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Zusammenfassung

Innovative Biomaterialkonzepte nehmen heutzutage eine immer einflussreichere Rolle im
medizinischen Sektor ein. Dabei z&hlen zu den wichtigsten Anforderungen eine exzellente
Biokompatibilitat, Non-Toxizitat, gute mechanische Eigenschaften und im besten Fall eine
Resorbierbarkeit nach erfolgreicher Implantation. Da diese Eigenschaften von synthetischen
Materialien oder Metallwerkstoffen nicht oder nur teilweise erfillt werden, ricken
Biomaterialien natlrlichen Ursprungs vermehrt in den Fokus der aktuellen Forschung.
Besonders im breit gefacherten Arbeitsgebiet der Mund-, Kiefer- und Gesichtschirurgie gehort
der Einsatz von regenerativen Biomaterialien nach Traumata, chirurgischen Eingriffen oder
asthetischen Anwendungen zum Standardverfahren, um die Regeneration und Wundheilung
nachhaltig zu férdern und zu optimieren.

Im Rahmen dieser Dissertation wurden Seidenproteine von den Kokons des
Maulbeerseidenpinners Bombyx mori (B. mori) umfassend charakterisiert und evaluiert. Dazu
wurden die beiden Proteine Fibroin und Sericin durch einen schonenden Ldseprozess isoliert
und im Anschluss versatil in Formen wie Membranen oder Vliese Uberfuhrt. Die Vorteile von
Seidenfibroin als Biomaterial sind seine hohe Festigkeit, Feuchtigkeitsspeicherung, Flexibilitat,
Biokompatibilitat, Bioresorbierbarkeit, Sauerstoffdurchlassigkeit und hdmostatische Fahigkeit.
Des Weiteren ist die Degradations- und Freisetzungskinetik von Produkten aus Seidenfibroin
exakt steuerbar. Der Grundstein dieser Arbeit liegt auf der experimentellen in-vitro-Studie,
welche sich mit reiner Fibroinlosung als innovative Beschichtungstechnik von
Implantatmaterialien auseinandersetzt und diese in Hinblick auf die Minimierung méglicher
Fremdkorperabstof3ungsreaktionen hin untersucht. Ein weiterer Schwerpunkt liegt auf der
Beurteilung des antibakteriellen Verhaltens von Seidenstrukturen in der oralen Wundheilung.
Hier werden Seidenmembranen und —vliese mittels Gentamicin und Silber funktionalisiert und
in Verbindung mit dem oralen Mikrobiom gebracht, um eine spatere klinische Anwendung als
Wundauflage in der Mund-, Kiefer- und Gesichtschirurgie zu realisieren. Da sich die
Kombination von Additiven und seidenfibroinhaltigen Tragerstrukturen als vielversprechender
Ansatz fur den Bereich der Wundheilung und Regeneration herauskristallisiert hat, wird in
einem letzten Schritt eine gezogene Fibroinmembran mit Extrazellularen Vesikeln (EVS)
funktionalisiert, um die Regeneration im Kopf-Hals-Bereich mit Hilfe eines bioaktiven

resorbierbaren Materials nachhaltig zu verbessern.



Abstract

Innovative biomaterial concepts are playing an increasingly influential role in the medical sector
today. The most important requirements include excellent biocompatibility, non-toxicity, good
mechanical properties and, in the best case, absorbability after successful implantation. As
these properties are not or only partially fulfilled by synthetic materials or metal materials,
biomaterials of natural origin are increasingly becoming the focus of current research. The use
of regenerative biomaterials after trauma, surgical interventions or aesthetic applications is a
standard procedure, particularly in the broadly diversified field of oral and maxillofacial surgery,
in order to sustainably promote and optimise regeneration and wound healing.

As part of this dissertation, silk proteins from the cocoons of the mulberry silkworm Bombyx
mori (B. mori) were comprehensively characterised and evaluated. For this purpose, the two
proteins fibroin and sericin were isolated by a gentle dissolution process and subsequently
versatilised into forms such as membranes or nonwovens. The advantages of silk fibroin as a
biomaterial are its high strength, moisture retention, flexibility, biocompatibility, bioresorbability,
oxygen permeability and haemostatic ability. Furthermore, the degradation and release
kinetics of silk fibroin products can be precisely controlled. The cornerstone of this work is the
experimental in-vitro study, which deals with pure fibroin solution as an innovative coating
technique for implant materials and examines it with regard to the minimisation of possible
foreign body rejection reactions. Another focus is on the evaluation of the antibacterial
behaviour of silk structures in oral wound healing. Here, silk membranes and fleeces are
functionalised using gentamicin and silver and brought into contact with the oral microbiome
in order to realise a later clinical application as a wound dressing in oral and maxillofacial
surgery. As the combination of additives and silk fibroin-containing carrier structures has
emerged as a promising approach for the area of wound healing and regeneration, the final
step will be to functionalise a pulled fibroin membrane with extracellular vesicles (EVSs) in order
to sustainably improve regeneration in the head and neck area with the help of a bioactive

resorbable material.
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1 Einleitung

Seide ist eine natlrliche Hochleistungsfaser und gewinnt als innovatives Biomaterial seit
einigen Jahren vor allem im Bereich der biomedizintechnischen Forschung immer mehr an
Bedeutung (Jindal et al., 2014; Fitzpatrick et al., 2021; Parivatphun et al., 2022). Besonders
die Seide der domestizierten Maulbeerspinnerraupe B. mori, welche sich ausschlief3lich von
den Blattern des Maulbeerbaumes ernahrt, ist kommerziell breit verfugbar und findet am
haufigsten Anwendung in der Medizintechnik. Als resorbierbare Alternative zu herkdmmlichen
Materialien wie Kollagen oder Bio-Polymeren vereint Seide zahlreiche Vorteile wie eine
versatile Weiterarbeitung und exzellente Biokompatibilitdt bei sehr guter mechanischer
Festigkeit (Santin et al., 1999; Zuo, Dai and Wu, 2006; Seo et al., 2007; Kopp, Schunck, et al.,
2020; Jaya Prakash, Wang and Kandasubramanian, 2023). Produziert von bestimmten
Insekten- und Spinnentierarten hat Seide bereits eine lange Tradition in der Textilindustrie
(Naskar, R. R. Barua, et al., 2014). Dabei besteht Rohseide aus zwei parallelen Fibroinfasern
(hydrophob und wasserunloslich), welche von einer kompakten, &ufleren Schicht aus
Seidensericin (wasserlosliches Protein) ummantelt wird (Zhou et al., 2001; Altman et al., 2003;
Jin et al., 2005; Kopp, Schunck, et al., 2020). Die aus den Kokons des B. mori gewonnene
Seide besitzt nicht nur enorme Zugfestigkeiten von bis zu 740 MPa, sondern weist dartber
hinaus weitere biologische Schliisselkomponenten wie eine verminderte Immunogenitat und
eine einstellbare biologische Degradation auf (Shao and Vollrath, 2002; Zuo, Dai and Wu,
2006; Kopp et al., 2019a; Kopp, Schunck, et al., 2020). Abbildung 1 stellt schematisch die
Wertschopfungskette des B. mori und die anschlieBende Uberfiihrung der Seidenkokons in
die Medizintechnik dar. In der Biomedizinischen Technik kann Seide sowohl im unveranderten,
naturlichen Zustand als auch in verandertem, regenerierten Zustand zur Anwendung kommen
(Koh et al., 2015a; Kopp, Schunck, et al., 2020). Neben Nahtmaterialien oder Wundverbanden
kann Seide als weitere Komponente im Bereich des Tissue Engineering eingesetzt werden
(Kundu et al., no date; Wray et al., 2011; Zhu et al., 2011; Kasoju and Bora, 2012a; Fare et
al., 2013; Kuboyama et al., 2013; Koh et al., 2015a; Kopp, Schunck, et al., 2020). Nach der
Regeneration und Verarbeitung von Seide in reines Fibroin kbnnen daraus verschiedenste 2D-
und 3D-Modelle (unter anderem Filme, Schaume und makroporése Schwamme) hergestellt
werden, welche ein breites Anwendungsspektrum abdecken und insbesondere als Ersatz
menschlichen Gewebes wie Knorpel, Hornhaut, Knochen oder Haut angewendet werden
(Nazarov, Rina; Jin, Hyoung-Joon; kaplan, 2004; Yang et al., 2007; Chao et al., 2010; Harkin
et al., 2011a; Zhu et al., 2014; Bhardwaj et al., 2015; Koh et al., 2015a; Kopp, Schunck, et al.,
2020; Kopp, Smeets, et al., 2020, 2020).
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Abbildung 1: Eigene Darstellung der Wertschdpfungskette von Seidenkokons des

Uberfiihrung in
Medizintechnik

Maulbeerseidenspinners B. mori in Anlehnung an Fibrothelium GmbH (Fibrothelium GmbH, 2022).

Besonders aufgrund des immerwahrenden Fortschritts im Bereich der modernen Medizin
nimmt der Bereich der Regeneration und Wundheilung sowie die Wiederherstellung der
Funktionalitat von verloren gegangenem Gewebe eine zunehmend wichtigere Rolle ein
(Chouhan and Mandal, 2020).

Vor allem Defekte im Bereich der Rekonstruktion von Weichgewebe oder Knochen, z.B. nach
einer Tumor-/ Traumaoperation, weisen aufgrund der Morbiditat des Patientenkollektivs eine
hohe Pravalenz fur eine verlangsamte oder ausbleibende Geweberegeneration auf. Aktuelle
Praparate zeigen sich sowohl im Handling, der Stabilitat, als auch in der Stimulation der
Geweberegeneration nicht fir jede Indikation ideal, sodass letztendlich oft ein autologes
Transplantat, d.h. die Enthahme gesunden Gewebes an anderer Stelle im Korper, der
Goldstandard bleibt. Deshalb sollen auf Basis von funktionalisiertem Seidenfibroin, welches
sich im Korper auflést (resorbiert) und durch stimuliertes Zielgewebe ersetzt wird,
verschiedene Produkte fir die Regeneration und Wundheilung getestet werden, welche durch
geeignete  Herstellungsverfahren selbstexpandierend wirken und eine individuell
anwendungsbezogene Porositat bzw. Stabilitat, sowie stimulierende Eigenschaften aufweisen
(Wenk, Merkle and Meinel, 2011; Kasoju and Bora, 2012a; Wang and Zhang, 2013; Sun et al.,
2014; Luo et al., 2015; Thangavel et al., 2017; Wang, Liu and Fan, 2017; Cheng et al., 2018;

Smeets, Henningsen, et al., 2022).



