formamide and
diiodomethane (in addition to watet), the SFE (as well as its
polar and dispersive component, see FIigure 2D) was
calculated. (Components of surface tensions used for
calculation are provided in Table S2 of the Supporting
Information.) No major differences could be determined
between the different surface modifications with SFEs
ranging from 46.0 to 54.3 mN/m, which ate all lower than
the SFE of oxidized wafers. The lowest SFE was determined
for the AMAM surface, exhibiting the lowest
dispersive component (37 mN/m), whereas the highest SFE
(and the largest polar component) was obtained for the
PAMAM- polymet-coveted substrates (54.3 and 13.3 mN/m,
respec- tively). This modification also exhibited the highest
content of

also
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polar interactions at 24%. The lowest content of polar
interactions was found for the APD modification of 9%.

The results for the SFE are in good accordance with
previous results. The SFE obtained for the PPI-G4 dendrimer
is comparable to those on amine-terminated PAMAM
dendrimer surfaces, measured by Katzur et al.,’* which were
characterized by total and polar SFEs of ~45 and ~12 mN/m.
The magnitudes of the polar components of PAMAM-G5-
NHz- and PPI-G4-functionalized surfaces are thus quite
similar, whereas the dispersive component of the latter is
significantly higher, leading to a higher total SFE. This
difference can probably be explained by the absence of inner
amide groups of PPI dendrimers.

Comparing structurally related modifications APD, PPI-G2,
and PPI-G4 which bear only amine groups as functional
groups, no differences can be seen for the total SFE. Two clear
tendencies, however, can be observed for the polar as well as
the dispersive component. The former is increasing from APD
via PPI-G2 to PPI-G4, and the latter is decreasing, both caused
by the increasing number of inner and surface amine groups. In
general, surfaces which contain both amine and amide groups
seem to possess larger polar contributions to the SFE, as both
the PAMAM polymer and AMAM-functionalized surfaces
exhibit polar contributions of >20% (24 and 21%,

https://dx.doi.org/10.1021/acs.langmuir.0c00625
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Figure 3. Advancing contact angles obtained from dynamic contact
angle measurements with (A) water and (B) PBS buffer. Results for
cycles 1, 2, 5, and 10 are given as medians (with the interquartile
range as error bars). For each surface modification, six wafers were
analyzed (1 = 0).

respectively), which is higher than the polar componentof any
other surface coating except PPI-G4 (22% polar component).

Zeta Potential. In contrast to the SFEs, zeta potentials
varied strongly among the different surface coatings. Zeta
potential measurements were performed via the electro-
phoresis of functionalized silica particles and, if necessary,
were supported by streaming current measurements of
modified single-side-polished wafers. This was the case for
surface coatings with PPI dendrimer or PEIpolymer coatings,
as particles with these modifications were prone to aggregation
close to the IEP, leading to large experimental errors (Figure
2A). For the electrophoresis experiments, the range from pH 3
to pH 9 or pH 10 was investigated (Figure 2A,B). In addition
to the complete potential curves, the isoelectric points (IEPs)
as well as the zeta potentials at pH 7.4 were extracted (Table
2). At first, all surface modifications drastically increased the
zeta potential of the surfaces, indicated by a shift of the IEP
from 2.5 or 2.7 for unmodified substrates? to at least 5.7 for
the PAMAM polymer. Surfaces with PAMAM polymer, PEI
polymer, or APD modification exhibited IEPs at pH 5.7, 5.9, or
6.0, respectively, in electrophoretic measurements. This
correlates with negative zeta potentials (—30 to —50 mV)
under physiological conditions. The low IEPs of the coatings
with linear polymers (PEI polymer and PAMAM polymer)
might be explained by the properties of the initial SAM. The
intermediate SAM-COOH possesses an IEP of <228 and thus
carries negative charges over the complete pH range from 3 to
10. The grafting-to approach, used for both polymers, might
lead to an incomplete conversion of these carboxylic groups to
amide groups as well as to a low-density surface coverage with
polymers in the mushroom regime.?** The IEP of the APD-
modified surfaces is slightly higher (at pH 6.0). This value is
significantly lower than the results obtained for amine-
terminated SAMs as an IEP at pH 7.3 was obtained for SAM-
NH;:-modified substrates from streaming current experi-
ments in our group.’” A higher zeta potential is expected
because the immobilized APD molecule contains a terminal
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primary group as well as inner secondary amine groups. Their
pK. values in dilute solution are expected to be ~10. This
protonation behavior, however, was shown to be altered
completely for surface-immobilized amines in a SAM. Shyue et
al.*! demonstrated that, due to the dense packing of the
functional groups in a SAM, deprotonation is a gradual
process, starting below pH 0 and having a pK, value of
approximately 3 because as soon as some surface groups are
protonated, further protonation is hindered due to the
unfavorable electrostatic interactions. Thus, the IEP of the
APD surface is lowered. This trend may be enhanced by the
immobilization procedure. Due to the ring opening of the
succinic anhydride during amide formation, one negatively
charged carboxyl group is formed for each immobilized APD
molecule, decreasing the zeta potential even further. This
might serve as an explanation of why the IEP of the APD
surface is lower than the IEP measured by Sugimura et al.,*
who obtained an IEP of 7.5 to 8.0 for a silane monolayer in
which each silane molecule carried one inner secondary and
one surface primary amine group.

The surface modifications with PPI dendrimers possess a
high density of amine groups that leads to surfaces with high
IEPs (7.9 to 9.1 in electrophoretic measurements). These zeta
potentials are even higher than the results obtained for
measurements of silica particles with amine-terminated
PAMAM dendrimers (IEP 7.6%) due to their increased
amine group density. The PPI coatings all exhibit strongly
positive zeta potentials under physiological conditions. The
strongly positive zeta potentials over a large pH range and the
steep decrease in the zeta potential at high pH wvalues
correspond to the protonation behavior that van Duijvenbode
et al.¥ observed. Due to its unique shell-like deprotonation
behavior, one-thitd of the dendrimet’s amine groups are
deprotonated at around pH 6, whereas the other two-thirds
remain protonated until pH 10.4> A result obtained for the PPI
dendrimer surfaces which was not observed for any other
surface modification was the increase in zeta potential with
increasing pH in the range between pH 3 and pH 6, which may
lead to the conclusion that the dendrimer conformation
changes, causing a larger number of exposed and protonated
amine groups. This, however, is not supported by theoretical
calculations of the radial density distribution profiles of PPI
dendrimers under different pH conditions. Jain et al.** found
very similar distributions at pH 4 and 7.4 which changed
completely upon an increase in the pH to 10.

A behavior comparable to that of the PPI dendrimer surfaces
was observed for the AMAM coating with an IEP at
approximately pH 9.0 and a highly positively charged surface
(+50 mV) at pH 7.4. This strongly positive surface charge is
the additive result of the underlying amine SAM (with an IEP
of 7.3 as well as of the modification with a terminal
piperazine molecule which possesses a pK, value of 9.71 in
solution.*

The results obtained from electrophoresis measurements are
supported by the data from streaming current experiments of
the PPI dendrimer or PEI-polymer-functionalized surfaces.

Dynamic Contact Angle Measurements. In order to gain
more detailed information about the dynamic behavior of the
surface coatings in solution, tensiometric experiments were
performed. In addition to water (unbuffered, pH ~5.5), PBS
solution (pH 7.4, 150 mM NaCl) was used in order to
investigate the properties of the modifications under
physiological conditions. The advancing angles are shown in

https://dx.doi.org/10.1021/acs.langmuir.0c00625
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Figure 3, and further information is provided in the Supporting
Information (Table S3, Figure S6). Comparing all surface
modifications, advancing angles of the different coatings are
higher than those of oxidized substrates and vary greatly,
ranging from ~30° (APD and PAMAM polymer with PBS

buffer) to 80° (PPI-G4 with sf-water). Receding angles, by
contrast, are very similar and usually <10°, with AMAM being

the only exception (receding angles 26—37°). Larger hysteresis
was observed for substrates with PPI dendrimers or a PEI
polymer coating (~40—060°), in contrast to smaller hysteresis
values for APD, PAMAM polymer, and AMAM (~20—40°).
The results for PPI dendrimer coatings are in good accordance
with the results by Zhang et al.*

Measurements in pure water revealed decreasing advancing
contact angles and hysteresis for AMAM- and APD-modified
surfaces with an increasing number of cycles. The opposite was
observed for PPl dendrimer or PAMAM- or PEI-polymer-
functionalized surfaces. Increasing hysteresis (with an increas-
ing number of immersion cycles) has also been observed by
Katzur et al.* for PAMAM-G5-NH; dendrimers. The large
and increasing hysteresis values for the polymer and dendrimer
modifications can possibly be explained by the higher
flexibility and swellability of the polymer molecules compared
to those of the short-chain analogues.*’” Both the dendrimer
branches and the polymer chains are probably able to
reorient themselves,
exposing hydrophobic —CHz— groups to the air interface or
amine or amide groups to the water interface, respectively.
Kobayashi et al.*® proposed similar properties for polymer
brushes with hydrophobic and hydrophilic moieties. The
flexibility required for reorientation at the interface not only is
given for linear polymers but also has been proven for PPI
dendrimers.*

Comparing tensiometric data from immersion in pure water
with measurements in PBS, the observed advancing angles in
PBS are in general lower and decrease with an increasing
number of immersion cycles (i.c., the hydrophilicity of the
surface coatings increases). This observation is surprising at
first glance because other studies found that the static contact
angles of amine group bearing surface modifications increase
with increasing pH due to the deprotonation of charged
functional groups.® The surface modifications in this study,
however, bear charges at pH 5.5 and 7.4 (Figure 2), although
the zeta potential may vary in sign and amplitude. If the
reduced advancing angles are not caused by the higher pH of
PBS buffer, then the ions present must be responsible for this
observation. Although in the literature no evidence has been
found for any influence of the salt content on the dynamic
contact angles of uncharged polymers,”! it was demonstrated
in simulations by Welch and Muthukumar® that high ionic
strengths lead to a dense and more crowded conformation of
the PPI dendrimer in solution. Similar behavior might be
observed here as the higher ionic strength can reduce the
flexibility and swelling of the surface coating and thus the
contact angle hysteresis due to charge screening.

Protein Adsorption. Quantitative analysis of protein
adsorption was performed with the BCA assay, investigating
adsorption from HSA or lysozyme solutions and from
undiluted physiological fluids human saliva and FBS (Figure
4). The total protein content of the physiological fluids was
also quantified with a BCA assay to be 0.92 (0.88—0.97) mg/
mL for saliva or 36.1 (34.8—37.7) mg/mL for FBS.

As a rule, protein adsorption was lower from lysozyme than
from HSA solutions as well as from saliva than from FBS. This
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Figure 4. Amount of adsorbed proteins from HSA or lysozyme
solution (each 10 mg/mL in PBS buffer), undiluted human saliva, ot
undiluted FBS on differently functionalized silica beads, determined
with the BCA assay. Protein adsorption was analyzed in at least two
independent experiments with three replicates each (1 > 06) for each
surface modification. Medians (with the interquartile range as error
bars) are provided. For improved clarity, the results of the Mann—
Whitney-U test are not included in the figure. All pairwise
comparisons showed significance, with the exception of the following:
HSA: SiO; — PPI-G2, PAMAM polymer — PEI polymer; lysozyme:
PPI-G2 — PPI-G4, PPI-G2 — PEI polymer, PPI-G4 — PEI polymer;
and FBS: APD — PAMAM polymer.

observation can be explained by the differences between the
model proteins and physiological solutions used in the assay.
HSA is a medium-sized protein with a molecular weight of 66.5
kDa, which is negatively charged under physiological
conditions (IEP 4.7).53 Lysozyme, however, is a small protein
(14.6 kDa) carrying a positive charge at pH 7.4 (IEP 11.1).20
These two proteins further differ in their susceptibility to
denaturation. Whereas HSA possesses a low internal stability
and thus easily denatures upon adsorption and can be classified
as a “soft” protein, lysozyme is an example of a “hard” protein,
exhibiting comparably high stability toward denaturation.?
Thus, HSA is more prone to adsorption, which is reflected in
the fact that the amounts of adsorbed HSA were higher than
the amounts of lysozyme on all surfaces (except APD). FBS is
a physiological fluid (pH 7.7 £ 0.1 measured, ionic strength
0.15 mol/L>*) with a protein content of between 32 and 42
mg/mL and a large number of different proteins, with albumin
being the most abundant among them (approximately two-
thirds of the total protein content).’> Therefore, adsorption
from FBS led to higher amounts of the same magnitude of
adsorbed protein compared to adsorption from HSA, with the
PEI polymer modification being the only exception. Human
saliva (pH 8.3 £ 0.1 measured), in contrast to FBS, contains
fewer ions (fonic strength ~40—90 mmol/L%) and only 0.3%
proteins with IEPs which mainly range from 4 to 8.5 The
rather low protein content of saliva (total content of
approximately 1—2 mg/mL") setves as an explanation for
the overall low protein adsorption from saliva compared to
adsorption experiments with HSA or FBS. Furthermore, the
surface modifications can be divided into two groups, with
respect to their performance in protein adsorption experi-
ments. Enhanced protein adsorption for at least two of the four
tested solutions (compared to the SiO: reference) could be
observed for coatings with PPI dendrimer or AMAM, whereas
protein adsorption is strongly reduced on APD-, PEI-polymer-,
or PAMAM-polymer-functionalized substrates. The lowest
protein fouling was obtained for the PEI-polymer-function-
alized surface. In this case, the amount of adsorbed proteins
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was reduced to values of between 3.5% (FBS) and 14.7%
(HSA) of the amounts of protein on the SiO; reference.

