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1 Einleitung

Das hédufigste Krankheitsbild in der Zahnheilkunde ist neben der Zahnkaries die Entziindung des
Zahnhalteapparates (Parodontitis). Die Parodontitis wird hauptsdchlich durch bakterielle
Ablagerung am Zahnhals (auch bekannt als Zahnbelag) hervorgerufen und wird heutzutage
aufgrund ihrer hohen Prédvalenz als Volkskrankheit eingestuft. Statistisch gesehen erkranken
20-50 % der Weltbevolkerung an mindestens einem Zahn in ihrem Leben an Parodontitis [1].
Aufgrund des steigenden Lebensalters und der negativen Auswirkungen der Parodontitis auf weit
verbreitete Allgemeinerkrankungen wie Herz-Kreislauf-Erkrankungen oder Typ 2 Diabetes,
gewinnt diese zunehmend an Bedeutung fiir die Mundgesundheit sowie fiir die allgemeine
Gesundheit [2]. Daher besteht ein zunehmendes Interesse an der Entwicklung geeigneter
Therapien und Biomaterialien zur Behandlung der Parodontitis im Friihstadium dieser
Erkrankung.

1.1 Aufbau des Zahnhalteapparates

Der Zahnhalteapparat ist ein hochkomplexes Konstrukt, welcher einzigartige architektonische
Eigenschaften besitzt. Der Zahnhalteapparat stellt das umgebende Gewebe des Zahnes dar, dass
hauptsichlich aus zwei Hartgeweben (Zement und Alveolarknochen) und zwei Weichgeweben
(Gingiva und Wurzelhaut) aufgebaut ist [3]. Die Wurzelhaut, auch bezeichnet als Desmodont,
besteht aus strukturell ausgerichteten Kollagenfasern (Sharpey-Fasern) sowie Fibroblasten,
Epithelzellen, Osteoblasten, Zementoblasten und mesenchymalen Stammzellen (MSC) und
fungiert als Anker, um den Zahn am Alveolarknochen zu befestigen [4] .

1.2 Die Parodontitis

Die Parodontitis ist eine bakterielle, multifaktorielle und dynamische Erkrankung, welche zu einer
Entziindungsreaktion und Zerstorung des Zahnhalteapparates fiihrt [S]. Im Falle einer gesunden
Mundflora, besteht ein Gleichgewicht zwischen symbiotischen Bakterien wie z. B. Streptococcus

sanguinis und Pathobionten wie z. B. Porphyromonas gingivalis.



Aufgrund einer schlechten Mundhygiene sowie durch Stress, Rauchen, falsche Erndhrung,
Alterung, Medikamenteneinnahme, hormonellen Verdanderungen und Immunodefiziten kann diese
Héamostase der symbiotischen Mikrobiota gebrochen und auf iiberwiegend gram-negative
Pathobionten verlagert werden (dysbiotische Mikrobiota) [6, 7]. Dieser Zusammenbruch flihrt in
erster Linie zu einer verstdrkten bakteriellen Invasion in das Zahnfleischgewebe (Gingiva), die
wiederum eine Infiltration von Entziindungszellen (z. B. dendritische Zellen (DC), Makrophagen,
Lymphozyten (B-Zellen und T-Zellen)) auslost (Abb. 1A) [8]. Durch die Freisetzung von pro-
inflammatorischen Mediatoren wie Interleukin-(IL-)1B, IL-17, Tumornekrosefaktor (TNF) wird
daraufhin eine serielle Immunantwort ausgeldst (Abb. 1B) [9]. Diese Mediatoren kénnen mit dem
angeborenen Immunsystem und auch mit Bindegewebszelltypen wie Neutrophilen, Fibroblasten
und Osteoblasten interagieren und die Freisetzung gewebedegradierender Molekiile induzieren
[10, 11].

So ist beispielsweise bekannt, dass die Interaktion von Fibroblasten mit IL-17, die Produktion und
Freisetzung von Matrix-Metalloproteinasen sowie die Bildung reaktiver Sauerstoff-Spezies
induziert. Diese Prozesse konnen schlussendlich zu einem Abbau des Weichgewebes flihren [12].
Dartiber hinaus erhoht I1L-17 die Expression des kB-Liganden (RANKL), der die Reifung von
Osteoklasten-Vorldaufer Zellen (OCP) induziert und schlieBlich zu einem Abbau des
Alveolarknochens durch reife Osteoklasten (OCL) fiihrt (Abb. 1B) [13].

Der Abbau spezifischer Gewebestrukturen fiihrt zur Bildung einer Zahnfleischtasche, die als
Reservoir fiir Bakterien, bakterielle Antigene und andere entziindungsfordernde Mediatoren
fungieren kann [14, 15]. Bakterien aus der Mundflora koénnen nicht nur lokale
Entziindungsreaktionen hervorrufen, sondern auch durch den Eintritt in die Blutbahn systemisch
zirkuliert werden. Daher ist die Parodontitis u.a. auch mit Herz-Kreislauf-Erkrankungen, Diabetes
mellitus, Schwangerschaftskomplikationen, Osteoporose und rheumatoider Arthritis verbunden

[16].
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Abb. 1. Schematische Darstellung der Pathogenese der Parodontitis (A) und der damit
verbundenen Zell-vermittelten immunologischen Reaktionen (B). Angepasst von George
Hajishengallis, Trends in Immunology 2014 [8].

1.3 Strategien zur Regeneration des Zahnhalteapparates

Konventionelle Therapieansiitze

Das Ziel einer konventionellen Therapie im Bereich Parodontitis umfasst die Beseitigung von
entziindetem Gewebe und bakteriellen Verunreinigungen. Durch den Einsatz verschiedener
chirurgischer Eingriffe, werden bakterielle Biofilme von der Wurzeloberfldche entfernt und die
Taschentiefe durch die Umlagerung des Zahnfleisches reduziert. Diese Art der Behandlung ist oft
nur mit einem kurzzeitigen Therapieerfolg assoziiert, da die Regeneration des Zahnhalteapparates

ohne den FEinsatz eines zusétzlichen Biomaterials nur zu einem bestimmten Grad erfolgen kann

[17].



Regenerative Therapieansitze unter Einsatz von verschiedenen Biomaterialien

In den letzten Jahrzehnten wurden verschiedene Arten von Behandlungsstrategien und
Biomaterialien entwickelt, um zerstortes Hartgewebe (Alveolarknochen) und Weichgewebe
(Desmodont) wiederherzustellen [18].

Als Biomaterial fiir die Regeneration des Alveolarknochens werden z. B. bioaktive Gléser,
Calciumphosphat- oder Sulfatformulierungen verwendet [19]. Diese Transplantatmaterialien
funktionieren meist als osteogene, osteoinduktive und/oder osteokonduktive Gertiiste [20]. Um das
Weichgewebe des Desmodonts zu regenerieren, werden Hydrogele verwendet, die entweder
natiirlichen (Chitosan, Kollagen) oder synthetischen (Poly(L-Milchsdure), Polyglykolsdure)
Ursprunges sind [19]. Beide Arten von Materialien weisen verschiedene Vor- als auch Nachteile
auf. Beispielsweise sind Naturprodukte, wie z. B. Kollagen, Chitosan und Gelatine bekannt fiir
ihre hohe Biokompatibilitit, Bioabbaubarkeit und geringe Toxizitét [21]. Zugleich sind diese aber
auch mit Immunreaktionen und Chargen-abhingigen Variationen in ihrer Zusammensetzung
verbunden [22].

Im Gegensatz zu Naturprodukten konnen synthetische Biomaterialien in einem grofSen Umfang
hergestellt und in verschiedenen Formen mit unterschiedlichen chemischen Funktionsgruppen und
mechanischen Eigenschaften produziert werden [23]. Im Falle von synthetischen Polylaktiden
konnen abbauende Prozesse zu einem friihzeitigen Verlust der mechanischen Eigenschaften und
zu zellunvertraglichen Abbauprodukten fithren [22]. Daher sollten bei der Auswahl des geeigneten
Biomaterials immer alle Vor- und Nachteile in Hinsicht auf die spezifische Applikation
beriicksichtigt werden.

Selbst-Strukturierende Peptide

Ein synthetisches Material, welches sich bereits fiir die Regeneration unterschiedlicher Gewebe
bewidhrt hat, ist die Klasse der Selbst-Strukturierenden Peptide (SSP), englisch bezeichnet als
Self-Assembling-Peptides (SAP) [24]. Die meisten Sequenzen der SSP stammen von natiirlich

vorkommenden Molekiilen ab und wurden fiir einen regenerativen Einsatz weiterentwickelt [25].



Die fibrilldre Netzwerkstruktur von SSP dhnelt der nativen extrazelluldren Matrix (EZM) [26].
Dieser Aspekt ist von grof3er Bedeutung, da die Topographie der EZM das Zellverhalten und damit
wiederum auch das regenerative Potential positiv beeinflussen kann [27]. Auf der Grundlage
natiirlicher Molekiile sind innerhalb der letzten Jahre eine Vielzahl von SSP entstanden. Diese
konnen aufgrund ihrer vielféltigen Kombinierbarkeit als Bausteine fiir die Entwicklung einer
variierbaren Hydrogel-Plattform fungieren. SSP-Hydrogele sind aufgrund ihrer einfachen
Herstellung mit vergleichsweise niedrigen Kosten, ihrer Architektur und ihrer vielseitigen
mechanischen sowie physikochemischen Eigenschaften fiir eine regenerative Anwendung von
groflem Interesse [28]. Durch nichtkovalente Wechselwirkungen, (d.h.
Wasserstoftbriickenbindungen und  elektrostatische hydrophobe und Van-der-Waals
Wechselwirkungen) konnen SSP hohere hierarchische Strukturen wie Nanosphéren, Nanordhren,
Mizellen und Nanofibrillen ausbilden (Abb. 2) [29, 30].

Die Hydrogelbildung findet durch die Verwendung von 2 Komponenten statt. Somit wird eine
minimal invasive Applikation z. B. mit einer 2-Komponenten-Spritze und schliesslich eine
fibrillire Netzwerkausbildung ermoglicht. Im Rahmen dieser Promotionsarbeit wurden
antiparallele B-Faltblattbildende P11-SSP ausgewéhlt, welche aus 11 natiirlichen Aminosaduren
bestehen [25, 26, 31]. Die sogenannten P11-SSP konnen hierarchische Strukturen wie Fibrillen
und Fasern in Abhéngigkeit des pH-Wertes, der lonenstirke und der Peptidkonzentration
ausbilden (Abb. 2). Bei hoheren Konzentrationen (typischerweise hoher als > 10 mg/ml) kénnen
diese supramolekularen Strukturen durch Wassereinlagerungen fibrillire Hydrogele bilden [32].
Die Zusammenlagerung von PI11-SSP basiert auf den giinstigen intermolekularen
Seitenkettenwechselwirkungen (z. B. durch Arginin- und Glutamat-Reste) und der kooperativen
intermolekularen Wasserstoffbindung des Peptidriickrates (z. B. durch terminale Glutamin-Reste),

was schlieBlich zur Bildung von B-Faltblittern fiihrt [26].
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Abb.2. Theoretisches Modell der hierarchischen Zusammenlagerung von P11-SSP, angepasst von
Aggeli et al [31].

Durch den systematischen Austausch einzelner Aminosduren innerhalb der Peptidprimérstruktur,
konnte eine breite P11-SSP Bibliothek entwickelt werden [25, 33]. Einhergehend mit dem
Austausch der Aminosduren kommt es zu einer verédnderten Anzahl an z. B. Carboxyl- oder Amid-
Gruppen, welche zu unterschiedlichen physikochemischen Eigenschaften der Hydrogele fiihren
[32]. Aus dieser Peptidbibliothek wurden fiir die vorliegende Promotionsarbeit vier P11-SSP-
Systeme ausgewdhlt, welche keine Immunreaktion induzieren und zugleich biokompatibel und
injizierbar sind [34-37]. Des Weiteren konnte in mehreren Studien gezeigt werden, dass die
ausgebildete fibrilldre Struktur und ihre physikochemischen Eigenschaften zu einer Einlagerung
von Kalzium und Phosphat aus dem Speichel fiihrt und somit eine Remineralisierung des harten
Zahngewebes, wie z. B. dem Zahnschmelz, erlaubt [38]. Somit konnten diese vier P11-SSP-

Hydrogele auch fiir die parodontale Regeneration geeignet sein.



2 Fragestellung

Die Parodontitis ist aufgrund der hohen Prévalenz, der verminderten Lebensqualitidt und der
Assoziation mit systemischen Erkrankungen ein grofles Anliegen der 6ffentlichen Gesundheit [1].
Daher besteht groBes Interesse an der Entwicklung geeigneter Biomaterialien zur Regeneration
von zerstortem Gewebe des Zahnhalteapparates. Fiir eine Behandlung im Friihstadium der
Parodontitis sollte ein geeignetes Biomaterial einfach applizierbar sein (z. B. durch die
Verwendung einer Spritze). Ziel der vorliegenden Dissertation war es daher, das Potenzial von
Selbst-Strukturierenden Peptiden (SSP) als injizierbares Biomaterial fiir die parodontale

Geweberegeneration in vitro zu untersuchen. Dabei wurden die folgenden Fragen adressiert:

1) Welchen Einfluss hat die P11-SSP Aminosduresequenz auf die physikalisch-chemischen und

mechanischen Eigenschaften der daraus resultierenden Hydrogele?

2) Wie wirken sich die unterschiedlichen SSP-Hydrogele auf parodontale Gewebezellen aus?

3) Verfiigen SSP iiber eine intrinsische antimikrobielle Aktivitét?

4) Konnen SSP-Hydrogele als lokale Antibiotika-Verabreichungssysteme verwendet werden?



3 Eingesetzte Methoden

Die folgenden Beschreibungen der Methoden werden in verkiirzter und zusammengefasster Form
dargestellt. Eine detaillierte Beschreibung aller verwendeten Methoden ist in den verdffentlichten
Artikeln enthalten.

3.1 Herstellung der SSP-Hydrogele

Fir jedes Peptidsystem wurde die Pufferzusammensetzung aufgrund ihrer spezifischen
physikalisch-chemischen Eigenschaften angepasst. P11-4 und P11-8 Hydrogele wurden
hergestellt, indem zunichst das lyophilisierte Peptidpulver in 100 ul von Puffer A (z. B. H>O, pH
6) gelost wurde, um eine Peptidmonomerlosung zu erhalten. Zur Induktion des fibrilldren
Prozesses wurden 100 pl des Puffers B (z. B. 55 mM Tris, 236 mM NaCl, pH 7) zugesetzt.
Komplementdre Peptidsysteme (wie z. B. P11-13/14 und P11-28/29) wurden separat mit 100 pl
ihres peptidspezifischen Puffers gelost und anschlieBend 1:1 gemischt, um ein Endvolumen von
200 pl zu erhalten. Im Allgemeinen wurden die folgenden Peptidkonzentrationen angewandt: 15
mg/ml fiir P11-4, P11-8 und 10 mg/ml fir P11-13/14/ P11-28/29.

3.2 Analyse der Eigenschaften von SSP-Hydrogelen

Analyse der fibrilliren Netzwerk-Architektur

Zur Untersuchung einzelner Fibrillen wurde eine Transmission-Elektronen-Mikroskopie (TEM)
durchgefiihrt. SSP-Hydrogele wurden mit Wasser verdiinnt, auf ein TEM-Kupfergitter (Electron
Microscopy Sciences, USA) transferiert und mit 10 pl Uranylacetat (2 %, Electron Microscopy
Sciences, USA) geférbt. Die Bilder wurden mit einem Transmissions-Elektronenmikroskop (Zeiss
EMO900, Deutschland) aufgenommen, welches mit einer AMT XR280 sCMOS-Kamera (AMT -
Advanced Microscopy Techniques, USA) ausgestattet ist. Um das endgiiltige Faserkonstrukt zu
untersuchen, wurde eine Raster-Elektron-Mikroskopie (REM)-Analyse durchgefiihrt. Hierfiir
wurden SSP-Hydrogele hergestellt, mit einer 4 % Glutaraldehyd-Losung fixiert und mit einer

Ethanol-Losung dehydriert.



Anschliessend wurden die Netzwerkstrukturen kritisch Punkt getrocknet (Balzers Union,
CPD020) und mit 2,5 nm Gold-Palladium (Thermo VG Scientific, Polaron, SC7620) gesputtert.
REM-Aufnahmen wurden mit einem Zeiss SUPRA® 40VP angefertigt.

Analyse der physikochemischen Eigenschaften von SSP-Hydrogelen
Zeta-Potentialmessungen wurden durchgefiihrt, um die Fibrillen-Oberflichenladung zu
bestimmen. Hierfiir wurde ein Zeta-Sizer (Malvern, UK) verwendet. P11-SSP-Ldsungen (3
mg/ml) wurden in 0,001 M NaCl-Puffer hergestellt. Die Messungen wurden bei Raumtemperatur
direkt nach der pH-Einstellung mit 0,1 M NaOH und 0,1 M HCI durchgefiihrt. Um das
Quellverhalten von P11-SSP-Hydrogelen zu bestimmen, wurden Proben mit 15 mg/ml in 55 mM
Tris-Puffer vorbereitet. Die Proben wurden vor und nach dem 24 stiindigen Quellvorgang
gewogen und schlieBlich iiber Nacht mit einem Christ Lyophilisator (Christ® Gefriertrockner
alpha 1-4 LSC, Deutschland) bei -50 °C und 1,0x107 Pa lyophilisiert.

Mechanische Eigenschaften von SSP-Hydrogelen

Rheologie-Messungen wurden durchgefiihrt, um die Steifigkeit, die Sprodigkeit und die
Geliergeschwindigkeit von P11-SSP-Hydrogelen mit einem Anton Paar MCR301-Rheometer zu
untersuchen. Zur Bestimmung der Hydrogel-Steifigkeit wurden oszillatorische Amplituden-Tests
bis zu 150 % durchgefiihrt, bei denen die Speichermodule (G') innerhalb des linearen
viskoelastischen Bereichs (LVR) gemessen wurden. Die Sprodigkeit wurde mit MATLAB
basierend auf den Gelbrechpunkten aus den Amplituden-Tests berechnet. Zur Untersuchung der
Geliergeschwindigkeit wurde das Speichermodul (G’) {iber 150 Minuten gemessen.

Protein Adsorption an P11-SSP-Hydrogelen

P11-SSP-Hydrogele wurden mit Fibronektin (300 pg/ml aus Rinderplasma, Sigma-Aldrich,
Schweiz) fiir 1 Stunde bei 37 °C inkubiert. Die Hydrogele wurden zweimal gewaschen, bevor sie
mechanisch mit einem Branson Sonifikator 250 (Heinemann, Deutschland) zerstort wurden. Um
die Menge an Fibronektin zu bestimmen, wurden die Proben mit dem Qubit® Protein Assay

(Thermo Fisher Scientific, Schweiz) gemessen.



3.3 Zellkultur-Experimente mit P11-SSP-Hydrogelen

Verwendete Zelltypen und ihre Kultivierung

Humane Peridontal-Ligament-Fibroblasten (HPDLF) und humane Kalvaria-Osteoblasten (HCO)
wurden von ScienCell, USA, bezogen. Die dentalen Stammzellen (humane dentale Follikel
Stammzellen (hDFSC)) wurden freundlicherweise von der Gruppe von Prof. H. Lang (Klinik fiir
Restaurative Zahnheilkunde und Parodontologie, Universititsmedizin Rostock) zur Verfligung
gestellt. Die Isolierung und Charakterisierung der hDFSC wurde von Chatzivasileiou et al.[39]
beschrieben. Die Zellen wurden bis zu 80-90 % Konfluenz in ihrem jeweiligen Expansionsmedium
kultiviert und mit 0,5 % Trypsin-EDTA-L6sung (Gibco™ von Life Technologies, Deutschland)
passagiert. Eine Passage dauerte 5 Tage. Alle Zelltypen wurden in 75 cm? Kulturflaschen
(CELLSTAR®, Greiner bio-one) kultiviert und expandiert und in den Passagen 4 bis 6 fiir die
verschiedenen Experimente verwendet.

Zytotoxizitat der Extraktionsprodukte von P11-SSP-Hydrogelen

Die Untersuchung der Zytotoxizitit von P11-SSPHydrogel-Extrakten auf HPDLF und HCO
Zellen wurde nach dem Standardtestprotokoll ISO 10993-5 durchgefiihrt. Die Zytotoxizitit wurde
schlussendlich mit einem Laktatdehydrogenase (LDH) Zytotoxizitétstest (Roche, Deutschland)
nach dem Protokoll des Herstellers bestimmt.

Bestimmung der metabolischen Aktivitiit

P11-SSP-Hydrogele wurden bis zu 14 Tage mit HPDLF oder HCO Zellen kultiviert und mit einem
PrestoBlue®Viability Reagent (Invitrogen-Life Technologies, Deutschland) auf ihre metabolische
Aktivitéit, wie vom Hersteller beschrieben, analysiert.

Untersuchung der Zellmorphologie

Nach 24 Stunden Inkubation auf P11-SSP-Hydrogelen wurden die Zellen mit PBS gewaschen und
mit 4 %iger Paraformaldehydlosung (Sigma-Aldrich, Deutschland) fixiert. Um die
Zellmembranen zu permeabilisieren, wurde 0,1 % Triton-X100-PBS (Fluka, Deutschland)

hinzugefiigt.
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Die Zellen wurden dann gewaschen und mit 1 %iger Rinderserumalbumin-Losung (Cell Signaling
Technology, Deutschland) inkubiert. Fiir die Farbung des F-Aktin-Zytoskeletts wurde Rhodamin-
konjugiertes Phalloidin (Thermo Fisher Scientific, Schweiz) 1:40 (Bestand 1:1000 in Methanol)
in PBS hinzugefiigt. AbschlieBend wurden die Zellen mit einem konfokalen Laser-Scanning-
Mikroskop (LSM 780, Zeiss, Deutschland) visualisiert.

Osteogene Differenzierung auf P11-SSP-Hydrogelen

Die osteogene Differenzierung von HCO Zellen wurde durch die Messung osteogener Marker, wie
die alkalische Phosphatase (ALP), Osteocalcin, Osteoprotegerin und der extrazelluldren
Kalziummenge bestimmt. Zur Quantifizierung der ALP-Aktivitdt wurde der kolorimetrische ALP-
Assay (Abcam, UK) durchgefiihrt. Zelllysate wurden auf Osteocalcin und Osteoprotegerin mit
einem Milliplex MAP Human Bone Magnetic Bead Kit (Merck Milipore, Deutschland) analysiert.
Zur Quantifizierung des extrazelluldren Kalziums wurden die Zellen nach 30 Tagen Kultur fixiert
und mit einer Kresolphthaleinlosung (Sigma-Aldrich Chemie GmbH) inkubiert. Nach Zugabe von
2-Amino-2-methyl-1-propanol (Sigma-Aldrich, Chemie GmbH) wurde die Absorption der
Uberstinde bei 580 nm mit einem Mikroplattenleser (anthos Mikrosysteme GmbH) gemessen.
3.4 Mikrobiologische Untersuchungen

Verwendete Bakterienspezies und ihre Kultivierung

Porphyromonas gingivalis W83 wurde freundlicherweise von Jan Potempa und Patrick J.
Venables [40] zur Verfligung gestellt und auf Columbia-Blutagarplatten (5 % Schafblut, Beckton
Dickinson, Deutschland) unter anaeroben Bedingungen (10 %, CO2, 10 % Hz, 80 % N) bei 37 °C
in einem anaeroben Brut-Schrank der Firma Don Whitley Scientific (Meintrup DWS Laborgerite
GmbH, Deutschland) kultiviert. Streptococcus sanguinis (DSM 20567) wurde von der DSMZ
(Deutschland) gekauft und auf BHI-Agarplatten (1,5 % Agar technical No 3, Oxoid, UK) unter

aeroben Bedingungen (5 % CO3) kultiviert.
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Bakterielles Wachstum

Die Wirkung von P11-SSP-Monomeren und Hydrogelen auf das Bakterienwachstum wurde durch
Triibheitsmessungen analysiert. P. gingivalis und S. sanguinis wurden auf eine Lebendkeimzahl
(cfu, colonoy forming units) von 1*10” CFU/ml im BHI-Medium eingestellt und mit P11-SSP-
Monomeren oder Hydrogelen beimpft. Die optische Dichte (Triibung) bei 600 nm wurde mit
einem SpectraMax® M2 Mikroplattenleser (Molecular Devices, USA) gemessen.