Zur Beantwortung der Forschungsfrage dieser kumulativen Dissertation wurden vier Studien
publiziert, welche sich mit der Charakterisierung von Seidenfibroin sowohl in Form einer
wassrigen Ldsung als auch in unterschiedlichen Auspragungen mit verschiedensten
Funktionalisierungen beschaftigen.

In Fuest et. al. 2023 lag der Schwerpunkt auf der Biologisierung von verschiedenen
Implantatoberflaichen mittels regeneriertem Seidenfibroin als zukunftsorientierte Méglichkeit
zur Optimierung der Osseointegration im Weichgewebsinterface (Fuest et al.,, 2023).
Basierend auf ausgewahlten Prozessparametern konnte in dieser experimentellen in-vitro-
Studie eine gleichmaiige und homogene Schicht aus Seidenfibroin auf verschiedenen
Implantatmaterialien (Titan, Magnesium und Poly-Methyl-Metha-Crylat (PMMA)) durch eine
sogenannte Layer-by-Layer Beschichtungstechnik erzielt werden und diese mikroskopisch
und in der Zellkultur charakterisiert und evaluiert werden (Fuest et al., 2023).

In Schaefer et. al. (Schéfer et al., 2022) wurden Vliese und Membranen auf Seidenbasis
antibakteriell mit Silberionen und Gentamicin beladen und fur den Einsatz in der Mund-, Kiefer-
und Gesichtschirurgie/ Oralchirurgie/ Implantologie evaluiert. Aus Seidenfibroin gegossene
Membranen und elektrogesponnene Vliese wurden auf ihre Biokompatibilitdt und
antibakterielle Wirksamkeit gegen typische Erreger der Mundflora (u.a. Streptococcus mutans)
untersucht (Schéfer et al., 2022). Im Rahmen eines systematischen Reviews wurde die
Fragestellung untersucht, ob die beiden Seidenproteine Fibroin und Sericin intrinsische
antibakterielle Eigenschaften besitzen oder wie das Biomaterial entsprechend funktionalisiert
werden kann, um diese Eigenschaften langfristig zu erzielen (Schéafer et al., 2023).

In einer weiterfilhrenden Studie nach Fuest et. al. 2024 (Fuest et al., 2024) lag der Fokus auf
der Erforschung einer proof-of-concept-Verbundstruktur in Form einer Fibroin-Membran und
Extrazellularen Vesikeln (EVs) aus einer immortalisierten Gingivafibroblasten-Zelllinie fir den
regenerativen Ansatz im Kopf-Hals-Bereich. Hierbei lag das Hauptaugenmerk auf der
Evaluierung der Mdglichkeit, native EVs in ein resorbierbares Biomaterial einzubetten und dies

zu charakterisieren.

Publikationsuibergreifend werden im Rahmen dieser Dissertation die Ergebnisse in Bezug auf
die zugehorigen Forschungsfragen umfangreich evaluiert und diskutiert. Im Anschluss daran

wird ein Fazit gezogen und Empfehlungen fir die zukiunftige Arbeit gegeben.



2 Grundlagen

2.1 Seidenarten

Seide wird von den unterschiedlichsten Insekten- und Spinnenarten produziert, um Netze oder
Kokons fir den Metamorphosezyklus herzustellen (Harkin et al., 2011b). Die Kokonseide des
Maulbeerseidenspinners B. mori gehoért zu den bekanntesten Seidenarten weltweit und
stammt aus der Familie der bombycidae, welche gemeinsam mit der Familie der saturniidae
zu den am haufigsten verwendeten Seidenarten gehort (Harkin et al., 2011b; Meng, Zhu and
Chen, 2017). Domestiziert wurde die Seidenraupe vom Wildseidenspinner Bombyx
mandarina, der vor allem im Norden Indiens, Nordchina, Korea, Japan und den ferndstlichen
Regionen Russlands zu finden ist. Das Alleinstellungsmerkmal des B. mori liegt in der

einfachen Zucht der Raupen und Ernéhrung durch die Blatter des Maulbeerbaums.

Der Metamorphosezyklus des Seidenspinners vom Ei zum ausgebildeten Kokon beginnt mit
dem Legen der Eier (Naskar, R.R. Barua, et al., 2014; Li et al., 2023). Dabei legt der weibliche
Falter zwischen 300-400 Eier, die er bereits beim Schlupf aus dem Kokon im Hinterleib tragt
und die wahrend der Puppenruhe heranreifen. Das Weibchen signalisiert seine
Paarungsbereitschaft durch Austreten eines Duftmolekiils aus dem Hinterleib. Nach
erfolgreicher Partnersuche erfolgt die Befruchtung der Eier durch das Faltermé&nnchen
(Omenetto and Kaplan, 2010; Wang, Liu and Fan, 2017). Die Eier werden anschlieRend fir
rund zehn Tage inkubiert bis die Larven schltipfen, welche dann fiir ca. 30 Tage ausschlielich
mit den Blattern des Maulbeerbaums geflittert werden. Sobald die Larven sich zu einer Raupe
entwickelt haben, beginnt die Seidenproduktion und damit der Aufbau der Kokons.
Bemerkenswert ist, dass die Spinndriisen mehr als die Halfte des Kérpergewichts der Raupe
ausmachen. Durch gezielte Kopfbewegungen beim Austreten des Materials legt der B. mori
Windung flr Windung einen Faden um seinen Korper. Dabei spannt die Raupe zuerst
elastische Haltefaden, dann schlingt sie den Faden in der Form einer ,Acht® um ihre eigene
Achse. Dieser Vorgang wiederholt sich bis zu 230.000 Mal, bis die Struktur des Kokons
vollstandig ausgebildet ist (Drinic, 2019).

Der Kokon selbst besteht dabei nur aus einem einzigen Faden, der je nach Grdl3e eine Lange
zwischen 700-1500 Metern annehmen kann (Ude et al., 2014; Drinic, 2019). Um den Kokon
vollstandig auszubilden dauert es zwei bis drei Tage. Der Kokon bietet in erster Linie Schutz
vor Fressfeinden und Witterungsverhaltnissen. Nach 15-20 Tagen ist der Falter
ausgewachsen und produziert ein chemisches Losungsmittel, mit dem er den Kokon lokal

zerfressen und schlipfen kann. Danach beginnt der Zyklus von neuem (Takeda, 2009; Anitha,



2011; Ude et al., 2014; Colomban and Jauzein, 2018; Drinic, 2019). Abbildung 2 stellt den

Methamorphosezyklus des B. mori vom Ei bis zum Falter noch einmal grafisch dar.

Abbildung 2: Eigene Darstellung des Lebenszyklus des B. mori angelehnt an (Omenetto and Kaplan,
2010; Wang et al., 2017).

2.2 Synthese und Morphologie der Seide des B. mori

Das verspinnbare Seidenmaterial wird zuerst durch dinne Ausfihrungsgédnge zu der im
Kopfbereich gelegenen Spinnwarze und von dort aus dem Koérper geleitet. Das Spinnorgan
selbst besteht dabei aus zwei groRen Drlsen, die seitlich unter dem Nahrungskanal angelegt
sind (s. Abb. 3 (A)). Der Driisenapparat besteht aus einem vielfach gewundenen Schlauch,

der in die drei Segmente untergliedert werden kann (Nwekwo, 2015; Drinic, 2019):

» Posterior (15 cm, 500 Sekretionszellen, Fibroin-Ausscheidung)
» Median (7 cm, 300 Sektetionszellen, Sericin-Ausscheidung)

» Anterior (2 cm, 25 Sekretionszellen, Sericin-Ausscheidung)
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Abbildung 3: Aufbau des Drisenapparats: (A) Aufbau der einzelnen Drisensegmente; (B)
Schematischer Aufbau der Spinndiise (Fang et al., 2015).

In den posterioren Segmenten werden die heavy- und light-chain-Abschnitte des Fibroins und
das Glykoprotein P25 synthetisiert, welches die Selbstassemblierung des Fibroins und den
intrazellularen Transport unterstiitzt (Asakura et al., 2007; Drinic, 2019). Das Protein Fibroin
wird anschlieBend in den median-Abschnitt weitergeleitet. Hier werden die ersten Sericin-
Proteine synthetisiert. Dabei wird die Synthese des Sericins durch das anteriore Segment
erganzt und kleidet das Fibroin bei dem eigentlichen Spinnvorgang aus (Naskar, R. R. Barua,
et al., 2014; Fang et al., 2015; Drinic, 2019). Der Spinnkanal selbst wird aus der Driise anterior
und der Spinndiise zusammengesetzt. Die anterioren Kandle miinden in einem groR3en Kanal,
in welchem die zwei sogenannten Filippi-Driisen liegen (s. Abb. 3 (B)). Die genaue Funktion
derer ist umstritten, es wird angenommen, dass diese die Umgebungstemperatur einstellen,
um die einzelnen synthetisierten Seiden-Bestandteile zusammenzufligen. Der eigentliche
Spinndruck wird tber eine dorsal und ventral gelegene Muskulatur reguliert. Zentral im Lumen
befindet sich die Kutikula-Platte (Sutherland et al., 2010; Wang et al., 2016; Drinic, 2019).
Entlang des Segments anterior wird der pH-Wert der Spinnlésung durch eine Vielzahl von
Protonenpumpen gehemmt, welche eine moderate lonenkonzentration im Lumen erzeugen
und den Wasseranteil regulieren (Andersson, Johansson and Rising, 2016). Durch die hohe
Viskositat kann ein kontinuierlicher Spinnprozess ohne Kapillaraufbruch gewéhrleistet werden
(Sutherland et al., 2010).

Die Struktur der Seide besteht aus zwei natirlichen Proteinen. Neben zwei parallel
verlaufenden Fibroinfasern wird die Seidenfaser von Sericin, einem kleberartigen Protein,
zusammengehalten und erhalt dadurch seine Form und Struktur (Cao and Wang, 2009; Koh
et al., 2015b). Der Rohseidenfaden weist einen Durchmesser zwischen 15-25 pm auf. Die

prozentualen Anteile an Proteinen in jeder einzelnen Seidenfaser betragen zwischen 70 —
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80 % bei Fibroin und 20 — 50 % bei Sericin (Sobajo et al., 2008; Kopp et al., 2019a). Wahrend
Sericin einen hydrophilen und amorphen Charakter hat und wasserlosliche Eigenschaften
besitzt, weist Seidenfibroin eine nanofibrillenartige hydrophobe Proteinstruktur auf, welche aus
drei Komponenten besteht, die fir Flexibilitat, Elastizitat und Integritéat sorgen (Cao and Wang,
2009; Hardy and Scheibel, 2010; Naskar, R.R. Barua, et al., 2014). Neben dem hydrophoben
heavy chain (h.c.) Fibroin, welches unter anderem fir die Ausbildung der Beta-Faltblattstruktur
verantwortlich ist, wird die Struktur erganzt durch das light chain (I.c.) Fibroin und das P25-
Glycoprotein (P25). Das l.c. Fibroin ist in seinem molekularen Aufbau hydrophil und tber eine
Disulfid-Brtickenbindung mit dem h.c. Fibroin verbunden (Molverhéltnis zwischen h.c. —l.c. —
P25: 6:6:1) (Tanaka, Inoue and Mizuno, 1999; Horan et al., 2005; Cao and Wang, 2009; Hardy
and Scheibel, 2010; Naskar, R.R. Barua, et al., 2014). In Abbildung 4 ist der Aufbau der
Fibroin-Komposition noch einmal schematisch dargestellt.