In the following section, protein adsorption will be discussed
with respect to the properties of the different surface
modifications, such as wettability, SFE, and zeta potential.
Figures displaying protein adsorption of the different
investigated proteins or protein solutions as a function of the
aforementioned surface properties are provided in Figure 5 or
in the Supporting Information (Figures S7—S11).

Regarding surface wettability and SFE, no correlation can be
observed in our study. This might be caused by the fact that
the wettability and SFE of the surfaces do not exhibit large
differences among each other. Other studies, however,
demonstrated correlations between measured contact angles
and protein adsorption. In the majority of the cases, increased
protein adsorption on hydrophobic surfaces was observed.
Detailed studies investigating the adhesion forces between
model proteins (also including lysozyme and serum albumin)
and surface modifications with varying contact angles were
petformed by Sethuraman et al.®* and Xu and Siedlecki.??
They observed stepwise behavior with strong adhesive
interactions for hydrophobic surfaces (water contact angles
>60—65°) and significantly weaker interactions for hydrophilic
surfaces (contact angles <60°).

Considering these results, all surface modifications in this
study can be classified as part of the hydrophilic and protein-
repellent group. Less-detailed studies are available for the
adsorption of serum or saliva proteins, although also here
higher protein adsorption from saliva was observed on
hydrophobic surfaces,”” whereas Stachlke et.al.”” found no
correlation for FBS adsorption. In contrast to the results
presented here, a correlation could be established between the
substrate’s SFE (or components thereof) and the amounts of
adsorbed protein in other studies. Decreasing adsorption of
bovine serum albumin on cellulose-based surface modifications
with increasing SFE was detected by Czibula et al.®' Similarly,
Michiardi et al.® observed a linear correlation between the
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polar component of the SFE and the amount of adsorbed HSA,
which was not found in this study either.

In contrast to the results for SFE and wettability, a strong
correlation could be found for the dependence of protein
adsorption on the zeta potential of the substrates at the pH of
the respective protein solution. For HSA, saliva, and FBS, an
almost linear increase in adsorbed protein with an increasing
zeta potential can be observed. With the exception of the
comparably hydrophobic AMAM modification, an opposite
behavior (i.e., decreasing adsorption) can be assumed for
lysozyme (Figure 5).

Thus, the adsorption of the proteins is mainly mediated by
electrostatic interactions because HSA and a majority of the
salivary proteins are negatively charged at pH 7.4 or pH 8.3,
respectively, whereas lysozyme carries a positive net charge.
These results are in accordance with previously published
studies. Also, Patil et al.? found an increase in adsorbed HSA
with increasing zeta potential. FBS was found to adsorb less on
more negatively charged surfaces whereas lysozyme adsorbed
more to negatively charged surfaces.0%6?

In summary, the protein adsorption on the surface
modifications presented in this study is mainly dominated by
electrostatic effects due to the broad scope of surface charges
caused by the amine groups.

Comparing the properties of the novel amine-based surface
functionalizations, examined in this study, with the initially
stated requirements for protein-resistant surface coatings,'=>*
they possess some of the necessary characteristics because they
are hydrophilic, flexible, and possibly swellable. They also
contain polar groups, which can act as hydrogen bond
acceptors; however, they also exhibit unfavorable net charges
and hydrogen bond donors. Thus, it has to be expected that
they do not perform as well as established protein-repelling
surface coatings, such as PEG. On surfaces with oligomeric or
polymeric ethylene glycol, albumin and lysozyme adsorption
could be prevented to unmeasurable amounts.®* In addition,
adsorption from complex physiological fluids, such as human
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saliva, was severely reduced to a very low amount of 2 ng/
cm??® Nevertheless, the polymer-based coatings (PEI and
PAMAM polymer) examined in this study performed very well,
reducing adsorption from saliva to 14 and 23 ng/cm?
respectively. The adsorption of HSA was decreased to ~40
ng/cm?, which is significantly lower than the amount of protein
related to surface coverage with an HSA monolayer (~250—
600 ng/cm?, depending on protein orientation?!). Their good
performance may be explained by their advantageous
physicochemical properties (e.g., their hydrophilicity) but
also by their flexibility, which might lead to the steric repulsion
of approaching proteins, as observed for PEG coatings.®®> In
order to confirm this, further investigation of the flexibility of
the polymer coatings is required.

I CONCLUSIONS

In order to develop protein-resistant matetials, polyamine and
poly(amido amine) surface coatings with terminal amine
groups and varying structure (dendrimer, oligomer, and
polymer) were immobilized on model surfaces. All coatings
were moderately hydrophilic and exhibited similar SFEs but
differed strongly with respect to their zeta potential. The
adsorption of different types of proteins almost did not
correlate with the surface free energy but was strongly affected
by the surface charge formation. Positively charged model
proteins adsorbed to a higher extent to surfaces with negative
zeta potentials and vice versa, with the complex physiological
protein solutions saliva and serum behaving similarly to the
negatively charged model protein. Protein repellency was
higher for polymers with linear structure compared to those
with dendrimer structure. The strongest effect was found for
PEI and PAMAM polymers, both of which had not the highest
and lowest values for surface free energy and zeta potential but
showed the most prominent structural changes during dynamic
wetting. Thus, we conclude that sufficiently flexible and
hydrophilic coatings can resist protein adsorption despite
possessing positively charged amine groups. Further experi-
ments, investigating the kinetics of protein adsorption as well
as the behavior of cells on those sutfaces, are now underway in
order to gain further insight into the protein adsorption
process and to test their ability to promote cell adhesion and
proliferation.
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Abstract

To design appropriate materials for tissue engineering, a profound understanding of the cell-material interaction is essential. We are of the
opinion that the zeta () potential has a decisive role in the cell behaviour, outshining wettability. Here we present a comparative analysis of the MG-
63 osteoblastic cell spreading behaviour on negatively and positively charged surfaces in the hydrophilic range. The results indicate a correlation
of the cells’ spreading area with the surface charge. Thus, the {-potential should be considered as a key parameter for cell interactions at the

biomaterial interface.

Keywords: Cell-Material Interaction, Zeta Potential, Wettability, Surface Modification, Polyelectrolyte Multilayer, Amino Polymer, MG-63,

Osteoblasts, Cell Spreading

Abbreviations: DMEM-Dulbecco’s Modified Eagle Medium; PAH-Poly (allylamine hydrochloride); PAMAM-Poly (amidoamine); PDADMA-
Poly (diallyl dimethylammonium chloride); PEI-Poly (ethylene imine); PPAAm-Plasma Polymerized Allylamine; PSS-Poly (styrene sulfonate); Ti-

Titanium; WCA-Water contact angle; {-Zeta Potential.

Introduction

Materials that are coated with polymers are currently being
widely used in biomedical applications. This involves a high degree
of interaction at the cell-material interface. Depending on time and
distance of cells to the material surface the four initial adhesion
phases were described as surface recognition, early attachment
stage, intermediate attachment or membrane adhesion, and late
adhesion or spreading phase [1], profoundly influencing the
further cell viability, growth and cell function. To select appropriate
materials for tissue engineering, a sound understanding of this cell-
material interaction is indispensable [2]. Considering the biological
relevance of these interactions, numerous research groups are
focusing on this issue. However, as Vendre et al. [1] stated, the “cell-
material communication code” is still not fully deciphered to define

precise principles that govern the cell-material crosstalk.

Although a variety of material surface properties (chemical,
topographical or mechanical [1]) have been reported to contribute
to the nature of cell-material interactions, no general rules could yet
be developed allowing predictions of cell attachment, spreading, or
growth [3]. Considering for example the wettability of a surface,
several studies indicate that hydrophilic surfaces promote the cell
adhesion [4], while hydrophobic surfaces often inhibit the crosstalk
between cells and materials [5]. However, there are also exceptions
to the rules [6].

Accordingly, to our opinion, Spriano et al. [7] claimed that
systematic studies of diverse materials in the same investigative
conditions are still lacking in literature. We assume that not the
wettability but the surface charge via {-potential strongly affects

the cellular behaviour at the interface. Here, we focused on the
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spreading course, as the cell area and morphology have been
accepted as good indicators of the occupation of materials by
cells [1,3]. Human MG-63 osteoblasts were cultured on Titanium
(Ti) coated with the positively charged plasma polymerized
allylamine (PPAAm) nanolayer and with polyelectrolyte nanofilms
terminated with negatively charged poly(styrene sulfonate) (PSS)
and positively charged poly(diallyldimethylammonium chloride)
(PDADMA).

Materials and Methods
Surface Modification and Characterization

Planar silicon wafers sputtered with 100nm Ti particles
obtained from the Centre for Micro technologies (ZFM, University
of Technology Chemnitz, Germany) served as base material
and negative control [8]. Ti was modified with (i) PPAAm [9]
(parameters: continuous wave oxygen/argon plasma; 500W, 50Pa,
1000-sccm 02, 5sccm Ar, 60s; 480s PPAAm deposition time) and
(ii) polyelectrolyte multilayers [10] terminated with PDADMA
(sequence: PEI/PSS/(PDADMA/PSS)s/PDADMA) or PSS (sequence:
PEI/PSS/(PAH/PSS)2).

The surface charge via ¢-potentials at pH 7.4 were assessed
by the SurPASS™ system (Anton Paar, Ostfildern, Germany) in a
1mM KCI solution [8] (n = 3, three pairs of samples). Wettability
via Water Contact Angles (WCA) was assessed by the sessile drop

Results and Discussion
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method using the Drop Shape Analyzer-DSA25 (Kriss, Hamburg,
Germany) [8] (n = 3 at 3 drops each).

Cellular Spreading Course

For analysing the spreading behaviour, we used the human
osteoblast-like cell line MG-63 (ATCC., CRL1427™, Bethesda,
USA; for more information see [11-13]. The cells were cultured in
complete DMEM (31966-021, Life Technologies Limited, Paisley,
UK), with 10% fetal calf serum (Biochrom FCS Superior, Merck,
Darmstadt, Germany) [8].