Bakterizider Effekt von P11-SSP Monomeren

Um die bakterizide Wirkung von P11-SSP-Monomeren zu untersuchen, wurden
Bakteriensuspensionen seriell in PBS (£ P11-SSP-Monomere) verdiinnt und auf Blutagarplatten
(P. gingivalis) bzw. BHI-Agarplatten (S. sanguinis) aufgebracht. Agarplatten wurden fiir
mindestens 24 Stunden bei 37 °C unter anaeroben oder aeroben Bedingungen kultiviert.
SchlieBlich wurden lebende Bakterien durch Zihlen von Kolonie bildenden Einheiten auf
Agarplatten quantifiziert.

Lebend/Tot Firbung

Die Vitalitit der Bakterien auf P11-SSP-Hydrogelen wurde mit einem Lebend/Tot Farbeset
bestimmt (LIVE/DEAD™ BacLight™ Bacterial Viability Kit, ThermoFisher Scientific, USA).
SYTO9 (1:1000 in PBS) und PI (1:1000 in PBS) wurden 20 Minuten lang bei 37 °C unter
anaeroben oder aeroben Bedingungen inkubiert. Die Bilder wurden mit einem konfokalen Laser-
Scanning-Mikroskop (LSM 780, Zeiss, Deutschland) mit einem 60X-Objektiv aufgenommen.
3.5 Antibiotika Inkorporation und deren Freisetzung

Extrakte von P11-SSP-Hydrogelen mit eingebauten Antibiotika (Tetracyclin (TC), Ciprofloxacin
(CX) und Doxycyclin Hyclat (DH)) wurden gesammelt. Die Quantifizierung der freigesetzten
Antibiotika-Konzentration  erfolgte  mittels = Hochleistungs-Fliissigkeitschromatographie-
Massenspektrometrie (HPLC-MS, Agilent Technologies, Basel, Schweiz) unter Einsatz einer

Zorbax Eclipse Plus C8-Séule (3,0 x 50 mm, 1,8 um) (Agilent Technologies, Basel, Schweiz).
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4 Resultate

4.1 Studie I

Mechanical characteristics of beta sheet-forming peptide hydrogels are dependent on

peptide sequence, concentration and buffer composition.

Koch F, Miiller M, Konig F, Meyer N, Gattlen J, Pieles U, Peters K, Kreikemeyer B, Mathes S,

Saxer S. Royal Society Open Science. 2018; 5(3):171562

Zusammenfassung

In Studie I wurden die mechanischen Eigenschaften, die Netzwerk-Architektur sowie die Stabilitét
der vier ausgewdhlten SSP-Hydrogele evaluiert. Die untersuchten SSP-Hydrogele zeigten
Steifigkeiten im Bereich von 0,6 bis 205 kPa. Dabei wurde die Hydrogelsteifigkeit hauptsdchlich
durch die Peptidsequenz, gefolgt von der Peptidkonzentration und der Pufferzusammensetzung,
beeinflusst. Alle untersuchten SSP-Hydrogele bildeten eine nanofibrillire Netzwerkstruktur aus.
Die Inkubation der SSP-Hydrogele in verschiedenen Pufferlésungen nach 7 Tagen resultierte in
einer Degradation von bis zu 20 %. Die Stabilitdt im Hinblick auf den enzymatischen und
bakteriellen Abbau zeigte eine geringere Abbaurate im Vergleich zur Auflosungsrate der SSP-
Hydrogele in Puffer. Zusammenfassend konnten die getesteten SSP-Hydrogele stabile fibrilldre
Netzwerkstrukturen ausbilden und lieferten ein breites Spektrum mechanischer Steifigkeiten, die

fiir eine regenerative Therapie im Bereich Weich-und Hartgewebe geeignet sein konnen.
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Self-assembling peptide hydrogels can be modified regarding
their biodegradability, their chemical and mechanical
properties and their nanofibrillar structure. Thus, self-
assembling peptide hydrogels might be suitable scaffolds
for regenerative therapies and tissue engineering. Owing to the
use of various peptide concentrations and buffer compositions,
the self-assembling peptide hydrogels might be influenced
regarding their mechanical characteristics. Therefore, the
mechanical properties and stability of a set of self-assembling
peptide hydrogels, consisting of 11 amino acids, made from
four beta sheet self-assembling peptides in various peptide
concentrations and buffer compositions were studied. The
formed self-assembling peptide hydrogels exhibited stiffnesses
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ranging from 0.6 to 205kPa. The hydrogel stiffness was mostly affected by peptide sequence
followed by peptide concentration and buffer composition. All self-assembling peptide hydrogels
examined provided a nanofibrillar network formation. A maximum self-assembling peptide hydrogel
dissolution of 20% was observed for different buffer solutions after 7 days. The stability regarding
enzymatic and bacterial digestion showed less degradation in comparison to the self-assembling
peptide hydrogel dissolution rate in buffer. The tested set of self-assembling peptide hydrogels were
able to form stable scaffolds and provided a broad spectrum of tissue-specific stiffnesses that are
suitable for a regenerative therapy.

1. Introduction

Degradable polymeric hydrogels display several features to act as matrices for tissue engineering
such as their nanofibrillar structure, high water content, elasticity and diffusion properties for small
molecules [1]. Hydrogels are often polymers of natural (e.g. collagen and chitosan) or synthetic origin
(e.g. poly(ethylene glycol) and poly(vinyl alcohol)) [2]. The strength and swelling properties of the three-
dimensional hydrogel networks can be adjusted by the use of different covalent binding crosslinkers
such as glutaraldehyde or formaldehyde or enzymatically by transglutaminase [3-6]. Alternatively,
low molecular weight gelators such as peptides, saccharides or nucleotides can be used to build
up the three-dimensional gel matrix based on different molecular recognition motifs [7,8]. These
recognition motifs interact by hydrogen bonding, metal chelation, 7—mt bonding, van der Waals forces
or hydrophobic bonding resulting in dynamic fibrillar hydrogels [9]. Variations in the composition of
low molecular weight gelators allow us to tune the mechanical, chemical and biological properties of the
resulting hydrogels and offer the advantage to generate hydrogel libraries. Furthermore, these hydrogels
exhibit interesting features such as their low minimal gelation concentration and their reversible
three-dimensional network formation, allowing them to sense and respond to their environment [8,9].

Among the low molecular weight gelators, self-assembling peptides (SAPs) have gained significant
interest as injectable matrices [10]. To act as a potential scaffolds for tissue engineering or regenerative
therapy, SAP hydrogels should closely match the nanofibrillar architecture of naturally occurring
polymers (e.g. collagen) as it is known to affect cell polarity and cell migration [11-13]. Moreover, it was
demonstrated that cell behaviour such as adhesion, proliferation and differentiation can be controlled by
hydrogel stiffness [14-16]. Variable SAP hydrogel stiffnesses can be obtained, for example, by the increase
of peptide concentration, as reported by Schneider ef al. [17]. To ensure SAP hydrogel stability during
tissue regeneration, the degradation rate of SAP hydrogels, which is determined by the environmental
conditions, should occur in a similar time frame. For example, within the oral cavity, degradation rates
of SAP hydrogels are influenced by the ionic strength (50 mM) [18] and pH (5.8-7.4) [19] or by enzymatic
or bacterial digestion.

The first commercially available SAP was designed by Zhang et al., named RADA16, consisting of a
repeated 16 amino acids long RADA motif [20]. This SAP hydrogel is able to induce chondrogenesis of
bovine marrow stromal cells [21], osteoblast proliferation and differentiation in vitro [22]. Furthermore,
RADAI16 supports bone [23] and axon regeneration [24] in animal models. Besides RADA16, other
SAPs such as the B-hairpin peptide MAX1, presented by Schneider and co-workers, have been shown
to support the survival, adhesion and migration of fibroblasts [25-27]. Another class of SAP is called
peptide amphiphile, which was designed by Stupp and co-workers and consists of an alkyl tail and a
peptide head group that become increasingly hydrophilic [28]. These amphiphile gels were shown to
sustain cells without the addition of cell adhesion motifs [29].

The rationally designed SAPs used in the present study were presented by Aggeli et al. [30-32], and
consist of 11 amino acids. These SAPs assemble depending on peptide concentration, pH and ionic
strength of the buffer into beta sheet and higher ordered structures such as fibrils and fibres [31]. The
formed SAP hydrogels consist of fibrils and fibres with lengths in the range of several micrometres and
typical fibril widths in the range of 12-19nm [33]. The sequence of the first designed SAP called DN1
by the Aggeli group was repeatedly modified to create a SAP library with specific physico-chemical
characteristics such as hierarchical self-assembly and morphology [30]. In the study of Carrick ef al. [33],
the secondary structure, made up of hierarchically stacked anti-parallel 3-sheets, and fibril morphology
of different Aggeli designed SAPs such as P11-4 and P11-8 were investigated at variable conditions such
as pH and ionic strength.

However, a systemic evaluation of the mechanical properties (e.g. SAP hydrogel stiffness, gelation
velocity or yield point) is pending. Yet, a tailored SAP hydrogel stiffness is of great interest to meet the

295141 s Uado 205 -y BioBuysiigndiyaos(eforsos:

15


http://rsos.royalsocietypublishing.org/

Downloaded from http://rsos.royalsocietypublishing.org/ on March 15, 2018

mechanical requirements known for the different cell types and thus to induce tissue regeneration. Based
on the rational design criteria defined by Bell et al., Kyle ef al. and Maude et al. regarding SAP net charges
(+2/-2), sequences and their effect on cytotoxicity, P11-4, P11-8, P11-13/14 and P11-28/29 were selected
out of the P11-library [34-36]. Therefore, the present study analyses the mechanical characteristics of
four selected -sheet SAP hydrogels using variable concentrations and buffer compositions, in order to
determine their potential as three-dimensional scaffolds for cell culture and tissue engineering.

2. Material and methods

2.1. Materials

SAPs P11-4 (sequence: CH3CO-QQRFEWEFEQQ-NH,, peptide content 95%, ammonium salt), P11-
8 (sequence: CH3CO-QQRFOWOFEQQ-NH;, peptide content 84.4%, TFA salt), P11-13 (sequence:
CH3CO-EQEFEWEFEQE-NH,, peptide content 78.5%, ammonium salt), P11-14 (sequence: CH3CO-
QQOFOWOFOQQ-NH;, peptide content 74.6%, TFA salt), P11-29 (sequence: CH3CO-OQOFOWOFO
QO-NHj, peptide content 70.7%, TFA salt), and P11-28 (sequence: CH3CO-QQEFEWEFEQQ-NH,,
peptide content 89.0%, ammonium salt) were purchased from CS Bio Co. and illustrated in
electronic supplementary material, figure S1. Quality control was done by high-performance liquid
chromatography and mass spectroscopy. Sodium chloride (NaCl), Trizma® base and magnesium sulfate
(MgSOy4, anhydrous) were purchased from Sigma-Aldrich. Dulbecco’s Modified Eagle Medium (Gibco™
DMEM) 1x medium was purchased from ThermoFisher Scientific. Artificial saliva was produced
as described by Strafford et al. protocol using Tris (120mM), Ca(NO3) (4mM), KH,PO4 (2.4 mM).
Calcium nitrate tetrahydrate (Ca(NOs3 - 4H,0)) and potassium dihydrogen phosphate (KH,PO4) were
purchased from Sigma-Aldrich. Dulbecco’s phosphate buffered saline (PBS) solution (Sigma—Aldrich)
and glutaraldehyde solution (4% in borate buffer) were purchased from Sigma-Aldrich.

2.2. Methods
2.2.1. Peptide self-assembling

For each SAP system, buffer composition was adjusted due to the specific physico-chemical properties
as demonstrated in table 1. The unary SAPs (P11-4 and P11-8) were prepared, by first dissolving the
lyophilized peptide powder in 100l of buffer A to obtain a peptide monomer solution. To induce
peptide self-assembly, 100 ul of buffer B was added to the peptide monomer solution. Complementary
SAPs (P11-13/14 and P11-28/29) were dissolved separately with 100 ul of their peptide specific buffers.
Afterwards, peptide pairs were mixed together 1:1, for example 100 ul P11-13 plus 100 ul P11-14 at
equimolar concentrations to get a final volume of 200 ul P11-13/14. A final ionic strength of 140 mM
and a pH of 7.2-7.4 were adjusted for P11-4, P11-13/14 and P11-28/29 using 0.1 M NaOH or 0.1 M HCI.
For P11-8, a pH of 7.8-8.0 was adjusted using 0.1 M NaOH.

2.2.2. Determination of self-assembling peptide network architecture by scanning electron microscopy

Nanofibrillar structure of SAP hydrogels was formed for scanning electron microscopy (SEM) (Zeiss
SUPRA® 40VP) at a concentration of 15mgml~! in Tris-NaCl buffer to a final ionic strength of 140 mM
and a final pH of 7.2-8.0, as described in table 1. SAP hydrogels were assembled overnight. Self-
assembly was apparent due to the gelation and (3-sheet formation of the fibrillar structure as described
by Aggeli et al. and Carrick et al. (by circular dichroism, Fourier transform infrared spectroscopy and
transmission electron microscopy) and was further confirmed in the present study for P11-4 and P11-8
(see electronic supplementary material, figures S4, S6 and S7) [31,33]. SAP hydrogels were fixed with
a glutaraldehyde solution (4% in borate buffer, using 0.1 ml per 0.1 ml peptide hydrogel) for 24h. Gels
were then dehydrated by increasing ethanol concentration in steps (25%, 50%, 60%, 70%, 80%, 90%,
100% ethanol) at 15 min intervals. The last step (100% ethanol) was repeated three times. Afterwards,
critical point drying (Balzers Union, CPD020) was applied to stabilize the natural three-dimensional
network structure. Finally, the network structures were glued on an SEM stub with carbon tape and
sputter coated with 2.5nm gold-palladium (Thermo VG Scientific, Polaron, SC7620). SEM images were
obtained at 10 kV with an in lens detector at a magnification of x50 000 and a working distance of 6.0 mm.
Fibre diameters were analysed with IMAGE] software. Twenty-five fibre widths were measured for each
picture.
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Table 1. Self-assembling peptides preparation in four biological solutions.

peptide sequence/net chargeatpH7  Tris—NaCl/MgS0, artificial saliva
P-4 (H;C0-QQRFEWEFEQQ-NH, A:0.055 M Tris, pH 8 A:H,0 A:H,0
peptide net charge : —2 B: 0.055 M Tris; 0.192 M B: DMEM 2x, pH7 B: 2xartificial saliva pH7
NaCl/MgS0,, pH7.0
e : H3C0 QQRFOWOFEQQ o 2 ..................... AHZO pH6 ......................... AHZO ........................ ; HZO .............................
peptide net charge : +2 B: 0.055 M Tris; 0.236 M B: DMEM 2x, pH 8 B: 2x artificial saliva pH 8
NaCl/MgS0,, pH9
i c H3C0 EQEF e EQEN Hz .......................... 01MTr|s TR PNESTTITES p P P 1x pH8
peptide net charge : —6 NaCl/ Mg50,, pH 8

PII-29  CH;CO-QQEFEWEFEQQ-NH,
peptide net charge : —4

P11-14 (H;C0-QQOFOWOF0QQ-NH, 0.055 M Tris; 0.096 M B: DMEM1x pH7 B: artificial saliva 1x pH7
peptide net charge : +4 NaCl/Mg504, pH7

P1-28  (H;C0-0QOFOWOFOQO-NH,
peptide net charge : +6

2.2.3. Mechanical properties of self-assembling peptide hydrogels

Dynamic oscillatory amplitude sweeps up to 150% strain were performed at 37°C using an Anton Paar
MCR301 rheometer equipped with a 10 mm diameter stainless steel parallel plate geometry at a 0.9 mm
measuring gap. The amplitude sweep tests were performed to measure storage moduli (G') within the
linear viscoelastic region. Calculations of the gel breaking points (yield points) were performed with
MATLAB depending on the different peptide concentrations. Therefore, the yield strain was defined
as the point where G’ is less than 95% of its original value. Oscillatory time sweep experiments were
performed to study the gelation speed and hydrogel stiffness. Time sweeps up to 150 min measuring time
using a frequency of 1rads™! and amplitude gamma of 0.05% were used. SAP hydrogel stiffness was
determined after the equilibrium of the storage modulus (G’) was reached (t =100 min). To determine
the gelation speed, the slope of increasing storage modulus over time was calculated in the interval from
t=>5 to 10 min after placing peptide solutions onto the rheometer.

2.2.3.1. Effect of peptide concentration on mechanical properties of self-assembling peptide hydrogels

To study SAP hydrogel stiffness within the linear viscoelastic region and gel breaking points according
to the peptide concentrations, unary SAP hydrogels (300 ul) were prepared in vials at concentrations of
15mgml~!, 20mgml~! and 30mgml~! by dissolving first the lyophilized peptides in 150 ul of buffer
A and then adding 150 ul of peptide-specific Tris-NaCl buffer B according to table 1. Complementary
SAP hydrogels (P11-13/14 and P11-28/29) were obtained by dissolving 150 ul of P11-13 in 0.1 M Tris
buffer 4+ 0.052 M NaCl pH 8 and 150 ul P11-14 in 0.055M Tris buffer 4+ 0.096 M NaCl pH 7.2 (table 1). The
P11-13 and P11-14 solutions were then mixed (1 : 1) to obtain 300 pl of complementary SAP hydrogel with
a final ionic strength of 140 mM and a pH of 7.2. All SAP hydrogels were allowed to assemble overnight.

2.2.3.2. Effect of buffer composition on mechanical properties of self-assembling peptide hydrogels

To study the influence of divalent ions and different media on SAP hydrogel stiffness, gelation speed and
gel breaking points (yield points), SAPs were prepared at a concentration of 15mg ml~1 in the different
media, Tris-NaCl, Tris-MgSO4, DMEM or artificial saliva, according to table 1. All experiments were
done at least in duplicate. Statistical evaluation was performed with GRAPHPAD PRISM version 6.0 based
on a one-way ANOVA test followed by Tukey’s multiple comparison test.

2.2.4. Biodegradability of self-assembling peptide hydrogels by enzymatic and bacterial exposure

SAP hydrogel dissolution and degradation properties of the peptides in the presence and absence of
neutrophilic elastase and microorganisms were measured by determining the peptide content of the
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supernatant. Therefore, SAPs were assembled in PBS at concentrations of 20mg ml~! for P11-4 and
15mg ml~! for P11-8, P11-13/14 and P11-28/29. The assay was performed in a 96-well plate with gel
volumes of 100 ul well~!. 86 unitsml~! elastase (Innovative Research, USA) (100 g ml~1) were added
to the assembled peptides in PBS solution. After 24h incubation at 37°C and 5% COj, 10ul of the
supernatant was sterilely removed after 24 and 168 h and measured indirectly by monomeric peptide
concentration in the supernatant using the Qubit® Protein Assay (Q33211; Thermo Fisher; fluorescence
at 485/590nm) and transferred back for the remainder of the experiment allowing peptide hydrogel
degradation measurement without disturbing the hydrogel to buffer fluid balance. The measurements
are based on the fact that degraded peptides cause disassembly of the fibrils [37], as assembly rules
are no longer given, resulting in an increase in monomeric SAP in solution. SAP concentrations were
calculated based on respective peptide standard curves. For data analysis, SAP concentrations measured
in the supernatant were calculated as a percentage of the specific starting concentrations of each
peptide system. Statistical analysis was done using a two-way ANOVA followed by Sidak’s multiple
comparison test.

The stability of the hydrogels versus bacterial degradation was tested by the exposure to the
bacterial strains Streptococcus mutans (S. mutans), Pseudomonas aeruginosa (P. aeruginosa) and Staphylococcus
aureus (S. aureus; all from Leibniz-Institut DSMZ GmbH). Therefore, the bacterial strains were applied
(10° CFUmI™ 1) on the top of each gel (20mg ml~! for P11-4 and 15 mg ml~! for P11-8, P11-13/14 and
P11-28/29) in their respective media (Neurobasal medium for P. aeruginosa (Thermo Fisher), Tryptic
Soy Broth (TYSB) medium for S. mutans and S. aureus). After 1 and 7 days of incubation at 37°C,
10 ul of each supernatant was analysed subsequent to centrifugation of the samples using the Qubit®
Protein Assay. Calculations were performed as described previously for the elastase degradation study.
Statistical analysis was performed with Graphpad Prism version 6.0 using a two-way ANOVA followed
by Dunnett’s multiple comparison test.

3. Results and discussion

3.1. Nanofibrillar architecture

The topographical structure of SAP hydrogels is important for the three-dimensional arrangement of
cells within scaffolds. Zhang et al. [38,39] state that the fibres of SAP hydrogels resemble the nanometre
scale of natural polymer networks and thus allow three-dimensional cell growth. To prove the formation
of nanofibrillar structure, SEM pictures were taken of dry SAP hydrogels from the four SAP sequences
and compared to the literature [39] (figure 1). Quantitative analysis of fibre diameters, obtained from SEM
images, revealed mean fibre widths in the following ascending order: 23 +4.2 nm (P11-28/29, figure 1d),
32+ 6.6 nm (P11-4, figure 1a), 37 £ 6.6 nm (P11-8, figure 1b), 38 + 10.6 nm (P11-13/14, figure 1c). Measured
widths are at the upper level of other beta sheet peptide systems such as RADA16 with fibre diameters
of approximately 10 nm [38,40].

Carrick et al. [33] demonstrated that P11-4 and P11-8 prepared in NaCl formed fibril widths of 14 nm.
Moreover, they observed the formation fibre entanglements with diameters of 30 nm. The phenomenon
of fibril clustering was also reported by Zhang et al. [41] for the peptides KFE8 and KLD12, characterized
by a typical single fibre width of 7nm and thicker diameters for the bundles of fibres. In alignment
with the study of Leon [42] and Mishra et al. [43], we have also observed that the increase of SAP
concentration resulted in a higher fibre density rather than in the formation of thicker fibres (see
electronic supplementary material, figure S2). In addition, Branco et al. [44] demonstrated for MAX1
and MAXS that the increased SAP concentration results in the formation of more fibrils that entangle
and crosslink into the network. Furthermore, they draw the conclusion that higher weight per cent gels
are more mechanically rigid and have smaller mesh sizes than gels of the same volume prepared with
lower concentrations of peptide.

3.2. Mechanical properties

3.2.1. Adjusting mechanical strength by self-assembling peptide concentration

SAP hydrogel stiffness of P11-4, P11-8, P11-13/14 and P11-28/29 prepared in Tris-NaCl (table 1) buffer
at 15, 20 and 30mgml~! was assessed by oscillatory amplitude sweep tests (figure 2a). For all SAPs,
higher storage moduli were obtained after increasing SAP concentration from 15mgml~! to 30 mgml~1.
SAP hydrogel stiffnesses ranged from low stiffness of P11-4 (2-4.6kPa) and P11-28/29 (1.7-19kPa),
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Figure 1. Scanning electron micrographs of self-assembling peptides in the dry state after critical point drying. (a) P11-4, (b) P11-8,
(c) PT1-13/14, (d) P11-28/29, magnified at x 50 000. Scale bar: 200 nm.

to high hydrogel stiffness obtained by P11-8 (31-120kPa) and P11-13/14 (9.3-89kPa). Furthermore,
a concentration-dependent effect was found for P11-4, P11-8 and P11-28/29, whereas for P11-13/14
hydrogel stiffness did not increase further from 20 to 30mgml~!. SAP hydrogel stiffness increased
by a factor of 2 (for P11-4), 4 (for P11-8) and 10 (for P11-13/14 and P11-28/29) by doubling the SAP
concentration from 15 to 30 mgml~!.

The beta hairpin folding peptide MAX1 developed by Schneider ef al. [17] resulted in storage moduli
in the range of 0.04 to 2.08 kPa (factor of 52) by increasing peptide concentration from 5 to 20 mg ml~!
(quadrupled peptide concentration) [44]. In comparison to MAX1 at 20 mg ml~!, storage moduli of SAP
hydrogels at 20mg ml~! used in the present study were found to be 2 to 28 times higher.