Mantel Lipid Amorphe
antelaus Lipiden, Strukturen Wasserstoffbriicken
Glyko- und N\ d
; : : Seidenproteinen Kristalline & 4.0
Maulbeerseidenspinner B. mori | Strukturen o ¥
Vv
£ P
//,,

O
Qaﬂag ] z; Proteinketten |

Dragline Fibrillen § m “‘Q\

‘ ™
@ 100 nm @5 nm _a-Helices —

Random Coils = %
B-Schleifen -

B-Faltblatter

Abbildung 4: Eigene Darstellung der Fibroin-Komposition in Anlehnung an Lang 2015 (Gregor Lang,
2015).

2.1.2 Materialeigenschaften der Seide

Seide weist im Vergleich zu anderen biologischen Materialien zahlreiche positive mechanische
und biologische Eigenschaften auf, detailliert aufgelistet in Tabelle 1. Die Seidenfaser weist
eine Zugfestigkeit von 300 — 740 MPa auf und zeigt sich mit diesen mechanischen Kennwerten
robuster als Kevlar (Poly-Paraphenylen-Terephthalamid) oder Nylon (Hardy and Scheibel,
2010; Kundu et al., 2013a; Koh et al., 2015b; Kopp et al., 2019a; Kopp, Schunck, et al., 2020).
Dabei wird die Festigkeit und Steifigkeit der Seide hauptsachlich durch die Beta-
Faltblattstruktur bestimmt, dessen Bestandteile in erster Linie Wasserstoffbriickenbindungen,
Van-der-Vaals-Krafte sowie hydrophobe Wechselwirkungen sind (Koh et al., 2015a; Shen et
al., 2018; Yin et al.,, 2021; Yu et al.,, 2021; Smeets, Tauer, et al.,, 2022). Dariber hinaus



variieren die mechanischen Werte je nach Varianz der Eigenschaften des Kokons, da diese
als natirliches Produkt immer anders ausfallen. Nach Studien von Liivak et. al. 1998 (Liivak et
al.,, 1998) besteht eine log-lineare Beziehung zwischen der Struktur einer einzelnen
Seidenfaser und seinen mechanischen Eigenschaften (Liivak et al., 1998). Ausgehend von
diesen beeindruckenden mechanischen Eigenschaften kann die Familie der Seidenproteine
fur eine ganze Reihe von Materialoptionen versatil verwendet werden (Altman et al., 2003).
Wichtig zu erwahnen ist jedoch, dass die mechanischen Kennwerte in regenerierten
Seidenfibroin-Strukturen deutlich niedriger sind als dies bei Rohseide der Fall ist. Der Grund
hierfur liegt in der mangelnden Ausbildung der Sekundarstruktur (Beta (B) — Faltblatter) sowie
einer instabileren Proteinstruktur insgesamt (Cao and Wang, 2009; Kundu et al., 2013a; Kopp,
Smeets, et al.,, 2020). Gerade in regenerierten Seidenstrukturen findet sich vermehrt die
sogenannte Silk I-Konfiguration wieder, in welcher amorphe Bereiche sowie nicht erkennbare
B-Faltblatt-Bereiche dominieren (Kopp et al., 2019a; Kopp, Schunck, et al., 2020; Kopp,
Smeets, et al., 2020). Die mechanische Festigkeit von regenerierten Seidenstrukturen
resultiert jedoch aus den kristallinen Bereichen und der Sekundarstruktur der Polypeptidketten
(Silk 1l-Konfiguration) (Kopp, Smeets, et al., 2020). Diese kann unter anderem durch eine
chemische Nachbehandlung (Alkohole wie zum Beispiel Ethanol (C2HsOH) oder Methanol
(CH3OH)) erzielt werden, in welcher die Sekundarstruktur in die B-Faltblattanordnung
konvertiert wird und sich bisher nicht vernetzte Polypeptidketten zu kristallinen Bereichen
umwandeln. Diese Nachbehandlung resultiert in wasserunldslichen Fibroinstrukturen,
wodurch sich die Steifigkeit und Bruchrate erhéht (Kim et al., 2003; Bayraktar et al., 2005; Ha,
Tonelli and Hudson, 2005; Danielle N Rockwood et al., 2011; Numata, 2014; Kopp et al.,
2019a; Kopp, Smeets, et al., 2020; Schafer et al., 2022; Fuest et al.,, 2023). Alternative
Methoden wie die Einwirkung von Wasserdampf Uber einen gewissen Zeitraum erhthen
ebenfalls den Kristallinitdtsgrad des Fibroins und (berfihren die Seiden in einen
wasserunloslichen Zustand (Chen et al., 2006; Jiang et al., 2007; Kopp, Smeets, et al., 2020;
Fuest et al,, 2023). Um die mechanischen Eigenschaften von Fibroin fiir regenerative
Anwendungen zu optimieren, bieten der Literatur zufolge die Additivierung natirliche Polymere
wie Hyaluronséaure, Chitosan und Alginate immer mehr Alternativen (Um et al., 2001; D.-H.
Roh et al., 2006; Garcia-Fuentes et al., 2008; Lu et al., 2008; Arnon et al., 2015; Srivastava et
al., 2015). Daruber hinaus kénnen hygroskopische Weichmacher (Plasticizers) wie Sorbitol,
Glycerol und Glucose die Stabilitdit des Fibroins mit einhergehender Flexibilitdt deutlich
erhohen (Srivastava et al., 2015).

Seide und im besonderen Fibroin als Biomaterial erweist sich als ul3erst biokompatibles
Protein (Altman et al., 2003). Ein Biomaterial ist dabei ,...jede Substanz (aufer einem
Arzneimittel) oder Kombination von Substanzen synthetischen oder nattrlichen Ursprungs, die

jederzeit als Ganzes oder als Teil eines Systems verwendet werden kann, das ein Gewebe,
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ein Organ oder eine Funktion des Korpers behandelt, erganzt oder ersetzt® (Recum and
Laberge, 1995; Cao and Wang, 2009). Seidenfibroin wurde besonders wegen seiner
kontrollierbaren proteolytischen (pH-neutralen) Abbaubarkeit, seiner Fille an versatilen
Formen und seiner Biokompatibilitat vor allem im biomedizinischen Bereich umfassend
untersucht (Horan et al., 2005; Wang et al., 2008; Biggi et al., 2020). Resultierend konnte
festgestellt werden, dass es sich um ein biologisches, harmloses und ungiftiges, nicht
zytotoxisches Naturmaterial handelt (Wadbua et al., 2010; Kasoju and Bora, 2012c; Li and Li,
2014; Wong, Chan and Chrzanowski, 2014; Chen et al., 2018). Neben einer ausgewiesenen
Biokompatibilitat stimulieren aus Seidenfibroin hergestellte Medizinprodukte die Interaktion
des Gewebes, ohne dabei schadliche Reaktionsprodukte zu erzeugen. Dariiber hinaus zeigt
sich Fibroin als auRerst permeabel und durchlassig fur Wasserdampf und Sauerstoff. Mit der
einhergehenden thermischen Stabilitat (bis zu 250 °C) kann Seide als Tragerstruktur hohen
Temperaturen standhalten und so fir medizinische Anwendungen sterilisiert werden (Um et
al., 2001; Min et al., 2004; Amiraliyan, Nouri and Kish, 2009; Cao and Wang, 2009; Hofmann
et al., 2014; Koh et al., 2015a; Wang et al., 2015). Trotz dieser durchaus positiven Datenlage
birgt Seidenfibroin auch einige Nachteile, unter anderem ein leicht sprédes Verhalten,
Fragmentierungsprobleme sowie Schwierigkeiten bei der Herstellung eines einheitlichen
skalierbaren Herstellungsprozesses verschiedener Seidenprodukte (Lamboni et al., 2015;
Chen et al., 2018; Sultan, Lee and Kim, 2018).



Tabelle 1: Eigene Darstellung der biologischen und mechanischen Merkmale von Seide in Anlehnung
an (Frich et al., 1997; Pins et al., 1997; Vollrath and Knight, 2001; Fu, Shao and Fritz, 2009; Omenetto
and Kaplan, 2010; Koh et al., 2015b).

Biologische Merkmale

Biokompatibilitat Geringe Immunogenitat
Permeabel fur O, und H,O-Dampf Einstellbare Degradation
Bioaktiv Zytokompatibilitat

Mechanische Merkmale
E-Modul Festigkeit ~ Dehnbarkeit  Z&ahigkeit

Material [GPa] [MPa] [%] [MJIm3] Referenz
) Koh et. al.
B. Mori 10-17 300-740 28 150 2015
Nylon 1,8-5 430-950 18 80 AU e El
y ' 2009
Kevar 130 3600 2.7 50 Fuet. al.
! 2009
Omenetto
Baustahl 200 1500 0,8 6 ot al. 2010
Koh et. al.
Kollagen Ooogig i 0,9-7,4 24-68 - 2015, Pins
’ et. al. 1997

2.1.3 Fibroinrekombination und Designauspragungen

Die Struktur der Rohseide birgt zahlreiche Vorteile und wird bereits seit vielen Jahren in der
Medizin als chirurgisches Nahtmaterial eingesetzt (Altman et al.,, 2003). Fur eine
bedarfsgerechte Anwendung kénnen die beiden Seidenproteine Fibroin und Sericin durch
verschiedenste Verfahren initial getrennt sowie individuell und patientenspezifisch
weiterverarbeitet werden. Die Basis daflrr bildet der sogenannte ,Degumming“-Prozess, in
welchem die beiden Proteine voneinander getrennt werden. Im Anschluss daran wird die reine
Fibroin-Watte mittels ,Ajisawa’s reagent“ geldst, einem proteinschonenden Lésemittel auf
Wasser- und Salzbasis (Ajisawa, 1997; Kopp et al., 2019a, 2019b; Kopp, Smeets, et al., 2020).
Andere Degumming-Methoden auf Enzym- und Saurebasis werden im Rahmen dieser
Dissertation nicht weiterverfolgt, da diese den Ldseprozess enorm verlangern und die
mechanischen Eigenschaften der Seide erheblich verschlechtern (Chopra and Gulrajani,
1994; Ajisawa, 1997; Khan and Tsukada, 2014). In einem weiteren Schritt entsteht Uber einen
Dialyseprozess die fertige, rekombinierte Fibroinldsung zum weiteren individuellen Gebrauch
(Danielle N. Rockwood, Gil, et al., 2011; Huang et al., 2018; Sultan, Lee and Kim, 2018). In
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Abbildung 5 ist die Prozesskette vom Kokon zur Lésung noch einmal grafisch dargestellt.
Weiteren Studien von Woltje et. al. (Wdltje et al., 2021) zufolge kann eine reine Fibroinldsung

mittlerweile innerhalb von vier Stunden hergestellt werden.

e
Kokon Zerkleinern Degumming Trocknen Lésen Dialyse Fibroinlésung

Abbildung 5: Eigene Darstellung der Prozesskette vom Seidenkokon zur fertigen Fibroinlésung in
Anlehnung an (Fibrothelium GmbH, 2022).