Cell membranes were stained with the PKH-26 General Cell
Linker Kit (Sigma-Aldrich Chemie, Taufkirchen, Germany) for 5min
at 37°C in suspension [14]. 50,000 vital stained cells/cm? were
seeded onto the substrates and cultivated for 1, 3 and 12h. Cell areas
after 24h were assessed by fluoro-3-acetoxymethyl ester stained
cells (fluo-3, Life Technologies Corporation, Eugene, Oregon, US)
[8,15]. Microscopic images were obtained using a confocal laser
scanning microscope LSM780, a C-Apochromat 40x/1.20W Korr
M27 objective and the ZEN black software 2011 SP4 (Carl Zeiss,
Jena, Germany). The cell area in um? of 45 cells per surface and per
independent experiment was determined using the “measurement
report” of the software Photoshop CC 2017 (Adobe, San Jose, CA,
USA) (n = 3 for 1 and 24h, n = 2 for 3 and 12h).
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Figure 1: Spreading course of MG-63 osteoblastic cells on a plasma polymer nanolayer (PPAAm) and on polyelectrolyte nanofilms (PSS,
PDADMA) vs. Ti. (A) Time-dependent spreading course over 24h. (B) Exemplary microscopic images of PKH-26 stained cells on PPAAm and
PDADMA after 1, 3 and 12h. Note that in the early phase of cell spreading the positive charges dominates the negative charges. However,
observing the time-dependent spreading the PDADMA surface with a very high positive ¢-potential (~ +50 mV) impeded dynamic cell spreading
from 3h on although the surface is hydrophilic. (Statistics: Kruskal-Wallis and Dunn’s multiple comparison test, p < 0.05, *indicates significance
to the Ti control; medians + interquartile ranges with maximum and minimum; n = 3 a 45 cells for 1 and 24h; n = 2 for 3 and 12h; LSM780).
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In our experiments the wettability seemed not to play a decisive
role for cell spreading. PSS surfaces were hydrophilic with a WCA
similar to PPAAm (68°) [8], but negatively charged as the Ti surface
(-82mV [16]). However, the hydrophilic PPAAm with a positive
{-potential of +8mV [16] displayed the highest initial cell area
(Figure 1); spreading course 1, 3, 12 and 24 h: Ti 913 -1518-2347-
1592um? PPAAm 1778-2047- 2425-1840pm? PDADMA 1127-559-
397-374pm?, respectively; spreading 1 and 24h: PSS 385-1151um?,
respectively). Related observations have been reported in literature
where cell adhesion, morphology and apoptosis of MG-63 cells on
poly(amidoamine) (PAMAM) polymer thin coatings with different
terminal functions were examined. Hydrophilic PAMAM-NH:
surfaces with a positive {-potential of +22mV evoked increased cell
attachment and spreading with a well-organized actin cytoskeleton
within 24h. In contrast, on hydrophilic PAMAM-CO:H and -CHs
surfaces with a negative {-potential, cells were impaired in their
spreading and revealed an increased number of apoptotic cells,
although both were hydrophilic (WCA: 33° and 44°, respectively)
[17].

Our positively charged PDADMA surfaces were hydrophilic
with WCA values of ~ 40°, but cells ignored this hydrophilic
environment and exhibited an impaired spreading behaviour after
an initial tendency to spread better than Ti. A reduction of the cell
area occurred, demonstrating the additional strong influence of a
very high positive -potential with ~ +50mV for PDADMA on the
spreading behaviour. Interestingly, the cells seem to favour only a
certain spectrum of {-potentials, being neither in the negative nor

in the highly positive range - independent of the hydrophilicity.

Conclusion

The ¢-potential appears to be of great importance for the cellular
spreading as indicator of the cell-material interaction and should
be considered as a key parameter when designing and investigating
new materials for medical applications.
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Enhancement of Intracellular
Calcium lon Mobilization by
Moderately but Not Highly Positive
Material Surface Charges

Martina Gruening', Sven Neuber?, Peter Nestler?, Jutta Lehnfeld®, Manuela Dubs?,
Katja Fricke®, Matthias Schnabelrauch*, Christiane A. Helm?, Rainer Miiller?,
Susanne Staehlke’ and J. Barbara Nebe'¢*

" Department of Cell Biology, Rostock University Medical Center, Rostock, Germany, ? Soft Matter and Biophysics, Institute
of Physics, University of Greifswald, Greifswald, Germany, ° Colloid and Interface Chemistry, Institute of Physical

and Theoretical Chemistry, University of Regensburg, Regensburg, Germany, * Department of Biomaterials, INNOVENT e.V.,
Jena, Germany, ° Leibniz Institute for Plasma Science and Technology e.V. (INP), Greifswald, Germany, ® Department
Science and Technology of Life, Light and Matter, Faculty of Interdisciplinary, University of Rostock, Rostock, Germany

Electrostatic forces at the cell interface affect the nature of cell adhesion and function;
but there is still limited knowledge about the impact of positive or negative surface
charges on cell-material interactions in regenerative medicine. Titanium surfaces with
a variety of zeta potentials between -90 mV and +50 mV were generated by
functionalizing them with amino polymers, extracellular matrix proteins/peptide motifs
and polyelectrolyte multilayers. A significant enhancement of intracellular calcium
mobilization was achieved on surfaces with a moderately positive (+1 to +10 mV)
compared with a negative zeta potential (-90 to -3 mV). Dramatic losses of cell activity
(membrane integrity, viability, proliferation, calcium mobilization) were observed on
surfaces with a highly positive zeta potential (+50 mV). This systematic study indicates
thatcells do not prefer positive charges in general, merely moderately positive ones. The
cell behavior of MG-63s could be correlated with the materials’ zeta potential; butnot
with water contact angle or surface free energy. Our findings present new insights and
provide an essential knowledge for future applications in dental and orthopedic surgery.

Keywords: human osteoblasts, calcium ion signaling, titanium surface modification, amino polymer,
polyelectrolyte multilayer, zeta potential, surface charge, wettability

Abbreviations: AM, acetoxymethyl ester; APTES,  (3-aminopropyl)triethoxysilan; ~ ATP, adenosine  5°-
triphosphate; Col I, collagen-type I; Col IV, collagen-type IV; DAPI, 4'6-diamidino-2-phenylindole; DETA, (3-
trimethoxysilylpropyl)diethylenetriamine; DMEM, Dulbecco’s Modified Eagle Medium; DMSO, dimethyl sulfoxide;
ECM, extracellular matrix; EDC, N-(3-dimethylaminopropyl)-N"-ethylcarbodiimide hydrochloride; Ent, entactin; EthD-1,
Ethidium Homodimer 1; HSPG, heparan sulfate proteoglycans; Lam, laminin; MES, 2-(N-morpholino) ethanesulfonic acid;
MFI¢, mean fluorescence intensity of cells; MFIp, basal mean fluorescence intensity; MFI,, mean fluorescence intensity
after ATP stimulation; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
salt; NHS, N-hydroxysuccinimide; OeTS, 7-octenyltrichlorosilane solution; PAH, poly(allylamine hydrochloride);
PAMAM, poly(amidoamine); PBS, phosphate buffered saline; PDADMA, poly(diallyldimethyl ammonium chloride); PEI,
poly(ethylene imine); PEM, polyelectrolyte multilayer; PES, polyethersulfone; PFA, paraformaldehyde; PP, proliferative
phase; PPAAm, plasma polymerized allylamine; PPI-G4, poly(propylene imine) dendrimer generation 4; PSS, poly(styrene
sulfonate); RGD, peptide sequence Arg-Gly-Asp; ROI, region of interest; ROS, reactive oxygen species; RT,room temperature;
SAM, self-assembled monolayer; SEM, scanning electron microscope; SFE, surface free energy; SPDP, N-succinimidyl-3-
(2-pyridyldithio) propionate; TESPSA, 3-(triethoxysilyl)propyl succinic acid anhydride; Ti, titanium; WCA, water contact
angle; XPS, X-ray photoelectron spectroscopy; , zeta potential.

Frontiersin Bioengineering and Biotechnology | www.frontiersin.org 94

September 2020 | Volume 8 | Article 1016


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2020.01016
https://www.frontiersin.org/articles/10.3389/fbioe.2020.01016/full
https://www.frontiersin.org/articles/10.3389/fbioe.2020.01016/full
https://www.frontiersin.org/articles/10.3389/fbioe.2020.01016/full
https://www.frontiersin.org/articles/10.3389/fbioe.2020.01016/full
http://loop.frontiersin.org/people/978843/overview
http://loop.frontiersin.org/people/870156/overview
http://loop.frontiersin.org/people/1016036/overview
http://loop.frontiersin.org/people/983855/overview
mailto:barbara.nebe@med.uni-rostock.de
https://doi.org/10.3389/fbioe.2020.01016

Publikation V: Gruening et al.

Surface Charges Control Ca?* Signaling

INTRODUCTION

Bone defects due to fractures, infections or tumor resections
are one of the main causes of disability in an aging society,
leading to a loss of quality of life (Akter and Ibanez, 2016).
In orthopedic applications, titanium (Ti) has been and still
is the material of choice due to properties such as high
strength and corrosion resistance (Hanawa, 2019). To improve
the bioactivity of Ti-based materials, several strategies are
used, including physical treatments to modify the topography
(Wennerberg and Albrektsson, 2009; Nikkhah et al., 2012; Kumar
et al., 2019) or chemical treatments to modify the bioactivity
(Kokubo and Yamaguchi, 2015; Muderrisoglu etal., 2018; Devgan
and Sidhu, 2019) all aiming to optimize the interaction with
osteoblastic cells.

Surface properties are one of the main factors influencing
the cells’ fate by guiding cellular processes at the interface from
the very beginning (Felgueiras et al., 2018; Ferrari et al., 2019).
As a result, the advanced cell-material interaction is a pivotal
step determining the success of osseointegration, ultimately,
the success of implants. Initial processes driven by the surface
properties involve cellular attachment, adhesion and spreading
(von der Mark and Park, 2013), which further affect other
cell activities such as proliferation, differentiation (Bacakova
et al., 2011), and intracellular signaling (Anselme et al., 2010;
Stachlke et al., 2015, 2018). Stimulating cellular behavior at
the interface by acting on surface physico-chemical properties,
especially roughness, stiffness, wettability, and surface charge via
surface functionalization can be an effective way to improve bone
regeneration (Ferrari et al., 2019).

Previous research has shown that osteoblasts favor a
certain range of roughness, pore size, wettability, specific
biomacromolecules or their biomimetic motifs (Chen et al.,
2018) and also stiffness (Abalymov et al., 2020). It could be
demonstrated that cells prefer moderately hydrophilic surfaces
displaying contact angles between 40° and 65° (Bacakova etal.,
2011;Rebletal.,2012; Morke etal.,2017). However, other studies
have shown that this is not always the case; for instance MG-63
osteoblasts exhibited increased cell attachment and spreading on
methylated silicon surfaces with decreasing wettability (Padial-
Molina et al., 2011). Similarly, Kennedy et al. (2006) reported
that MC3T3-E1 cells displayed improved cell proliferation with
increased hydrophobicity and the lowest spreading on the most
hydrophilic SAM (self-assembled monolayers) surface. Thus,
the contact angle is not a good predictor of cell behavior
(Gentleman and Gentleman, 2014).

Furthermore, it has been proven that extracellular matrix
(ECM) proteins (mainly collagen, fibronectin, laminin and
vitronectin) (Miiller et al., 2006; Rico et al., 2009; Chen et al.,
2018), their RGD sequence (Arg-Gly-Asp) (Morke et al., 2017)
and cytokines [e.g., basic fibroblast growth factor (bFGF)] (Cao
et al., 2015) have the capacity to promote cell attachment.

Some explanations have also been suggested for the surface
charge and its effect on the cell-material interaction. Surface
charges can generate electrical cues necessary to regulate cell
function (De Aza et al., 2003; Finke et al., 2007; Fernandez-
Yagiie et al., 2019). As human osteoblasts are negatively charged

(Rebletal., 2016), positive surface charges significantly influence
cell adhesion (Rebl et al., 2010; Dhowre et al., 2015; Morke
et al., 2017), spreading and proliferation (Stachlke et al., 2019),
particularly in the early stages of cell responses. The most
detailed study on the effect of surface charges to date is that of
Metwally and Stachewicz (2019), indicating a great importance
in the development of functionally implantable biomaterials.
They reviewed that surface charges determine protein adsorption
and thus the subsequent cell adhesion process. Referring to
Goldenberg and Steinberg (2010) surface charge seems to be
also important for the correct protein localization of signaling
molecules in the cell membrane; it has been documented that
proteins like GTPases of the Ras, Rho, Arf, and Rab protein
families target the plasma membrane through electrostatic
interactions (Heo et al.,2006).

The measurement of zeta () potentials is a suitable technique
for characterizing the charging behavior at the solid-liquid
interface of modified biomaterial surfaces (Ferraris et al., 2018).
There are few papers that address materials such as hydrogels
(Schulz et al., 2018), polyelectrolyte multilayers (PEM) (Guo
et al., 2018) or metals (Ponsonnet et al., 2003; Nebe et al., 2007)
exhibiting a positive {-potential enhancing cell processes like cell
adhesion, spreading, viability and proliferation. And yet present
understanding of the mechanism involved in controlling cell
activities via surface charge in tissue engineering is still limited.