To evaluate the mechanical stability of P11-4, P11-8, P11-13/14 and P11-28/29 hydrogels, stress—strain
tests were performed. Therefore, yield points, which are defined as crossover points where the hydrogel
is starting to break and the material displaying fluid-like behaviour, were calculated and compared for
every SAP and concentration. The earlier the yield point of a SAP hydrogel occurs, in the context of
the resistance towards mechanical strain (%), the less it is tolerant towards mechanical strain. Higher
hydrogel stiffness achieved by increasing SAP concentrations affects the resistance to mechanical strain
as yield points decline with increasing SAP concentration (figure 2b). SAP concentrations of 30 mg ml~
were found to have the lowest yield point, independent of the SAP sequence. The highest yield point
(6.6% strain) was determined for P11-28/29 at 15mg ml~!1. Lowest yield points were determined for
P11-8 in the range of 0.3-1.2% strain. For P11-4, yield points in the range of 1.2-2.2% strain were assessed.

As reported previously, SAP hydrogels showed low resistance to mechanical strain, approximately
<10% [45]. For example, Goktas et al. [46] measured yield points below 0.5% strain for an amphiphilic
peptide system and Ramachandran et al. [47] found that the self-assembling decapeptide system
(KVW10/EVW10) did not resist strain >2%. Furthermore, Kirchmajer et al. [48] showed that the increase
in genipin cross-linking of gelatin hydrogels resulted in a greater amount of elastic stiffness but reduced
the extent of deformation before the hydrogel fails, which is in line with the lower yield points observed
in this study.

Taken together, the increase in peptide concentration in the present study resulted in higher storage
moduli (SAP hydrogel stiffness) due to the formation of more fibres at higher concentrations. The fibres
exhibited additional entanglement and cross-linking into a firmer network, which led to a decrease in
strain tolerance.

3.2.2. Effect ofion type on mechanical properties of self-assembling peptide hydrogels

Caplan et al. [49] demonstrated that hydrogel stiffness and the critical concentration of peptide self-
assembling depend on the valence of counterions. Therefore, the influence of mono- and divalent ions
on SAP hydrogel stiffness, gelation speed and yield point was analysed (figure 3). To study the effect of
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Figure 2. SAP hydrogel stiffnesses (a) in relation to the peptide concentration at 15,20 and 30 mg m|~" prepared in Tris—NaCl buffer and
the influence of peptide concentration on yield points (b). Measurements were performed with an oscillatory amplitude sweep test on a
plate to plate rheometer. *p-value < 0.05, **p-value < 0.01,n=3.

ion valency on the mechanical properties, SAP hydrogels were prepared with either Tris-NaCl or MgSO4
(table 1).

For the unary system P11-8, storage moduli increased significantly by a factor of 1.8, if SAP buffer
was prepared with divalent ions such as Mg?* and SO4%~ in comparison with monovalent ions such as
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Figure 3. Influence of monovalent and divalent ions on SAP hydrogel stiffness (a), gelation speed (b) and yield point (c). SAPs were
prepared either with Tris—NaCl as indicated by black bars or with Tris—MgS0, indicated by grey bars. p-values < 0.05 were defined as
significant. **p-value < 0.01, ***p-value < 0.001, ****p-value < 0.0001, n =3.

Na* and Cl~. Additionally, the gelation speed of, for example, P11-8 prepared with MgSOy resulted in
four times faster assembling time (figure 3b).

The increase in hydrogel stiffness and gelation speed of P11-8 prepared with MgSO4 was in line
with an increase in resistance to mechanical strain, as the yield point increased from 0.8 to 1.6% strain
(figure 3c). On the other hand, the preparation of P11-28/29 with MgSOj resulted in a higher sensitivity
to mechanical strain as the yield point declined significantly from 4.8 to 1% strain. The use of divalent
ions (Mg2+ and SO,4%7) increased storage moduli of P11-8 significantly and non-significantly for P11-4,
whereas for P11-28/29 there was a decrease in hydrogel stiffness. The influence of ion valency was also
observed for the SAP EAK16(II)GGH, investigated by Yang et al. [50], where pure beta sheet formation
and extended fibre length were observed upon addition of divalent sulfate anions. These observations
were explained by the salt bridge effect of SO4%~ linking two peptide molecules together.

Moreover, the type of mono- or divalent ions can further affect binding geometry and strength to the
corresponding amino acid differently, as shown for glutamic acid and tryptophan by Zou et al. [51]. Thus
for P11-15, a member of the presently investigated self-assembling peptide family, it was shown that
Ca”* binding site is made up of four central glutamic acid residues (two from each strand). Owing to the
favourable binding energies, binding of the divalent Ca?* causes a more stable fibre structure [52]. As
the glutamic acid residues are also present in P11-4, and Ca?t is similar to Mg2+, a similar behaviour can
be expected for binding of Mg?*. The binding site is different in the complementary systems (P11-13/14
and P11-28/29) where two of the glutamates are exchanged to by ornithine leading to a less favourable
binding energy and resulting in a reduced SAP hydrogel stiffness.

3.2.3. Effect ofion composition on mechanical properties of self-assembling peptide hydrogels

As SAP hydrogels are dynamic systems, which respond to their environmental conditions such as
ionic strength and pH by de-assembling and re-assembling, it is important to test how the mechanical
properties of the four selected SAPs will be affected under biologically relevant conditions as found
within the human body. Therefore, the SAP hydrogel stiffness and gelation kinetics of P11-4, P11-8,
P11-13/14 and P11-28/29 were studied in serum-free DMEM and artificial saliva (table 1). Based on
the observation that different ion types have an effect on hydrogel stiffness and gelation time, it was
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Figure 4. SAP hydrogel stiffness, gelation speed and yield point of P11-4, P11-8, P11-13/14, P11-28/29 as adjustable mechanical properties
based on the different buffer compositions of artificial saliva and DMEM. SAP hydrogel stiffness (storage modulus G’ at t = 100 min)
and gelation speed (dG’/dt 5-10 min) were determined by an oscillatory time sweep test at 0.3% strain. Oscillatory amplitude sweep
experiments up to 100% strain were performed to calculate yield points, n =3.

assumed that different biological media will affect also SAP hydrogel properties. Therefore, the effects
of DMEM and artificial saliva, consisting of different compounds and different ion concentrations, on
self-assembling kinetics, hydrogel stiffness and yield point were studied.

The preparation with DMEM or artificial saliva showed a significant difference in SAP hydrogel
stiffness for negatively and positively charged SAP hydrogels (figure 4). In addition, there was an
increase in hydrogel stiffness for SAPs with a positive overall net charge such as P11-8 (by a factor of
50) and P11-28/29 (by a factor of 9) if they were prepared with DMEM. On the other hand, hydrogel
stiffness for P11-4 and P11-13/14 increased by a factor of 12 and a factor of 34, if they were prepared
with artificial saliva. The gelation of both complementary SAPs P11-13/14 and P11-28/29 increased by a
factor of 5 and a factor of 2 respectively, if diluted in artificial saliva.

Gelation speed increased by a factor of 1.5 for P11-8 prepared in DMEM and 1.8-fold for P11-4 in
artificial saliva. For the positive complementary SAP (P11-28/29), increased gelation speed was also
detected for P11-13/14 prepared in DMEM by a factor of 4.

As described in figure 3, higher storage moduli correspond to an increase in hydrogel brittleness
and result in earlier yield points. This has also been observed for the different peptide preparations in
biological media. For example, for P11-28/29 yield point decreases from 4.6% strain to 1.3% strain if
hydrogel stiffness increased by a factor of 9, if the system was prepared with DMEM. Yield points of
P11-13/14 increased from 1.3% (prepared with artificial saliva) to 6.6% (prepared with DMEM) when
decreasing hydrogel stiffness by a factor of 34.
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Figure 5. SAP hydrogel stability of P11-4, P11-8, P11-13/14 and P11-28/29 was measured by the determination of peptide concentration
in the supernatant after 1 day (a) and 7 days (b) of incubation with PBS or TYSB medium. Peptide concentrations were calculated
as a percentage of the peptide starting concentration, termed as % to control (n=3). *p-value < 0.05, ***p-value < 0.001,
****p-value < 0.0001.

In general, both complementary SAPs (P11-13/14 and P11-28/29) were found to demonstrate a higher
stability to mechanical strain (yield points in the range of 1.3-6.6%) in comparison with the unary SAPs
(P11-4 and P11-8) that show yield points in the range of 0.3-2.3% strain. Moreover, an increasing hydrogel
stiffness for negatively charged peptides such as P11-4 and P11-13/14 prepared with artificial saliva was
observed. Ca2* ions are present in artificial saliva and have a high affinity to glutamic acid [53], and
we assume a similar binding site as previously described for P11-15 [52]. This is in agreement with the
observations of Kirkham et al. [54] and Kind et al. [55], who demonstrated an attraction of Ca2* causing
crystallization of calcium phosphate from artificial saliva on P11-4 fibrillar networks.

3.24. Testing of self-assembling peptide hydrogel stability

Stability and degradation properties of SAP hydrogels should ideally be similar to the formation rate of
new tissue-specific extracellular matrix (ECM) in order to allow tissue regeneration and are thus critical
parameters to be assessed [56-59]. Implanted hydrogels are exposed to inflamed tissue regions and thus
to a specific mixture of cells, wound fluid, secreted enzymes and in case of an infected region also to
bacteria. Thus, a preliminary test of the degradation characteristics of the four SAPs was performed after
incubation with different buffers, an enzyme and bacterial strains under physiological conditions.

3.2.4.1. Self-assembling peptide hydrogel dissolution in different buffer systems

SAP hydrogel stability was first determined by measuring SAP concentration within the supernatant
after 1 and 7 days of incubation at 37°C in PBS and TYSB medium, which are characterized by different
buffer capacity and buffer composition (figure 5). After 1 day incubation, SAP hydrogel dissolution of
P11-4, P11-8, P11-13/14 and P11-28/29 was higher in PBS than in TYSB medium (figure 5a). Especially,
this observation was true for P11-4 and P11-28/29 hydrogels, showing highly significant differences in
PBS and TYSB SAP hydrogel stability. This effect can be explained by the different buffer composition and
strength regulating the pH of the hydrogel surroundings. TYSB medium has a higher amount of K,HPOy4
compared with PBS resulting in a higher buffer strength of TYSB. As the self-assembling process of the
tested SAPs is known to be influenced by pH, TYSB medium keeps the pH condition stable during
in vitro culturing when compared with PBS. Therefore, less peptide dissolution occurred in TYSB
medium. Of all SAP hydrogels, P11-28/29 showed least SAP dissolution and had thus the highest SAP
hydrogel stability.

3.24.2. Self-assembling peptide hydrogel degradation by human neutrophil elastase

Human neutrophil elastase represents the most abundant enzyme in inflammation-associated diseases
such as diabetes [60], theumatoid arthritis [61], cancer [62] and gingivitis [63]. It is known to cleave
polyalanine (AAA) sequences [64]. SAP hydrogels were incubated with human neutrophil elastase and
tested after 1 day and 7 days by measuring SAP content in the supernatant. P11-28/29 degrades two
times less than the other SAP hydrogels (figure 6a). There was no significant difference in SAP hydrogels
treated with elastase or solely PBS. The SAP hydrogels were not susceptible to elastase-mediated
degradation due to the missing polyalanine sequences (AAA) of the tested SAPs. The increased standard
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Figure 7. SAP hydrogel degradation after the incubation in medium and with P aeruginosa, S. aureus, S. mutans was measured after
1day (a) and 7 days (b) using 10° CFU mI~". The represented data were calculated in % to the peptide starting concentration (termed
as % to control) of every peptide system, n = 3. p-values < 0.05 were defined as significant. **p-value < 0.01, ***p-value < 0.001,
***%p-value < 0.0001.

deviation after 7 days of incubation is due to static conditions and evaporation. By comparing all four
SAPs incubated solely with PBS, we conclude that the medium is the main driver which determines
peptide-specific degradation rates. None of the SAP sequences have an endopeptidase cleavage site; the
main degradation would, thus, be by exoproteases. Based on the insignificant SAP hydrogel degradation
observed with human neutrophil elastase, it can be concluded that the gel integrity is not affected by it.
In the case of a biomedical application, we assume that a specific cocktail of enzymes can digest the SAP
hydrogel in short peptide fragments and single amino acids.

3.2.4.3. Self-assembling peptide hydrogel degradation by bacterial strains

Bacterial degradation is plausible for applications in tissue with high bacterial density such as in the
oral cavity. Thus, SAP hydrogel degradation was tested after 1 day and 7 days of exposure to the
three following strains: Pseudomonas aeruginosa, Staphylococcus aureus and Streptococcus mutans, which are
common in oral cavities (figure 7). The four tested SAP hydrogels behave differently to bacterial exposure
(figure 7). In the case of P11-4, P11-8 and P11-28/29, bacterial exposure affects hydrogel degradation in
comparison to the medium control. Furthermore, SAP hydrogel degradation rates differ depending on
the bacterial strain tested. On the other hand, no significant increase in peptide content was found for
P11-13/14 after bacterial exposure. As with the enzyme degradation experiments, P11-28/29 hydrogels
were degraded to a lesser extent than the other three peptide systems which were prone to be influenced
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by media effects. Moreover, after 7 days of exposure to bacterial strains, high standard deviations were n
observed due to different bacterial growth rates which led to the production of acidic metabolites and

thus to a shift in pH [65]. Furthermore, the increase of data variability was caused by evaporation effects
over time leading to an increase in ionic strength in the media.

In summary, the characterization of the four selected SAP hydrogels (P11-4, P11-8, P11-13/14 and P11-
28/29) suggests that they are attractive candidates for a variety of tissue engineering applications due to
their nanofibrillar network, adaptable stiffness by varying peptide concentration/buffer composition
and degradation behaviour after enzymatic and bacterial digestion. However, it is essential, prior
to clinical use, that favourable peptide candidates undergo an extensive in vitro evaluation with
cell types specific for the selected biomedical application. Such evaluation should contain studies
about cytocompatibility, inflammatory response, cell survival and adhesion as well as cell growth and
differentiation capacities.

4. Conclusion

We have demonstrated that the SAPs (P11-4, P11-8, P11-13/14 and P11-28/29) evaluated in the present
study form fibrillar networks with fibril diameters in the range of 23-38 nm. The network architecture of
the peptide hydrogels closely matched fibril diameters of the reported literature and naturally occurring
ECM proteins, e.g. for collagen type fibrils (20-200nm). A broad range of SAP hydrogel stiffnesses
were in agreement with the stiffnesses of the different body tissue, ranging from soft (0.6 kPa) to hard
(205kPa) tissue. This stiffness variability was achieved by different assembling conditions such as
peptide concentration, ionic charge and buffer composition. The self-assembling conditions were also
found to affect the gelation speed and the yield point. SAP hydrogel degradation rates were mostly
affected by bacterial digestion and not by enzymatic cleavage of human neutrophil elastase. Therefore,
the characteristics of the SAP hydrogel environment have to be taken into account for the evaluation in
future applications. Thus, we have demonstrated that the four SAPs can be modified into 48 different SAP
hydrogels by varying peptide sequences, concentrations and buffer compositions. These SAP hydrogels
matched the mechanical properties of soft and hard tissue stiffness and thus are potential scaffolds for
regenerative therapies.
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4.2 Studie II

Amino acid composition of nanofibrillar self-assembling peptide hydrogels affects

responses of periodontal tissue cells in vitro.

Koch F, Wolff A, Mathes S, Pieles U, Saxer S, Kreikemeyer B, Peters K. Journal of

International Nanomedicine. 2018;13: 6717-6733

Zusammenfassung

In Studie IT wurden die vier ausgewéhlten SSP-Hydrogele (davon zwei Einkomponenten-Systeme
und zwei Komplementir-Systeme) auf ihre Materialeigenschaften, wie z. B. Porositit,
Schwelleigenschaften, Oberflichenladung und Proteinadsorption, untersucht. Des Weiteren wurde
der Einfluss von P11-SSP-Hydrogelen auf die zellulire Reaktion, wie z. B. die Zelladhésion,
Morphologie, Wachstum, und Differenzierung, analysiert. Die variierende
Aminosdurezusammensetzung der SSP fiihrt zu deutlichen Verdanderungen in der Porositdt der
Hydrogele und der Proteinadsorption. Diese Unterschiede in den physikochemischen
Eigenschaften der Hydrogele scheinen im Zusammenhang mit den zelluliren Reaktionen zu
stehen. So induzierten die Einkomponenten-SSP-Hydrogele eine fast verdoppelte Zelladhésion
und ein gesteigertes Zellwachstum im Vergleich zu den komplementiren SSP-Hydrogelen.
Dartiber hinaus wurde fiir die Einkomponenten-Hydrogele im Vergleich zu Standardzellkulturen
eine signifikant verbesserte osteogene Differenzierung humaner Osteoblasten festgestellt.
Einkomponenten-SSP-Hydrogele besitzen daher ein hohes Potential zur Eignung als Biomaterial

fiir die Parodontaltherapie.
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Background: The regeneration of tissue defects at the interface between soft and hard tis-
sue, eg, in the periodontium, poses a challenge due to the divergent tissue requirements. A
class of biomaterials that may support the regeneration at the soft-to-hard tissue interface are
self-assembling peptides (SAPs), as their physicochemical and mechanical properties can be
rationally designed to meet tissue requirements.

Materials and methods: In this work, we investigated the effect of two single-component
and two complementary B-sheet forming SAP systems on their hydrogel properties such as
nanofibrillar architecture, surface charge, and protein adsorption as well as their influence on
cell adhesion, morphology, growth, and differentiation.

Results: We showed that these four 11-amino acid SAP (P11-SAP) hydrogels possessed physico-
chemical characteristics dependent on their amino acid composition that allowed variabilities in nanofi-
brillar network architecture, surface charge, and protein adsorption (eg, the single-component systems
demonstrated an ~30% higher porosity and an almost 2-fold higher protein adsorption compared with
the complementary systems). Cytocompatibility studies revealed similar results for cells cultured
on the four P11-SAP hydrogels compared with cells on standard cell culture surfaces. The single-
component P11-SAP systems showed a 1.7-fold increase in cell adhesion and cellular growth
compared with the complementary P11-SAP systems. Moreover, significantly enhanced osteogenic
differentiation of human calvarial osteoblasts was detected for the single-component P11-SAP
system hydrogels compared with standard cell cultures.

Conclusion: Thus, single-component system P11-SAP hydrogels can be assessed as suitable
scaffolds for periodontal regeneration therapy, as they provide adjustable, extracellular matrix-
mimetic nanofibrillar architecture and favorable cellular interaction with periodontal cells.
Keywords: self-assembling peptides, SAPs, P11-SAP hydrogels, surface charge, protein adsorp-
tion, cell proliferation, osteogenic differentiation, periodontal tissue regeneration

Introduction

The development of therapies for the regeneration of tissue defects at the interface
between soft and hard tissue (eg, ligament-to-bone within the periodontium) poses a
challenge due to the diverging tissue requirements. The periodontium consists of the
gingiva, periodontal ligament, cementum, and alveolar bone.! Periodontal diseases lead
to the breakdown of the periodontium by bacterial infection, if untreated ultimately
resulting in tooth loss.? Several techniques have been developed, which aim to support
natural periodontal regeneration such as guided tissue regeneration and bone grafting,
either with or without the use of enamel matrix derivative or growth factors.? Yet,
these different therapeutic options frequently lead to unsatisfactory clinical results
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(ie, tooth loss), and thus, a medical need remains for the
development of biomaterials specifically designed for the
conditions at the soft-to-hard tissue interface. It is known
that the physicochemical characteristics of biomaterials,
such as surface charge and scaffold architecture, can control
cellular responses and thus influence tissue regeneration.*”’
For example, cell growth, cell migration, and cell differen-
tiation are influenced by the aforementioned parameters.>*?
Thus, the knowledge about possible coherences between the
physicochemical characteristics and the resulting cellular
reactions can be decisive for the development of suitable
biomaterials. Soft-to-hard tissue interfaces therefore require
an ambilateral adaptation to physicochemical and mechanical
characteristics of both interfaces.

A class of material that could meet the requirements at
the soft-to-hard tissue interface are self-assembling peptides
(SAPs), as their physicochemical and mechanical properties
can be tuned by rational design.' SAPs are shown to exhibit
an adjustable biodegradability, a lack of immunogenicity, and
a possibility to be applied with minimal invasive procedures
(eg, injection into the periodontal pocket).!! Previous reports
have provided a first indication of the suitability of SAPs for
periodontal therapy. For example, RADA16, a 16-amino acid
[B-sheet-forming SAP, is reported to facilitate attachment,
proliferation, and migration of human periodontal ligament
fibroblasts (HPDLFs) and induce the deposition of colla-
gen type I and III, the main components of the periodontal
ligament."”? An animal study investigating the efficacy of
RADA16 in periodontal regeneration demonstrated new bone
and periodontal ligament-like collagen bundle formation,
indicating periodontal regeneration." Yet, despite the promis-
ing results, no SAP is available for treatment in the clinic.

Recently, the 11-amino acid SAPs (P11-SAPs) gained
attention for the regeneration of dental hard tissue, as they
have been shown to deposit calcium phosphate.'*'¢ More-
over, it was demonstrated that these P11-SAPs form anti-
parallel B-sheet structures as well as higher-order structures
such as fibrils and fibers under physiological conditions.!” "
Thus, fibrillar P11-SAP hydrogels are suitable as scaffolds

for tissue regeneration as they can self-assemble under physi-
ological conditions and have adaptable SAP hydrogel stiff-
nesses brought on by modulating the peptide concentration
and buffer composition.''** In animal studies, P11-SAP
scaffolds have been shown to lack immunogenicity?' and to
possess a high biocompatibility.!?? Hence, these P11-SAPs
are promising candidates for a detailed in vitro evaluation
of their suitability as scaffolds in soft and hard tissue regen-
eration. For this purpose, we tested four different P11-SAP
systems. Two complementary systems (P11-13/14 and P11-
28/29) were selected for their dual-syringe application mode,
their favorable assembly kinetics, and their capacity as drug
delivery carriers. Two single-component systems (P11-4,
P11-8) were selected because they had previously been dem-
onstrated as suitable matrices for mineralization.”* 2

To this end, we investigated several physicochemical
properties of P11-SAPs scaffolds that are known to govern
their interactions with cells, ie, nanofibrillar architecture,
surface charge, and swelling ratio in the context of their
composition. As a consecutive step, the impact of the four
P11-SAP scaffolds was tested with respect to their bio-
compatibility, cell morphology, adhesion, proliferation,
and osteogenic differentiation by using cells involved in
the periodontal regeneration (ie, HPDLFs, human calvarial
osteoblasts [HCO]).

Materials and methods

Peptide hydrogel preparation

P11-SAPs, P11-4 (sequence: Table 1, peptide content 95%,
ammonium salt), P11-8 [sequence: Table 1, peptide content
84.4%, trifluoroacetic acid (TFA) salt], P11-13 (sequence:
Table 1, peptide content 78.5%, ammonium salt), P11-14
(sequence: Table 1, peptide content 74.6%, TFA salt), P11-28
(sequence: Table 1, peptide content 70.7%, TFA salt), and
P11-29 (sequence: Table 1, peptide content 89.0%, ammo-
nium salt) were purchased from CS Bio Company, Menlo
Park, CA, USA. Release analytics were performed by HPLC
and mass spectroscopy. Sodium chloride (NaCl) and Trizma®
bases used for peptide buffer preparation were purchased

Table | Pl I-SAP composition and preparations in four different solutions

Peptide Peptide composition Peptide net charge Solution A Solution B

Pl1-4 QQRFEWEFEQQ -2 55 mM Tris, pH 8 55 mM Tris, 192 mM NaCl, pH 6.8
PI1-8 QQRFOWOFEQQ +2 H,O, pH 6 55 mM Tris, 236 mM NaCl, pH 8.5
PI1-13 EQEFEWEFEQE -2 100 mM Tris, 52 mM NaCl, pH 8

P11-29 QQEFEWEFEQQ

Pl1-14 QQOFOWOFOQQ +2 55 mM Tris, 96 mM NaCl, pH 7

P11-28 OQOFOWOFOQO
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from Sigma-Aldrich, Buchs, Switzerland. For each peptide
system, buffer composition was adjusted to their specific
physicochemical properties (Table 1).