Durch die vielseitigen Gestaltungsmaéglichkeiten der Seide sind eine Reihe von Auspragungen
fur die Anwendung in der Biomedizinischen Technik entstanden (Thurber, Omenetto and
Kaplan, 2015; Patil, Reagan and Bohara, 2020; Sun et al., 2021).

Die morphologische Variabilitdt von Fibroin ermdglicht es, neben Seidenldsungen auch
Fasern, 3D-Scaffolds, Hydrogele oder nanopordse Vliese sowie Membranen/ Folien entstehen
zu lassen, siehe Abbildung 6. Diese kénnen dabei individuell funktionalisiert oder beladen
werden. Der Fokus dieser Doktorarbeit liegt neben der Charakterisierung der Fibroinldsung
auch auf den Strukturen Membran und nanopor@ses Vlies. Diese werden unter anderem im

Folgenden naher erlautert:

Seidenkokon Seidenproteine Proteinlésung

©)
)
(@]

Fibroin Sericin

Abbildung 6: Eigene Darstellung der versatilen Weiterverarbeitungsmaglichkeiten von Seidenfibroin in
Anlehnung an Fibrothelium GmbH (Fibrothelium GmbH, 2022).
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» Fibroinlésung:

Die Fibroinldsung stellt eine wichtige Grundlage flr die Weiterverarbeitung zu verschiedensten
seidenbasierten Strukturen dar (Tao, Kaplan and Omenetto, 2012; Baumann, 2017). Bedingt
durch das schonende Herstellungsverfahren unter Raumtemperatur ist es mdglich, eine pH-
neutrale Fibroinldsung zu generieren. Diese Bedingungen werden genutzt, um sensitive
Medikamente in Seidenimplantate zu inkorporieren (Karageorgiou et al., 2006; Baumann,
2017). Daruber hinaus kénnen auch andere organische (Proteine, Enzyme, Zellen) und
anorganische Stoffe (u.a. Laserfarbstoffe) in die Fibroinlésungen eingebracht werden, um
beispielsweise die Biointegration von photonischen und elektronischen Sensoren zu
optimieren (Kundu et al., 2013a; Baumann, 2017). Aber auch nicht-funktionalisierte
Fibroinldsungen erweisen sich als vielversprechende Mdglichkeit als Beschichtungsmaterial
fur Implantate zu fungieren und konnen die korpereigene Immunantwort nachweislich

verringern (Fuest et al., 2023).

> Membranen/ Folien:

In der Medizintechnik wird das Biomaterial Seide als Membran oder Folie genutzt. Sie bieten
aufgrund lhrer porenlosen Struktur eine Barrierefunktion und kénnen somit okklusiv oder semi-
okklusiv gestaltet werden (Sultan, Lee and Kim, 2018). Die einfachste Methode, eine
Seidenmembran herzustellen, stellt das Abgiel3en der Seidenldsung in ein planes Gefal3 mit
anschlieender Trocknung dar. Um homogenere Membrandicken zu generieren, kann
alternativ auf maschinelle Geréate wie ein Filmziehrakel oder spezielle GieBvorrichtungen
zurlickgegriffen werden. Zusatzlich kann die Dicke der Folie durch die Seidenkonzentration
angepasst werden und erlaubt darliber hinaus eine pordse Gestaltung (Danielle N. Rockwood,
Gil, et al., 2011). Seidenmembranen finden ihren Nutzen vor allem in Wundmodellen der Haut,
und glanzen mit Eigenschaften wie einer guten Wundheilungsrate und geringer
inflammatorischer Antwort (Sugihara et al., 2000, 2008). In der Hals-, Nasen-, Ohrenheilkunde
gibt es aktuelle Studien, die Fibroin Membranen als Trommelfellersatz evaluieren (Kim et al.,
2010). Die Vorteile fur diese Indikation liegen im transparenten, elastischen und adhéasiven
Verhalten der Fibroinmembran. Im mund-, kiefer- und gesichtschirurgischen Bereich sind
Seidenmembranen unter anderem im Bereich der Guided-Bone-Regeneration (GBR) und
Guided-Tissue-Regeneration (GTR) einsetzbar. In einem praklinischen Knochendefekt-Modell
an New-Zealand-White-Rabbits erwiesen sich Oberflachen-modifizierte Seidenmembranen
(bioaktiviert mit 3-TCP/Hydroxylapatit-Keramik) als duRRerst regenerationsfordernd und zeigten
eine gute Knochenreifung fir B-TCP (Smeets, Knabe, et al., 2017). In einer klinischen Studie

mit n= 71 Patienten erzielte die Behandlung von Spalthautentnahmestellen mit einer Membran
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auf Seidenbasis eine 17,65 % verbesserte Heilungs- und Reepithelisierungsrate verglichen
mit den Standardpraparaten (Zhang et al.,, 2017). Fur Seidenmembranen gibt es diverse
weitere Anwendungsmaoglichkeiten, entweder in Ihrer reinen Form ohne additive Zuséatze oder
als Komposite mit Polyvinylalkohol (PVA) oder antibakteriellen Substanzen wie
Silbernanopartikeln (AgNPs) (Patil, Reagan and Bohara, 2020; Schafer et al., 2022). Die
Biofunktionalisierung von Seidenmembranen mittels EVs zur Optimierung der

Regenerationsfahigkeit wurde im Rahmen dieser Doktorarbeit untersucht (Fuest et al., 2024).

» Nanoporése Vliese:

Abhé&ngig vom Herstellungsverfahren konnen je nach Anwendungsfall nanoporése Vliese
mittels Elektrospinning hergestellt werden. Im Elektrospinnverfahren werden Polymerfasern
im Nanometerbereich aus Fibroinldsung durch die Einwirkung eines elektromagnetischen
Feldes erzeugt. Besonders im Bereich des Tissue Engineering werden Trégerstrukturen fur
die Zellmigration zur unterstiitzenden Regeneration von beschadigtem Gewebe eingesetzt
(Kopp, Smeets, et al., 2020). Die Verspinnbarkeit von Seidenfibroin stellt bislang allerdings
eine Herausforderung dar. Gerade die Viskositat hat einen grofen Einfluss auf die
Morphologie der Faser, die Grol3e der Faser und die mechanischen Eigenschaften (He et al.,
2008). Diese ist abh&angig von den einzelnen Bestandteilen in der Losung. Ist die Viskositat zu
gering, erhoht sich das Risiko eines Kapillaraufbruchs wahrend des Elektrospinning-Prozess
aufgrund der zu niedrigen Oberflachenspannung. Mittels zusatzlicher Komponenten wie
Gelatine oder Poly-(ethylene-oxide) (PEO) konnte eine verspinnbare Viskositat der
Seidenlésung erreicht werden (Wang et al., 2004; Zaitoon and Lim, 2020). Weitere Additive
(Zusatzstoffe) wie beispielsweise EVs, antibakterielle Substanzen, Nanopartikel oder
Medikamentenwirkstoffe kénnen dartber hinaus individuell der Spinnldsung beigemischt
werden (Kasoju, Bhonde and Bora, 2009; Wang et al., 2018). Die strukturellen Vorteile
nanoporoser Vliese liegen in der grof3en spezifischen Oberflache, die mit einer verbesserten
Zelladhasion und -proliferation einhergehen (Unger et al., 2004). Ein einzigartiger Vorteil ergibt
sich aus den geringen Faserdurchmessern mit einhergehender hoher Porositat, wodurch die
Durchlassigkeit fur Nebenprodukte und Nahrstoffe sowie das Einwachsverhalten in das
umliegende Zellgewebe optimiert werden kdnnen (Ayutsede, Jonathan; Gandhi, Milind; Ko,
Frank; Micklus, Michael; sukigara, 2003; Kim et al., 2003; Chen et al., 2006; Amiraliyan, Nouri
and Kish, 2009; Cao and Wang, 2009). Aufgrund der versatilen Variationsmoglichkeiten der
nanoporésen Vliese durch die einstellbaren Prozessparameter kénnen Wundauflagen und
Tragergeriste fur regenerative medizinische Indikationen realisiert werden (Cao and Wang,
2009; Haghi, A.; Zaikov, 2011).
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> 3D-Scaffolds:

Fur die dreidimensionale Gestaltung von Proteinen auf Seidenbasis gibt es kaum
,Limitationen®“. So kénnen 3D-Scaffolds unter anderem durch die Zugabe von porogenen
raumliche Strukturen annehmen, welche im Anschluss jedoch in zum Teil aufwendigen
Dialyseschritten ausgewaschen und entgast werden missen (Nazarov, Jin and Kaplan, 2004;
Sultan, Lee and Kim, 2018; Patil, Reagan and Bohara, 2020). Den einfachsten und
zeitsparendsten Weg stellt die sogenannte ,freeze-thawing“ Methode dar, bei welchem sich
das porose Seidengeflecht Uber mehrmalige Tau- und Gefrierprozesse ausbildet. Das
gemeinsame Ziel aller Herstellungsverfahren besteht in der Ausbildung einer realitatsnahen
Extrazellularmatrix-Struktur (EZM-Struktur) mit einhergehend variablen Porengréf3en und
Dichten. Durch die Zugabe von organischen und anorganischen Stoffen als Komposite knnen
ahnliche blended/ hybrid materials geschaffen werden, welche in ihren Bestandteilen jedoch
untereinander kompatibel sein missen, da inhomogene Gemische entstehen kdénnen, die eine
gegenteilige Wirkung aufweisen (Kundu et al., 2013a). Das Ziel des 3D-Konstruktes liegt
aufgrund der groRen Oberflache in einer beglinstigten Zelladhasion und Gewebeintegration
(Sultan, Lee and Kim, 2018). Durch die porése Oberflachenstruktur und Interkonnektivitat
weisen 3D-Scaffolds sehr gute Bedingungen fir proliferierende Zellen auf (Danielle N.
Rockwood, Gil, et al., 2011; Danielle N. Rockwood, Preda, et al., 2011; Patil, Reagan and
Bohara, 2020). Im Bereich der Wundheilung und Regeneration konnte Seide im
Zusammenhang mit Alginaten als eine Art Wundschwamm die Regenerationszeit der Wunde
von zwolf auf sechs Tage reduzieren und erzeugte im Vergleich zu konventionellen Produkten
eine signifikant héhere Reepithelialisierung (D. H. Roh et al., 2006). In einer weiteren
praklinischen Studie konnte gezeigt werden, dass verschiedene 3D-Scaffold Typen (Salz/
Wasser oder Saccharose/ Hexafluoroisopropanol) in der Zellkultur-Testung mit Chondrozyten
suffiziente Knorpelmatrix ausbildeten und gleichzeitig unterschiedliche Degradationszeitrdaume

aufzeigten (Makaya et al., 2009).