In order to gain deeper insights into the impact of surface
charges on the cell-material interaction, systematic experiments
are required. Our previous work has shown that a plasma
polymerized nanolayer of allylamine (PPAAm) provides positive
charges on an otherwise negatively charged Ti surface that can
boost cell behavior (reviewed in Nebe et al., 2019). The question
arose whether a positive -potential is generally considered to be
a decisive factor for the cellular outcome.

In the present study, we generated a broad range of surface
charges to investigate in detail their influence on osteoblastic cell
response via intracellular calcium ion (Ca’*) mobilization, cell
viability and proliferation. For this purpose, we deposited nine
different top layers on Ti substrates from the following three
categories: (i) amino polymers, (i) ECM/peptide motifs, and
(iii) PEM. We determined the physico-chemical characterization
of these surfaces via water contact angles (WCA), surface free
energies (SFE), X-ray photoelectron spectroscopy (XPS) and
layer thicknesses, and employed C-potential measurements to
determine surface charges.

We hypothesize that cell physiology can be improved by
material surfaces featuring a certain range of positive {-potential.

MATERIALS AND METHODS

Functionalization of Titanium Arrays

The following section describes the methods for the diverse
Ti surface modifications used for surface charge determination
and in the cell biological experiments shown in Figure 1.
They are categorized in modifications with amino polymers,
ECM/peptide motifs, as well as in PEM. As base material
and negative control we used planar silicon arrays sputtered
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FIGURE 1 | Chemical surface modifications of plane Ti arrays. The modifications can be classified into three groups: amino polymers, extracellular matrix
(ECM)/peptide motifs and polyelectrolyte multilayers (PEM). Please note that the molecular structures are schematic formula drawings (created using the freeware
ACD/ChemSkretch 2018.2.5, Advanced Chemistry Development, Toronto, ON, Canada), which do not necessarily allow conclusions about the molecular length of
the individual layers. Ti, titanium; Col |, collagen-type |; RGD, peptide sequence Arg-Gly-Asp; PPAAm, plasma polymerized allylamine; PEI, poly(ethylene imine);
PPI-G4, poly(propylene imine) dendrimer generation 4; APTES, (3-aminopropyl)triethoxysilan; PSS, poly(styrene sulfonate); PDADMA, poly(diallyldimethylammonium
chloride); HSPG, heparan sulfate proteoglycans; Lam, laminin; Ent, entactin; Col IV, collagen-type IV; PAH, poly(allylamine hydrochloride).

with 100 nm Ti particles obtained from the Center for
Microtechnologies (ZFM, University of Technology Chemnitz,
Germany) at 1 x 1 x 0.075 cm in size (length  width  depth)
for cell analysis, or 2 x 1 x 0.075 cm for {-potential analysis as
previously reported (Stachlke et al.,2018).

Amino Polymers

Plasma polymerized allylamine (PPAAm)

As it is known that the positively charged plasma polymerized
allylamine (PPAAm) layer can improve several cell functions
(Rebl et al., 2012; Morke et al., 2017; Stachlke et al., 2018;

Nebe et al., 2019), this plasma functionalization of Ti was
used as a positive control in all experiments. The specimens
were coated with the PPAAm nanolayer by using a low-
pressure plasma reactor (V55G, Plasma Finish, Germany) (Rebl
et al.,, 2012) with the following parameters: continuous wave
oxygen/argon plasma (500 W, 50 Pa, 1000-sccm O,, 5 sccm
Ar, 60 s), 480 s PPAAm deposition time. PPAAm films have
proven to be very robust according to DIN EN 582 (1993),
mechanically stable (Fritsche et al., 2009) and can be used for
cell experiments for up to 200 days when stored in ambient air
(Finke et al.,2014).
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(3-Aminopropyl)triethoxysilane (APTES)

Ti surfaces were modified with the linker (3-
aminopropyl)triethoxysilane (APTES) (Morke et al., 2017).
Prior to modification, the substrates were cleaned and pre-
activated by water vapor plasma treatment for 15 s at 0.1 mbar
in a microwave. Then, Ti surfaces were coated with 100 mM
APTES (abcr, Karlsruhe, Germany) in toluene (Alfa Aesar/Fisher
Scientific, Kandel, Germany) for 3 h at 60°C in an incubator
(GFL 3032, Burgwedel, Germany) turning at 35 rpm. After
carefully washing with ultrapure water, the samples were dried
under a stream of pure nitrogen (ultra-high purity 5.0 grade)
in a laminar flow box (Herasafe KS 12, Kendro, Langenselbold,
Germany). APTES layers are stable up to 1 year when stored
under exclusion of light and oxygen.

Poly(ethylene imine) (PEI)

Before functionalization, contaminants were removed from the
substrate surface by sonicating in acetone (p.a., Sigma-Aldrich
Chemie, Taufkirchen, Germany), followed by oxidation of the
substrates in a semi-concentrated HNO; solution (38%, 1:1 v/v
from concentrated ( >65%) nitric acid, obtained from Carl Roth,
Karlsruhe, Germany) for 1 week. The wafers were rinsed with
ultrapure and sterile water multiple times until a neutral pH
was obtained, then dried in a vacuum desiccator (Carl Roth).
As described in previous publications, further modification
steps were performed under an argon atmosphere in anhydrous
solvents (dried with a molecular sieve from Carl Roth) (Eichler
etal.,2011; Katzur et al., 2012). The synthesis of carboxylic acid-
terminated SAM (SAM-COOH) is based on the protocol by Liu
et al. (2002) and was described previously (Katzur et al., 2012).
Here, the silanization in a 7-octenyltrichlorosilane solution was
carried out for 2 h, the conversion of the terminal alkene groups
in a KMnOy solution for 15 min.

For the immobilization of the poly(ethylene imine) (PEI)
polymer, the SAM-COOH-modified substrates were first
activated via immersion in a solution containing 100 mmol/l N-
(3-dimethylaminopropyl)-N’-ethylcarbodiimide  hydrochloride
(EDC) and 100 mmol/l N-hydroxysuccinimide (NHS) in
0.1 mol/l 2-(N-morpholino) ethanesulfonic acid (sodium salt)
(MES) buffer (pH adjusted to 5.4) for 2 h at room temperature
(RT). EDC, NHS and MES were purchased from Sigma-Aldrich
Chemie of analytical grade. After rinsing once with MES buffer,
twice with water and once with methanol (p.a., Fischer Scientific,
Schwerte, Germany), the immobilization of the polymer was
carried out in a 10 mg/ml PEI solution (linear, Mw = 25 kDa,
abcr, Karlsruhe, Germany) in a methanol/water mixture (9:1 v/v)
for 1.5 h at RT. Excess polymer was removed by rinsing twice
with the methanol/water mixture and once with methanol
before the specimens were dried in a desiccator. PEI layers are
stable for up to 8 weeks when stored in the dark and under
argon atmosphere.

Poly(propylene imine) dendrimer (PPI-G4)

In respect to the functionalization with PEI described above,
the surfaces were first cleaned by sonication and then
oxidized for 1 week. Then a silanization of substrates with 3-
(triethoxysilyl)propyl succinic acid anhydride (TESPSA, abcr,

Karlsruhe, Germany) was performed according to previously
published protocols (Eichler et al., 2011) at elevated temperatures
(110°C for 30 min, followed by 130°C for 10 min) under an argon
atmosphere. Excess silane was removed by rinsing twice with dry
toluene. The specimens were sonicated once with dry dimethyl
sulfoxide (DMSO, Fisher Scientific, Schwerte, Germany) and
immersed in a 0.5 mmol/l poly(propylene imine) dendrimer
generation 4 (PPI-G4, SyMO-Chem, Eindhoven, Netherlands)
solution in anhydrous DMSO. The reaction was performed for at
least 40 h at RT. Rinsing was performed by sonicating once with
DMSO and at least three times with methanol before drying the
wafers in a desiccator. PPI-G4 layers are stable for up to 8 weeks
when stored in the dark and under argon atmosphere.

Extracellular Matrix (ECM) Proteins and Peptide
Motifs

Collagen type-I (Col I)

Ti substrates were chemically wet-coated with 40 ug/cm?
collagen type-I (Col I; rat tail, Corning, Discovery Labware,
Bedford, MA, United States) and dried overnight at RT (Rebl
etal.,2010). Residues of acetic acid were removed by rinsing twice
with sterile ultrapure water. Col I coatings were produced prior to
cell experiments and used directly.

Basement membrane matrix (Matrigel)

Ti arrays were coated with basement membrane matrix
(Matrigel) containing laminin, collagen type-IV, heparan sulfate
proteoglycans, entactin and growth factors (Corning, Discovery
Labware, Bedford, MA, United States) using a thin-film coating
method. For this purpose, Matrigel was thawed on ice and
diluted to a concentration of 1 mg/ml using serum-free ice-cold
Dulbecco’s Modified Eagle Medium (DMEM, 21063-029, Life
Technologies Limited, Paisley, United Kingdom). 200 pl of the
solution was added to the Ti substrates (200 pg/cm?) with pre-
cooled pipette tips and incubated at RT for 1 h under sterile
conditions. Unbound material was aspirated and substrates were
rinsed gently using serum-free DMEM. Matrigel coatings were
produced prior to cell experiments and used directly.

Arginine-glycine-aspartic sequence (RGD)

Ti surfaces were modified with a nonapeptide containing
the arginine-glycine-aspartic acid (RGD)-tripeptide (complete
amino acid sequence C-Y-G-G-R-G-D-T-P, kindly provided by
Dr. K. Rischka, Fraunhofer IFAM Institute Bremen, Germany)
as reported in Morke et al. (2017). Prior to peptide coupling
Ti substrates was coated with APTES as described above. RGD
layers are stable up to 1 year when stored under exclusion of
light and oxygen.

Polyelectrolyte Multilayers (PEM)

Polyelectrolyte multilayer films were created by dip-coating
of oppositely charged polyelectrolytes with a deposition robot
(Riegler & Kirstein, Potsdam, Germany) according to Mohamad
et al. (2019). Here, we used PEI [branched, Mw = 750 kDa,
polydispersity (PDI) = 12.5], polyallylamine hydrochloride (PAH,
Mw = 50-60 kDa) and poly(diallyldimethylammonium chloride)
(PDADMA, Mw = 322 kDa, PDI = 2.19) as polycations and
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poly(styrene sulfonate) sodium salt (PSS, Mw = 666 kDa,
PDI < 1.2) as polyanion.

PSS-terminated PEM consisted of three double layers
with the sequence PEI/PSS/(PAH/PSS),. PDADMA-terminated
polyelectrolyte brushes were composed of 10.5 double layers with
the sequence PEI/PSS/(PDADMA/PSS)o/PDADMA. The layer
stability of prepared PEM was verified by AFM measurements
[DI Multimode AFM using NanoScope Illa software from Veeco
(Santa Barbara, CA, United States)]. Layers are stable in the range
of pH 3-11, in solutions up to 1 M NaCl and after storage in
ambient air up to 1 yearunchanged.

Surface Characterization

Zeta Potential

{-potentials were assessed with the SurPASS™ system (Anton
Paar, Ostfildern, Germany) and the associated software Attract
2.1 as previously published (Stachlke et al., 2018). Streaming
potentials were measured at pH 6.5-8.0 in a 1 mM KCI solution
(VWR International, Darmstadt, Germany) and (-potentials at
pH 7.4 were calculated via a linear regression using the software
GraphPad Prism version 6.05 (1 = 3, three pairs of samples).

Surface Wettability

Surface free energies of the substrate/air interface and WCA
were determined by the sessile drop method using the Drop
Shape Analyzer—DSA25 (Kriiss, Hamburg, Germany) (Stachlke
et al., 2018). One pl drops of distilled water and diiodomethane
(Sigma-Aldrich Chemie, Taufkirchen, Germany) were deposited
on the sample surface (1 = 3 at 3 drops each). WCA values were
calculated with the supplied software (ADVANCE, V.1.7.2.1,
Kriiss, Hamburg, Germany) via the Young’s equation and the SFE
according to Owens, Wendt, Rabel und Kaelble (OWRK).

Layer Thickness

Layer thickness was measured with null ellipsometry (Multiskop;
Optrel GbR, Sinzing, Germany) as described before (Morke
et al., 2017). Each sample was modeled by 6 slabs in order to
account for oxide layers (Si, SiO,, Ti, TiO,, layer of interest
and ambient air). The thickness of the Ti and TiO, layer was
determined independently prior to deposition of the layer of
interest. Additionally, uncoated samples were measured and
served as a reference. Each measurement was carried out at
several angles of incidence (50°— 80° in 1° steps) in two different
ellipsometric zones (Nestler et al.,2012).