Single-component P11-SAP hydrogels (P11-4 and P11-8)
were prepared by dissolving the lyophilized peptide powder
in 100 uL of solution A, thus obtaining a monomeric peptide
solution. To induce self-assembly, 100 uL of solution B was
added to the peptide monomer solution, adjusting the pH
and thereby triggering self-assembly. Complementary P11-
SAPs (P11-13/14 and P11-28/29) were dissolved separately
in 100 UL of their peptide-specific solutions. Peptide pairs
were mixed 1:1; eg, 100 uL P11-13 plus 100 pL P11-14
at equimolar concentrations to obtain a final volume of
200 uL P11-13/14 and a concentration of 10 mg/mL.
A final concentration of 140 mM and a pH of 7.2-7.4 were
adjusted for P11-4, P11-13/14, and P11-28/29 using 0.1 M
NaOH or 0.1 M HCI (Sigma-Aldrich). For P11-8, a pH of
7.8-8.0 was adjusted using 0.1 M NaOH. For cell culture
experiments, P11-SAP hydrogels were assembled overnight
at 37°C, followed by 15 minutes of UV light exposure for
hydrogel sterilization.

Analysis of nanofibrillar Pl 1-SAP
hydrogels

Scanning electron microscopy (SEM) studies

To analyze the nanofibrillar network architecture of the
P11-SAP hydrogels in detail, SEM images, which had been
previously prepared and recorded by us in the study of Koch
etal,'” were further processed by ImageJ version 2.0 using the
Diameter] plugin.?® Therefore, the images were converted to
black (background) and white (fibers) by the segmentation
process and subsequently the M5 algorithm was applied.
Parameters such as porosity, intersection density, and fiber
diameter were calculated as a function of the Diameter]
software based on the segmented SEM images. Five SEM
images were analyzed for each peptide system.

Zeta potential measurements for surface charge

Zeta potential measurements were performed with the Zeta-
sizer Nanoseries (Malvern Instruments, Malvern, UK) to
compare theoretical calculated SAP net charges with the
monomer and fibril charges present at a pH of 3, 7, and 12
in 0.001 M NaCl. The pH of the different SAP solutions was
adjusted by using 0.1 M NaOH and 0.1 M HCI. P11-SAP
concentrations of 3 mg/mL together with a Zetasizer Clear
Disposable Cell (Malvern) were used. Measurements were
performed at room temperature (RT) directly after adjusting
the pH. All experiments were done in triplicate.

Swelling ratio

To determine the P11-SAP hydrogel swelling behavior,
samples were prepared at a peptide concentration of
15 mg/mL in 55 mM Tris buffer with additional NaCl
(final salt concentration 140 mM) and were allowed to
assemble overnight. PBS (Sigma-Aldrich) was added, and
the hydrogels were incubated for 24 hours at RT. Samples
were weighed before and after the swelling process to
evaluate water uptake into the P11-SAP hydrogels. Finally,
peptide hydrogels were lyophilized overnight with a Christ
Lyophilizer (Christ® freeze dryer alpha 1-4 LSC, Germany)
at—50°C and 1.0x107* Pa and weighed again to calculate the
swelling ratios according to:

Ws—-Wd
Wwd

SW =

where Ws and Wd are the weights of the hydrogels in
the equilibrium swelling and in the freeze-dried state,
respectively.?’

Cell culture experiments

HPDLF and HCO were cultured up to 80%—-90% conflu-
ency and in fibroblast or osteoblast medium (cells and
media from ScienCell, Carlsbad, CA, USA), respectively,
before they were passaged using 0.5% Trypsin-EDTA solu-
tion (Gibco™ by Life Technologies, Darmstadt, Germany).
One passage took 5 days. Both cell types were used at
passage 4 for every experiment. Cell culture medium was
changed at passage 3 to the expansion medium DMEM
(Gibco™ by Life Technologies) containing 10% FBS
(PAN-Biotech, Germany) and 1% Penicillin (P)/Strepto-
mycin (S) (Gibco® by Life Technologies) 2 days before
they were seeded onto P11-SAP hydrogels.

Cytocompatibility testing of Pl |-SAP monomers

and P1 [-SAP hydrogel extracts

To assess cell viability, P11-SAP monomer solutions were
prepared at 1 mg/mL and 5 mg/mL in the respective cell
culture media. HPDLF and HCO cells (6,800 cells per well)
were incubated in a 96-well plate with peptide-containing
medium for 24 hours at 37°C and analyzed afterward by using
PrestoBlue® Viability Reagent (Invitrogen-Life Technolo-
gies). For this purpose, the cell culture supernatants were
removed, and the PrestoBlue Viability Reagent was added to
the cells, diluted 1:10 with cell culture medium, and incubated
for 3 hours at 37°C. Finally, 100 uL of supernatant was placed
into a new, 96-well plate and fluorescence was measured at
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560 nm excitation and 590 nm emission with a fluorescence
microplate reader (TECAN, Crailsheim, Germany).

The indirect cytotoxicity of P11-SAP hydrogel extracts was
assessed according to the ISO 10993-5 standard test protocol.
P11-SAP hydrogels were prepared at 20 mg/mL, as described
above. P11-SAP hydrogels were incubated with 230 uL of
the respective cell culture media for 24 hours at 37°C. After-
ward, cell culture medium extracts were removed and further
diluted in steps with fresh medium to achieve a final extract
concentration of 10, 5, and 1 mg/mL. One hundred microliters
per well of the original extract (20 mg/mL) and the diluted
extracts were added to 6,800 cells (either HPDLF or HCO)
per well of a 96-well plate (F-bottom, crystal clear, Greiner
Bio-One, Frickenhausen, Germany). The standard cell cultures
were grown on tissue culture polystyrene (TCPS) as a control.
Sample extracts and controls were exposed to the cells for 24
hours at 37°C. Finally, lactate dehydrogenase (LDH) leakage
from damaged cells and therefore cell vitality was determined
by an LDH cytotoxicity test kit (Roche, Mannheim, Germany)
according to the manufacturer’s protocol. LDH activity was
normalized by the quantification of the cell amount using
crystal violet (Merck, Darmstadt, Germany) staining.

Cellular phenotype and cell adhesion in contact

with Pl 1-SAP hydrogels

To investigate the cellular phenotype, 200 UL of P11-SAP
hydrogels was prepared at 15 mg/mL for P11-4/P11-8 and
10 mg/mL for P11-13/14/P11-28/29 in chamber slides (SPL
Life Sciences, Gyeonggi-do, Korea) and were incubated
overnight. Cells cultured on the uncoated chamber slide
surfaces were taken as a control.

P11-SAP hydrogels were equilibrated with DMEM+10%
FBS for 1 hour at 37°C. Afterward, 10,000 cells per well
(HPDLF and HCO) were seeded in DMEM medium. After
24 hours, cells were washed twice with Dulbecco’s PBS
(DPBS) and fixed with 4% paraformaldehyde (Sigma-Aldrich,
Taufkirchen, Germany) solution in DPBS for 20 minutes. To
permeabilize the cell membranes, 0.1% Triton-X100-PBS
(Fluka) was added for 5 minutes. After washing the cells twice
with DPBS, cells were incubated with 1% BSA (Cell Signal-
ing Technology, Frankfurt am Main, Germany) solution in
DPBS for 30 minutes to reduce unspecific binding. Finally,
Rhodamine-conjugated phalloidin (Thermo Fisher Scientific,
Reinach, Switzerland) was added 1:40 (stock 1:1,000 in metha-
nol) in PBS and incubated for 30 minutes in the dark. Cells were
then washed three times prior to visualization with a confocal
laser scanning microscope (LSM 780, Zeiss, Jena, Germany).

Furthermore, the adhesion of HPDLF and HCO cells on
P11-SAP hydrogels was evaluated. Cells were seeded onto
the 70 uL of P11-SAP hydrogel surfaces at 6,800 cells/cm?
in DMEM. For the indirect quantification of the number
of adhered cells, the supernatant including the nonadhered
cells was carefully removed and the metabolic activity of the
surface/hydrogel adhered cells was quantified using the Presto-
Blue Viability Reagent as described by the manufacturer.

Metabolic activity of HPDLF and HCO

P11-SAP hydrogels (prepared at 15 mg/mL for P11-4/P11-8
and 10 mg/mL for P11-13/14/P11-28/29) were prepared
in 96-well plates according to Table 1 and seeded with
6,800 cells/cm? (HPDLF and HCO) in DMEM supplemented
with 10% FBS and 1% P/S. Cellularized P11-SAP hydrogels
were cultured up to 14 days, whereby every third day the
medium was replaced. Metabolic activity was assessed after
1, 3, 7, and 14 days of culturing using a resazurin-based,
redox-sensitive assay PrestoBlue Viability Reagent.

Protein adsorption on P| |-SAP hydrogels

and its influence on cell phenotype

To investigate the cell phenotype as a function of the elec-
trostatic interaction and the protein adsorption, 200 uL of
P11-SAP hydrogels were prepared in chamber slides (SPL
Life Sciences) at 15 mg/mL for the single-component SAPs
(P11-4 and P11-8) and at 10 mg/mL for the complementary
SAPs (P11-13/14 and P11-28/29). P11-SAP hydrogels were
equilibrated with either serum-free DMEM or fibronectin-
(from bovine plasma, Sigma-Aldrich) supplemented DPBS
(PAN-Biotech) (300 pg/mL) for 1 hour at 37°C. Cells were
seeded at a density of 10,000 per well and stained for actin
cytoskeleton as described in “Cellular phenotype and cell
adhesion in contact to P11-SAP hydrogels”, cellular phe-
notype and adhesion. For the quantification of fibronectin
adsorption on the P11-SAP hydrogels tested, hydrogels
were prepared in SPL slides as described above. Fibronec-
tin (300 pug/mL, DPBS) solution was incubated on peptide
hydrogels for 1 hour at 37°C. P11-SAP hydrogels were
then washed twice with ultrapure water to remove unbound
fibronectin before being first mechanically disintegrated by
pipetting up and down with a high viscosity pipet (Gilson,
Mettmenstetten, Switzerland) and finally chemically disin-
tegrated using 1 M NaOH or | M HCL. De-assembled P11-
SAP hydrogels were homogenized three times for 10 seconds
on ice using a Branson Sonifier 250 (Heinemann, Schwibisch
Gmiind, Germany). Afterward, samples were centrifuged
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at 12,000 rpm for 10 minutes at 4°C. To determine the
amount of fibronectin, 10 UL of each sample was measured
with the Qubit® Protein Assay (Thermo Fisher Scientific).
As a 100% control, 10 puL of the initial fibronectin solution
was measured. All experiments were done at least in tripli-
cate. As a subsequent experiment, bound fibronectin on the
complementary SAPs P11-13/14 and P11-28/29 (prepared
at 100 wg/mL) was visualized by a primary rabbit polyclonal
antifibronectin antibody (1:100, DPBS, Abcam, Cambridge,
UK) incubated overnight at 4°C, followed by the incubation
with a goat antirabbit-Alexa Fluor 594-conjugated antibody
(1:100, DPBS, Abcam). Samples were washed with DPBS
prior to, in between, and after antibody incubation. Samples
were assessed with a confocal laser scanning microscope
(LSM 780, Zeiss) using a 20x objective.

Cellular phenotype on hydrogels with different
stiffnesses

To investigate cell phenotype as a function of reduced P11-
SAP hydrogel stiffness, P11-13/14 and P11-28/29 were
prepared at 5 and 10 mg/mL and first measured with an oscil-
latory amplitude sweep test using an Anton Paar MCR301
(Anton Paar, Buchs, Switzerland) rheometer equipped with
a 10 mm diameter stainless steel parallel plate geometry at a
0.9 mm measuring gap. To determine the HPDLF and HCO
phenotype, 10,000 cells of each cell type were incubated in
chamber slides (SPL Life Sciences) for 24 hours on 200 pL of
P11-13/14 and P11-28/29 P11-SAP hydrogels (5 mg/mL and
10 mg/mL). Staining for actin cytoskeleton was performed
according to section “Cellular phenotype and cell adhesion
in contact to P11-SAP hydrogels.”

Analysis of osteogenic differentiation

Quantification of ALP activity

The ALP activity was analyzed by the colorimetric ALP assay
kit (Abcam). Cell lysate samples at 1, 7, and 14 days of incu-
bation on P11-4 and P11-8 peptide hydrogels (15 mg/mL)
were investigated (lysate harvesting as described for the
Milliplex assay above). Staining was performed according to
the manufacturer’s instructions. The absorbance was read at
450 nm with a fluorescence microplate reader (TECAN).

Quantification of osteoprotegerin (OPG)

For the quantification of the osteogenic marker OPG,
200 uL P11-4 and P11-8, P11-SAP hydrogels were pre-
pared at 15 mg/mL in chamber slides. Complementary
P11-SAP hydrogels (P11-13/14; P11-28/29) were not

considered as appropriate for further studies due to the lower
metabolic activity after 14 days of HCO culture. HCO were
seeded on top of the P11-SAP hydrogels at a density of
10,000 cells/cm?. Osteogenic differentiation of HCO was
induced by exposure to osteogenic differentiation medium
containing DMEM 10% FBS, 1% P/S, 1 uM dexamethasone
(Sigma-Aldrich), 250 pg/mL ascorbate (Sigma-Aldrich),
and 10 mM B-glycerophosphate (Sigma-Aldrich).

The medium was changed every 2 to 3 days. Undifferenti-
ated HCO grown in expansion medium was used as control.
After 1, 7, and 14 days, cell culture supernatants were col-
lected and stored at —20°C for further analysis. To analyze
the total secretion of osteogenic markers, 130 UL of P11-SAP
hydrogel matrices containing differentiated and undifferenti-
ated HCOs were dissolved by transferring the gels in 1.5 mL
low protein-binding tubes (Eppendorf, Hamburg, Germany)
with a cell scraper, followed by the addition of 130 puL of cell
lysis buffer and either 1 uL of 1 M NaOH to de-assemble
P11-4 hydrogels or 1 M HCI to de-assemble P11-8 hydro-
gels. To ensure complete cell lysis, the tubes were agitated
for 30 minutes at 4°C. Afterward, cell lysates containing
de-assembled P11-SAP hydrogels were homogenized
(Branson Sonifier 250, Heinemann) three times for 10 sec-
onds on ice. Cell debris was eliminated by centrifugation at
12,000 rpm for 10 minutes at 4°C. Finally, cell culture super-
natants and supernatants extracted from cell lysates were
thawed and analyzed by the Milliplex MAP Human Bone
Magnetic Bead Kit (Merck Millipore, Germany) according
the manufacturer’s protocol. Samples were measured with
a Bio-Plex 200 system (Bio-Rad, Germany).

Quantification of mineralization

For the quantification of the calcium deposition of HCOs on
P11-4 and P11-8, P11-SAP hydrogels, cells were cultured up
to 30 days in osteogenic differentiation medium or expan-
sion medium as a negative control. P11-SAP hydrogels
were prepared in a 96-well plate as described in “Metabolic
activity of HPDLF and HCO” (metabolic activity). Medium
was replaced every third day during cultivation. After 1 and
30 days, the medium was removed, and the cell-seeded P11-
SAP hydrogels were rinsed twice with PBS. Subsequently,
the hydrogels were fixed with 4% PFA in PBS for 10 minutes,
followed by rinsing them twice with ultrapure water. One
hundred microliters per well o-cresolphthalein complexone
(Sigma-Aldrich) solution at 0.1 mg/mL was added and
incubated for 5 minutes at RT. Afterward, 100 uL 2-amino-
2-methyl-3-propanolbuffer (1.5 M, pH 10.8, Sigma-Aldrich)
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with o-cresolphthalein complexone (Sigma-Aldrich) were
added per well and incubated for 15 minutes. Finally, 100 uL
of supernatant was transferred to a new 96-well plate and
analyzed at 580 nm using a fluorescence microplate reader
(TECAN).

Statistics

All experiments were done with cells from three independent
donors and with three technical replicates per run. Data are
presented by meantSD. To test for significant differences
between groups, a one-way or two-way ANOVA followed by
Dunnett’s or Tukey’s multiple comparison post hoc test was
performed using GraphPad Prism version 6.00 for Windows.
A P-value of =0.01 was considered significant.

Results

Nanofibrillar network architecture and
physicochemical characterization of
P11-SAP hydrogels

SEM images of nanofibrillar P11-SAP hydrogels, which
were prepared and examined in the study of Koch et al,"’
were further processed and analyzed with software-supported

>

Single component
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Complementary

Figure | Processed SEM images of fibrillar P11-SAP hydrogels.

image analysis to gain more insight into the fibrillar network
properties. Prior to the calculation of the different parameters,
the images were converted and segmented to black and white
pictures as presented in Figure 1. The single-component P11-
SAPs P11-4 (Figure 1A) and P11-8 (Figure 1B) formed a
relatively homogeneous nanofibrillar network structure with
a majority of uniform mesh widths. The complementary
P11-SAPsP11-13/14 (Figure 1C) and P11-28/29 (Figure 1D)
developed more heterogeneous fibrillar networks with an
irregular mesh width distribution.

Analysis of the SEM images with the ImageJ plugin
Diameter] was performed to evaluate the following param-
eters: fiber network porosity (%), intersection density (num-
ber of intersections/m?), and mean fiber diameter (in nm)
(Table 2). The network porosity of P11-4 and P11-8 was
found to be 46%, which is about 14% higher in relation to
the complementary P11-SAPs P11-13/14 and P11-28/29. The
network density (ie, the intersection density in number/um?)
was almost identical for single-component P11-SAPs, ie,
62.1/um? for P11-4 and 60.6/um? for P11-8. For the comple-
mentary P11-SAPs P11-28/29, a two-fold higher intersec-
tion density was observed with 106.9£24.5 number/um?.
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Note: (A) Pl 1-4, (B) PI1-8, (C) PI1-13/14, and (D) P11-28/29 (peptide hydrogels were prepared at |5 mg/mL, scale bar 200 nm, images were converted to black and white

pictures).
Abbreviation: SEM, scanning electron microscope.
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Table 2 Analysis of nanofibrillar P11-SAP hydrogel SEM images

Fiber Intersection Mean fiber
network density diameter
porosity (%) (number/pm?) (nm)
Pl1-4 46£1.0 62.11£6.9 41.0£1.2
PI1-8 46£1.0 60.6t1.6 40.810.5
PI1-13/14 31£7.0 79.718.6 44.5+5.2
P11-28/29 3445.0 106.9+24.5 36.8+2.7

Note: The parameters “porosity,” “intersection density,” and “fiber diameter”
were assessed by the conversion of SEM images into black and white pictures and
further processed and analyzed using Diameter J.

Abbreviation: SEM, scanning electron microscope.

Furthermore, the image analysis identified a relative homo-
geneous fiber diameter for the single-component P11-SAPs
with 414+1.2 nm for P11-4 and 40.8+0.5 nm for P11-8. The
complementary P11-SAPs’ fiber diameters showed a higher
variability with 44.5 nm (£5.2 nm) for P11-13/14 and 36.8
nm (+2.7 nm) for P11-28/29.

The P11-SAP hydrogels were further analyzed regarding
the physicochemical characteristics of surface charge and
swelling ratio (Figure 2). To determine the surface charge,
zeta potential measurements were performed as a function of
pH (Figure 2A). At pH 3, all P11-SAPs revealed a positive
zeta potential, whereas at pH 12 all P11-SAPs displayed a
negative zeta potential. At pH 7, P11-SAPs with a nega-
tive surface “—2"-net charge (P11-4; P11-13/14) showed a
negative zeta potential, whereas a positive zeta potential for
P11-SAPs with a “+2”-net charge (P11-8; P11-28/29) was
determined.

The theoretically calculated surface net charges (at
pH 7) of the P11-SAPs were “-2” for P11-4 and P11-13/14
and “+2” for P11-8 and P11-28/29 (Table 1). Thus, the
measured zeta potentials were clearly different from the

>

N
Sl N i

-100

Zeta potential (mV)

pH3 pH7 pH 12

calculated values. For example, P11-4 and P11-13/14 both
have a calculated surface “—2”-net charge at pH 7 but a zeta
potential difference by a factor of 1.5. Similarly, P11-8 and
P11-28/29, with a “+2”-surface net charge, revealed a posi-
tive zeta potential, although it varied by a factor of 3.
Based on the hydrophilic nature of the tested P11-SAPs
hydrogels, they are supposed to retain large amounts of water
in their three-dimensional structure. Therefore, swelling
ratios were measured at the equilibrium state after 24 hours
in PBS (Figure 2B). Swelling ratios for the single-component
P11-SAP hydrogels were found to be higher compared with
the complementary P11-SAP hydrogels, ie, for P11-4 and
P11-8, a swelling ratio of 37.8%%1.3% and 43.8%*4.7% was
measured, respectively. In contrast, the complementary P11-
SAP hydrogels P11-13/14 and P11-28/29 resulted in swelling
ratios of 30.0%20.6% and 26.4%=3.4%, respectively.

Impact on cellular reactions
Cytocompatibility

Initially, the cytocompatibility of the disassembled, monomeric
P11-SAPs dissolved in cell culture medium was analyzed in
different concentrations on HPDLF (Figure 3A) and HCO by
measuring the metabolic activity after 24-hour incubation by
a resazurin-based, redox-sensitive assay. The incubation of
P11-SAP monomers, prepared at | mg/mL and 5 mg/mL in
cell culture medium, showed only minor effects on the meta-
bolic activity of HPDLF. At higher concentrations (5 mg/mL),
P11-13 and P11-28 induced a slight but statistically signifi-
cant decrease of the metabolic activity of about 15%. The
metabolic activity of the osteoblasts showed a similar trend
without statistically significant differences (Figure S1A).
Furthermore, the cytocompatibility of the different P11-SAPs
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Figure 2 Analysis of surface charge and swelling ratio of the PI |-SAPs.

Notes: (A) Surface charge, measured by zeta potential, was determined as a function of pH for P| I -SAPs in monomeric and fibrillar state (P| | -SAP concentration of 3.0 mg/mL,
n=3, measured at pH 3, 7, and 12). (B) Swelling ratios measured after 24-hour incubation in PBS (PI [-SAP concentration of 15 mg/mL, n=3, *P=0.01).

Abbreviation: P|1-SAP, | I-amino acid self-assembling peptides.

International Journal of Nanomedicine 2018:13

submit your manuscript

6723

Dove

35


www.dovepress.com
www.dovepress.com
www.dovepress.com

Koch et al

Dove

>

150

Nonassembled P11-SAP monomers

*

*

100 A

Relative metabolic
activity (%)

50 A
0- r T
é@b ,\\'b‘ ,\\3’
& Q 3
0(\

-l & > )

N

AN SN
SN <

| Il Untreated

O 1mg/mL B 5mg/mL |

W

Self-assembled P11-SAP

hydrogel extracts
200 -

150 4

100 A

Relative cell amount
(% of untreated control)

0 - T T T T
S M pe) N )}
& o Q o &V
§ N N
N N N
N Q Q

C Self-assembled P11-SAP
hydrogel extracts

100
50 4
0- T T T

- N
a o
o o
1 1

Relative LDH release
(% of untreated control)

M Untreated [ 1mg/mL E 5mg/mL E 10 mg/mL

Figure 3 Testing cytocompatibility of monomeric P |-SAP solution and extracts of P 1-SAP hydrogels in HPDLF.

Notes: (A) Metabolic activity of HPDLF exposed for 24 hours with the PI1-SAP monomers (concentrations: | and 5 mg/mL, PrestoBlue® Cell Viability Reagent, in percent
compared with untreated control, n=3, *P=<0.01). (B) Cell amount of HPDLF cells exposed to extraction products of different P| |-SAP hydrogels (after 24 hours, I, 5, and
10 mg/mL, in percent compared with untreated control, n=3, *P=0.01, determined by crystal violet staining) and (C) LDH release of HPDLF cells exposed to extraction
products of PI |-SAP hydrogels (after 24 hours, 1, 5, and 10 mg/mL, in percent compared with untreated control, n=3, *P<0.01, measured with LDH cytotoxicity test kit).
Abbreviations: HPDLF, human periodontal ligament fibroblast; LDH, lactate dehydrogenase; Pl [-SAP, | I-amino acid self-assembling peptide.

was investigated for the self-assembled state (ie, as hydrogels)
(Figure 3B and C). For this purpose, extracts of the P11-
SAP hydrogels were obtained in cell culture medium and
HPDLF and HCO were exposed for 24 hours with extracts
prepared at 1, 5, and 10 mg/mL and then analyzed for the
cell number and cytotoxicity. The extracts did not affect the
cell number except for the extracts of the P11-SAP hydrogel
P11-4 (10 mg/mL), which showed a slight but statistically sig-
nificant increase of HPDLF cell numbers to 124.6%t19.9%
(Figure 3B); in HCO, no significant differences were detect-
able (Figure S1B). To investigate the potential of highly
charged P11-SAP hydrogels to interact with and to disrupt
cell membranes, an LDH cytotoxicity assay was performed.
Cytotoxicity of the P11-SAP hydrogel extracts was exam-
ined indirectly by the quantification of the LDH release of
HPDLF and HCO after the extract exposure. There was no
deviation identified in comparison with the untreated control
(Figures 3C and S1C).