2.1.4 Seidensericin:

Wie bereits im Kapitel ,Synthese und Morphologie der Seide des B. mori“ (S. 5) erwéhnt,
besteht der Rohseidenfaden aus den zwei Fibroinstrangen und einer Ummantelung aus
Sericin, welche die Fibroinfasern zusammenhalt und dem Kokon seine Struktur und Festigkeit
verleiht (Meinel and Kaplan, 2012; Nguyen et al., 2019). Studien zufolge konnte belegt werden,
dass Sericin bemerkenswerte biologische Eigenschaften aufweist, welche allerdings in
Kombination mit Fibroin zu allergischen Reaktionen fuhrt (Thurber, Omenetto and Kaplan,

2015; Gautam, Jain and Kapoor, 2017; Gholipourmalekabadi et al., 2020). Aufgrund seiner

14



exzellenten Gerinnungs- und Feuchthalteeigenschaften wird Sericin besonders in
kosmetischen Praparaten wie Cremes oder Gelen verwendet. Hinzu kommen Studien zufolge
ein antioxidatives Verhalten, eine antikarzinogene Wirkung sowie herausragende UV-
Schutzeigenschaften (Aramwit, Siritientong and Srichana, 2012; Lamboni et al., 2015). Silva
et. al. 2022 beschreibt dartber hinaus die Verbesserung der Osteoblastenproliferation und
damit einhergehenden Knochenregeneration unter Anwendung von Seidensericin (Noosak et
al., 2022; Silva et al., 2022).

2.2 Seide in der Mund-, Kiefer- und Gesichtschirurgie

Besonders nach schweren Traumata oder Tumoren im Gesichtsbereich mit einhergehendem
Verlust von Hart- und Weichgewebe resultiert dies in erheblichen funktionellen und
asthetischen Beeintrachtigungen fir den Patienten (Zhang and Yelick, 2018; Emara and Shah,
2021; Smeets et al.,, 2023). Zur Wiederherstellung von fehlendem Gewebe kommen
Transplante zum Einsatz, die Gberwiegend autolog, allogen oder xenogen sind (Smeets et al.,
2023):

» Autolog: vom eigenen Organismus stammend
» Allogen: von einem Individuum gleicher Spezies stammend

» Xenogen: von anderen Lebewesen stammend

Autolog bezeichnet dabei Transplantate, die von derselben Person stammen (Rentsch et al.,
2012; Smeets, Henningsen, et al., 2017). Bei allogenen Transplantaten handelt es sich bei
Spender und Empfanger nicht um dieselbe Person, aber um dieselbe Spezies (Smeets,
Henningsen, et al.,, 2017). Kommen xenogene Transplantate zum Einsatz, sind diese
Ublicherweise vom Rind oder Schwein (Smeets et al., 2014; Smeets, Henningsen, et al., 2017).
All diese Ansatze stellen zwar nach wie vor den Goldstandard dar, weisen aber auch
Komplikationen auf, unter anderem Abstol3ungsreaktionen und Infektionen, die eine erhdhte
Morbiditat und verlangerte Krankenhausaufenthalte mit sich bringen (Smeets et al., 2023). Die
Herausforderung besteht also nicht nur in der Entwicklung innovativer Werkstoffkonzepte,
welche kostenginstig und skalierbar produziert werden kénnen, sondern auch in der
Vertraglichkeit und defektfillenden Funktionalitat des Materials (Smeets et al., 2023). Zudem
muss die Herstellung solcher Materialien den Richtlinien des Arzneimittelgesetzes unterliegen
und die Bedingungen der Guten Herstellungspraxis (GMP) erfiillen. Zur Qualitatssicherung
gelten regelméfige Kontrollen post implantationem als unerléasslicher Nachweis.

Die  Weiterentwicklung geeigneter Biomaterialtechnologie fur die Hart- und

Weichgeweberegeneration zur Umgehung der oben aufgefiihrten Problematiken ist aktueller
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Stand der Forschung in der Mund-, Kiefer- und Gesichtschirurgie. Der Schwerpunkt liegt dabei

auf den folgenden Themenfeldern, siehe Abbildung 7.

Asthetische

Implantologie Parodontologie Wundheilung Chirurgie

Abbildung 7: Eigene Darstellung der aktuellen Forschungsschwerpunkte von innovativen

Biomaterialtechnologien in der Mund-, Kiefer- und Gesichtschirurgie.

Im implantologischen Bereich, u.a in der orofazialen Rekonstruktion, gilt das sogenannte ,All-
in-one-Prinzip“, welches besagt, dass Hart- und Weichgewebe gemeinsam regeneriert oder
rekonstruiert werden muissen (Zhang and Yelick, 2018; Smeets et al., 2023). Obwohl somit
eine optimale Durchblutung des Gewebes sichergestellt werden kann, zeigen Studien, dass
Weichgewebe im Vergleich zum Hartgewebe eine schnellere Wachstums- und hdhere
Migrationsrate aufweist. Dies bringt nicht nur ein schnelleres Einwachsen von Bindegewebe
in den jeweiligen Defekt mit sich, sondern sorgt auch dafir, das eine erfolgreiche
Knochenheilung und Knochenneubildung verhindert wird (Zhang and Yelick, 2018; Smeets et
al., 2023). Um dieses Problem zu verhindern, werden vor Implantation dentaler Implantate
inerte Barriere-Membranen (Guided Bone Regeneration (GBR)/ Guided Tissue Regeneration
(GTR)) unter die Schleimhaut und auf den Kieferknochen (Defektspalt) gelegt. Diese
verhindern nicht nur das Einwachsen von Bindegewebe, sondern stabilisieren auch
eingebrachtes partikulares Material durch Schaffung eines Hohlraums (Smeets, Henningsen,
et al.,, 2022; Smeets et al., 2023). Besonders die Barriere- und Leitfunktion ist von sehr
wichtiger Bedeutung, um ein Absinken der Membran in den Kieferdefekt, zu verhindern und
im Sinne eines Platzhalters zu fungieren (Toffler, 2014; Lu et al., 2015; Smeets, Knabe, et al.,
2017). Die Anwendung von seidenbasierten Membranen zur Rekonstruktion von
Kieferkammdefekten und fur die GBR/ GTR stellt eine innovative Materialtechnologie dar,
indem sie nicht nur die oben aufgefiihrten Risiken fast ganzlich ausschlief3t, sondern dariber
hinaus mit weiteren Biomaterialien funktionalisiert werden kann. Der aktuelle
Forschungsschwerpunkt liegt hierbei auf einem vollstdndig resorbierbaren Augmentations-Kit,
welches neben einer resorbierbaren Membran auf Fibroin-Basis kombiniert wird mit einem
Versteifungselement aus Magnesium und resorbierbaren Magnesium Pins zur Fixierung der
Membran am jeweiligen Defekt. Gerade in dieser Kombinationsvariante soll Magnesium als
stutzende Struktur fir mehr Formstabilitat sorgen. Magnesium kommt bereits als natirliches

Element im humanen Organismus vor und ist fiir viele physiologische Ablaufe verantwortlich
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(Saris et al., 2000; Kim et al., 2014). Durch die Freisetzung von Magnesium lonen kdnnen
Entzindungs -und AbstoRungsreaktionen gelindert und der Knochenaufbau unterstitzt
werden (Saris et al., 2000; Kim et al., 2014). Jingste Studien haben zudem bewiesen, dass
Magnesium als Knochenersatzmaterial eingestuft werden kann. So zeigten sich neben hohen
Mineralablagerungsraten auch eine erhéhte Knochenmasse und eine verbesserte Neubildung
des Knochengewebes in Verbindung mit Magnesium (Saris et al., 2000; Witte et al., 2005;
Kopp et al., 2019a).

Im Bereich parodontaler Defekte kommen Okklusivmembranen ebenfalls zu Anwendung, um
zu verhindern, dass die umgebende Mukosa in die Defektstelle eindringen kann (Gamal and
lacono, 2013; Zhang and Yelick, 2018; Emara and Shah, 2021; Smeets et al., 2023). Die
modifizierbaren Eigenschaften des Seidenfibroins bringen auch fur den Bereich der
Wundheilung und &sthetischen Chirurgie entscheidende Vorteile mit sich, die im Kapitel 2.3
LAnforderungen der Seide an Regenerations- und Wundheilungsprozesse® (S. 17) ndher

erlautert werden.