Chemical Composition

The elemental composition of the modified surfaces was analyzed
by using an AXIS Supra X-ray photoelectron spectrometer
from Kratos Analytical Ltd. (Manchester, United Kingdom).
Measurements were performed using a monochromatic Al Ka X-
ray source (1486.6 eV) operated at 150 W. Survey and core-
level spectra were acquired using a pass energy of 80 eV. For each
sample, an area of 250 ym was analyzed in duplicates on three
different positions. During the analysis, the integrated charge
neutralization system was activated for charge compensation.
XPS measurements for PEI and PPI-G4 were performed with
a PHI 5700 (Physical Electronics, United States). Here, survey

and core-level spectra were acquired using pass energies of 117—
187 eV. Charge neutralization was not necessary.

Cell Biological Investigations

Cell Culture

Human osteoblast-like MG-63 cells (American Type Culture
Collection ATCC®, CRL1427™ Bethesda, MD, United States)
were used; this cell line has been successfully applied as a model
for studying cell-material interactions (Stachlke et al., 2019) and
has similar characteristics to primary human osteoblasts (Clover
and Gowen, 1994; Czekanska et al., 2014). The cells were cultured
in Dulbecco’s Modified Eagle Medium (DMEM, 31966-021, Life
Technologies Limited, Paisley, United Kingdom), with 10% fetal
calf serum (FCS, Biochrom FCS Superior, Merck, Darmstadt,
Germany) and 1% antibiotics (gentamicin, Ratiopharm, Ulm,
Germany) at 37°C with 5% C0O»/95% air atmosphere (Stachlke
et al., 2018). All experiments were performed in passages 5-30,
as the MG-63 cell physiology is known to remain stable over the
entire range of these passages (Stachlke et al., 2019).

Cell Morphology

Scanning electron microscopy (SEM)

MG-63s (15,000 cells/cm?) were cultured for 24 h on the Ti
arrays, washed three times with phosphate buffered saline (PBS,
Sigma-Aldrich Chemie, Taufkirchen, Germany), fixed with 2.5%
glutardialdehyde (Merck, Darmstadt, Germany) at 4°C over-
night and rinsed with 0.1% sodium phosphate buffer (according
to Serensen, Merck, Darmstadt, Germany). The samples were
then dehydrated through an ethanol series of 30, 50, 75, 90 and
twice 100% (for 5, 5, 15, 10, and 10 min, respectively) and dried in
a critical point dryer (K 850, EMITECH, Taunusstein, Germany).
The samples were sputtered with gold for 50 s (15 nm, SCD
004, BAL-TEC, Wetzlar, Germany) and field emission scanning
electron microscopy (FE-SEM, ZEISS Merlin VP compact, Carl
Zeiss, Oberkochen, Germany) observations were taken with an
acceleration voltage of 5 kV, a working distance of 5.6 mm and
a high efficiency secondary electron detector (InlenseDuo for
2,000x, HE-SE2 detector for 100, 500x, and 5,000x).

Circularity

The circularity of the cells after 24 h could be evaluated with
Photoshop CC 2017 using fluorescence microscopic images
of fluoro-3-acetoxymethyl ester (fluo-3) stained cells (n > 3
independent experiments & 15 cells). These images were also
used for determining the cell area as basic values for the Ca*
mobilization experiments (Supplementary Table S1). For the
staining procedure see section “Intracellular Ca>* mobilization.”
A circularity value of 1.0 represents a perfect circle, whereas a
value converging toward 0 indicates an elongated polygon.

Cell Viability

Cell viability was analyzed by an MTS assay, flow cytometry
(both described in the Supplementary Material) and live/dead
staining for selective surfaces representing negative, moderately
and 2x highly positive surface charges (Ti, PPAAm, PPI-G4, and
PDADMA, respectively). For live/dead staining a cell viability
kit (L3224, Molecular Probes, Eugene, OR, United States)
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was used. This two-color fluorescence assay is based on the
measurement of intracellular esterase activity of living cells
(Calcein-acetoxymethyl ester, Calcein-AM) and the abrogation
of the plasma membrane integrity of dead cells (Ethidium
homodimer-1, EthD-1). While EthD-1 is excluded by the
intact plasma membrane of living cells, it can enter cells with
damaged cell membrane and binds to nucleic acids. After a
cultivation period of 24 h MG-63s (80,000 cells/cm?) were
washed carefully with PBS and incubated with a Calcein-
AM/EthD-1 solution (1:1, 2 yM Calcein-AM, 4 uM EthD-1) for
20 min at 37°C in the dark. The cells were then rinsed with PBS
and fixed with 4% paraformaldehyde (PFA, Sigma-Aldrich
Chemie, Taufkirchen, Germany) at RT for 10 min. Samples were
embedded on a coverslip with mounting medium Fluoroshield™
(Sigma-Aldrich Chemie, Taufkirchen, Germany) containing 4',6-
diamidino-2-phenylindole (DAPI) and examined using the
confocal laser scanning microscope LSM780 (Carl Zeiss, Jena,
Germany) with a Plan-Apochromat 63x oil immersion objective
(Carl Zeiss; zoom 1 and 2.5) and the ZEN software (ZEISS
efficient navigation, ZEN 2011 SP4, black edition, Carl Zeiss).

Intracellular Ca?* Mobilization
Pre-screening study

The Ca?* mobilization process in MG-63s was specified with
respect to the adenosine 5'-triphosphate (ATP) concentration
for cell stimulation, Ca’* origin and the presence of ATP
receptors as provided in the Supplementary Material. The
basal Ca®* signal of MG-63s on Ti and PPAAm controls was
validated by immunofluorescence. Therefore, 50,000 cells/cm?
were stained after 1 h with the Ca?* indicator fluo-3 (5 M,
Life Technologies Corporation, Eugene, OR, United States)
(Staehlke et al., 2015, 2018), Hoechst 33342 (1:1000, Life
Technologies Corporation) and for images after 24 h additionally
with 20 pl BacMam 2.0 reagent (CellLight™ actin-RFP,
Life Technologies Corporation) at 37°C in isotonic 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid buffer (HEPES)
(Staehlke etal., 2015, 2018). Confocal laser scanning microscopy
(LSM780, Carl Zeiss, Jena, Germany) was carried out with a Plan-
Apochromat 63x oil immersion objective (Carl Zeiss, 1.40. Oil
DICM27)and the ZEN software (ZEISS efficient navigation, ZEN
2011 SP4, black edition, Carl Zeiss).

Ca** mobilization

Ca®* mobilization experiments on different Ti surface
modifications were performed according to Stachlke et al.
(2015, 2018). In brief, 80,000 cells/cm? were seeded onto the
samples for 24 h and then loaded with 5 pM fluo-3 in Ca®*
containing HEPES buffer via a hypo-osmotic shock treatment.
Ca’* fluorescence signals of 10 single cells per surface over a
time span of 480 s were recorded with a confocal laser scanning
microscope LSM780 and the ZEN software (ZEN 2011 SP4,
black edition) with the following settings: scan mode ‘time series*
(1 frame every 2 s, 240 frames in total), maximum pinhole (15
airy unit, 13.5 pm section), gain 632, digital offset —3. First,
the basal Ca®* signal was recorded for 180 s. Then, the cells
were stimulated with ATP (0.5 mM, SERVA Electrophoresis,
Heidelberg, Germany), which indicates the reactivity of vital

cells in dependence of the underlying chemical layer. At least
three independent experiments per modification with 10 cells
each for 240 analysis points per cell were investigated (=7,200
records per surface modification). The mean fluorescence
intensity of the single cells (MFIc) was evaluated with the
ZEN2 software (blue edition, version 2.0.0.0, Carl Zeiss). For
this purpose, ten defined boxes were positioned on randomly
chosen cells in the first image of the time series (one box per
cell). Using the function ‘mean ROI’ (region of interest), the
software analyzed the MFI of the boxes (MFIror) for 240 time
points per cell. However, the MFIro; represents only a small
sub-area of a cell (Supplementary Figure S4). Compared witha
flat expanded cell, the Ca>* signal of a spherical cell (more cell
volume under limited area as cell height is larger) is concentrated
on a smaller area, which leads to increased MFIro; values.
Therefore, the MFIro; values were normalized to the mean area
of cells after 24 h (A¢) and the defined area of ROI (Aro),
assuming that MFIgoy is independent of the ROI position in the
cell. Accordingly, the Ac of 15 fluo-3 stained cells per surface
were measured with the software Photoshop CC 2017 (n = 3
independent experiments, Supplementary Table S1). The MFI¢
is described in the form:
Ac

MFI; = MFlgo; X -

ROI

where MFI¢ is the mean fluorescence intensity of cells at 0480 s,
MFTror is the mean fluorescence intensity of the region of interest
(ROI), Ac is the mean area of cells after 24 h (um?), and Agoy is
the defined area of ROI (100 ym?). To calculate the mean basal
fluorescence intensity of a cell (MFIg), MFIror values of 0-170 s
were used. In order to determine the MFI after ATP stimulation
(MFI,), MFIgor values of 190240 s were employed. The Ca>*
mobilization (increase of the Ca* signal = slope) was calculated
by subtracting the MFIg from MFI,.

Statistics

Non-parametric Kruskal-Wallis followed by Dunn’s multiple
comparisons test (or non-parametric Wilcoxon matched pairs
signed-rank test) with the software GraphPad Prism version 6.05
for Windows (GraphPad Software, La Jolla, CA, United States)
was conducted on the p-values < 0.05. Results are presented
in (i) mean+sem (standard error of the mean) for MFIc
values of the Ca’* mobilization, (ii) in mean +SD (standard
deviation) for proliferation and cell area values, as well as for
WCA, SFE, C-potential and XPS analyses, and (iii) in median with
interquartile ranges (IQR) for cell circularity and MTS values.

RESULTS

Physico-Chemical Characterization of Ti
Surface Coatings

Results regarding layer thickness, wettability and surface charge
(deduced from C-potentials) are given in Table 1. The chemical
surface composition determined by XPS measurements is listed
in Supplementary Table S2.
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TABLE 1 | Surface characteristics of chemically modified Ti (mean + SD, n = 3).

Surface Layer thickness [nm]

Controls Ti 9.0 + TiO2 (5.0)

PPAAmM 245
Amino Polymers APTES 5.0
PEI 18.0
PPI-G4

23.0

ECM and Peptides Col | 165.0
Matrigel 5.5
RGD 5.6
PSS 7.0

Polyelectrolyte Multilayers

PDADMA

SFE [MN/m]
dispersive
polar

WCA [] Z at pH 7.4 [mV]

874+ 0.8 37.6 £ 1.4 —87.5£1.6
356+ 1.1

2.1+03
46.2 +1.5
36.2+ 0.6
10.0+ 1.0
37.0+2.7
35.1+ 1.6

1.9+ 1.0
74.3 £2.1
48.8 + 0.9
255+ 1.1
62.4 +3.6
45.0+ 1.2
174+ 2.4
58.6 +3.5
41.6+ 1.1
17.0+ 2.5
46.7 +5.4
389+ 2.1
7.8+ 3.3
43.0 1.8
37.0+ 1.2
6.0+ 0.6
49.3 +2.3
37.2+ 0.8
121+ 1.5
62.0 +3.3
34.6+ 1.3
27.3+ 20

66.9 + 1.7 +7.1 2.7

+1.9+15

88.1 +4.1

+9.1+ 2.6

276 +24

+50.2 £ 6.2

472 £43

—28+15

50.5 +4.3

—433 +£1.0

69.6 + 6.9

+1.7+1.0

749 +1.2

—88.8 +11.8

62.3 + 2.7

38.7 £ 3.2 +51.4 + 3.6

Layer Thickness

The layer thickness of all modifications was less than or equal to
165 nm. The oxide layer of titanium surfaces was found to be
5 nm. The thinnest layer was achieved with RGD (0.6 nm) with an
underlying APTES layer of 5.0 nm (in total 5.6 nm). The thickest
layer was measured for Col I at 165 nm.

Wettability

The analysis demonstrated a change to more hydrophilic
surfaces for all modifications except APTES, indicated by a
decrease in WCA and an increase in SFE. Uncoated Ti surfaces
as well as APTES-functionalized surfaces showed the highest
WCA (with Ti 87.4° < APTES 88.1°), the lowest SFE under 40
mN/m and the lowest content of polar interactions with
<2 mN/m. PEl-functionalized surfaces displayed the lowest
WCA (27.6°) and consequently were the most hydrophilic
surfaces showing the highest SFE values (74.3 mN/m) with polar
interactions of 25.5 mN/m.