Cell morphology on SAP hydrogels

Furthermore, the cells were brought into direct contact with
the four P11-SAP hydrogels. P11-SAP concentrations of
15 mg/mL for P11-4 and P11-8 and 10 mg/mL for P11-
13/14 and P11-28/29 were chosen for stability and han-
dling reasons. The cell phenotypes were analyzed by actin
cytoskeleton staining with phalloidin-TRITC (tetramethyl-
rhodamine), 24 hours after seeding HPDLF and HCO onto
P11-SAP hydrogels in the presence of 10% calf serum in
cell culture medium. Nuclear staining could not be executed,
as P11-SAP hydrogels possess highly intrinsic autofluo-
rescence (Figure S2). Cells cultured on the control surface
(cell culture-adequate SPL glass slides) displayed a spindle-
shaped, spread phenotype with long actin fibers. The growth
of HPDLF and HCO on P11-4 and P11-8 hydrogels resulted
in spindle-shaped, outspread cell phenotypes (Figure 4A).
In contrast, HPDLF and HCO in contact with P11-13/14
hydrogels developed a roundish, nonspread phenotype.
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Figure 4 Cellular phenotype and metabolic activity of HPDLF and HCO on P11-SAP hydrogels in the presence of bovine serum (10%).
Notes: (A) Fluorescent depiction of the actin cytoskeleton in HPDLF and HCO (after 24 hours, scale bar 100 um, n=6). (B) Metabolic activity of HPDLF and (C) HCO

(PrestoBlue® assay performed after 24 hours, % to TCPS control, n=3, *P=0.001).

Abbreviations: HCO, human calvarial osteoblasts; HPDLF, human periodontal ligament fibroblast; P11-SAP, | -amino acid self-assembling peptide; TCPS, tissue culture

polystyrene.

The phenotype of HPDLF on P11-28/29 was more hetero-
geneous with parallel existing roundish and spindle-shaped
cells. HCO grown on P11-28/29 hydrogels developed only
roundish, nonspread phenotypes (Figure 4A).

The overall metabolic activity of the attached HPDLF and
HCO population was quantified at the same time (24 hours
after seeding). In both cell types, the overall metabolic
activity was found to be lower on all P11-SAP hydrogels
compared with the control on TCPS. The highest metabolic
activity of HPDLF was observed on P11-4 (78.2% of TCPS
control) followed by P11-8 with 66.4% (Figure 4B). The
metabolic activity of HPDLF was even lower on P11-13/14
(38.7%) and P11-28/29 hydrogels (47.6%). However, the
comparison of the complementary P11-SAP hydrogels
revealed that HPDLF metabolic activity was higher on
P11-28/29 than on P11-13/14. A similar metabolic activity
pattern was shown for HCO, although there was no differ-
ence detected between P11-13/14 and P11-28/29 hydrogels
(Figure 4C). The reduced overall metabolic activity of the

cells in direct contact with the P11-SAP hydrogels implies
a lower cell attachment, as in the TCPS control, confirming
the optical impression estimated by the microscopic pheno-
type analysis.

Fibronectin adsorption to SAP hydrogels

The phenotype of cells in contact with P11-SAP hydrogels
was also tested under serum-free conditions and in the pres-
ence of fibronectin. HPDLF and HCO phenotypes were not
spread in contact with P11-SAP hydrogels under serum-free
and noncoating conditions. The precoating of P11-SAP
hydrogels with fibronectin (300 pwg/mL) prior to cell seed-
ing induced outspread, spindle-shaped HPDLF with long
actin fibers (Figure 5A) on P11-4, P11-8, and P11-28/29
hydrogels. Only on P11-13/14 hydrogels did the cells not
spread at all. Seeding of HCO on fibronectin-coated surface
resulted in a roundish, nonspread phenotype on P11-13/14
and P11-28/29 (Figure S3). To attain a deeper understanding
of the varying cellular reactions after fibronectin coating,
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with fibronectin (confocal microscopy, fibronectin concentration 300 g/mL, scale bar 100 um). (B) Quantification of fibronectin adsorption on Pl |-SAP hydrogels after
I-hour incubation with fibronectin-supplemented PBS (300 pg/mL, n=3, *P=0.001). (C) Immunostaining of bound fibronectin on PIl1-13/14 and PI1-28/29 hydrogels

(confocal microscopy, scale bar 100 pm).

Abbreviations: HPDLF, human periodontal ligament fibroblast; PI |-SAP, | I-amino acid self-assembling peptide.

we analyzed the fibronectin adsorption after 1 hour of incuba-
tion on P11-SAP hydrogels (Figure 5B). Protein adsorption
on TCPS surfaces was taken as a control and set to 100%.
Fibronectin adsorption was highest on the single-component
systems P11-8 (91.2%) and P11-4 (58.9%) compared with
the complementary P11-SAP hydrogels P11-28/29 at 58.9%
and P11-13/14 at 22.5%. Moreover, the immunofluorescent,
microscopic analysis of fibronectin adsorption confirmed the
higher adsorption degree on P11-28/29 hydrogels compared
with P11-13/14 hydrogels (Figure 5C).

To evaluate whether the cellular phenotype was affected
by the P11-SAP hydrogel stiffness, different P11-SAP con-
centrations were tested. The adjusted hydrogel stiffnesses,
obtained by changing the peptide concentration from 10 to
5 mg/mL, was G'=6.8 and 1.0 kPa for P11-13/14 and G'=1.2

and 0.4 kPa for P11-28/29 (Figure 6A). For both comple-
mentary P11-SAP hydrogels P11-13/14 and P11-28/29, the
lower peptide concentrations and thus induced lower stiff-
nesses impaired cell spreading, resulting in roundish cells.
Thus, different hydrogel stiffness could not change the cel-
lular phenotypes toward a spread morphology (Figure 6B).
Hence, neither protein adsorption (Figure 5) nor peptide
concentration and thus hydrogel stiffness (Figure 6) led to
a change of HCO phenotype on P11-13/14 and P11-28/29
hydrogels after 24 hours.

Osteogenic differentiation on SAP hydrogels

Finally, we investigated the capacity of P11-SAP hydrogels
regarding the growth and osteogenic differentiation of HCO
in long-term experiments. For this purpose, HCOs were
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Figure 6 Hydrogel stiffness and phenotype of HCO in contact with PI [-SAP hydrogels of different concentrations.

Notes: (A) Hydrogel stiffness displayed as storage modulus of P11-13/14 and P11-28/29 hydrogels (at 5 and 10 mg/mL). (B) HCO phenotypes were assessed on P 1-13/14
and P11-28/29 hydrogels (5 and 10 mg/mL, after 24 hours) by staining the actin cytoskeleton (scale bar 100 um).

Abbreviations: HCO, human calvarial osteoblasts; P| [-SAP, | |-amino acid self-assembling peptide.

cultivated for up to 30 days and the metabolic activity was
analyzed as an indirect measure for the development of the
cell number over time. Metabolic activity of the TCPS control
on day 1 was taken as 100%. The highest metabolic activity
(189.3%) and thus an indication for the highest cell number
were found after 14 days of cultivation of HCO on P11-4
hydrogels (Figure 7A). HCO cultivation on the complemen-
tary P11-SAP hydrogels, P11-13/14 and P11-28/29 resulted
in metabolic activity rates of 31.7% and 16.7%, respectively,
indicating low cell numbers. Long-term cultivation of
HPDLF on P11-SAP hydrogels (data not shown) revealed
high metabolic activity rates for P11-4 (182.4%) and P11-8
(145.5%) after 14 days.

Because the P11-4 and P11-8 hydrogels allowed the
highest rates of cell adhesion and cell amount, we selected
them for further osteogenic differentiation experiments with
HCO. To this end, we quantified ALP activity as a marker
for osteogenic differentiation (Figure 7B). ALP activity after
7 and 14 days was increased in HCO cultured on TCPS.
However, HCO in contact with P11-4 and P11-8 hydrogels
showed significantly increased ALP activity after 7 and
14 days cultivation compared with the TCPS control. ALP
activity was found to be three times higher for P11-4 after
14 days and four times higher for P11-8 compared with
TCPS control surfaces. Moreover, ALP activity at day 14
was significantly higher (by a factor of 1.5) on P11-8 than
on P11-4 hydrogels.

The osteogenic marker OPG was analyzed after osteo-
genic stimulation of HCO on TCPS and P11-SAP hydrogels
(Figure 7C). A significantly higher OPG concentration was
measured for HCO cultured for 14 days on TCPS compared

with P11-4 and P11-8 hydrogels. For P11-SAP hydrogels,
OPG levels in cell lysates were found to be significantly
higher on P11-8 than on P11-4 hydrogels. As a further marker
for osteogenic differentiation, extracellular calcium deposi-
tion was measured after 30 days in HCO under osteogenic
stimulation (Figure 7D). Already after 1 day, significant cal-
cium amounts were detectable on P11-4 and P11-8 hydrogels.
Moreover, calcium deposition was found to be significantly
higher (factor of 1.4) after 30 days of incubation on P11-4 and
P11-8 hydrogels compared with HCO grown on TCPS.

Discussion

In the present study, we analyzed four -sheet forming P11-
SAP hydrogels (P11-4, P11-8, P11-13/14, and P11-28/29)
regarding their physicochemical properties and capacities
to act as scaffolds for periodontal therapy by means of
in vitro testing with cells involved in periodontal tissue
regeneration.

As SAPs can be rationally designed to yield tailored
hydrogel stiffness and meet specific tissue elasticities, they
are promising materials in biomedical applications, eg, for
periodontal therapy.?® SAPs are shown to have compat-
ible fiber diameters similar to extracellular matrix (ECM)
molecules.'>?* In previous studies, it was demonstrated that
each individual SAP composition will affect the hydrogel
characteristics regarding fiber morphology, surface charge,
and stiffness. Therefore, we analyzed the nanofibrillar archi-
tecture, surface charge, and swelling ratio of the four P11-
SAP hydrogels. The mean fibril diameters of all assembled
nanofibrillar P11-SAP hydrogels (36.8—44.5 nm) were found
to be in a range similar to that reported for the naturally
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Figure 7 Analysis of metabolic activity and osteogenic differentiation capacities of HCO on P11-SAP hydrogels in long-term culture.

Notes: (A) Metabolic activity of HCO on TCPS or P11-4/P11-8 hydrogels (assessed after |, 7, and 14 days by PrestoBlue® assay, % of TCPS control on day I, n=3, 15 mg/mL
peptide concentration). (B) ALP activity (% of TCPS control on day |, assessed on days |, 7 and 14, n=3), (C) amount of OPG on days |, 7, and 4 (n=3), (D) calcium
deposition (measured on days | and 30) (all data were normalized to metabolic activity, *P<0.01).

Abbreviations: HCO, human calvarial osteoblasts; PI |-SAP, | |-amino acid self-assembling peptide; TCPS, tissue culture polystyrene.

occurring ECM proteins, ie, collagen fibrils in the range of
30-300 nm in diameter*° or fibrillin, which forms microfibrils
of about 10 nm.*!

In our analyses, the nanofibrillar network architecture
of the single-component systems (P11-4, P11-8) was found
to be different compared with the two-component P11-SAP
systems (P11-13/14, P11-28/29) regarding their intersec-
tion density and pore size. The discrepancy between the
two P11-SAP systems cannot be explained directly by dif-
ferent hydrogel stiffnesses because the hydrogels with the
higher intersection density had lower hydrogel stiffness, as
was analyzed in a previous study.'” Because, for example,
the P11-28/29 hydrogels revealed the highest intersection
density but lowest hydrogel stiffness, we conclude that the
individual fiber strength affects the final hydrogel stiffness
of the P11-SAP systems rather than the intersection density
due to a denser packaging of a fibril. This phenomenon has
also been described in a previous study that investigated the

effect of increased ionic strength on the elastic modulus of
peptide hydrogels.??

It is known that hydrogel stiffness can influence cellular
responses, and thus, it is a crucial parameter to address a tis-
sue regeneration purpose.*® Engler et al** showed that nondif-
ferentiated MSC specify lineage and commit to phenotypes
with extreme sensitivity to the corresponding tissue-level
elasticity. They could show that very soft matrices mimick-
ing brain tissue induced neurogenic differentiation, whereas
stiffer matrices induced myogenic differentiation and com-
paratively rigid matrices induced osteogenic differentiation.
The mechanical properties of tissue niches vary from 0.1 kPa
of soft brain tissue to >30 kPa of rigid calcifying bone. The
hydrogel stiffness of the four P11-SAP systems was reported
by Koch et al'” to be in the range of 1.7-31.5 kPa and thus
matches soft to hard tissue elasticities.

One prerequisite for the application of a biomaterial
is its cytocompatibility. The cytocompatibility of the four
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selected P11-SAPs was tested in vitro in human fibroblasts
and osteoblasts of the periodont because these cell types
are essential for the periodontal regeneration process. The
P11-SAP monomers as well as P11-SAP hydrogel extracts
cultured with HPDLF and HCO did not show cytotoxic
reactions and can thus be classified as cytocompatible.
The slight reduction of the metabolic activity for HPDLF
induced by P11-13 and P11-28 monomers at high monomer
concentrations (5 mg/mL) might be explained by the release
of the counterions of P11-13 (78.5%; ammonium salt) and
P11-28 (70.7%; TFA). TFA has been shown to impair the
proliferation of L929 fibroblasts.”® Previous reports have
already shown the biocompatibility of P11-SAP hydrogels
on human dermal fibroblasts and murine cells.'**

The process of periodontal regeneration induced by
implanted or injected biomaterials is highly complex and
involves several characteristic events such as cell prolif-
eration, migration differentiation, and tissue maturation.*
An early step in the cascade of tissue regeneration after
the implantation of a biomaterial is the adhesion of cells
to the biomaterial.’ The cell adhesion characteristics influence
the capacity of the cells to proliferate and differentiate. The
cellular phenotype is known to be controlled by the adsorp-
tion of soluble proteins from blood or the surrounding wound
fluid and is closely related to the biomaterials topography,
chemistry, or surface charge.*® Fibronectin is a major com-
ponent of the ECM that regulates cell adhesion and ECM
interactions.*”*® Furthermore, fibronectin binds to a variety
of different artificial materials and can potentially influence
cellular responses rather than the material surface itself.?**
Thus, we decided to investigate the effect of fibronectin
adsorption on P11-SAP hydrogels and subsequently on the
cellular phenotype.

In previous studies, it has already been shown that
fibronectin adsorbs rather on a hydrophobic than on hydro-
philic surfaces.***' The isoelectric point of fibronectin is
about 5.5-6.3 and is thus negatively charged under physi-
ological conditions.*** As fibronectin consists of acidic as
well as of basic surface residues, it can bind to positively or
negatively charged biomaterials, but with different protein
conformation.** In the present study, fibronectin bound to
all P11-SAP hydrogels tested, but preferably to P11-4 and
P11-8. As all four P11-SAP systems contain several polar
amino acid residues (ie, GIn, Glu, Orn), they display similar
hydrophilic surfaces. Although the theoretical calculated net
surface charges (+2/-2) are similar for all P11-SAPs tested,
their surface charge measured by zeta potential was differ-
ent for positive (P11-8, P11-28/29) and negative (P11-4,

P11-13/14) P11-SAP fibrils. Thus, the reduced fibronectin
adsorption on P11-13/14 hydrogels can be explained by the
high zeta potential of P11-13/14 fibrils (—49.5£2.5 mV)
compared with P11-4 (=31.9+1.8 mV), resulting in a higher
repulsion of fibronectin and thus lower protein adsorption.
Similar effects were reported by Cai et al*® in their study of
fibrinogen binding on titanium films displaying COOH func-
tional surface groups. These authors observed that a lower
zeta potential of a substrate leads to higher charge repulsion
and thus lower fibrinogen adsorption.

The adsorption of fibronectin to four P11-SAP hydrogels
was found to be reflected by variable cell adhesion character-
istics and morphologic appearance of both cell types tested.
HPDLF was extensively spread on the hydrogels with the
high fibronectin adsorption properties (P11-4 and P11-8
hydrogels), whereas the cells were not spread on hydrogels
with low fibronectin adsorption, such as on P11-13/14 hydro-
gels. Similar effects were shown for cellular spreading in the
presence of FBS. Because cell adhesion and spreading are
important in the first phase of tissue—biomaterial interac-
tion after implantation in vivo, and because cell adhesion
and spreading depends on the protein-binding capacity of a
material, we assumed that P11-4 and P11-8 hydrogels are
the most suitable candidates to study long-term cultivation
and cellular differentiation.

Cell proliferation is another key parameter in the process
of tissue regeneration.”’” We could show that the amounts
of HPDLF and HCO on P11-SAP hydrogels were highest
on P11-4 and P11-8. Because these hydrogels also showed
high fibronectin adsorption, we assumed a direct connection
between high fibronectin adsorption, initial cell adhesion, and
high proliferation rates. Based on these results, P11-4 and
P11-8 hydrogels were again chosen as the best candidates
for the differentiation study with HCO.

Periodontal regeneration of the alveolar bone or the
periodontal cementum is accompanied by hard tissue for-
mation, ie, bone and cementum. To evaluate the osteogenic
potential of P11-4 and P11-8 hydrogels, we induced HCO
for osteogenic differentiation in contact with the hydrogels.
HCO differentiation was measured by ALP activity, OPG
expression, and calcium amount of the ECM. After 14 days
of culture, ALP activity and OPG were significantly increased
on P11-8 hydrogels compared with P11-4 hydrogels. The
high osteogenic differentiation potential of P11-8 hydrogels
might be based on its surface chemistry. P11-8 contains three
positively charged ornithines, whereas P11-4 contains three
negatively charged glutamic acids. It was already shown in
the study of Griffin et al” that adipose-derived mesenchymal
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stem cells can react to modifications of plasma-modified
scaffolds using NH, and COOH residues by changes in
ALP activity and osteogenic gene expressions. Thus, our
results are in good alignment to the study of Griffin et al,’
demonstrating a higher osteogenic differentiation potential
on NH, than on COOH-modified surfaces. The initial degree
of calcium deposition after 1 day of culture was distinctly
higher on P11-4 compared with P11-8 hydrogels. This dif-
ference in initial calcium deposition may be explained by the
diverging peptide sequences of P11-4 and P11-8, resulting in
either a negative or a positive surface charge. As described
previously by Thomson et al,* the calcium-binding site of the
SAP is made up of four central glutamic acid residues (two
from each strand). Due to the negatively charged surface of
P11-4 by glutamic acid residues, the binding of the divalent
calcium ions causes a high mineral deposition. In contrast,
the peptide sequence of P11-8 contains ornithine residues
that lead to an overall positive surface charge, which cannot
bind the positive calcium ions. However, after 30 days of
culture, calcium deposition on P11-4 and P11-8 hydrogels
no longer differed. Thus, the mineralization deposited by the
cells seemed to have a greater effect in the long run than the
mineralization due to the hydrogels’ surface charge.

In summary, the present study demonstrates that the four
different P11-SAP hydrogels tested possess specific physi-
cochemical characteristics that lead to variations in protein
adsorption and thus to different cellular reactions. Based on
the present study, P11-SAP hydrogels, especially P11-4 and
P11-8, are suitable candidates as scaffolds in periodontal ther-
apy, as they provide ECM-mimetic fibrillar architecture and
favorable cellular reactions regarding the proliferation and
osteogenic differentiation of important periodontal cells.

Conclusion

In this study, we demonstrated that the single-component
P11-SAP systems P11-4 and P11-8 have suitable and adjust-
able nanofibrillar architectural and physicochemical proper-
ties that enable HPDLF and HCO cell adhesion, growth, and
differentiation, which might be suitable for soft-to-hard tissue
formation in regenerative periodontal therapy. Thus, these
peptides should be further investigated regarding their in vivo
potential, eg, as drug delivery systems for the application of
antimicrobial agents in a microbial-rich environment like
the periodontal pocket.
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A versatile biocompatible antibiotic delivery system based on self-assembling peptides with

antimicrobial and regenerative potential

Koch F, Ekat K, Kilian D, Hettich T, Germershaus O, Lang H, Peters K, Kreikemeyer B.

Journal of Advanced Healthcare Materials. 2019, 1900167

Zusammenfassung

Das hohe Aufkommen verschiedener Bakterienspezies in der Mundhdhle zusammen mit den
anspruchsvollen Gewebeschnittstellen (Weich/Hartgewebe), macht die parodontale Regeneration
sehr kompliziert. Daher wurden in Studie III die intrinsische antimikrobielle Aktivitdt, das
regenerative Potential und die Fihigkeit, Antibiotika in SSP-Hydrogelen zu inkorporieren,
untersucht. Dabei konnte eine signifikante antibakterielle Wirkung von positiv geladenen SSP-
Hydrogelen auf den pathogenen Bakterienspezies Porphyromonas gingivalis beobachtet werden.
Im Gegensatz dazu zeigten negativ geladene SSP-Hydrogele keinen signifikanten antimikrobiellen
Effekt. Die hohe metabolische Aktivitédtsrate von menschlichen Zahnfollikelstammzellen (DFSC)
kultiviert auf negativ geladenen SSP-Hydrogelen kann auf ein gesteigertes Regenerationspotential
hindeuten. Positiv geladene SSP-Hydrogele resultierten im Vergleich zu negativ geladenen SSP-
Hydrogelen in einer niedrigeren metabolischen Aktivitit. Bemerkenswerterweise verstdrken beide
SSP-Hydrogele die osteogene Differenzierung von DFSC im Vergleich zur Kontrolle. Der Einbau
von verschiedenen Antibiotika beeinflusste die Fibrillenbildung beider SSP-Hydrogele nicht und
fiihrte zu einer giinstigen Freisetzungskinetik bis zu 5 Tagen. Zusammenfassend zeigt diese Studie,
dass P11-SSP-Hydrogele viele vorteilhafte Eigenschaften kombinieren, die fiir eine neuartige

Parodontaltherapie erforderlich sind.
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A Versatile Biocompatible Antibiotic Delivery System
Based on Self-Assembling Peptides with Antimicrobial

and Regenerative Potential

Franziska Koch, Katharina Ekat, David Kilian, Timm Hettich, Oliver Germershaus,

Herrmann Lang, Kirsten Peters, and Bernd Kreikemeyer*

Periodontitis is a chronic inflammatory and tissue-destructive disease.

Since the polymicrobiome in the oral cavity makes it difficult to treat, novel
therapeutic strategies are required. Hydrogels based on self-assembling
peptides (SAP) can be suitable candidates for periodontal therapy due to
their injectability, biocompatibility, cargo-loading capacity, and tunable
physicochemical and mechanical properties. In this study, two SAP hydrogels
(P11-4 and P11-28/29) are examined for their intrinsic antimicrobial

activity, regenerative potential, and antibiotic delivery capacity. A significant
antibacterial effect of P11-28/29 hydrogels on the periodontal pathogen
Porphyromonas gingivalis and a less pronounced effect for P11-4 hydrogels

is demonstrated. The metabolic activity rates of human dental follicle

stem cells (DFSCs), which reflect cell viability and may thus indicate the
regenerative capacity, are similar on tissue culture polystyrene (TCPS) and

on P11-4 hydrogels after 14 days of culture. Noticeably, both SAP hydrogels
strengthen the osteogenic differentiation of DFSCs compared with TCPS. The
incorporation of tetracycline, ciprofloxacin, and doxycycline does not affect
fibril formation of either SAP hydrogel and results in favorable release kinetics
up to 120 h. In summary, this study reveals that P11-SAP hydrogels combine

structures such as the cementum, the
periodontal ligament and the alveolar
bone. PD is caused by the colonization
of oral polymicrobial pathogens and
the shift of the composition inside the
microbiological plaque from nonmobile
coccoid cells and rods toward a mix of
anaerobic Gram-negative bacteria.l!ll If not
treated properly, PD will progress further
and result in chronic inflammation,
destruction of adjacent connective tissue
structures and tooth loss. Thus, the aim
of periodontal therapy is to eliminate the
pathogenic bacterial plaque from the tooth
surface and the subgingival structures
and to re-establish a healthy microbiota.l’!
For this purpose, mechanical scaling and
root planning as well as surgical interven-
tions are indicated.'! However, it is known
that these techniques often fail to remove
pathogenic plaque effectively.”l Thus, the
application of antimicrobial agents as

many favorable properties required to make them applicable as prospective

novel treatment strategy for periodontal therapy.