2.3 Anforderungen an Seide bei Regenerations- und Wundheilungsprozessen

Die Regeneration einer Wunde stellt einen physiologischen Prozess dar. Dabei setzt,
abhangig vom Ausmafd der Wunde, ein individueller und sequenzieller Heilungsprozess ein,
welcher unterschiedlich lange andauern kann (Flanagan, 2000; Koh and DiPietro, 2011;
Srivastava et al.,, 2015; Gonzalez et al., 2016; Singh, Young and McNaught, 2017; Patil,
Reagan and Bohara, 2020). Die Nutzung einer geeigneten Wundabdeckung zum Schutz vor
Keimen und extensiver Austrocknung stellt demnach ein seit Jahrhunderten anerkanntes
Prinzip dar (Wigger-Alberti et al., 2009; Shah, 2011; Broussard and Powers, 2013; Farahani
and Shafiee, 2021). Allerdings gibt es je nach Wundsituation verschiedenste Anforderungen
an das zu benutzende Material. Im Bereich der naturlichen Biomaterialien gibt es bereits seit
Jahren diverse Polymere, welche neben einer ausreichenden Biokompatibilitat eine einfachen
Herstellung und Handhabung vereinen (Ninan et al., 2015; Ustiindag Okur et al., 2019; Juncos
Bombin, Dunne and McCarthy, 2020; Patil, Reagan and Bohara, 2020; Wang et al., 2023).
Neben Chitosan und verschiedenen Polysacchariden wie Stérke oder Alginate finden auch
Kollagen und proteinbasierte Materialien weitverbreitet Asnwendung (D.-H. Roh et al., 2006; Lu
et al., 2008; Rouabhia and Allaire, 2010; Patil, Reagan and Bohara, 2020). Um Gewebedefekte
entsprechend gut versorgen zu kdnnen, sind neben einer exzellenten Biokompatibilitat auch
gute mechanische Verhaltnisse sowie ein entsprechendes Degradationsverhalten von grol3er
Bedeutung (Agarwal, Wendorff and Greiner, 2008; Wang et al., 2010; Huang et al., 2012, 2018;
Patil, Reagan and Bohara, 2020). Um die Regeneration des Defekts so optimal wie moglich
zu gestalten, sollte der Gewebeersatz mdglichst der Extrazellularmatrix des natirlichen

Gewebes entsprechen und dariber hinaus die Zell-Interaktion durch eine makro- oder
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nanoporose Struktur unterstitzen (Gil et al., 2011, Li et al., 2013; Huang et al., 2018). Weitere
Anforderungen fir den Bereich Wundheilung und Regeneration sind in der folgenden
Abbildung 8 noch einmal schematisch dargestellt. Obwohl die Palette an Materialkonzepten
vielfaltig scheint, sind einige dieser Werkstoffe aufgrund ihrer Verarbeitungsmdéglichkeiten,
strukturellen Degradation oder Immunogenitat fir den uneingeschrankten Einsatz in der
Regeneration und Wundheilung limitiert (Lehmann et al., 2022; Smeets, Henningsen, et al.,
2022). Seidenfibroin schafft hier aufgrund seiner exzellenten mechanischen Eigenschaften mit
einhergehender einstellbarer Degradierbarkeit einen entscheidenden Vorteil zur Optimierung
innovativer Materialkonzepte (Smeets, Henningsen, et al., 2022). Besonders im Bereich der
Wundheilung konnten Studien belegen, dass Fibroin die Leukozytenanzahl und die Dauer der
Entziindung essentiell verringert hat (Gholipourmalekabadi et al., 2020). Fibroin beschleunigt
die Proliferation humaner Zellen sowohl in vitro als auch in vivo, was eine Deckung der
Defektstelle mit einhergehender Neovaskularisierung von nativem Gewebe zur Folge hat
(Napavichayanun and Aramwit, 2017; Chouhan and Mandal, 2020; Patil, Reagan and Bohara,
2020; Schéfer et al., 2022). Park et al. 2018 haben in einer Studie die Korrelation zwischen
einer beschleunigten Wundheilung und einer vermehrten Ausschittung des
Transkriptionsfaktors NF-kB im Zusammenhang mit Seidenfibroin gezeigt (Park et al., 2018).
Hierbei wird deutlich, wie eng der Prozess der Wundheilung mit der Ausbildung von
Wachstums- und Proliferations-stimulierenden Faktoren zusammenhangt (Chouhan and
Mandal, 2020). Die Funktionalitat von Seidenfibroin im Bereich der Regeneration und
Wundheilung hat demnach also positive Auswirkungen auf die Proliferation und Interaktion mit
dem umliegenden Gewebe (Brown and Badylak, 2014; Hodgkinson and Bayat, 2014; Sultan,
Lee and Kim, 2018; Patil, Reagan and Bohara, 2020; Schafer et al., 2022; Smeets,
Henningsen, et al., 2022). Die beim protelolytischen Abbau des Fibroins entstehenden
Peptidfragmente zeigen sich Studien wie Yamada et. al. 2004 zufolge ebenfalls Proliferations-

stimulierend (Yamada et al., 2004).
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Abbildung 8: Eigene Darstellung der Anforderungen an Wundheilung und Regeneration in Anlehnung

an (Huang et al., 2018; Patil, Reagan and Bohara, 2020).
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3 Zielstellung dieser Doktorarbeit

Das ubergeordnete Ziel dieser Dissertation lag in der ,Funktionalisierung und
Charakterisierung von Biomaterialien auf Seidenfibroin-Basis fiir eine spatere Anwendung im
Bereich der Regeneration und Wundheilung in der Mund-, Kiefer- und Gesichtschirurgie®.

Um einen besseren Uberblick (iber die Forschungsschwerpunkte geben zu kénnen, wurden in
Abbildung 9 ein Schaubild erstellt, welches die Forschungsfrage dieser Dissertation einmal
grafisch darstellt und dartiber hinaus 3 inkrementelle Hypothesen verfasst, die als Leitfaden

der in dieser Arbeit fokussierten Schwerpunkte dienen:

Hypothese 1. Kann Seidenfibroin als Beschichtung auf Implantatmaterialien
aufgetragen werden und inwieweit beeinflusst diese

FremdkdrperabstofBungsreaktionen? (Verdffentlichung 1)

Hypothese 2: Besitzen Strukturen auf Seidenbasis ein inharentes antibakterielles
Verhalten und kdnnen antibakteriell beladene Seidenmatrices eine wichtige Rolle in der
Wundheilung einnehmen? (Veroffentlichung 1l und 111)

Hypothese 3: Kodnnen Fibroin Membranen mittels EVs funktionalisiert werden, um die

Regenerative Medizin im Kopf-Hals-Bereich zu optimieren? (Verdffentlichung 1V)

Die Basis aller Publikationen bildet der Isolationsprozess des Seidenfibroins gemaf der
PureSilk® (Fibrothelium GmbH, 2022) Technologie aus den Kokons des
Maulbeerseidenspinners B. mori. Ein Schwerpunkt lag dabei zu Beginn auf der
Charakterisierung von regeneriertem Seidenfibroin als Layer-by-Layer Beschichtung von
Implantatmaterialien, um die Fremdkoérperabstol3ungsreaktion besser regulieren und u.a. die
Osteogenese stimulieren zu kénnen (Fuest et al., 2023). Nachdem die Funktionalitat von
Seidenfibroin als Ldsung belegt werden konnte, wurde in einem nachsten Schritt die
Ausbildung verschiedener Seidenstrukturen fokussiert und der Schwerpunkt auf die
Funktionalisierung jener Strukturen gelegt, um die Regenerationsfahigkeit und Wundheilung
zu verbessern und damit einhergehend bakterielle Infektionen im Bereich der Zahnheilkunde
wie eine periimplantdre Mukositits oder eine Periimplantitis zu vermindern. Zur Anwendung
kamen hier in einem ersten Schritt antibakterielle Substanzen und EVs (Schéfer et al., 2022,
2023; Fuest et al., 2024) zur Optimierung der Regeneration und der Wundheilung in der Mund-
, Kiefer- und Gesichtschirurgie. Abbildung 9 stellt die durchgefiihrten Arbeiten und daraus

resultierenden Veroffentlichungen dieser Dissertation noch einmal grafisch dar.
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3.1 Veroffentlichung |I: ,Layer-by-Layer Deposition of Regenerated Silk
Fibroin—An Approach to the Surface Coating of Biomedical Implant Materials.“

Fuest, S., Smeets, R., Gosau, M., Aavani, F., Knipfer, C., Grust, A. L. C., Kopp, A., Becerikli, M.,
Behr, B., & Matthies, L. (2023). Layer-by-Layer Deposition of Regenerated Silk Fibroin — An Approach
to the Surface Coating of Biomedical Implant Materials. ACS biomaterials science & engineering,
9(12), 6644—6657.

Beschichtungstechniken bieten grof3e Vorteile fur moderne Therapiekonzepte. Das
Ubergeordnete Ziel dieser Studie lag in der Charakterisierung von Seidenfibroin-basierten
Beschichtungen auf den Implantatwerkstoffen Titan (Ti6-AL-4V), Magnesium (WE43) und
Polymeren (Poly-Methyl-Metha-Crylat (PMMA)), die haufig fir orthopadische und andere
knochenbezogene Implantate verwendet werden. Diese Art der Oberflachenmodifikation
durch funktionale Beschichtungen wird als innovative Mdoglichkeit in Betracht gezogen, um
unter anderem die Osseointegration und Weichgeweberegeneration von Implantatmaterialien
nachhaltig zu verbessern. Hierflr wurden die Kokons des Maulbeerspinners B. mori in einem
schonenden Verfahren in eine wassrige Fibroinldsung tberfuhrt und im Anschluss daran die
regenerierte Fibroinlésung mittels Dip-Coating Verfahren auf die Oberflache der
Implantatmaterialien aufgetragen. Die Werkstoffe Titan und Magnesium wurden vorab mittels
Plasmaelektroylischer Oxidation (PEO) in einen superhydrophilen Zustand Gberfihrt, um eine
bessere Adhasion des Fibroins an der Oberflache zu gewahrleisten. Mit Hilfe von
Rasterelektronenmikroskopie (REM), Kontaktwinkelmessung und Fourier-Transform-
Infrarotspektroskopie (FTIR) wurde die aufgebrachte Schicht untersucht und im Rahmen von
Zyto- und Hamokompatibilitdtstestungen evaluiert (s. Abbildung 10). Die Charakterisierung der
drei Probengruppen ergab, dass die zuséatzliche PEO-Behandlung auf den Titan- und
Magnesiumproben zu deutlich kleineren Kontaktwinkeln fiihrte, was fur eine Benetzbarkeit und
Hydrophilie spricht. Die FTIR Analyse ergab einen hdheren Gehalt an B-Faltblattern nach
zusatzlicher Nachbehandlung der Seidenschichten. Die Bewertung der Hamokompatibilitat
wurde durch die zuséatzliche Seidenfibroin-Schicht nicht veréandert; dartiber hinaus zeigten die
Zytokompatibilitéatstestungen, dass Fibroin eine signifikante entziindungsfordernde Reaktion
hervorruft, welche bei einer Reihe von physiologischen Prozessen, einschlie3lich der
Osteogenese eine wichtige Rolle spielt.