Zeta Potential
A less negative (-potential was achieved on almost all surfaces
compared with uncoated Ti at —~87.5 mV. Only the {-potential

of PSS (-88.8 mV) was slightly lower. Further negative
surface potentials were found for Matrigel (-43.3 mV).
Col 1 substrates exhibit only a slightly negative -potential
(-2.8 mV). All other surfaces present a positive {-potential
and can be classified as moderately and highly positive.
Moderately positively charged surfaces include PPAAm, APTES,
PEI and RGD (+7.1, +1.9, 49.1, and +1.7 mV, respectively),
whereas highly positively charged surfaces comprise PPI-
G4 and PDADMA (+50.2 and +51.4 mV, respectively).
Here we sorted the investigated surfaces starting with the
most negative {-potential: PSS < Ti < Matrigel < Col
I <RGD < APTES < PPAAm < PEI < PPI-G4 < PDADMA.

Cell Biological Investigations

The effect of positive and negative {-potential of
chemically modified Ti surfaces on MG-63s behavior was
observed and correlated.

Cell Morphology

The cell morphology on highly positively charged PPI-G4 and
PDADMA surfaces was significantly changed to a more round
shape (circularity 0.74 and 0.77, respectively) compared to
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A >
-'E Surface Ti PPAAMm APTES PElI PPI-G4 Col | Matrigel RGD PSS PDADMA
1]
= Median 0.36 0.44 045 0.38 0.74 * 0.37 0.50 0.46 0.50 0.77 *
E 25% Quartile 0.28 0.37 0.36 0.32 0.67 0.26 0.38 0.40 0.36 0.74
'(3 75" Quartile 0.45 0.54 0.66 0.49 0.77 0.50 0.65 0.64 0.57 0.81
B
Cell
Area
1595
um?
1865
pm?
547
um?
383
pm?
FIGURE 2 | Morphology of MG-63s after 24 h on bare and functionalized Ti with negative (-), moderately positive (+) and highly positive (++) {-potential. (A) The cell
circularity on highly positive surface charges reveals a morphologically significant difference to the other surfaces (*). A circularity value of 1.0 represents a perfect
circle. (Statistics: Kruskal-Wallis and Dunn’s multiple comparison test, *p < 0.05; median + IQR; n = 3 independent experiments). (B) Note the enormous decrease
in cell area (from black arrowhead to white) on PPI-G4 and PDADMA. The PPI-G4 image (right) shows filopodia residues after the cell has retracted (arrow). On
PDADMA different membrane structures with and without microvilli are visible (right image). (SEM images, magnification from left to right 100, 500, 2,000 and
5,000x, scale bars 50, 10, 4, and 2 um, respectively, FE-SEM Merlin VP compact; mean cell area, n = 3 independent approaches, fluo-3 staining, LSM780).
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PDADMA

L

FIGURE 3 | Cell viability of MG-63s after 24 h on Ti and PPAAm arrays representing negatively and moderately positive surface charges, as well as PPI-G4 and
PDADMA, representing highly positive surface charges. Cells on PPI-G4 and PDADMA surfaces are stained with both calcein and EthD-1, indicating damaged
plasma membranes. (Immunofluorescence images of live/dead staining; 63x objective with 1x and 2.5x zoom, scale bar 10 and 5 ym; nucleus in blue (DAPI),
esterase activity of living cells in green (calcein), DNA of cells with abrogated membrane integrity in red (EthD-1); LSM780).

all other surfaces with a polygonal shape (Figure 2A). High
resolution SEM images revealed a decrease in cell area of MG-63s
on PPI-G4 and PDADMA (Figure 2B, indicated by arrowheads),
showing impaired cell morphology in contrast to well spread
phenotypes on Tiand PPAAm. At 5,000x magnification, filopodia
and membrane residues of cells on PPI-G4 are visible (arrow),
whereas cells on PDADMA also show an altered membrane
structure, as no microvilli are presented in individual cells.

Cell Viability

Fluorescence live/dead images displayed several cells on highly
positively charged PPI-G4 and PDADMA surfaces that were
positive for both Calcein and EthD-1 in contrast to Ti and
PPAAm, suggesting a damaged plasma membrane (Figure 3).
These images also confirmed the reduced cell area and circular
shape on PPI-G4 and PDADMA after 24 h. In addition, we
observed a decreased relative cell viability (Supplementary
Figure S1) and cell proliferation (Supplementary Figure S2) on

these surfaces compared with Ti and PPAAm, with a greater
extent on PDADMA surfaces. While the amount of proliferative
cells declined (with 64.1, 66.8, 51.8, and 24.6% for Ti, PPAAm,
PPI-G4 and PDADMA, respectively), the cells increasingly
remained in the G1 phase (34.0, 32.2, 47.5, and 73.7% for Ti,
PPAAm, PPI-G4 and PDADMA, respectively).

Intracellular Ca?* Mobilization

The intracellular basal Ca>* signals on the control surfaces Ti and
PPAAm are depicted in Figure 4. The fluorescence images reveal
an increased cell area on PPAAm after 1 h compared with the
uncoated Ti control (white dotted lines), while cells are equally
spread after 24 h (insert top right). The basal Ca®* level was
found elevated after 1 h as well as after 24 h on PPAAm compared
with Ti. Consequently, these control surfaces were consistently
included in the following Ca®* mobilization experiments.

The influence of the individual Ti modifications on Ca*

mobilization in vital cells is presented in Figure 5 (an overview
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Fluo-3/

LSM780).

FIGURE 4 | Basal Ca?" signals in living MG-63s after 1 h and 24 h on the control surfaces Ti (left) and PPAAm (right). The intracellular basal Ca?* level on PPAAmM
isincreased both after 1 and 24 h, suggesting higher cell function. While cells on PPAAm exhibit a larger cell area after 1 h (white dotted line), the area is balanced
after 24 h. (Immunofluorescence images; 63x objective, scale bar 10 pm; nucleus in blue (Hoechst), Ca?* ions in green (fluo-3), cytoskeleton in red (actin-RFP);

PPAAM 1 h

1
Fluo-3/ “am

of the time series with fluorescence images can be found in the
Supplementary Figure S5). Shown are the whole time series of
Ca?* mobilization in MG-63 osteoblasts cultured 24 h on Ti
modifications (blue curves) and the corresponding controls (gray
curves = Ti, green/red curves = PPAAm). The exact values for
MFIs, MFI, and slope can be found in Table 2. Stimulation
with ATP after 180 s resulted in a significantly lower Ca®*
mobilization in cells on PSS and PDADMA compared with their
Ti controls, whereas the MFI, of cells on Col I and PEI exceeded
the Ti control significantly (Figure 5). Cells on Matrigel could
not display a significantly different Ca®>* level upon stimulation
than Ti. The MFI, in cells on RGD-functionalized surfaces was
significantly elevated compared with Ti, but below PPAAm. The
highest Ca?* mobilization after ATP stimulation was found in
cells on APTES. Cells cultured on PDADMA surfaces exhibited
the lowest mobilization rate, while cells on PPI-G4 surfaces could
not mobilize Ca®* ions at all.

These results could be correlated with the {-potential of the
substrates, as shown in Figure 6. Here, the sections 5SA-C are
classified into negative, moderately and highly positive according
to C-potential values, starting with the most negative and ending
with the most positive value. With this alignment the diminished
Ca’* mobilization in cells on surfaces with negative (Figure 6A)
and highly positive (-potential (Figure 6C) compared with
surfaces with moderately positive C-potential (Figure 6B)

could be clearly demonstrated. Cells on surfaces with negative
C-potentials of —88.8 to —43.3 mV displayed significantly lower

Ca?* levels after ATP stimulation than PPAAm, the positively
charged control (red line in highlighted area = MFI, of PPAAm)
(Figure 6A). Exclusively, Col I-functionalized surfaces with an
almost neutral {-potential of —2.8 mV lacked significance to
PPAAm. The absolute slope from basal Ca®* level to the level

after ATP stimulation reached a maximum of 594.9 MFI¢ on
negatively charged surfaces (Table 2).

Materials revealing a moderately positive {-potential of ~ 1
to 10 mV consistently exhibited significantly higher Ca?* levels
after stimulation than Ti, the negatively charged control (black
line in highlighted area = MFI, of Ti, Figure 6B). Here, the Ca®*
mobilization ranged between 800.7 and 1392.4 MFI¢ (Table 2).

On substrates presenting highly positive -potentials
(~ + 50 mV), MG-63s indicated an impaired Ca>* mobilization
with MFI, values significantly lower than PPAAm and Ti
(Figure 6C). The maximum Ca®* level increase was 79.1
MFIc (Table 2).

Furthermore, a correlation of Ca** mobilization data with
the measured surface properties for wettability (WCA and SFE)
could not be identified (Table 2). There were both less and more
hydrophilic surfaces in the range of cells showing a stronger
ability to mobilize intracellular Ca®* (e.g., ~90° forAPTES and
~ 30° for PEI) as well as a lower ability for Ca>* mobilization
(e.g., ~90° for Ti and ~40° for PDADMA). However, osteoblasts
behave differently with respect to their Ca?* dynamics. A similar
statement can be formulated regarding the SFE values. Here, the
highest SFE values (Col I < PDADMA < PPI-G4 < PEIwith 58.6,
62.0, 62.4, and 74.3 mN/m, respectively) did not automatically
lead to the best Ca>* mobilization results, especially noticeable
for PPI-G4 and PDADMA, which displayed the lowest slope.

DISCUSSION

Cells in living bone tissue are surrounded by an electrically
charged, organic/inorganic solid that is permeated by a
flow of ionic solution through an intricate channel system
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FIGURE 5 | Dynamic Ca?* mobilization in vital fluo-3 loaded MG-63s growing on amino polymers, extracellular matrix (ECM)/peptide motifs and polyelectrolyte
multilayers (PEM) in the time frame 0-480 s. The positive control PPAAm (also an amino polymer) and the negative control Ti are embedded for the respective
experiment. Shown are time courses of the mean fluorescence intensity of cells (MFlc) over 8 min: First, the basal Ca?* signal is recorded for 180 s. At 180 s the
cells are stimulated with ATP (arrowheads) and the Ca?* signal is detected (LSM780, Carl Zeiss; ZEN-software). For statistical analyses of the basal MFI, values of
the time points 0-170 s are used. For analyses of the MFI after ATP stimulation, values of the time points 190-240 s are used (highlighted in grey). MFIc values are
normalized to the mean cell area after 24 h. (Statistics: Kruskal-Wallis and Dunn’s multiple comparison test, p < 0.05; mean + sem; n > 3 independent approaches,
per time point > 30 cells; * indicates significance of modification x to Ti and * significance to PPAAm).

are highly complex and require more systematic investigations

(Chakkalakal, 1989). Consequently, it is not surprising that bone
cell physiology is also affected by electrical cues when cultivating
cells on artificial material surfaces. Cell-material interactions

regarding surface charge. It is certain that electrostatic forces
are crucial for cellular attachment via focal adhesion to material
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FIGURE 6 | Ca?* mobilization results related to {-potential. Presented are (i) the mean fluorescence intensity of cells (MFIc) after 24 h on surfaces with (A) negative,
(B) moderately positive and (C) highly positive {-potentials compared with the mean fluorescence intensity after ATP stimulation (MFIa) of cells on Ti (black lines at
time points 170-240 s in highlighted area) and PPAAm (red lines at time points 170-240 s in highlighted area), and (ii) the correlation of the Ca?* mobilization (slope)
with the materials’ {-potentials. Note that the slope of the Ca?* mobilization curve is strongly dependent on {-potential values. Here, the surfaces with moderately
positive {-potentials indicate a beneficial impact. (Ca?* signaling: mean + sem, n > 3 independent approaches, per time point > 30 cells for modifications and 190
cells for Ti and PPAAm controls, arrowheads at 180 s indicate ATP stimulation). PSS, poly(styrene sulfonate); Ti, titanium; Col |, collagen-type |; APTES,
(3-aminopropyl)triethoxysilan; RGD, peptide sequence Arg-Gly-Asp; PPAAm, plasma polymerized allylamine; PEI, poly(ethylene imine); PPI-G4, poly(propylene imine)
dendrimer generation 4; PDADMA, poly(diallyldimethylammonium chloride).

reduction of the overall layer thickness. Regarding PPAAm
coatings, it must be emphasized that PPAAm is
complex, highly cross-linked structure, which was presented here

a

very

only in a very simplified and model-like
(see Figure 1). The thickness of PPAAm, as well as Col I,
Matrigel, and the polyelectrolyte multilayer coatings is mainly

schematic manner
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determined by the individual material properties and the
process parameters.