1. Introduction

Periodontal disease (PD) is characterized by complex inflamma-
tory conditions inside the oral cavity, involving tooth supporting

an additive therapy to pure mechanical
treatment can be valuable in preventing
a recolonization of pathogenic bacteria.l’!
Antimicrobial agents, such as antibiotics,
can be applied systemically (i.e., oral
route) or by local drug delivery. Systemic administration of anti-
microbial agents is associated with side effects such as hyper-
sensitivity, gastrointestinal intolerance, and the development of
bacterial resistance.*’] Moreover, some studies have reported
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an inability of systemically administered antimicrobial agents
to reach adequate antibacterial concentrations for a sufficient
period of time at the site of action.®! These disadvantages may
be bypassed by local drug application. For example, the local
drug concentration within the tissue can be increased if anti-
microbial agents were released from controlled drug delivery
systems applied directly into the periodontal pocket. Today,
several common local drug delivery systems based on polymeric
materials, applied as fibers, gels, films, microspheres, and
nanoparticles, are known. These materials can encapsulate
antimicrobial agents and are applied in periodontal therapy.’)

Polymeric systems have to fulfill certain biophysical and chem-
ical requirements, among them (1) syringability, (2) adhesion of
the drug delivery system to the tooth surface to prevent removal
from the periodontal pocket, (3) biodegradability, (4) noncytotox-
icity, (5) superior molecule encapsulation ability at high concen-
trations of load, (6) prolonged and controlled release, and finally
(7) enabling of guided tissue regeneration (GTR).['%

One class of biomaterial that fulfills all of the fundamental
requirements are self-assembling peptides (SAP).''"1%I Besides
the direct incorporation of drugs at high concentrations during
the self-assembling process, SAP offer the advantage of being
applied into a defect site in a minimally invasive manner, and
they lack the toxic residual substances from polymerization.['®!
Moreover, their rationally designed physicochemical properties
and their tunable mechanical characteristics allow for a high
variety of encapsulated drugs.l'”] The release of small molecules
from SAP is mostly governed by their molecular weight, charge,
and the hydrophobicity of the encapsulated drug, but also by
their peptide characteristics such as peptide sequence, concen-
tration, and peptide hydrogel pore size.l'¥! In previous reports,
several SAP hydrogels have been used as drug delivery systems
for small hydrophilic and hydrophobic drugs.'*?%) Moreover,
SAP hydrogels could become attractive candidates in the
future for periodontal therapy due to their intrinsic antimicro-
bial activity.?!l As an example, Veiga et al.??l demonstrated an

www.advhealthmat.de

inhibitory effect of an arginine-rich SAP system on the growth
of Escherichia coli and Staphylococcus aureus.

However, novel therapeutic strategies for the treatment of
periodontal disease should not only include the control of local
inflammation by, e.g., antimicrobial activity, but also need to
ensure the regeneration of new periodontal tissues, such as
alveolar bone and periodontal ligament.[?* The periodontium is
known to contain various stem cell sources from dental pulp,
dental follicle, dental papilla, and periodontal ligament, as well
as in exfoliated deciduous teeth.?!l As these dental stem cells
are able to differentiate into hard and soft tissue, the periodon-
tium possesses a high intrinsic regenerative capacity that can
be leveraged for GTR.1?°) As demonstrated in previous studies,
diverse SAP hydrogels can act as fibrillar scaffolds for dental
pulp stem cells promoting cellular growth and osteogenic
differentiation in vitro.?*-28] Taken together, the application of
SAP hydrogels could evolve as attractive treatment strategy to
combat periodontal disease.

To our knowledge, SAP hydrogels have not yet been evaluated
in vitro in the context of the three potentials defined in periodontal
therapy: antimicrobial activity, drug delivery potential, and regen-
erative capacity. Thus, we selected two different fB-sheet forming
SAP hydrogels, consisting of 1l-amino acids (named P11-4
and P11-28/29), from a well described P11-library developed
by the group of Aggeli and co-workers,?%3% that were reported
recently to be injectable, biocompatible, and noncytotoxic for
periodontal tissue cellsi!l and obtained variable physicochem-
ical characteristics.1%

In this study, we evaluated the two selected P11-SAP
hydrogels with respect to (1) their antimicrobial activity using
Gram-positive (Streptococcus sanguinis (S. sanguinis)) and Gram-
negative (Porphyromonas gingivalis (P. gingivalis)) bacteria, (2)
their ability to act as a scaffold for human dental follicle stem
cells (DFSCs), and finally (3) their drug delivery potential using
a set of common antimicrobial agents (see Figure 1). To test
the drug delivery potential of P11-SAP hydrogels, commonly

1. Antimicrobial activity |

| 2. Regenerative potential |

| 3. Drug delivery |

Growth, viability, killing rate

@/ P gingivalis
000

S. sanguinis

Morphology, viability, differentiation

LC-MS analysis, bacterial growth

||

Release

Tetracycline-HCl @
Ciprofloxacin O
Doxycycline-Hyclate @

L]

SAP monomers : SAP hydrogely

—

000
o

SAP hydrogel @ SAP hydrogel

Figure 1. lllustration of the study design. The investigation focuses on the capacity of SAP hydrogel with regards to antimicrobial activity, regenerative

potential, and drug delivery.
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clinical applied antibiotics such as tetracycline hydrochloride
(TC) and doxycycline-hyclate (DH) have been chosen as broad
spectrum, bacteriostatic antibiotic. Moreover, ciprofloxacin
(CX), a member of the fluorquinolones, has been further
selected based on its efficiency in the treatment of periodontal
superinfections.!

2. Results

2.1. Antimicrobial Properties of P11-SAP Monomers

As a first step in this study we investigated whether monomeric
SAPs possess intrinsic antimicrobial activity. Initially, we
examined whether P11-SAP in their monomeric state affect
the growth behavior of P. gingivalis and S. sanguinis. As shown
in Table 1, all SAP monomers increased the generation time
of P. gingivalis, reaching significance for P11-4 and P11-29.
This growth inhibitory effect is also reflected by a decrease
in the growth rate, suggesting that monomeric SAPs have a
suppressive influence on P. gingivalis growth. In contrast to
the Gram-negative pathobiont species P. gingivalis, SAP do not
significantly influence the growth rate and generation times of
the Gram-positive oral commensal species S. sanguinis.

Next, we tested the effects of monomeric SAP on resting
bacterial cells, thereby assessing a potential influence on
bacterial killing. Monomeric SAP were incubated together with a
fixed number (colony forming unit, CFU) of late stationary phase
bacteria, which were not allowed to actively grow due to incuba-
tion in phosphate buffered saline (PBS). The temporal develop-
ment of the bacterial CFU was monitored in direct comparison
to untreated controls. None of the tested SAP showed any effect
on the rate at which P. gingivalis and S. sanguinis died (Figure S3,
Supporting Information).

Taken together, we conclude that monomeric SAP exhibit
species- and peptide-specific antimicrobial activity exclusively
on actively growing bacteria.

2.2. Antimicrobial Effect of Polymerized P11-SAP Hydrogels

Next, we investigated potential effects of assembled SAP
hydrogels in direct contact with P. gingivalis and S. sanguinis. This
is an approach resembling the in vivo situation in a periodontal
pocket, where SAP hydrogels will come into direct contact with
pathogenic bacteria. Different methods to determine bacterial
viability and proliferation were used to approach this aspect.

www.advhealthmat.de

First, polymerized P11-SAP hydrogels were overlaid with a
brain-heart-infusion (BHI) medium suspension containing
10’ CFU mL™! viable bacteria and the bacterial vitality was
visually inspected using a fluorescence microscope after live/
dead staining at 48 h postinoculation (Figure 1A-D). As
displayed by a majority of vital and thus green fluorescent
bacteria in the microscopic pictures, contact of P. gingivalis and
S. sanguinis with P11-4 hydrogels, which have a negative surface
charge, did not lead to bactericidal effects (Figure 2A,C). How-
ever, the positively charged surface of P11-28/29 hydrogels led to
substantial numbers of red fluorescent and thus dead bacterial
cells for both species after 48 h of coincubation (Figure 2B,D).

Second, as an independent and more quantitative test,
we further investigated the relative bacterial growth in BHI
medium of P. gingivalis and S. sanguinis suspensions on
P11-4 and P11-28/29 hydrogels in comparison with growth
on tissue culture polystyrene (TCPS) (Figure 2E,F). After 24 h,
P. gingivalis growth was significantly reduced in contact with
P11-28/29, which was even more pronounced after 48 h of
coincubation (Figure 2E). Compared to TCPS surfaces, which
allowed noninhibited growth of P. gingivalis, P11-4 suppressed
the growth of P. gingivalis exclusively after 48 h of coincubation.
Growth of S. sanguinis on both hydrogel surfaces was unaf-
fected after 24 h of coincubation and only slightly, but signifi-
cantly decreased on the gels after 48 h.

In summary, both polymerized gels influenced bacterial
growth, in a time- and species-specific manner. Overall, P. gin-
givalis was more susceptible to these antimicrobial hydrogel
features.

2.3. Viability and Osteogenic Differentiation Capability of DFSCs
on P11-SAP Hydrogels

As a subsequent step, the effects of P11-SAP hydrogels on the
viability and osteogenic differentiation of DFSCs were tested. For
this purpose, the cellular phenotype, the metabolic activity and
the osteogenic differentiation were analyzed in vitro. It should be
noted that the visualization of cells in contact with the hydrogel
samples was technically challenging due to their intrinsic fluores-
cence, especially in the UV range. Hence, the cells were not stained
for cell nuclei, since most of the nuclear dyes are dependent on
UV excitation. The staining of the F-actin in DFSCs in the red
excitation range was feasible and after 24 h of cultivation on
P11-4 hydrogels, the cells demonstrated a spread phenotype with
stretched actin filaments (Figure 3A). DFSCs on P11-28/29 hydro-
gels did not spread and remained round in shape (Figure 3B).

Table 1. Generation time (g) and growth rates (u) of P. gingivalis and S. sanguinis in BHI medium after 24 h incubation with SAP monomers
(1.5 mg mL™"). Data represent mean values £ SD. A two-way ANOVA test was performed, followed by a Turkey’s multiple comparison post hoc test.

A *p-value of <0.01 was considered significant.

Bacteria Generation times (g) and Untreated P11-4 P11-28 P11-29
growth rates (u)
P. gingivalis ghl 0.65 +0.01 0.75 + 0.02+ 0.71+0.03 0.75 +0.03%
wh™] 0.14£0.01 0.06 £0.02* 0.06 +£0.03* 0.06 £0.02*
S. sanguinis g[h] 1.12£0.01 1.13£0.01 1.19£0.01 1.20£0.01
wh™] 0.11+£0.02 0.09 +0.01 0.10£0.01 0.11+£0.01
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Figure 2. Bacterial growth and viability on P11-SAP hydrogels. A-D) Live/dead staining of P. gingivalis (A and B) and S. sanguinis (C and D) after 48 h
incubation on P11-4 and P11-28/29 hydrogels. Green color indicates uptake of only SYTO 9, red color indicates membrane permeability for propidium
iodide. Scale bar corresponds to 30 um. Growth rate of E) P. gingivalis and F) S. sanguinis on P11-4 (15 mg mL™") and P11-28/29 (10 mg mL™") after
24 and 48 h in BHI medium. Bacteria cultured in BHI were taken as control. Data represent mean values £ SD (n =3 biological replicates and 3 technical
replicates). A two-way ANOVA test was performed, followed by a Turkey’s multiple comparison post hoc test with *p-value < 0.01, **p-value < 0.001.

Furthermore, we assessed long-term metabolic activity rates
of DFSCs on P11-SAP hydrogels. The cells were cultured up to
14 days on P11-4 and P11-28/29 hydrogels and measured for
their metabolic activity at day 1, 3, 7, and 14 (Figure 3C). As a
control, cells were grown on TCPS. On day 1, the initial meta-
bolic activity of DFSCs on TCPS, P11-4, and P11-28/29 varied
significantly (Figure S2, Supporting Information), which indi-
cated a different cell attachment capacity of TCPS and P11-SAP
hydrogels. To compare the metabolic activity rates over the time
span without the inclusion of the variable attachment capacities,
the initial metabolic activity for every sample was set to 1. Over
a period of 14 days, TCPS and P11-4 hydrogels revealed sim-
ilar metabolic activities (5.89 + 0.71 for TCPS and 4.60 + 0.30
for P11-4, Figure 3C). It is noteworthy that four times lower
metabolic activities were detected for P11-28/29 compared
with TCPS and P11-4 hydrogels. As the increase of metabolic
activity can be used as an indication for cell proliferation, the
PrestoBlueViability assay revealed high cell proliferation rates
of DFSCs on TCPS and P11-4, and lower proliferation rates on
P11-28/29 hydrogels.

The osteogenic differentiation capacity of DFSCs on
P11-SAP hydrogels was analyzed after 21 days by detection
of their collagen I expression, alkaline phophatase activity
(ALP) activity, osteocalcin (OC), and osteoprotegerin (OPG)
expression levels (Figure 3D-G). Cells cultured on TCPS in
osteogenic medium were taken as a control. Significantly
high expression levels of collagen type I were measured

Adv. Healthcare Mater. 2019, 1900167
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after 7 days of culture on P11-4 (256.0 + 3.1 ng mL™),
followed by P11-28/29 (211.3 + 1.7 ng mL™") and TCPS control
(173.0 £ 3.2 ng mL™). Overall, the DFSCs culture on P11-SAP
hydrogels resulted in a statistically significant higher collagen
type 1 expression, compared with the TCPS control. In con-
trast to the collagen expression, similar ALP activity levels of
DFSCs were found for TCPS compared with P11-SAP hydro-
gels. However, after 14 days of culture ALP activity was found
to be significantly lower for P11-28/29 hydrogels than for cells
grown on TCPS. Expression of osteogenic markers such as OC
and OPG reached similar levels after 14 and 21 days of DFSCs
culture on TCPS, P11-4, and P11-28/29 hydrogels. Exclusively
on day 7, DFSCs expressed significantly lower amounts of OC
(by twofold) and OPG (fourfold) after the incubation of P11-SAP
hydrogels compared with TCPS. In summary, a largely similar
and thus unaffected degree of osteogenic differentiation was
shown for DFSCs grown on P11-SAP hydrogel and TCPS.

2.4. Hemolytic Activity of P11-SAP Monomers and Hydrogels

To approach the aspect of biocompatibility and toxicity, P11-4
and P11-28/29 monomers and hydrogels were co-incubated
with human red blood cells (hRBCs). TCPS was used as a
control surface. The treatment of hRBCs with 1% TritonX
100 was normalized to 100%, as this led to complete cell
lysis. In comparison to TCPS, the hemolytic activity of hRBCs

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Cellular behavior of DFSCs in contact to P11-SAP hydrogels. Phenotypic characterization by the depiction of the F-actin cytoskeleton
in DFSCs on A) P11-4 and B) P11-28/29 hydrogels after 24 h (scale bar: 100 um, n = 3). C) Relative metabolic activity of DFSCs on P11-4 and
P11-28/29 hydrogels (PrestoBlue assay performed after 24 h, % to TCPS control, data represent mean = SD, n = 3). D-G) DFSCs osteogenic
differentiation capacities on P11-SAP hydrogels. (D) Collagen I expression of DFSCs on TCPS or P11-4/P11-28/29 hydrogels (assessed after 1, 7,
14, 21 days by ELISA, n = 3) and (E) ALP activity (U/L, n = 3) were measured as early osteogenic markers. The amount of (F) osteocalcin (OC)
and (G) osteoprotegerin (OPG) were measured as late phase osteogenic markers, (pg mL™', n =3 biological replicates and 3 technical replicates).
A two-way ANOVA test was performed, followed by a Dunnetts’s multiple comparison post hoc test with *p-value < 0.01, **p-value < 0.001,

**%p-value < 0.0001).

exposed to P11-4 and P11-28 monomers was found to be
similar. However, for P11-29 monomers, the hemolytic activity
increased approximately by twofold (Figure 4A). In contrast
to P11-SAP monomers, no increased hemolytic activity was
detected for P11-4 and P11-28/29 hydrogels, compared to the
TCPS control (Figure 4B). Taken together, these preliminary
results characterize the SAP monomers and hydrogels tested to
be biocompatible and nontoxic to human cells.

2.5. Incorporation of Antibiotics in P11-SAP Hydrogels

2.5.1. Fibrillar formation after CX Incorporation

To investigate the ability of P11-SAP assembly into fibrillar
structures after CX incorporation, transmission electron
microscopy (TEM) studies were conducted (Figure 5). Nanofi-

brillar formation was observed for P11-4 and P11-28/29 hydro-
gels with and without incorporation of CX. Moreover, the added
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incorporation of TC and doxycycline hyclate (DH) in P11-4 and
P11-28/29 resulted in fibrillar hydrogel formation (Figure S3,
Supporting Information). Thus, we conclude that incorporation
of those three antibiotics at a concentration of 150 mg L™ had
no effect on fiber and hydrogel formation.

2.5.2. Evaluation of Controlled Release of TC, CX, and DH
from P11-SAP Hydrogels

As a consequent next step, the release of TC, CX, and DH from
P11-SAP hydrogels was monitored by liquid chromatography
mass spectrometry (LC-MS) analysis. The cumulative release
profiles (%) of the incorporated antibiotics are presented in
Figure 6. The initially incorporated antibiotic concentration of
150 mg L™! was set to 100%. Generally, P11-4 and P11-28/29
hydrogels evoked an antibiotic release up to 120 h (5 days).
The release kinetics were characterized by a rapid release rate
within the first 48 h, before slowly plateauing between 48 and
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Figure 4. Hemolytic activity of P11-SAP on red blood cells (RBCs). Hemoglobin release was measured after 1 h exposure to A) monomeric P11-SAP
(1.5 mg mL™") and B) P11-SAP hydrogels (P11-4 with 15 mg mL™" and P11-28/29 with 10 mg mL™"). Hemoglobin release after treatment with the
membrane disrupting agent Triton-X100 (1% solution in PBS) was considered as 100%. RBCs on TCPS were taken as a control. Data represent the
mean * SD, n = 3 technical replicates. A one-way ANOVA test was performed, followed by a Dunnetts’s multiple comparison post hoc test with

*p-value < 0.01.

120 h (Figure 6A,C). Remarkably, for P11-4 hydrogels with
incorporated TC and CX, no plateau was reached after 120 h,
suggesting an ongoing release for an extended time period.
Among the tested substances, the highest amount of anti-
biotic was calculated for CX released from P11-4 hydrogels
(98.5% +£ 2.1%) and from P11-28/29 hydrogels (84.7% + 7.6%).
After 120 h, a final antibiotic release of 50.1% + 1.6% was
reached for TC- and DH-supplemented P11-28/29 hydrogels.
In comparison to P11-28/29 hydrogels, P11-4 hydrogels dem-
onstrated a 1.6-fold higher release of TC (84.4% + 1.5%) and a
1.2-fold higher release of DH (62.6% * 1.2%).

Control

P11-4

P11-28/29

From the therapeutic point of view, high antibiotic burst
releases with levels equal to or higher than the minimal inhibitory
concentrations (MICs) are essential for an immediate and sus-
tained effect. Thus, the burst release after initial contact (t = 0 h)
was calculated for TC-, CX-, and DH-incorporated P11-4 and P11-
28/29 hydrogels (Figure 6B,D). For P11-4 hydrogels, the highest
burst release was obtained for TC (7.9 £ 0.2 mg L), followed by
CX (6.3 £ 1.4 mg L7!) and DH (5.9 + 0.9 mg L"). By contrast,
the lowest antibiotic level upon placement of P11-28/29 hydro-
gels in PBS was observed for TC (0.3 £ 0.1 mg L™!). However, in
comparison with P11-4 hydrogels, similar burst release profiles

Figure 5. Nanofibrillar structures of assembled P11-SAP. Proof of concept study on the fibrillation of A,B) P11-4 (15 mg mL™") and C,D) P11-28/29
(10 mg mL™") with (B and D) and without (A and C) incorporation of CX (150 mg L™"). Fibrils are visualized by transmission electron microscopy
(TEM). Scale bar in panel A corresponds to 700 nm and applies to all images.
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Figure 6. Cumulative release profiles of antibiotic-incorporated P11-SAP hydrogels. Release profile of incorporated TC, CX, and DH from A,B) P11-4
hydrogels (15 mg mL™") and C,D) P11-28/29 hydrogels (10 mg mL™"). Samples were incubated in PBS and analyzed after 1, 2, 4, 8, 24, 48, 72, 96, and
120 h. B,D) Burst release of TC, CX, and DH (in mg L™") after initial contact with PBS (¢t = 0 h). Data represent the mean values + SD, n = 3 technical

replicates.

were detected for P11-28/29 hydrogels with CX (5.9 £ 0.2 mg L)
and DH (4.0 = 0.3 mg L) incorporation. In summary, the data
revealed antibiotic levels after burst release of P11-SAP hydrogels
above the determined MICs (Figure S4, Supporting Information)
for P. gingivalis and S. sanguinis.

2.6. Antibacterial Activity of Antibiotic Extracts Released
from P11-SAP Hydrogels

After confirmation that P11-SAP hydrogels provide a
favorable burst as well as a long-term sustained release
profile of the tested antibiotics, we next investigated their
in vitro efficacy as antibacterial delivery systems. Extracts
of TC-, CX-, and DH-loaded P11-SAP hydrogels placed
in BHI medium were collected over a period of 120 h and
examined for their inhibitory effect on P. gingivalis and
S. sanguinis (Figure 7). Bacteria cultured in BHI medium
on TCPS were taken as a control. As a measure of bacterial
growth, the optical density (OD) was monitored at a wave-
length of 600 nm. An OD of 1.0 was set to 100%. P. gingivalis
and S. sanguinis, grown for 24 h in BHI medium without
the addition of antibiotic extracts, achieved a relative bacte-
rial growth of 71.2% * 9.5% and 72.3% =+ 4.1%, respectively.
The lowest relative growth of S. sanguinis was detected for
DH extracts from P11-4 hydrogels (2-5%, Figure 7C), DH
extracts from P11-28/29 hydrogels (2-10%, Figure 7F), and
CX-loaded P11-28-29 hydrogels (2-10%, Figure 7E). Hence,
these antibiotic-hydrogel compositions achieved an inhibi-
tory effect of 90-98%. Higher relative growth values of
about 10-20% (which correspond to an inhibitory effect
of 80-90%) were calculated for TC- and CX-loaded P11-4
hydrogels (Figure 7A,B) as well as for TC-loaded P11-28/29
hydrogels (Figure 7D). Similar growth profiles were obtained
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for P. gingivalis. Relative growth values of 10% were observed
for DH-loaded P11-4 (Figure 7C) and P11-28/29 (Figure 7F)
hydrogels as well as for CX-loaded P11-28/29 hydrogels
(Figure 7E). Thus, a maximum inhibitory effect of 90%
was achieved for P. gingivalis grown with antibiotic extracts
of P11-SAP hydrogels. The highest relative growth values
of P. gingivalis (20-50%) were measured for TC-loaded
P11-4 hydrogels (Figure 7A). In summary, these experiments
proved that SAP hydrogels release therapeutically relevant
doses of active antibiotics.