Die dargestellten Ergebnisse zeigen, dass die Beschichtung von Implantatmaterialien mittels
Seidenfibroin ein grol3es Potenzial fiir den Einsatz als Medizinprodukt aufweisen (Fuest et al.,
2023).
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Abbildung 10: Eigene Darstellung des Versuchsaufbaus und der experimentell durchgefihrten
Versuche in Fuest et. al. 2023 (Fuest et al., 2023).
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3.2 Veroffentlichung II: ,Antibacterial properties of functionalized silk fibroin and
sericin membranes for wound healing applications in oral and maxillofacial
surgery.“

Schéfer, S., Smeets, R., Kopf, M., Drinic, A., Kopp, A., Kréger, N., Hartjen, P., Assaf, A. T., Aavani,
F., Beikler, T., Peters, U., Fiedler, I., Busse, B., Stirmer, E. K., Vollkommer, T., Gosau, M., & Fuest

S. (2022). Antibacterial properties of functionalized silk fibroin and sericin membranes for wound

healing applications in oral and maxillofacial surgery. Biomaterials advances, 135, 212740.

Die optimale Versorgung oraler Wunden mit geeigneten antibakteriellen Verbéanden stellt bis
heute eine enorme Herausforderung dar. Ziel dieser Studie lag deshalb in der
Charakterisierung und Evaluierung von Membranen und Vliesen auf Seidenproteinbasis,
welche mit den antibakteriellen Substanzen Silbernitratldsung (AgNOs) und Gentamicin
funktionalisiert wurden. Zu Beginn wurden die Proteine Fibroin und Sericin aus den Kokons
des B. mori voneinander getrennt und mittels eines speziellen GieRverfahrens und
Elektrospinning zu Membranen und Vliesen weiterverarbeitet und mit antibakteriellen
Substanzen beladen. Im Anschluss daran wurden die Probekorper mittels kinstlichem
Speichel versehen und mit einem anaeroben Bakterienstamm kultiviert. Die antibakterielle
Wirkung wurde im Anschluss anhand der Lebendbakterienzahl und der Gesamtbakterienzahl
ermittelt. Dartber hinaus wurde die Zytokompatibilitdt mittels direkter und indirekter Testreihen
(Zellproliferation (XTT) und Zytotoxizitat (LDH)) bestimmt und die Probekdrper unter dem REM
charakterisiert, siehe Abbildung 11.

Die mikroskopischen Aufnahmen stellten die glatte Membranstruktur und die verwobene
Struktur der Vliese gegenuber.

Die Ergebnisse wiesen auf ein signifikant geringeres Wachstum der Bakterienkolonien und
eine geringere DNA-Zahl fiir gegossene Membran mit Silbernitratlésung hin, mit einer
Verringerung der Bakterienzahl um 3 logarithmische Werte (99,9 %) im Colony-Forming-Unit
(CFU) und Real Time Quantitative PCR (grt-PCR) - Assay im Vergleich zu unbehandelten
Kontrollmembranen und mit Gentamicin funktionalisierten Membranen und Vliese (p < 0,001).
Ebenso erbrachten Gentamicin-behandelte Vliese im Vergleich zu silberbehandelten Viiesen
und der Kontrollgruppe (p < 0,001) signifikant niedrigere DNA- und Koloniewachstumszahlen.
Zusammenfassend lasst sich sagen, dass Membranen mit Silber im Vergleich zu Vliesen mit
Gentamicin eine um 1 log hohere antibakterielle Aktivitat aufweisen, wahrend Vliese mit
Gentamicin eine bessere Zytokompatibilitéat fur L929-Zellen zeigen.

Somit konnte gezeigt werden, dass die Beladung von Seidenstrukturen mit antibakteriellen
Substanzen erfolgreich war und eine antibakterielle Wirksamkeit erzielt werden konnte was
einen Grundstein fir die erfolgreiche Anwendung von Seidenmaterialien in der oralen
Wundheilung darstellt (Schafer et al., 2022).
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Abbildung 11: Darstellung des antibakteriellen Versuchsaufbaus aus Schéfer et. al. 2022 (Schéfer et
al., 2022).
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3.3 Veroffentlichung I1ll: ,,Silk proteins in reconstructive surgery: Do they
possess an inherent antibacterial activity? A systematic review.“

Schéfer, S., Aavani, F., Kopf, M., Drinic, A., Stirmer, E. K., Fuest, S., Grust, A. L. C., Gosau, M., &
Smeets, R. (2023). Silk proteins in reconstructive surgery: Do they possess an inherent antibacterial

activity? A systematic review. Wound repair and regeneration: official publication of the Wound

Healing Society [and] the European Tissue Repair Society, 31(1), 99-110.

Der Sektor der rekonstruktiven Chirurgie beinhaltet ein breites Spektrum an chirurgischen
Verfahren und regenerativen Ansatzen zur Behandung unterschiedlichster Gewebearten. Da
jeder chirurgische Eingriff nicht nur ein erhéhtes Risiko einer Infektion mit sich bringt, sondern
auch eine finanzielle Belastung fur den Patienten darstellt, wird gerade im kieferchirurgischen
Bereich an innovativen Materialkonzepten geforscht, die neben einer exzellenten
Biokompatibilitat weitere Vorteile wie eine einstellbare Abbaubarkeit und eine minimale
Immunogenitat mit einhergehenden antibakteriellen Eigenschaften mit sich bringen. Diese
Voraussetzungen kénnen mit dem Biomaterial Seide erflllt werden. Das Ziel dieses
systematischen Reviews lag in der Erstellung einer systematischen Ubersicht zu folgender
Forschungsfrage: Besitzen Seidenproteine (Fibroin & Sericin) eine intrinsische antibakterielle
Eigenschaft und wie kénnen diese so modifiziert werden, dass eine solche Eigenschatft erzielt
wird (Schafer et al., 2023)?

Die in diese Recherche eingeschlossenen Search-Terms lauten (Schafer et al., 2023):

(Seidenfibroin) ODER (Seidensericin) ODER (Seidenprotein) UND (antibakteriell) ODER
(antimikrobiell) ODER (bakterientdtend)

Einschlusskriterien waren hier (s. Abbildung 12):

1- Originalarbeiten (préklinisch und Klinisch)

2- Indikation: klinische Anwendung

3- Bestandteil der zu untersuchenden Materialien Fibroin oder Sericin
4- Schwerpunkt liegt auf antibakterieller Analyse

5- Kontrollgruppe ohne antibakterielle Funktionalisierung
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Abbildung 12: Flussdiagramm gemaf3 der PRISMA Richtlinien fir systematische Reviews (Page et al.,

2021; Schafer et al., 2023).
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3.4 Veroffentlichung 1V: ,,Doping of casted silk fibroin membranes with
extracellular vesicles for regenerative therapy — a proof of concept.“

Fuest, S., Salviano-Silva, A., Maire, C. L., Xu, Y., Apel, C., Grust, A. L. C., Delle Coste, A., Gosau,
M., Ricklefs, F. L., & Smeets, R. (2024). Doping of casted silk fiboroin membranes with extracellular

vesicles for regenerative therapy: a proof of concept. Scientific reports, 14(1), 3553.

Bioaktive Materialkonzepte fur den gezielten Einsatz sind seit Jahren ein wichtiger
Forschungsschwerpunkt in der regenerativen Medizin. Ziel dieser Studie war es, eine proof-
of-concept-Verbundstruktur in Form einer Membran aus nattrlichem Seidenfibroin (SF) und
extrazellularen Vesikeln (EVs) aus dem Uberstand einer immortalisierten Gingiva-Fibroblasten
(GF)-Zelllinie zu untersuchen. EVs haben vielfdltige Fahigkeiten, auf ihre Zielzellen
einzuwirken, und kénnen daher sowohl in der Physiologie als auch in der Regeneration eine
entscheidende Rolle spielen. Als Tragermaterial werden pH-neutrale, abbaubare Membranen
auf Seidenfibroinbasis verwendet, die hervorragende zell- und gewebespezifische
Eigenschaften aufweisen. Durch einen alkoholbasierten, schonenden Loseprozess kdnnen die
Kokons des B. mori in eine wassrige Losung uberflhrt werden. Im Anschluss daran wird die
reine Fibroinlésung mit den EVs funktionalisiert und im Anschluss in die Form einer Membran
Uberfuhrt, grafisch dargestellt auch in Abbildung 13.

Die Charakterisierung der Vesikel ergab einen Grol3enbereich zwischen 120-180 nm und eine
hohe Expression der Ublichen EV-Marker (z.B. CD9, CD63 und CD81), gemessen mittels
Nanopartikel-Tracking-Analyse (NTA) und Einzel-EV-Flow-Analyse (IFCM). Eine anfangliche
Integration der EVs in die SF-Membran wurde mit Hilfe der Raster- und
Transmissionselektronenmikroskopie (SEM und TEM) analysiert und die Vesikel wurden
erfolgreich nachgewiesen, auch wenn sie nicht homogen in der Membran verteilt waren. Die
Proliferation von L929-Zellen war auf den mit EVs funktionalisierten Membranen erhght
(p>0,05). Durch direkte und indirekte Tests konnte die Zytokompatibilitdt der Membranen mit
und ohne EVs nachgewiesen werden und zeigte signifikante Unterschiede im Vergleich zur

toxischen Kontrolle (p<0,05).
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Abbildung 13: Eigene Darstellung der durchgefiihrten Experimente in Fuest et. al. 2024 (Fuest et al.,
2024).
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4 Material & Methodi

Darstellung der in dieser Dissertation verwendeten Materialien und Methoden.

igene

E

Tabelle 2

1auyaIazuUs%ab 0‘0 > d neanuzueyubis

Buniaisifeuonun 9
I8 Inj () nw puis usteq aid “wynyabyainp (aremyjos

1apfequue auyo addnibjjonuoy -G asAjeuy Ja||auapeqnue jne 1681 pundiamyas -
UI2UaS 13p0 UI0IqId UdI[eLISYRIN UBPUBYINSIBIUN NZ Jap [1B)puelsag -¢