The wettability analysis demonstrated a change to more
hydrophilic surfaces. There is evidence that mammalian cells

favor modestly hydrophilic surfaces displaying water contact
angles between 40° and 65° (Rebl et al., 2012; Ahn et al., 2014;
Gentleman and Gentleman, 2014). However, Gentleman and
Gentleman (2014) reviewed that studies often lack a clear trend
of cell behavior with wettability. They rather assumed SFE to be
the more relevant feature for cellular behavior. This could not,
however, be confirmed here. We could neither find a connection
between WCA and SFE to the surface charge which is consistent
with Olsson et al. (1995), nor a correlation with thecell behavior.

The C-potential could rather be the pivotal parameter for
controlling cell physiology in osteoblasts, as our results indicate.
In whole bone tissue negative C-potentials could be
determined (Skalak and Shu, 1986; Oftter et al., 1988;
Chakkalakal, 1989). In this study, {-potentials ofthe investigated
surface modifications were identified in the range of —90 to
-3 mV (PSS < Ti < Matrigel < Col I), +1 to +10 mV
(RGD < APTES < PPAAm < PEI) and~+50 mV (PPI-
G4 <PDADMA). For the first time, we were able to classify the
C-potential into three categories with regard to an improved cell
response on the respective surfaces and introduce the following
terms: negative < moderately positive > highly positive.

¢-Potential — A Parameter for Surface Charge — Can
Strongly Influence Cellular Behavior

It is known that physiology features of MG-63s such as
actin cytoskeleton organization (Stachlke et al., 2015), viability
(Staehlke et al., 2018) or proliferation (Labelle et al., 2007)
are reflected by intracellular Ca?* dynamics. However, to our
knowledge there is no literature on intracellular Ca?* dynamics
in the context of the {-potential of biomaterials other than our
previously published study comparing surfaces with negative (-
potential with positive charges of plasma polymer nanolayers
(PPAAm). The question remained, if positive charges in general
promote the cellular outcome.

In order to gain deeper insights into the effect of surface
charges on Ca’* dynamics, we analyzed the intracellular
Ca?* signals before (MFIg) and after ATP stimulation (MFI,)
on surface modifications with various charges using confocal
laser scanning microscopy (Figure 5 and Supplementary
Figure S5). Additionally, cell morphology (Figure 2), cell
viability (Figure 3 and Supplementary Figure S1) and cell
proliferation (Supplementary Figure S2) were investigated on
selected surfaces. In the following, our results are discussed
regarding negative, moderately and highly positive {-potentials.

Negative {-Potential (- 90 to — 3 mV)

On our surfaces with negative {-potential we found evidence of
reduced Ca’* mobilization after 24 h compared with surfaces
with moderately positive C-potential. On PSS terminated PEM
surfaces, MG-63s showed one of the lowest Ca2* slopes after 24 h.
Other studies documented that hMSC cell numbers after 2, 5,
and 7 days were consistently lower on PSS terminated PEM films
than on control surfaces (Liao et al., 2010). However, PSS ending

films exhibited good biocompatibility, as shown for SaOS-2 cells
(cytokine IL-8 production) (Tryoen-Toth et al., 2002), at least
for films consisting of not more than six polyelectrolyte layers
(Arias et al., 2016).

Moderately Positive {-Potential (+1 to +10 mV)
Surfaces in the moderately positively charged range were found
to promote the cell physiology via Ca’* mobilization. Cells can
access their intracellular Ca®* stores more effectively after an
external stimulus (here: ATP) than cells on negatively charged
substrates, suggesting higher cell activities.

Ravenscroft-Chang et al.  (2010) loaded  primary
cardiac myocytes growing on (3-trimethoxysilylpropyl)
diethylenetriamine (DETA) silane modified and fluorinated
glass substrates with fura-2 AM and induced a Ca’* signal by
electrical stimulation (1 HZ, 6 V, 5 ms/pulse). Cells exhibited a
significantly higher Ca?* level, as shown in higher amplitude
and duration. However, the authors did not determine the (-
potential of their surfaces. But a slightly positive {-potential at
pH 7.4 of such DETA amino silane treated glass surfaces was
measured earlier by Metwalli et al. (2006) supporting the
idea of higher cellular activity on the basis of moderately
positive charges.

For PEI functionalized surfaces it is known that cytotoxicity
can exist depending on the molecular weight and concentration
(Brunot et al., 2007). However, in studies with surfaces derived
from low molecular weight PEI, as used here (25 kDa), no
cytotoxic effects were reported for fibroblasts up to 7 days
(Hernandez-Montelongo et al., 2017). PEI modification could
further improve proliferation and function of MG-63s (Liu et al.,
2009), as indicated here by an increased Ca>* slope.

RGD peptide motifs covalently bonded to Ti surfaces promote
osteoblast attachment and survival (Secchi et al., 2007). El-
Ghannam et al. (2004) showed that APTES-RGD coatings
provided the optimal surface for cell adhesion, spreading, and
cytoskeletal organization for MC3T3-El cells, better than RGD
and APTES alone. It must be taken into consideration that
surfaces modified with RGD (as well as Col I and Col IV
and laminin containing Matrigel) can trigger Ca®>* mobilization
through integrin mediated “outside-in” signal transduction
during cell adhesion (Sjaastad and Nelson, 1997; Boraschi-Diaz
et al., 2017). After 24 h cultivation, however, integrin signaling
may no longer be that influential in this case, as no additional
stimulus such as mechanical stress (Pommerenke et al., 2002)
was applied. Otherwise an increased Ca’* mobilization on
these ECM coated surfaces would be expected. Here, we found
that APTES alone was capable of mobilizing Ca’* in MG-
63s even more than PPAAm — surfaces that do not present
integrin ligands.

Lee et al. (2018) presented ATPES-treated PDMS concave
microwell surfaces to cortical neurons which revealed optimal
surface conditions additionally supporting a spheroid formation.
The authors also stimulated the cells with KCI for spontaneous
calcium transients (fluo-4 AM), observing typical temporal
Ca* responses in all chemically modified microwells based
on APTES (APTES, APTES-Laminin, APTES-poly-L-lysine,
APTES-carbon nanotubes).
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Highly Positive {-Potentials (~ +50 mV)

On PPI-G4 and PDADMA surfaces with highly positive C-
potentials we discovered a restricted cell viability, reflected in
an impaired Ca>* mobilization and a disturbed cell morphology
and proliferation after 24 h, indicating that cells cannot tolerate
such {-potentials.

Kochetal. (2018) produced the 11-amino acid self-assembling
peptides P11-8 and P11-28/29 hydrogels exhibiting {-potentials
of ~+20 mV and ~+ 60 mV at pH 7.0, respectively.
HPDLF and HCO cells on highly positive P11-28/29 surfaces
showed reduced cell area after 24 h, while cells on P11-8
displayed also enhanced osteogenic differentiation (ALP activity)
compared with hydrogels containing negatively charged glutamic
acids. Similarly, Kidambi et al. (2004) reported that primary
hepatocytes were unable to remain attached to PEM films with
PDADMA as the outermost layer. Inactive cells completely lifted
off the surface by day 7 where liver-specific functions approached
zero. In our previous study (Gruening et al., 2020) we found
an impeded cell spreading dynamic on PDADMA surfaces after
an initial tendency to spread better than Ti. The longer the
influence of strongly positive charges on the cells, the more the
cells were hampered.

Guo et al. (2018) pointed out that on positively charged non-
cross-linked PEI films ({-potential: +50 and +62 mV) more
fibroblasts could adhere within the first 24 h compared with
negatively charged polymer films. But, on the second day, cells
on the negatively charged surfaces proliferated well, in contrast
to those on samples with high (-potentials. The authors argued
that this was due to the reported cytotoxicity of PEL. But by
cross-linking these PEI films, the high {-potential was reducedto
~+20 mV and cells proliferated on all surfaces.

During the cell cycle, checkpoints in G1 and G2 (gap) phases
prevent cells from entering into the next phase in case of cell
injury e.g., due to accumulation of reactive oxygen species (ROS)
(Muller et al., 2007) or inadequate environmental conditions such
as bacterial infection (Kato et al., 2008), hypoxia (Zou et al.,
2015) or withdrawal of nutrition (Blagosklonny, 2011). Cells
which do not pass the safety controls proceed with the non-
proliferative GO/G1 phase in quiescence (cell cycle arrest) or even
permanent senescence (Blagosklonny, 2011; Terzi et al., 2016).
We found an increasing cell amount in the G1 phase on highly
positive surfaces, leading to a decline of cellular proliferation.
In further experiments it is to be examined whether the high
surface charges lead to an elevated ROS production as stress
response and thus to a cell cycle arrest, allowing cells to cope with
their environment.

However, the high surface charge leads to an intense
interaction with the negatively charged cell surface (Rebl et al.,
2016), which is further considered to cause damaged lipid bilayers
due to new vesicular structures around the cationic molecules
which create holes in the cell membrane (Mecke et al., 2005).
This could be supported by the live/dead staining, demonstrating
an abolished membrane integrity in still vital cells on PPI-G4
and PDADMA.

The adverse effects of highly positive surface charges deduced
from the {-potential might also be indirectly linked to protein
adsorption, since it has been published that the protein

adsorption is strongly affected by the {-potential (Krajewski et al.,
1998; Lehnfeld et al., 2020) influencing the protein population
(Shelton et al., 1988) and orientation (Norde and Lyklema,
1991; Antonini et al., 2014). Therefore, a further correlation
between protein adsorption and {-potential of different surface
modifications with well-defined effects on the cell behavior is
of great interest.

CONCLUSION

This is the largest systematic study so far documenting the
importance of the materials’ surface charge deduced from (-
potential for the intracellular Ca®>* dynamics and viability of
human osteoblasts. Positive charges offer unique cues that induce
an intensive cell response. But interestingly, we identified that
cells favor only a certain range of moderately positive surface
charges and not a positively charged surface in general. The (-
potential appears to be a key property of biomaterial surfaces
dominating the relevance of wettability (WCA, SFE), and should
be considered in biomaterial coating design in tissue engineering
and dental and orthopedic implantology.
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Supplementary Figure S1. Relative cell viability of MG-63s on highly positively charged PPI-G4 and
PDADMA surfaces compared with Ti (negatively charged) and PPAAm (moderately positively
charged) after 24 h. Presented are cell metabolism values based on MTS measurements. Values are
related to the cell density deduced from crystal violet staining and normalized to the Ti control. Note
that the relative cell viability of MG-63s on highly positively charged surfaces is significantly
decreased in contrast to Ti and PPAAm. (Statistics: Nonparametric Wilcoxon matched pairs signed-
rank test, *p > 0.05; median = IQR with maximum and minimum; n = 3 independent experiments,

Anthos reader).
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Supplementary Figure S2. Cell proliferation of MG-63 osteoblasts on highly positively charged PPI-
G4 and PDADMA surfaces compared with the controls Ti (negatively charged) and PPAAm
(moderately positively charged) after 24 h. Demonstrated are representative examples of cell cycle
histograms of the respective surfaces and the proliferative phase (PP =S + G2), G1 and apoptosis peak
(Glsuw) calculated from three independent experiments. Note the reduction of proliferative cells due to
highly positive surface charges, while the cells increasingly remain in the G1 phase (indicated by red
arrows). Late apoptotic events (Glsuw) could not be detected for all surfaces after 24 h. (Statistics:
Nonparametric Kruskal-Wallis + Dunn’s multiple comparisons test, p > 0.05, * significant decrease
compared with Ti and PPAAm; mean + SD; n = 3, flow cytometer FACSCalibur).