2.7. DFSCs Response after the Treatment with TC, CX, and DH
Solutions

In order to define the antibiotic concentration level which
could cause a cytotoxic effect on DFSCs, TC, CX, and DH
solutions were prepared at concentrations of 5, 50, and
150 mg L' in a maintenance medium and cultured for
24 h. As a first qualitative analysis, live/dead staining was
performed after 24 h of DFSCs exposure to antibiotic solu-
tions. Viable cells are highlighted in green (SYTO9) and dead
cells are visualized in red (propidium iodide) (Figure 8A).
Viable and spread DFSCs were observed for TC, CX, and
DH solutions prepared at 5 and 50 mg L7L. Cells treated with
150 mg L' antibiotic solutions exhibit an attenuated mor-
phology and round shape. However, dead cells (indicated
in red) were exclusively observed for CX at 150 mg L1, As
a subsequent step, cells were also analyzed in a quantita-
tive manner using crystal violet staining to quantify the cell
amount (Figure 8B) and an MTS assay (Figure 8C) to inves-
tigate their metabolic activity after treatment with a TC, CX,
and DH solution. As a control, DFSCs were cultured on
TCPS for 24 h in maintenance medium. As observed for
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Figure 7. Bacterial growth after treatment with antibiotic extracts. Extracts of A,D) TC, B,E) CX, and C,F) DH were taken after 1, 2, 4, 8, 24, 48, 96,
and 122 h incubation of antibiotic-incorporated (150 mg L™") P11-4 (15 mg mL™") and P11-28/29 (10 mg mL™") with BHI medium at 37 °C. Antibiotic
concentrations (mg L") are shown at the left y-axis. Growth rates (turbidity measurements at 600 nm, right y-axis) of P. gingivalis (P.G. gray bars) and
S. sanguinis (S.G., white bars) were analyzed after 24 h incubation with antibiotic extracts. As a control, bacteria were grown on TCPS in BHI medium.
Data represent the mean values + SD, n = 3 biological and 3 technical replicates.

the live/dead staining, the CX solution (150 mg L) affected
an DFSCs response and resulted in a significantly reduced
cell amount (68.4% £ 3.7%), compared with the TCPS con-
trol (Figure 8B). In contrast to the cell amount, the meta-
bolic activity of DFSCs after antibiotic exposure was more
severely affected (Figure 8C). Reduced metabolic activity
in comparison with the TCPS control was observed for TC
(78.6% + 13.1% at 50 mg L~ and 82.5% + 5.1% at 150 mg L)
and for CX (40.4% * 3.1%, 150 mg L) solutions. However,
treatment with DH at any concentrations showed no effect on
the number of cells or on their metabolic activity.

3. Discussion

In this study, we investigated two f-sheet forming SAPs and their
respective hydrogels (P11-4, P11-28/29) with the focus on their
antimicrobial activity, cytotoxicity, regenerative capacity, support
for osteogenic differentiation and drug delivery potential.
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The antimicrobial activity of SAP hydrogels is a key feature for
periodontal therapy, as it prevents the invasion of pathogenic bac-
teria into the hydrogel after injecting it into the periodontal pocket
and is therefore essential for a successful treatment. The antimi-
crobial activity of SAP hydrogels is mostly driven by side chain
functionality of the charge residues (e.g., lysine or arginine),
charge density, charge accessibility, and amphiphilicity.3* Veiga
et al.? proved that the antimicrobial activity of another closely
related SAP class is based on the cationic surface engaging the
negatively charged, phospho-rich surface of the bacterial mem-
brane, which leads to membrane disruption and consequently to
cell death. Several groups have presented SAP hydrogels with a
broad-spectrum antimicrobial activity combined with minimum
cytotoxicity to eukaryotic cells.?>3*%] For example MAXI, a
20-residue peptide consisting of valine and lysine amino acids,
showed antimicrobial activity after direct contact with Gram-
positive (Staphylococcus epidermidis, Staphylococcus aureus, and
Streptococcus pyogenes) and Gram-negative (Klebsiella pneumoniae
and Escherichia coli) bacteria on its hydrogel surface.’!
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Figure 8. Analysis of viability and relative cell number of DFSCs after antibiotic treatment. A) Live/dead staining after 24 h incubation (in green: viable
cells; in red: nuclei of dead cells, the scale bar corresponds to 100 um). B) Relative cell number of DFSCs after 24 h incubation with different concentra-
tions of TC, CX, and DH (5, 50, and 150 mg L™"). C) Metabolic activity of DFSCs after 24 h incubation with different concentrations of TC, CX, and DH
(DFSCs grown on TCPS were taken as a 100% control, n = 3 biological replicates and 3 technical replicates). A two-way ANOVA test was performed,
followed by a Dunnetts’s multiple comparison post hoc test with *p-value < 0.01, **p-value < 0.001).

In this study, no antimicrobial activity was observed for
P11-4 hydrogels. This phenomenon can be explained by the
overall negative net charge of P11-4 (QQRFEWEFEQQ), due
to glutamic acid residues. In contrast to P11-4, P11-28/29
hydrogels showed antimicrobial activity, as proved by live/dead
staining and turbidity measurements (Figure 2). The antimicro-
bial effect of P11-28/29 is based on the highly positive charge
of P11-28 (OQOFOWOFOQO) due to the high number of orni-
thine residues and its structural similarity to lysine, which has
previously been reported to possess an antimicrobial effect. Of
note, P. gingivalis vitality and growth was more severely affected
after culture on P11-28/29 hydrogels compared with the com-
mensal bacterial species S. sanguinis. This result is most likely
explained by the vast differences in membrane composition
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of Gram-positive and Gram-negative bacteria, but needs to
be studied in more detail in the future. Overall this selectivity
would be beneficial and promising for treatment, since many
commensal species are Gram-positive and could survive.
Monomers of P11-4, P11-28, and P11-29 neither affected
bacterial growth nor contributed to the killing rate compared
with the BHI control (Table S2 and Figure S5, Supporting
Information). Therefore, we concluded that the charge density
on SAP in its monomeric state is too low to cause a bactericidal
effect.

In addition to the antimicrobial activity of SAP hydrogels,
the membrane disruptive effect and regenerative capacity
are important functional parameters and quality measures to
be monitored. As reported in previous studies for other SAP
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systems, such as MAX1, no disruptive effect on eukaryotic
membranes (e.g., red blood cells) was detected for the SAP
P11-4 and P11-28/29, neither in the monomeric nor in the
polymerized state (hydrogels). The cell selectivity (bacteria vs
eukaryotic) in membrane disruption is mainly caused by the
difference in membrane composition, as mammalian cells lack
anionic lipids such as lipopolysaccharides or lipoteichoic acid
that can interact with the cationic hydrogels.

To test the ability of P11-4 and P11-28/29 hydrogels to act
as a scaffold for dental stem cells, cell morphology, growth,
and osteogenic differentiation were studied. DFSCs were
used as a stem cell model system as they have the potential to
undergo osteogenic, adipogenic, and neurogenic differentia-
tion in vitro.}¢-38 DFSCs cultured on P11-4 hydrogels showed
an evenly spread phenotype, whereas on P11-28/29, hydrogels
cells were round in shape. These observations were in line with
the cellular growth rates measured, showing an =4 times lower
growth rate of P11-28/29 compared with P11-4 and TCPS.
As reported in our previous study,®! the difference in cell
morphology and cell growth can result from the discrepancy
in protein adsorption of SAP hydrogels, as absorbed extracel-
lular matrix proteins such as fibronectin can act as anchorage
points for the cellular adherence to the scaffold. The lack of
such anchor points can thus in turn have negative effects on
cell morphology and cell growth.

Furthermore, osteogenic differentiation of DFSCs on TCPS,
P11-4 and P11-28/29 was monitored up to 21 days via osteo-
genic markers such as ALP activity, and protein amounts of
collagen type I OC and OPG. The levels of all osteogenic
markers in DFSCs in contact with P11-4 and P11-28/29 were
similar to the TCPS control (after osteogenic stimulation of
DFSCs), suggesting that both SAP hydrogels do not interrupt
osteogenic differentiation of DFSCs. However, the level of
osteogenic differentiation varied between P11-4 and P11-28/29
hydrogels. This effect can be explained by the different surface
chemistry of the SAP, as evaluated recently.*!!

Overall, these results are in good agreement with previous
reports, demonstrating a high degree of osteogenic differentia-
tion of mesenchymal stem cells on various nanofibrillar SAP
hydrogels.[3%4%

To sustain a regenerative environment where cells are able
to form new tissue structures, the high microbial load and
the diverse spectrum of bacteria within the subgingival fluid
has to be countered. As the intrinsic antimicrobial activity of
SAP hydrogels may not be sufficient by itself to reduce the
microbial invasion from subgingival reservoirs, encapsula-
tion of antibiotics with subsequent temporal release would
be beneficial. As a proof of concept, we incorporated three
classes of antibiotics (TC, CX, and DH) at a concentration of
150 mg L' into P11-4 and P11-28/29 hydrogels and tested their
sustained drug delivery potential. First, we proved that encap-
sulation does not disturb self-assembly by the interaction of the
SAP monomers with TC, CX, and DH. TEM studies and tubing
tests revealed no disturbance of fiber formation and no inhibi-
tion of hydrogelation for P11-4 or for P11-28/29 in the presence
of the antibiotics.

Afterward, the release properties of antibiotics from P11-4
and P11-28/29 hydrogels were studied, since sustained, thera-
peutically effective levels of antibiotics could be beneficial
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to avoid a revivification of the inflammation. TC, CX, and
DH concentrations in the range of 5.7-48.1, 4.2-30.5, and
7.9-38.1 mg L™! were constantly released for up to 120 h, respec-
tively. Moreover, concentrations of TC, CX, and DH released
from P11-SAP hydrogels were similar to or even higher than the
concentrations reached in the gingival crevicular fluid after oral
dosing of CX (2.39 £ 0.09 ug mL™}, 500 mg twice a day*!), DH
(3-10 ug mL™}, 100 mg once a day*?), and TC (0.61 ug mL™,
250 mg oncel*)). Furthermore, the antibiotic concentrations
after release from P11-4 and P11-28/29 did not only exceed the
determined MIC values, but also the minimal bactericidal con-
centrations, which are reported to be several times higher.*!
These promising kinetic release values were confirmed by
bacterial growth experiments, demonstrating the high bacte-
ricidal effect of TC, CX, and DH extracts on P. gingivalis and
S. sanguinis. No cytotoxic effects of these antibiotic concentra-
tions were found in DFSCs. To proof that the release of TC, CX,
and DH from P11-4 and P11-28/29 hydrogel will be therapeuti-
cally sufficient, further in vivo animal experiments are needed.

4, Conclusion

In summary, our results support the applicability of the SAP
hydrogels as drug delivery systems and thus their potential
future usefulness in periodontal therapy. P11-4 demonstrated
no antimicrobial activity, a sustained release delivery for TC, CX,
and DH, and a good regenerative capacity in different in vitro
model systems. On the other hand, P11-28/29 showed antimi-
crobial activity against Gram-negative bacteria as well as Gram-
positive bacteria, intermediate regeneration capacity (low cellular
growth rates but good osteogenic differentiation achieved) and
long-term release of incorporated TC, CX, and DH. In the event
that the delivery of one antibiotic will be sufficient to combat the
periodontal inflammation, P11-4 with the incorporation of one
antibiotic may be favorable. However, if two or more antibiotics
are required to treat pathogenic bacteria with differential sensi-
tivity to antimicrobials,?! the complementary P11-28/29 system
may be used as a multidrug delivery system by diluting one anti-
biotic to a P11-28 and the other antibiotic to a P11-29 monomer
solution, before mixing and assembling them to form the P11-
28/29 hydrogel. Based on these in vitro results regarding release
properties, the bacterial growth inhibition and the absence of
cytotoxicity, DH might be favorable for antibiotic incorporation
into P11-SAP hydrogels. As a next step, SAP hydrogels will be
evaluated in animal models of periodontitis, which have been
recently established in our lab.[*

5. Experimental Section

SAP and SAP Preparation: The SAP P11-4 (sequence: CH;CO-
QQRFEWEFEQQ-NH,, peptide content 95%, ammonium salt), P11-28
(sequence: CH;CO-OQOFOWOFOQO-NH,, peptide content 70.7%,
TFA salt), and P11-29 (sequence: CH3;CO-QQEFEWEFEQQ-NH,, peptide
content 89.0%, ammonium salt) were purchased from CS Bio Co, USA.
Quality control was done by high performance liquid chromatography
(HPLC) and MS.

The monomer solutions of P11-4, P11-28, and P11-29 were prepared
at a concentration of 1.5 mg mL™" in either BHI medium (Oxoid, UK) to
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study bacterial growth, or 1x PBS (Sigma-Aldrich, Germany) to evaluate
the time dependent killing rate of bacteria and red blood cell (RBC)
membrane disruption.

For the assessment of bacterial growth, bacterial vitality, RBC
membrane disruption, DFSCs metabolic activity, and DFSCs osteogenic
differentiation, P11-SAP hydrogels were prepared in either 24- or 96-well
plates, as previously described.?"]

For the incorporation of antibiotics into P11-SAP hydrogels, stock
solutions of 1000 mg L™' were prepared for TC (Sigma-Aldrich,
Germany), CX (Sigma-Aldrich, Germany), and DH (Sigma-Aldrich,
Germany) in water, and sterile filtered with a syringe filter (pore size:
0.22 pum; Braun Sterifix, B. Braun Melsungen AG, Germany). For CX,
the stock solution was adjusted to a pH of 5 using 0.1 m HCl for it to
fully dissolve. For all antibiotics, a final concentration of 150 mg L™
was achieved in 100 pL of P11-SAP hydrogel by dissolving, for example,
1.5 mg of P11-4 with 35 uL of buffer A (55 x 1073 m Tris, Sigma-Aldrich,
Germany, pH 8) followed by the addition of 15 L of antibiotic stock
solution. To achieve a final concentration of 15 mg mL™' P11-4 and
150 mg L™ antibiotic concentration, 50 pL of buffer B (55 x 1073 m Tris,
192 x 10 m NaCl, pH 6.8) was added. After antibiotic incorporation,
P11-SAP hydrogels were incubated overnight at 37 °C to ensure full
assembly.

Fibrillar Microstructure after Antibiotic Incorporation: To confirm
fibril formation after encapsulation of TC, CX, and DH during the
self-assembling process of P11-4 and P11-28/29, SAP hydrogels
were prepared according to the description given in “SAP and SAP
Preparation” and assembled overnight at room temperature. Afterward,
SAP hydrogels were diluted with water (1:64). 10 uL of the solution was
added to a TEM copper grid (Electron Microscopy Sciences, USA) and
incubated for 7 min at room temperature. The residual sample was
removed from the grid. Negative staining of the fibrils was achieved by
adding 10 uL of uranyl acetate (2%, Electron Microscopy Sciences, USA)
to parafilm and dipping the grid into the solution for 30 s. To remove
residual uranyl acetate, the grid was washed two times with water prior
to drying the sample for 1 h. Images were taken with a transmission
electron microscope (Zeiss EM900, Germany), equipped with an AMT
XR280 sCMOS camera (AMT- Advanced Microscopy Techniques, USA)
and an AMT Image Capture Engine V700 software (AMT- Advanced
Microscopy Techniques, USA).

Bacteria and Culture Conditions: P. gingivalis W83 was kindly provided
by Potempa and co-workers*l and cultured on Columbia blood agar
plates (5% sheep blood, Becton Dickinson, Germany). P. gingivalis
cultures were maintained by weekly subculture for up to 5 weeks.
Liquid cultures were prepared by inoculation of bacterial colonies
from blood agar plates into 10 mL BHI medium (Oxoid, UK) and
subsequent incubation for 24 h under anaerobic conditions (10%,
CO,, 10% H,, 80% N,) at 37 °C in a Don Whitley Scientific anaerobic
cabinet (Meintrup DWS Laborgerite GmbH, Germany). Streptococcus
sanguinis (S. sanguinis) (DSM 20567) was purchased from the Leibniz
Institute DSMZ (German collection of microorganisms and cell cultures,
Germany) and maintained on BHI agar plates (1.5% Agar technical
No 3, Oxoid, UK). For all experiments, S. sanguinis was inoculated
into 30 mL of freshly prepared BHI medium from BHI agar plates and
incubated overnight at 37 °C under aerobic conditions (5% CO,).

DFSCs Cultivation: DFSCs were isolated and characterized as described
by Chatzivasileiou et al.l*?! Cells were maintained and expanded in 75 cm?
culture flasks (CELLSTAR, Greiner bio-one, Germany) in maintenance
medium consisting of Dulbecco’s modified Eagle medium (DMEM
containing 4.5 g L7' D-Glucose GlutaMAX, Invitrogen, Germany) and
10% fetal bovine serum (FBS, Invitrogen, Germany). Every 2-3 days, the
maintenance medium was replaced. Upon 80-90% confluency, the cells
were detached with 0.05% trypsin (Gibco Life Technologies, Germany)
and transferred into a new 75 cm? culture flask. For all subsequent in vitro
experiments, DFSCs from passages 4 to 6 were used.

In Vitro Assays Determining Bacterial Growth, Killing Rate, and Vitality:
Bacterial Generation Times and Growth Rates: To evaluate the growth of
P. gingivalis and S. sanguinis in contact with P11-SAP monomers, hydrogels
and antibiotic extracts, bacteria were grown to the stationary phase
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in BHI medium under either anaerobic or aerobic conditions at 37 °C.
Bacteria were harvested by centrifugation at 4000x rpm for 10 min at
5 °C. Sedimented bacteria were washed in PBS by centrifugation for 5 min
at 4000 rpm, 5 °C. Subsequently, bacteria were diluted to their strain-
specific optical density at 600 nm (ODgy) to obtain 1 x 108 CFU mL™.
For further experiments, P. gingivalis and S. sanguinis were diluted tenfold
in BHI medium to obtain a living bacterial count of 1 x 107 CFU mL™.
Optical densities were measured with a SpectraMax M2 microplate
reader (Molecular Devices, USA), to follow any increase in turbidity.
Measurements were done at 0, 1, 2, 4, 8, and 24 h after cultivation
with P11-SAP monomers and at 24 and 48 h after cultivation with
P11-SAP hydrogels. As a control, bacteria were cultured in BHI without
the addition of SAP monomers. To determine the growth rate (1) and
the generation time (g) after cultivation with P11-SAP monomers, the
following equations were used as described by Cappuccino & Shermanl#’]

#:[(|°g1oN—|°g1o No)’{ff?j)] m

_ logyo N —logyg No
B logyo 2 @)

Bacterial growth (in %) after exposure to P11-SAP hydrogels was
calculated with the following equation

% bacterial growth (hydrogel)
(OD (matrix + bacteria) — OD (matrix)) + OD (supernatant)

- OD (control) 100

®)

Optical density of bacteria grown in pure BHI was normalized to 100%.

Bacterial Time-Dependent Killing Assay: A killing assay was performed
to investigate the bactericidal effect of P11-SAP monomers on vital
P. gingivalis and S. sanguinis in comparison with the untreated control.
The bacteria were prepared as described in “In Vitro Assays Determining
Bacterial Growth, Killing Rate, and Vitality: Bacterial Generation Times
and Growth Rates” in PBS. For the quantification of living bacterial
counts after cultivation for 2, 4, and 24 h, bacterial suspensions were
serially diluted in PBS and plated on blood agar plates (P. gingivalis) or
BHI agar plates (S. sanguinis), respectively. Agar plates were cultivated
for at least 24 h at 37 °C under either anaerobic or aerobic conditions.
Finally, living bacteria were quantified by counting CFU on agar plates
(CFU mL™). As a positive control, bacteria were suspended in PBS
without the addition of P11-SAP.

Bacterial Vitality Visualized by Live/Dead Staining: Qualitative analysis of
the antimicrobial activity of P11-4 and P11-28/29 hydrogels was performed
by microscopic evaluation. SAP hydrogels were prepared on glass
coverslips (Sigma-Aldrich, Germany) in a 24-well plate (Greiner bio-one,
Germany) cultured with P. gingivalis and S. sanguinis in BHI medium as
described in “In Vitro Assays Determining Bacterial Growth, Killing Rate,
and Vitality: Bacterial Generation Times and Growth Rates.” After 48 h of
incubation, supernatants were removed and bacteria were fixed with 4%
paraformaldehyde solution ( Sigma-Aldrich, Germany) for 1 h. Samples
were washed twice with PBS before staining with a bacterial live/dead
staining kit (LIVE/DEAD BacLight Bacterial Viability Kit, Thermo Fisher
Scientific, Germany) containing SYTO9 (1:1000 in PBS) and propidium
jodide (PI) (1:1000 in PBS) for 20 min at 37 °C under either anaerobic or
aerobic conditions. Finally, the glass coverslips were washed twice with
PBS and transferred with a tweezer in an ibidi slide (Ibidi, Germany).
Samples were inspected with a confocal laser-scanning microscope (LSM
780, Zeiss, Germany) using 60x objective. Representative pictures were
taken and stored with the accompanying Zeiss Zen software (Zeiss,
Germany).

Determination of MICs: The MICs of TC, CX, and DH on P. gingivalis
and S. sanguinis were assessed by performing a conventional agar
dilution method described by Ericsson and Sherris.*8l In addition,
the susceptibility of an antibiotic dilution range on P. gingivalis and
S. sanguinis was determined by measuring the turbidity at an OD
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of 600 nm as described by Andrew.[*’! Stock solutions of the three
antibiotics were prepared at 1000 mg L™' in water and further diluted
to 128, 32, 8, 2, 0.5, 0.125, and 0.03 mg L' in BHI medium. Bacterial
suspensions were prepared as described in “In Vitro Assays Determining
Bacterial Growth, Killing Rate, and Vitality: Bacterial Generation Times
and Growth Rates” by inoculation of the diluted antibiotic solutions
with 1 x 107 CFU mL™" and incubated at 37 °C for 24 h under anaerobic
(P. gingivalis) and aerobic conditions (S. sanguinis). Bacteria grown in
BHI medium served as a control. After 24 h, the turbidity of the samples
was measured at 600 nm with a SpectraMax M2 microplate reader
(Molecular Devices, USA) and samples plated on BHI agar plates or
blood agar plates to determine the CFU mL™".

Hemolytic Activity of P11-SAP Monomers and Hydrogels: As a sensitive
surrogate experiment for cytotoxicity, the hemolytic activities of P11-4,
P11-28, and P11-29 in a monomeric state and as SAP hydrogels were
determined using hRBCs. Blood was obtained from the Institute for
Transfusion Medicine, University Medical Center Rostock. The preparation
of hRBCs was done according to Veiga et al.?Z Briefly, SAP monomers
were dissolved in bis-tris propane buffer (BTP, Sigma-Aldrich, Germany)
and were added to hRBC stock solution, resulting in a final hRBC
concentration of 0.08% (v/v). For P11-4 and P11-28/29 hydrogels, the
hRBCs stock solution was mixed with BTP buffer and placed on top of
the hydrogels. Samples were then incubated at 37 °C for 1 h. To determine
the release of hemoglobin due to membrane disruption, supernatants
of the SAP hydrogels were removed and centrifuged at 14 000 rpm for
10 min at 4 °C. SAP monomer samples were directly centrifuged. The
amount of hemoglobin released in the supernatants was determined
photometrically at 415 nm (Beckmann Anthos Microplate Reader,
Germany). BTP buffer was used as a 0% control (no hemolysis detectable),
whereas 100% hemolysis was defined by the addition of 1% Triton X-100
solution to the hRBC solution.

DFSCs Viability Assays: Cell Mass Determined by Crystal Violet Staining:
Crystal violet staining on DFSCs was performed according to Feoktistova
et al.P% after 1 and 4 days of treatment with freshly prepared TC, CX, and
DH solutions (5, 50, and 150 mg L™ in maintenance medium). DFSCs
were seeded at a density of 6 x 10% cells per well in a 96-well plate. Briefly,
cells were washed twice with PBS before they were fixed with isopropanol
(SERVA Electrophoresis GmbH, Germany). After fixation, cells were washed
three times with PBS/0.05% Tween prior to staining with 0.1% crystal violet
solution (Sigma-Aldrich, Germany). To excavate crystal violet from the
attached cells, acetic acid (33%) was added. As a final step, the supernatant
was transferred to a new 96-well plate (Greiner bio-one, Germany) and
absorption was measured at 450 nm with a spectrophotometer (Beckmann
Anthos Microplate Reader, Germany). DFSCs cultured in an expansion
medium on TCPS were used as an untreated control.

Quantification of Metabolic Activity: As a second independent cell
viability parameter, the metabolic activity of DFSCs was assessed
after 1 and 4 days of incubation with TC, CX, and DH solutions at
concentrations of 5, 50, and 150 mg L' by performing a CellTiter96
Aqueous One Solution Cell Proliferation MTS test (MTS, Promega,
Germany). The protocol was followed according to Herzmann et al.Bl
Cells were seeded at a density of 6 x 10° cells per well in a 96-well plate.

Based on the intrinsic autofluorescence of the P11-SAP, another
reagent with an excitation wavelength above 490 nm was selected. For
this purpose, the metabolic activity of DFSCs (6 x 10° cells per well,
96-well plate) in contact with P11-SAP hydrogels was analyzed after 1, 3,
7, and 14 days by using the PrestoBlue Viability Reagent (Thermo Fisher
Scientific, Germany) as previously described.B'l Prior to the analysis,
supernatants were transferred into a new 96-well plate and fluorescence
was measured at an emission wavelength of 590 nm with excitation at
560 nm using a fluorescence microplate reader (TECAN, Germany). As a
control, DFSCs were cultured on TCPS in expansion medium.

Live/Dead Staining: In addition, DFSCs (2 x 10* cells per well, 24-well
plate) were stained with live/dead stain using calcein AM (0.3 ug mL™"in
DMEM, Becton Dickinson, Germany), PI (1 ug mL™" in DMEM, Becton
Dickinson, Germany) and nuclear dye Hoechst 33342 bisbenzimide
(5 ug mL™", Sigma-Aldrich, Germany) after 1 day and 4 days of antibiotic
treatment. Stained cells were incubated for 15 min at 37 °C. Prior to
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imaging with a Zeiss confocal microscope LSM780 (Zeiss, Germany),
the media was removed and replaced by maintenance media. As a
control, DFSCs were cultured in maintenance medium.

Staining for Cell Morphology: To evaluate DFSCs morphology after
24 h of exposure on P11-SAP hydrogels (prepared in chamber slides,
SPL Life Sciences, Korea), cells (1 x 10* per well) were stained for actin
cytoskeleton using Rhodamine-conjugated phalloidin (1:40 in DPBS,
Thermo Fisher Scientific, Switzerland). The staining protocol was
previously described.?'l Visualization was achieved using a confocal
laser-scanning microscope (LSM 780, Zeiss, Germany).

Osteogenic Differentiation: DFSCs (1 x 10* per well) were seeded
on top of P11-4 and P11-28/29 hydrogels prepared in chamber slides
(SPL Life Sciences, Korea). The osteogenic differentiation medium
contained DMEM 10% FBS, 1% penicillin/streptomycin  (Sigma-
Aldrich, Germany), 1 X 10 m dexamethasone (Sigma-Aldrich,
Germany), 250 pg mL™' ascorbate (Sigma-Aldrich, Germany), and
10 x 107 m B-glycerophosphate (Sigma-Aldrich, Germany) to induce
DFSCs osteogenic differentiation. Cells were cultured at 37 °C and 5%
CO, atmosphere up to 21 days with fresh medium replacement every
2-3 days. After 1, 7, 14, and 21 days the supernatant was removed and
osteogenic markers (OC and OPG) were quantified by a Milliplex MAP
Human Bone Magnetic Bead Kit (Merck Milipore, Germany) according
to the manufacturer’s protocol. Data were collected with a Bio-Plex 200
system (Bio-Rad, Germany).

Antibiotic Release Profiles Determined by HPLC-MS: To study the
in vitro release profile of TC, CX, and DH-based P11-SAP hydrogels,
(prepared in 1.5 mL protein low binding tubes, Eppendorf, Germany, as
described in “SAP and SAP Preparation”), 100 uL of PBS was added on
top of the hydrogels. After 0, 2, 4, 8, 24, 48, 72, 96, and 120 h incubation
at 37 °C, 50 pL samples were collected in 1.5 mL protein low-binding
tubes (Eppendorf, Germany) and frozen at —20 °C. To imitate a constant
flow rate over time, 50 pL of fresh PBS was added at each time point
where supernatants had been taken for analysis. Prior to the analysis
by HPLC-MS (Agilent Technologies, Switzerland), collected samples
were thawed at room temperature and centrifuged (12 500 rpm, 30 min,
Spectrafuge 24D, Labnet International Inc, USA) to remove residual fibril
fragments. Detailed information about the HPLC procedure is provided
in Figure S1 of the Supporting Information.

The release of TC, CX, and DH based on the applied protocol was
calculated as an example with the following equation for t =8 h

Cumulative concentration(tgh )

concentration; (4,

= [concentrationt(gh) —( 2 JJ + cumulativ concentration; 4y,

4

Cumulative concentration in % = (cumulative concentration(y) *100)/15  (5)

Statistical Analysis: For bacterial experiments (Table 1, Figures 2E,F
and 7) as well for the cell experiments (Figures 3C-G and 8B,C) at least
three biological and three technical triplicates have been measured. The
hemolytic activity (Figure 4) and the cumulative release of antibiotics
(Figure 6) have been measured in triplicates. Data from the named
figures above are presented as mean values + standard deviation. All
statistics were performed using the program GraphPad Prism 6. To test
for significant differences between the control and test groups as well as
between all groups, a one-way (Figure 4) or two-way ANOVA (Table 1,
and Figures 2E,F and 8B,D) followed by Dunnett’s (Figures 3D-G, 4,
and 8B,D) or Tukey's (Table 1, Figure 2E,F) multiple comparison post
hoc test was performed. A p-value of < 0.01 was considered significant.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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5 Diskussion

Die hohe bakterielle Belastung mit verschiedenen Bakterienspezies und der Verlust von Weich -
und Hartgewebe wéhrend des Verlaufs einer Parodontitis fiihrt zu einer komplexen Situation in
der gebildeten Zahntasche. Diese Komplexitit im parodontalen Defektbereich macht die
Anforderungen an ein regenerativ wirksames Biomaterial sehr hoch [41].

Daher sollten die 4 ausgewéhlten SSP-Hydrogele anhand von in vitro-Modell-Systemen auf die
Eigenschaften  Zellvertriaglichkeit,  antimikrobielle = Eigenschaft —und  Antibiotika-
Freisetzungskapazitit untersucht werden. Im Rahmen der durchgefiihrten Studien sollte evaluiert
werden, ob SSP-Hydrogele die Anforderungen als innovatives Biomaterial fiir eine mogliche
Behandlung von Parodontitis erfiillen konnen. Diese Promotionsarbeit bildet daher die Grundlage
fiir die Produktentwicklung und weiterfiihrende in vivo Studien.

5.1 SSP-Hydrogele und ihr Effekt auf parodontale Gewebezellen

Aus fritheren Untersuchungen ist bekannt, dass die physikalisch-chemischen Eigenschaften, wie
Architektur, Oberflichenchemie und Ladung eines synthetischen Geriists, die zelluldren
Reaktionen und damit die Geweberegeneration positiv beeinflussen konnen [42-44].

Wie in der Verdffentlichung von Baker et al. [45] beschrieben, ist die fibrillire Netzwerk-
Architektur eines Biomaterials ein wichtiger Parameter, der das regenerative Potential
beeinflussen kann. Eine flexible Netzwerkarchitektur ermdglicht den Zellen, mit den Fasern aus
threr Umgebung in Kontakt zu treten und diese durch intrazellulire mechanische Kréifte
umzustrukturieren [46]. Die Adhésion der Zelle an eine fibrillire Matrixstruktur geht dabei einher
mit einer Verdnderung der Zellmorphologie. Diese Morphologieverdnderung kann {iber das Aktin-
Zytoskelett der Zelle Einfluss auf die Signaltransduktion nehmen und somit zugleich zu
Verdnderungen im Proliferationsverhalten fiihren [47].

Mittels REM-Analyse konnte in Studie I und II nachgewiesen werden, dass die untersuchten
komplementdren Peptidsysteme dichte Netzwerkstrukturen mit kleinen Maschenweiten und

hohem Vernetzungsgrad ausbildeten, wahrend die Einkomponenten-Systeme offene Netzwerke
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mit groen Maschenweiten und kleinen Vernetzungsgrad bildeten. Durch die flexible und offene
Netzwerkstruktur der Einkomponenten-Systeme bildeten die Zellen einen ausgebreiteten
Phanotyp aus und zeigten eine erhohte Zellproliferation. Baker et al. [45] haben ein vergleichbares
Phanomen bei der Testung von mesenchymalen Stammzellen auf weichen offen-porésen Dextran
Methacrylat Fasern nachweisen konnen.

Auch die Oberflichenchemie und die Ladung eines Biomaterials spielen eine wichtige Rolle in
der Kontrolle zelluldrer Reaktionen, indem beide Parameter die Adsorptionskapazitdt von EZM-
Proteinen, wie z. B. Fibronektin, an das Biomaterial beeinflussen konnen [48]. Da EZM-Proteine
Zelladhdsionsmotive beinhalten, kann z. B. eine hohe Fibronektin-Adsorption zu einer
gesteigerten Zelladhdsion und durch die Aktivierung intrazelluldrer Signalkaskaden auch zu einer
erhohten Zellproliferation fiihren [45]. Wie in den Studien von Richter et al. [49] gezeigt, kann ein
EZM-Protein, wie z. B. Fibronektin, durch seinen amphiphilen Charakter sowohl an positiv als
auch negativ geladene Biomaterialien binden. Hingegen kann eine starke negative Ladung des
Biomaterials zu einer erhohten Abstossungsreaktion von Fibronektin fiihren [50]. Eine mogliche
Assoziation zwischen Oberfldchenladung, Proteinadsorptionskapazitit und zelluldrer Adhésion
und Proliferation konnte auch in Studie II beschrieben werden. Hier zeigte das Einkomponenten-
System P11-4, welches ein Zeta-Potential von -30 mV aufweist, eine hohe Fibronektin-
Adsorption, wahrend das Komplementéir-System P11-13/14 mit einer doppelt so hohen negativen
Ladung (-60 mV) eine niedrigere Fibronektin-Adsorption aufwies. Die unterschiedlichen
Proteinadsorptionskapazititen scheinen sich auch in den entstehenden Zellmorphologien und der
Zellproliferation widerzuspiegeln. Aufgrund dessen nehmen wir an, dass die Oberflichenchemie,
respektive die Oberflichenladung eines SSP-Systems, ein kritischer Faktor ist, welcher die
zelluldre Reaktion signifikant beeinflussen kann.

Dartiber hinaus spielt die Oberflichenchemie eines Biomaterials eine entscheidende Rolle
hinsichtlich der Zelldifferenzierung [51]. So ist z. B. aus einer Studie von Griffin et al. [52]

bekannt, dass es einen Zusammenhang zwischen der Prasentation funktioneller Gruppen,
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wie z. B. der Aminogruppe (-NH>), und einem gesteigerten Grad der osteogenen Differenzierung
gibt. Ein vergleichbarer Effekt konnte auch in Studie II demonstriert werden: hier konnte ein
hoherer osteogener Differenzierungsgrad humaner Osteoblasten auf den SSP-Hydrogelen mit
einem hoheren Anteil von Aminogruppen erreicht werden (Verhiltnis NH> > COOH).
Zusammenfassend lésst sich sagen, dass die Netzwerkarchitektur, die Oberflaichenchemie und die
Oberfldchenladung wesentliche Parameter sind, die die Eignung von SSP-Sequenzen fiir den
Einsatz als synthetische Gertiste fiir die Parodontaltherapie bestimmen kdnnen.

5.2 Intrinsische antimikrobielle Aktivitit von P11-SSP Sequenzen

Wie in der Studie von Veiga et al. [53] berichtet, basiert die intrinsische antimikrobielle Aktivitét
der SSP auf der kationischen Oberfliche, die mit der negativ geladenen, phosphorreichen
Oberfldche der Bakterienmembran interagieren kann und dadurch zu einer Zerstérung der
Membran bis hin zum Zelltod fiihrt.

In Studie III konnte eine signifikante bakterizide Wirkung von P11-28/29 Hydrogelen auf Gram-
negative Bakterien (P. gingivalis) und eine weniger proklamierte Wirkung auf Gram-positive
Bakterien (S. sanguinis) beobachtet werden. Der unterschiedliche Effekt bei Gram-positiven und
Gram-negativen Bakterien ldsst sich aus der variablen Membranzusammensetzung ableiten. Bei
Gram-positiven Bakterien kann die negative Ladung aus Teichonsduren abgeleitet werden, die
entweder mit dem Peptidoglykan (Zellwand) oder mit der darunter liegenden Plasmamembran
verbunden sind. Bei Gram-negativen Bakterien ist die Aulenmembran mit Phospholipiden und
Lipopolysacchariden bedeckt, die der Oberfliche eine stark negative Ladung verleihen [54].
Basierend auf diesen Fakten gehen wir davon aus, dass die positiv geladenen P11-28/29-Fasern,
welche einen hohen Ornithingehalt besitzen, stark mit den negativ geladenen Phosphat- und KDO-
Gruppen (2-Keto-Desoxyocturonsdure) der Lipopolysaccharide von Gram-negativen Bakterien
interagieren. Weiterhin wurde in der Studie von Veiga et al. [53] nachgewiesen, dass eine hohe
Menge an Arginin statt Lysin innerhalb der Peptidsequenz zu einem erhohten antimikrobiellen

Potenzial der SSP-Systeme fiihrt.
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Da die Aminosdure Ornithin (vorhanden in den SSP-Sequenzen der vorliegenden Studie)
strukturdhnlich zu Lysin ist, kdnnte es fiir eine zukiinftige Studie interessant sein herauszufinden,
ob die antimikrobielle Aktivitdt von P11-28/29 durch den Austausch von Ornithin gegen Arginin
noch verstirkt werden kann. Dennoch kann nicht vorausgesagt werden wie sich ein solcher
Austausch auf die Ausbildung von B-Faltblattstrukturen auswirken wird.

5.3 Die SSP-Sequenz und ihr Einfluss auf die Antibiotika-Freisetzung

Fiir eine lokale Antibiotika Therapie ist eine schnelle initiale Freisetzung der Wirkstoffe mit
Konzentrationen oberhalb der minimalen Hemm-Konzentration der Bakterien wichtig, um eine
bakterielle Infektion innerhalb der gebildeten Zahntasche zu stoppen und somit die Regeneration
von neuem Gewebe zu gewéhrleisten.

Die Konzentration der getesteten Antibiotika (TC, CX und DH) nach initialer Freisetzung iibertraf,
wie in Studie III gezeigt, nicht nur die ermittelten MIC-Werte, sondern auch die Minimal
Bakterizide Konzentration (MBK), fiir P. gingivalis und S. sanguinis, welche einem Vielfachen
der MIC entspricht [55]. Diese vielversprechende initiale Freisetzung der Antibiotika aus P11-
SSP-Hydrogelen konnte zusitzlich durch Bakterienwachstumsexperimente bestétigt werden,
welche die hohe bakterizide Wirkung von Antibiotika-Extrakten auf P. gingivalis und S. sanguinis
belegten. Da die gebildete Zahntasche ein perfektes Reservoir fiir Bakterien bildet, ist es wichtig
eine konstante Antibiotika Freisetzung oberhalb der MIC iiber mehrere Tage zu halten, da es sonst
zu einer nicht vollstdndigen Eradikation der Bakterien und dadurch zu einer potentiellen Rekurrenz
der bakteriellen Infektion kommen kann. Die verzogerte/kontrollierte Freisetzung von Antibiotika
wird hauptsidchlich durch das Molekulargewicht, die Ladung und die Hydrophobizitit des
Antibiotikums bestimmt, aber zugleich auch durch die Peptid-Hydrogel Merkmale, wie die
Oberfldchenchemie, Ladung, Peptidkonzentration und Hydrogel-Porengrof3e [56]. Wie auch schon
in der Studie von Nultsch & Germershaus [57] beschrieben, kann eine verzogerte kontrollierte
Freisetzung durch die elektrostatische Interaktion und Komplexbildung eines positiv geladenen

Wirkstoffes mit einem negativ geladenen Trégermaterial erreicht werden.
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Diese Beobachtung stimmt mit unseren Ergebnissen aus Studie III iiberein. Zum Beispiel wurden
die negativ geladenen Antibiotika Tetracyclin [58] und Doxycyclin [59] (pH 7) nur langsam und
unvollstdndig (bis maximal 40 % nach 5 Tagen) aus dem positiv geladenen SSP-Komplementar-
System freigesetzt. Dies kann auf eine Interaktion der Antibiotika aufgrund der
physikochemischen Eigenschaften der fibrilldren SSP-Hydrogele hindeuten. Trotz des simulierten
Sulkus-Fliissigkeitsflusses und der verzogerten Freisetzung iiber 5 Tage wurden therapeutisch
effektive Antibiotika Konzentrationen gemessen, welche eine antibakterielle Wirkung zeigten. Die
freigesetzten Antibiotika-Konzentrationen aus SSP-Hydrogelen waren dabei vergleichbar mit der
Konzentration der Antibiotika, welche oral verabreicht wurden und in der gingivalen
Sulkusfliissigkeit gemessen wurden [55, 60, 61].

5.4 Eignung von P11-SSP-Hydrogelen

Die Untersuchung der P11-SSP-Hydrogele anhand von in vitro-Modell-Systemen ergab, dass die
Einkomponenten-Systeme (wie z. B. P11-4) Eigenschaften besitzen, welche eine Weich- und
Hartgewebe-Regeneration sowie eine Antibiotika-Freisetzung ermoglichen aber keine intrinsische
antimikrobielle Aktivitdt aufweisen. Die Komplementar-Systeme (wie z. B. P11-28/29) hingegen
besitzen eine intrinsische antimikrobielle Aktivitdt, dennoch aber ein geringeres Proliferations-
und Differenzierungspotential in  vitro. Die  unterschiedlichen  Proliferations-und
Differenzierungspotentiale sowie die intrinsische antimikrobielle Aktivitdt konnen vermutlich auf
die variable Aminosdurezusammensetzung der SSP zuriickgefiihrt werden, welche die
Eigenschaften der SSP-Hydrogele bestimmt. Somit bringen SSP-Hydrogele eine Reihe von
Eigenschaften mit, die sie als innovatives Biomaterial fiir die parodontale Regeneration geeignet
erscheinen lassen. Aufgrund dieser Ergebnislage konnen die SSP-Hydrogele weiterentwickelt und

in pra-klinischen Studien getestet werden.
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6 Zusammenfassung

Die Parodontitis ist eine komplexe entziindliche Erkrankung, die zur Zerstérung des
Zahnhalteapparates fithren kann. Das hohe Aufkommen verschiedener Bakterienspezies in der
Mundhohle sowie der Gewebedefekt von Weich- und Hartgewebe machen die Behandlung von
Parodontitis sehr anspruchsvoll. Daher sind neuartige therapeutische Strategien erforderlich.
Hydrogele auf der Basis von selbststrukturierenden Peptiden (SSP) konnten aufgrund ihrer
minimal-invasiven Applizierbarkeit, ihrer Biokompatibilitdt, ihrer Wirkstoff-Beladbarkeit und
thren einstellbaren physikalisch-chemischen und mechanischen Eigenschaften geeignete
Kandidaten fiir die Parodontaltherapie sein. Im Rahmen dieser Promotionsarbeit wurden zwei
Einkomponenten- und zwei komplementire p-Faltblatt-bildende SSP-Systeme auf ihre
Hydrogeleigenschaften, ihren Einfluss auf die Zellreaktion, ihre intrinsische antimikrobielle
Aktivitdt und ihr Antibiotika-Freisetzungspotential untersucht.

Alle SSP-Hydrogele zeigten eine nanofibrillire Netzwerkarchitektur, die mit nativen EZM-
Strukturen vergleichbar war. Durch die Variation der Peptidkonzentration und der
Pufferzusammensetzung konnten Steifigkeiten erzielt werden, die den Steifigkeiten von Weich-
bis Hartgewebe entsprechen. Zellkulturexperimente zeigten eine hohere Zelladhédsion und ein
gesteigertes Zellwachstum der Einkomponenten-Systeme im Vergleich zu den Komplementir-
Systemen. Dariiber hinaus wurde bei den Einkomponenten-Systemen ein signifikant erhdhter
osteogener Differenzierungsgrad humaner Osteoblasten nachgewiesen. Fiir das positiv geladene
Komplementdr-System konnte eine signifikante intrinsische antibakterielle Wirkung auf
Porphyromonas gingivalis nachgewiesen werden. Die Einarbeitung von Antibiotika hatte keinen
Einfluss auf die Fibrillenbildung von SSP-Hydrogelen und fiihrte zu einer Wirkstofffreisetzung
von bis zu 5 Tagen, welche fiir eine lokale Antibiotikatherapie geeignet ist.

Insgesamt ergab diese Promotionsarbeit, dass P11-SSP-Hydrogele eine Reihe von Eigenschaften
besitzen, welche erforderlich sind, um sie zu potentiellen Kandidaten im Rahmen neuartiger

therapeutischer Strategien fiir die Behandlung der Parodontitis weiterzuentwickeln.
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7 Summary

Periodontal disease (PD) is characterized by complex inflammatory conditions inside the oral
cavity, leading to the destruction of tooth supporting structures. The high polymicrobiome in the
oral cavity together with the destruction of soft and hard tissue, make periodontitis difficult to
treat. Thus, novel therapeutic strategies are required.

Hydrogels based on self-assembling peptides (SAP) can be suitable candidates for periodontal
therapy due to their injectability, biocompatibility, cargo-loading capacity and tunable
physicochemical and mechanical properties. Within this PhD project, two single-component and
two complementary B-sheet forming SAP systems were studied. The four SAP systems were
investigated for their hydrogel properties, their influence on cell response, their intrinsic
antimicrobial activity and their antibiotic delivery potential.

All SAP hydrogels provided a nanofibrillar network formation under physiological conditions,
which were comparable to the architecture of native extracellular matrix structures. The stiffnesses
of the four SAP hydrogels were similar to stiffnesses of soft and hard tissue. SAP hydrogel stiffness
were found to be mostly affected by the peptide sequence, peptide concentration and buffer
composition. Cell culture experiments revealed a significant increase in cell adhesion and cellular
growth of the single component systems compared with the complementary systems. Moreover,
for the single component systems, significantly enhanced osteogenic differentiation of human
osteoblasts was detected. Microbiological studies revealed a significant intrinsic antibacterial
effect only for the positive charged complementary SAP system on the periodontal pathogen
Porphyromonas gingivalis. The incorporation of various antibiotics did not affect fibril formation
of SAP hydrogels and resulted in release kinetics up to 5 days, which will be favorable for a local
antibiotic therapy.

Overall, this thesis showed that P11-SAP hydrogels possess a number of properties that are
necessary to develop them into potential candidates in novel therapeutic strategies for the treatment

of periodontitis.
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9 Abkiirzungen

ALP

BHI

CFU

CX

DC

DH

EZM

FBS

HPDLF

HCO

HDFSC

HIV

IL

KDO

HPLC

LDH

LPS

MBK

MMP

Alkalische Phosphatase

Brain-Heart Infusion/ Gehirn-Herz-Infusionsmedium

Colony-Forming Units / Kolonie-Bildende Einheit

Ciprofloxacin

Dendritische Zellen

Doxycyclin Hyclat

Extrazelluldare Matrix

Fetale Bovine Serum / fetales Rinderserum

Humane Periodontal Ligament Fibroblasten

Human Calvarial Osteoblast/ Humane Kalvaria Osteoblasten

Human dental follicle stem cells/ humane Zahnfollikel Stammzellen

Humanes Immundefizienz-Virus

Interleukin

Keto-Desoxyocturonsdure

High performance liquid chromatography/

Hochleistungsfliissigkeitschromatographie

Laktat Dehydrogenase

Lipopolysaccharid

Minimale Bakterizide Konzentration

Matrix-Metalloproteinase
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MIC Minimal inhibitory concentration/ Minimale Hemm-Konzentration

MS Massenspektroskopie

MSC Mesenchymale Stammzellen
OD Optische Dichte

OCL Osteoklasten

OCP Osteoklasten Vorlduferzellen

P. gingivalis Porphyromonas Gingivalis

ROS Reaktive Oxygen/Sauerstoff Spezies

RGD Aminosduresequenz (Arginin, Glycin, Asparaginsiure)
RT Raumtemperatur

REM Rasterelektronenmikroskopie

RANKL Rezeptor Aktivator von NF-xB Ligand

S. sanguinis Streptococcus Sanguinis

SSP Selbst-Strukturierende Peptide

TC Tetracyclin

TCPS Tissue Culture Polystysrene/Gewebekultur Polystyrol
TNF Tumor-Nekrose-Faktor

Th T-Helferzellen

TEM Transmission-Elektronen-Mikroskopie

WHO World Health Organization/Weltgesundheitsorganisation
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