(Abbreviations: PPI-G4, poly(propylene imine) dendrimer generation 4; PDADMA,
poly(diallyldimethylammonium chloride, PPAAm, plasma polymerized allylamine; PP, proliferative
phase, G, gap; S, synthesis phase).
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Supplementary Figure S3. Intracellular Ca** mobilization via ATP receptors - a pre-screening study.
(A) ATP concentration: Cell viability (MTS) of MG-63s after 20 min incubation with different ATP
concentrations. A non-toxic concentration of 0.5 mM was used for all Ca®>" mobilization experiments
(red grid lines). (Statistics: Mann-Whitney U-test, *p < 0.05; median + IQR and minimum and
maximum; n = 3). (B) Ca?" source: MFIc (Mean fluorescence intensities of cells) of intracellular Ca**
in cells on Ti surfaces in CaCl> containing HEPES (CaCl, +) and HEPES without CaCl, (CaCl; -
).There is no significant difference between CaCl, + and CaCls - for MFIg (basal MFI

= 0-170 s) and MFIa (MFI after stimulation with ATP = 190-240 s, highlighted area). The arrow
indicates the addition of ATP after 180 s. (Statistics: Mann-Whitney test, *p > 0.05; mean + sem; n =
3, LSM780). (C) Ca** mobilization: The slope from MFIg to MFI is the same for CaCl, + (654 MFIc)
and CaClz — (653 MFIc). (D) ATP receptors: Fluorescence images of ATP receptor types P2X7 (left)
and P2Y> (right) (green) in MG-63s (cell nucleus, blue). (Magnification 63x, scale bars 5 pum,
LSM780).

Role of ATP receptors: P2Y? is an ATP-sensitive G-protein coupled receptor. External ATP stimulation
of MG-63s activates the phospholipase-C pathway, triggering the osteoblasts to mobilize their
intracellular Ca®* storage from the endoplasmic reticulum, leading to increasing cytoplasmic Ca?*
levels. An extracellular Ca** influx via ATP-sensitive ligand-gated ion channels (e.g. P2X7) appears to
be of secondary importance in this case.
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Supplementary Figure S4. Calculation example of the mean fluorescence intensity of cells (MFIc)
on Ti and PDADMA. (A) The MFI of the 'region of interest' (MFIroi) is determined by boxes (colored
rectangles) with defined areas of 100 um? (Aror) placed on randomly selected fluo-3 stained cells
(green). The cell area Ac (red) is measured from flat cells on Ti and spherical cells on PDADMA. (B)
The Ca**-signal of a spherical cell on PDADMA is concentrated on a smaller area, which results in
misleadingly high MFIror values.

Supplementary Table S1. Cell area of MG-63s after 24 h on chemically modified Ti: The basic values
for MFIc calculation were determinated using microscopic images of fluo-3 stained cells (mean & SD,
n=3).

Surface Ti PPAAm APTES PEI PPI-G4 Coll Matrigel RGD PSS PDADMA

Cell 1595 1865 1623 1621 547 1836 1553 1568 1181 383
¢ll area + + + + + + + + + +

[pm?] 108 175 131 169 45 210 241 207 90 42
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Supplementary Figure S5. Representative example of the intracellular Ca®" mobilization in vital fluo-
3 loaded MG-63s growing on (A) negatively, (B) moderately positively and (C) highly positively
charged surfaces in the time frame 0-420 s. First, the basal Ca®" signal is recorded, and then the cells
are stimulated with ATP at 180 s (marked by the red box). Note the impressively higher Ca?" signals
after ATP stimulation in cells on moderately positively charged surfaces (240 and 300s). Ca**
mobilization in cells on highly positively charged surfaces is strongly impaired, accompanied by a
spherical cell morphology and reduced cell area (magnification 40x, scale bars 40 um; LSM780).

Supplementary Table S2. Chemical composition of modified Ti by XPS (mean + SD, n = 3).

Surface Ti Si C (0] N Other

Control PPAAmM 0.0 0.0 742+04 1.6+03 243+0.1 <4at-%

APTES 81+05 64+0.1 409+10 375+06 64+0.1 <4at-%
Amino Polymers PEI 16.8£0.1 0.0 292+05 493+£02 47+£08 <4at-%

PPI-G4 4.0+2.5 1.5+£0.5 577+34 237+£25 133+14 <4at-%

Col 1 0.0 0.0 550+14 258+15 113+1.1 7.1 at-%*
ECM & Matrigel | 27406 0.0 162406 533404 21403 <4at%
Peptides
RGD 76+01 49+02 406+03 37.7+03 7.0+03 <4at-%
PSS 0.0 125405 518421 198+00 48+0.1 11.2at-%*
Polyelectrolyte
Multilayers PDADMA 0.0 01+£00 77.9+02 13.0£02 52400 <4at-%

* Col I: mainly 4.5 + 0.7 at-% Na, 1.6 + 0.3 at-% S; PSS: mainly 4.3 + 2.0 at-% Na, 5.4 = 0.2 at-% S.
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Relative cell viability

As cells on the highly positively charged surfaces PPI-G4 and PDADMA exhibited altered morphology
and disturbed Ca®" mobilization after 24 h, the relative cell viability of MG-63s on these surfaces was
determined by MTS assay in comparison with the control surfaces Ti and PPAAm. This test utilizes
the ability of NADH(P)H-dependent dehydrogenase enzymes in mitochondrial active and viable cells
to reduce yellow MTS  ((3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium salt) to purple formazan. A detailed description of the procedure can be
obtained from Staehlke et al. 2018. In brief, 50,000 cells/cm? were seeded onto the surfaces for 24 h
and then incubated in a fresh 24-well plate for 2-3 h in 500 ul DMEM containing 100 pl of MTS
reagent (CellTiter 96 ® Aqueous ONE-Solution Cell Proliferation Assay, Promega, USA) at 37 °C.
The increase in color intensity in the media was quantified by measuring the absorbance of the
supernatants in a 96-well plate at 490 nm with a microplate reader (Anthos, Mikrosysteme, Krefeld,
Germany). A background measurement was recorded at 650 nm to be subtracted from the absorption
values. Cell numbers were determined by crystal violet staining. Therefore, cells were fixed by shaking
with methanol (J. T. Baker, Deventer, Netherlands) for 10 min at RT. The fixing solution was
discarded, the cells covered with a Neifler solution (Carl Roth, Karlsruhe, Germany) and incubated for
10 min shaking at RT. Distilled water was then added and aspirated until the supernatant was clear.
The crystal violet was re-dissolved by incubating the cells with 33% acetic acid (J. T. Baker, Deventer,
Netherlands) for 10 min shaking at RT. The optical density of the transferred supernatants was
quantified at 620 nm. The relative cell viability was calculated by the quotient of MTS and crystal
violet values and normalized to the Ti control. Three independent experiments were carried out, each
in duplicate (n = 3).

Cell Proliferation

To investigate the cell proliferation, 80,000 cells were seeded onto Ti, PPAAm, PPI-G4 and PDADMA
surfaces for 24 h and then trypsinated with 0.05% trypsin/0.02% EDTA (PAA Laboratories, Pasching,
Austria) for 7 min. After centrifugation (10 min, 1200 rpm; Centrifuge 5702 R, Eppendorf AG,
Hamburg, Germany) cells were fixed with 70% ethanol at -20 °C overnight. Subsequently, cells were
washed once with PBS, treated with RNase (1 mg/ml, Sigma-Aldrich Chemie, Tautkirchen, Germany)
at 37 °C for 25 min and incubated with propidium iodide (PI, 50 mg/ml, Sigma-Aldrich Chemie,
Taufkirchen, Germany) at 4 °C overnight. Up to 10,000 events per sample were measured with the
flow cytometer FACSCalibur (BD Biosciences, San Jose, CA, USA) using the software CellQuest Pro
4.0.1 (BD Biosciences). For the cell proliferation analysis the cell cycle phases Glsuw, GO/G1, S and
G2/M were calculated in percent using FlowJo v10 (BD Biosciences, San Jose, CA, USA). In
accordance with Staehlke et al. 2019, we defined the MG-63s in S- and G2/M-phase as proliferative
cells and in the sub-G1 phase as apoptotic cells for statistical evaluation (n = 3 independent
experiments).

Cell viability for ATP concentration

To ensure that an adequate amount of adenosine 5 -triphosphate (ATP) was used to stimulate the
intracellular calcium (Ca*") mobilization in MG-63 osteoblasts, an MTS assay was performed. For this
purpose, 10,000 cells/well were seeded into 96-well plates (Greiner Bio-One, Frickenhausen,
Germany) and cultivated for 24 h. The culture medium was then removed, and the cells incubated for
20 minutes with ATP concentrations of 0 (as control), 0.5, 1, 5 and 10 mM in isotonic HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) buffer, as used for Ca*" mobilization. After the
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addition of ATP, the cell morphology was observed with a light microscope (Axiovert 40 C, CP-
Achromat 10x/0.25 Phl, Carl Zeiss, Jena, Germany) and an eventual pH change in the HEPES buffer
determined with a MicroFET pH-meter (Sentron Europe BV, Leek, The Netherlands). Thereafter, the
HEPES buffer was replaced with 100 pl culture media containing 20 pl of MTS reagent (CellTiter 96
® Aqueous ONE-Solution Cell Proliferation Assay, Promega, USA) and the cells were incubated for
1 h at 37 °C. The absorbance of the supernatants in a 96-well plate was measured with a microplate
reader (Anthos, Mikrosysteme, Krefeld, Germany) at 490 nm. A background measurement was
recorded at 650 nm to be subtracted from the absorption values. Three independent experiments were
carried out, each in triplicate (n = 3).

ATP receptor immunofluorescence staining

MG-63 cells (30,000 cells/cm?) were cultured on the Ti arrays for 24 h and then fixed with 4% PFA
(Sigma-Aldrich Chemie, Taufkirchen, Germany) at RT for 10 min. After washing three times in PBS,
cells were permeabilized with 0.1% Triton X-100 (10 min, RT) (Merck, Darmstadt, Germany). ATP
receptor staining was performed using the anti-P2Y antibody (1:100, Alomone Labs, Jerusalem, Israel,
APR-10) and the anti-P2X7 antibody (1:200, Alomone Labs, Jerusalem, Israel, APR-04). Cells were
incubated with the primary antibody for 60 min at RT. After washing with PBS, the cells were treated
with goat-anti-rabbit-IgG-Alexa Fluor 488 (1:200, Invitrogen, Karlsruhe, Germany, A-11008) for 30
min at RT in the dark. Afterwards, samples were embedded with DAPI containing Fluoroshield™ on
a cover slip and stored in the dark at 4 °C. The ATP receptors were examined using the LSM780 (Carl
Zeiss) with a Plan-Apochromat 63x/1.40 Oil DIC M27 objective (Carl Zeiss) and the ZEN software
(ZEISS efficient navigation, ZEN 2011 SP4, black edition, Carl Zeiss).

Intracellular Ca?* mobilization

Pilot test: In order to determine the origin of the Ca*" ions for their cytoplasmic increase in the cells,
more general testing was carried out first. Ca®" ions either originate e.g. from the intracellular Ca®*
storage — the endoplasmic reticulum (ER), which releases Ca?" into the cytoplasm after activation of
the phospholipase-C signaling pathway — or they originate from extracellular sources and are
transported into the cell via voltage-sensitive Ca** channels/ ligand-gated ion channels, or a mixture of
both. For this purpose, extracellular Ca** sources had to be eliminated from the HEPES buffer. The
HEPES buffer composition including 1 mM CaCl, was used, as previously published (Staehlke et al.,
2015, 2018), as well as a HEPES buffer without CaCl,. Washing and staining steps (fluo-3) were
performed without CaCl, in PBS and HEPES buffer. The following recording of Ca*" signal and
analysis of Ca®" time course was performed as described in the materials and methods section of the
manuscript.

Staehlke, S., Koertge, A., and Nebe, B. (2015). Intracellular calcium dynamics dependent on defined
microtopographical features of titanium. Biomaterials 46, 48-57.
doi:10.1016/J.BIOMATERIALS.2014.12.016.

Staehlke, S., Rebl, H., Finke, B., Mueller, P., Gruening, M., and Nebe, J. B. (2018). Enhanced
calcium ion mobilization in osteoblasts on amino group containing plasma polymer nanolayer.
Cell Biosci. 8, 22. doi:10.1186/s13578-018-0220-8.

Staehlke, S., Lehnfeld, J., Schneider A., Nebe J. B., Miiller R. Terminal chemical functions of
polyamidoamine dendrimer surfaces and its impact on bone cell growth. Mater. Sci. Eng. C 101,
190-203. doi: 10.1016/j.msec.2019.03.073

119