BunpUBMUY BYISILI UONEXIPU| -2 pedydeis) {048 uoIsIaA) wislid pedydels Jw usgqoidyons
(yostuip| pun yosiulpreid) usagrefeuIBuQ -1 apeedabun ny 1se 1 1aBiasiamz uis apinm s3 jnsnels
‘uaLIBIIYSSN|YISUIg ‘usinfeAs
‘uaddnio usieisaieb aje (pusigiusLapyeq) ¥IAO (lRIgonWwnUe) Y3AO (Buepfeqnue) aNn (uisoiduspias) ¥3AO (Upuasuspias) ¥3dO (uioigyuspias) | (VSN ‘NI ‘stjodesuuy ‘swaisks @y ‘subiiuend) sis|jaisiaH
1N} paiyasIaiun uajuexyubis usud 18Inapag GO0 > dux “(VSN 'SWwia-yaress sap uagebuy uap sewab 11y-ydImpues-yS|13 S|aniw apinm
‘AN uouny ‘Ngl) Tz SSdS slenw Bunpamsny :jisieis MaInSY 0-4N L UOA UOR3IaS a1 ‘(v9) BunsoipAuapreseino Jabigee
“MynyeBy2INp 2102 ‘2T-/6002 :S'€660T OSI NI Jop funsseq S|aNIW BYOLILAGO Jap Jne ua||aZ Jap Buriaixif ;opuagalyosue
8Yasinap aIp Ue Bunuyajuy ul apnm ¥ Tedwox014z aig “uynyByoInp NWWNIPAWIIOA Ul UBJIOZ T-dHL UoA Bunipaisag
“(puBISINGQ ‘UsLDONIBGO ‘SSIBZ 1)) 906 OFT AL Sian NEN 'ZT-/6002 ‘S m,mmoﬁ ,Om_ N3 Jep m::mmm“._ 8yosinap alp ue Bunuyajuy u spanm Jel|iqired woxo0ifz aig Eewmcszu ‘(puejyosinaq ‘usyiny ‘aINY0J) waisks-doo-1s|pueyd
asAfeuy N3 L ‘puelbul ‘uopuo ‘spsemp3 ‘gosTsS J81e0d (SN “eufjored yuoN ‘Ared “ouj SInsUl SYS) ¥'L SY'S MW pInM SISa L udjjauapeqiue ._% asAleuy ayosiisiels 8lQ LwNsaq wr BunssawsienjiqiedwoxoweH :usbunisa -1 ny|jeZ
Jounds s 1603 ssazoidinnds-ploS “PUEOSINAG amwmco_mé_a,_m.?v 510U LILIBH S[RHW SPINM IEIAIY 8][BLISIGIUE BIXALIP 1 “Jallid-YNYHSIT Walalaeqna sian (VSN VI ‘Weyfe A a1usias Jaysi owuayl)
. ) . (vSn ‘usiuiopiey ‘Asjestiag ‘sauioreloge pey-0lg ‘WalsAS UoNoa1aQ YOd SWIL-[edy Yano L 96X40) ¥Od-Hb sjaniw aBUsN-YNA | jeawomiads 0 SNXaN 19]09IN Wauia Nw uabunssa iy yi 1
U3YO03I3GQ ‘SSIAZ ‘OFE LWeassolD sfeliw asAfeuy alp ‘(puejyasinaq ‘eua( ‘Oy BUSL YNATRUY ‘U UONR|0S| YN dIHdnuul) uassawab (¥Od) UoIeaIuaNaY-aSeIdWA|0d S|oniW apnm; (BuejBu3 ‘Ave10 ‘spremp3) G0STS Jate0)) Jannds

INTY “(AUSIIN) 1Y BWOSOXT X3|dSIVIN Slaniw 16j03 VYNQ UdJ|a11a1eq Jap |yezuelwesas "uassawab (3gy) Isyuig apuap|iq aiuojoy aip pun 181sa1eb 000°0T:T PUn 00T:T ‘00T.T UOA YoInp Yuyaeuannds ‘08X sdiiyd Sl asAeuy- Iy
Buniaisuiaprerey) ayasidAoueyd aiq "(WD41) A11BWoILD uabBunuunpiaA U usiejdreBeinig uoa uajdwiag yaInp apinm usuapfeg uablyejsusgal Jap |yezuy aia ‘(puejyasNad ‘ZiugaT ‘HAwo (z1aMyas ‘BBNIGIEID ‘Y
Mol BuiBew pun (V.IN) sisAfeuy Buiyoel] ajonsedouen uainyny||az pun uatwsiueBioonyijy UoA Bunjwiwes ayasinad ‘60,0z WSA ‘sifenibulf seuowoihydiod) sifeaibulf seuowolAydiod BunyaCUeIaApIIE o_mmE_v $5300y aBew| sjemi Bunysmsny
SjomIw BupioeaISaA ;BunIBISIBPRIRYRNISIA apuaJalsIuo|oy Teds Jap pun (pue|YISINEQ ‘ZNUgIaT ‘HAWS UsINNY|[8Z pun uawsiueBIoomIN UOA Bunjwwes ayosineq ‘€795T ,N.om.@mm osINIG e Bunuysluy Ul m::mmmE._mv_c_Ev_mEov_
uauLomab NS ‘WNesjaNU WNLBIORGOSN) WNIESIONU WN1IdoRgosN4 ‘(PUByasINaq ‘ZIUgieT ‘HWS UINNY|[8Z pun uswsIueBIo0 BN BunsQ] 45 Q,.\smw Sul ’
uoA Bunjwwes ayasinaq ‘€€z.T INSA ‘IPUN|S3.U S8AWOUNIY) 1IPUN|SBRU S8OAWOUNDY USpUBIBISILO|0Y Bigew ‘(puejyosineg | . i ? :
) ) \ . %8S 07 Inj aremijos-lolewdiq sfemiw Yiuyssisbumyoiyosag
Z)UQIa ‘HYWS USINYNY(I9Z pun uawisiueBIoonyijy UoA Bunjuiies ayasinaq ‘€50z WSA ‘sueinw snadodoidains) sueinuw ;
YOIYISPIXQ Jaula Bunpligsny pun swoasyals|o saule ushisjuy
$N22020}d31}S UBPUBIAISIUO|O3 YNy UOA UaBUNGIeS gosaeUR Y2INp INYNXYdSiwualapeg uabissnyy Jaula Jap BunjaisiaH
yaInp winisaubejy pun Uey L UOA YyaInp uolexyipon-03d

uonebnyiiuazenin yonp (uaiueds ‘(erexzig) ousq ‘1o.douu|
‘9980Td) UBISe|qoIqlyIsIajjuyez auewny auaisifelowL
:UO17R|0SI[3ISBA

“(w/bw 0 (vsa)
ULUNGTELNBSIBPUIY PUN /B G8'0 LN “T/BUl T aseiAL-e) [ayiads WeuaIsunY it BUe| UspuNIS vz Ugoid Jap uonegnyuy | (PUBIUOSINSA ‘IIBIBN 138 ‘W 8 & qeispuny-seiBiAioy) v
UezWIaNPUSGaIWESaS) Jap Bunwinsag (pueiyosinag
(BueiBu3 ‘Aimeld ‘spremp3) 9OSTS Jereo) Jannds yainp yiuydsuannds "HOWD 99109 ‘Wi 6 2 'OINEYIM) wWnisaube
(puejyosinaQ ‘usyaoxIaqQ ‘sslaz) e Weagssol) sjaniw asAfeuy-N3y (puelyosinaq ‘HQWS 98109 ‘W 6 8 ‘¥ BpRID 11) Uel |
RENTINS :18digyaqoid
(v20z "Te 19 1s3N4) 8pIas /19XISAA 1Al BunydIUBL0IPaA (€202 ‘220z ‘e 12 J9JeYS) (MaIARY + [93111Y) pIas a|[aLianfeqnuy il /Il Bunyaipuajoian (€202 'fe 12 1san4) 19 ke -Ag-1ake ;| BunyaipuayQIan

“Bunusoo | JapusgaIYISUR I O, 0/ 18q Bun|pueyagduiepiassem UsBNUIN-OE Jould AiTeuIS)[e pun Y T nj (%A 02) PeqIOUBYIT SISHIW USINNAS-UI0IqIH Jop Bunial

eIsiy

uapoyjawsBun|pueyagqyoeN

[9)ISA Jase|n|[9zenx3 S|aniw Bunsojuapas Jap Buniaisiieuomiun sAeuIB)Y yensaq
Y917 (AN) WSNLIOIA-BAIN NW Y T 4N} 3131Z}3] pun Jyasiuab Jeniuiag|iS Japo uidiweluss Jw qeloA Bunsojuiolgiy :Buniaisijeuoyuny ‘uplweluss Japo Bunsg1-gONPy Ul ssezosdyone] :Bunial
‘uapIam "16nazia sapja4 uayashaubewonale
uayuBabyonInz uaBunyaLIoAgalo) Ua|[a1zads Japo [xelyaIzW|i4 WAUIA SIM 31eIa9) a|[aUIYISeL jne Ajeuslje Uue ‘UsuuQy nz usjeizia saule Bunymuig aip yaunp Bunsojuioigi4 Sne YalaiagualalioueN Wi uiasepawA|od uapiam ualyepaauuidsonya|d bunjjalsiaH
uaxlpuelquiajy alauabowoy wn “Bunuxool | Japuagaljyosue Jw gejas) saueld uis ul Bunsgluaplas Jap usyalbay :Bun|aisiaH

uaueIqsp 8SaIIA

uawioysBunyagIeIB AIBHOM

Jersabiay Bunsgt-u

19 NZ UIB3AE UG SGEEITZ YOIND UBPIT LISLAS STE USTDINS SHOpOL “yabejab 9, ¢ 19 pun Ye1sabuIa /B T Jne SpINM UOITeIUSZUONUIOICIH S1BPUSMIBA JIPNIS Bsalp In} 3l "MalsAfelp (Jassem-3/\) Jassem-saiziesiua-loA uahab Bipugis|jon
aisielp Bue| USPUNIS 8 pUN LUNKAAN (BN S'€ ODMI) UBPUNIS 1Y€ UOA GleyJauul SUSIYe ansuoIpelixg Sauia ajiH J ap.nm uloigid 31s0jab seq "Lynyagn wio4 aydijso| auid Ui jusheas s emesify S|a1IW a1eM-UI0IgIS dull aip pun
Usue.IquawWasAJeIq Ul 8pinm BunsopoIsuIeH-UILeS 81q (¥Tv vi'T) Juuaab JapueulBUOA SSBZ01d BujwwINGBQ USP LIINP UBPINM UDLBS Pun UI0Igl4 8UIlold Uapieq aiq Jeisabiay aifiojouyos L SMiSeind Jep gewsb spinm Bunsgi-uloiqyuapies 8

BunsoijoIsuIeH |\ 8 S[aRILU SUOYONUSPIBS-1IOW g UOA ssazoldsBunjseqiu

UoJje|0SIUIdIIBS uolje|osiuloiql4

30



5 Gesamtdiskussion

Seide als Biomaterial natirlichen Ursprungs erhdlt in der orofazialen Medizin seit Jahren
immer mehr Aufmerksamkeit (Kopp et al., 2019a; Kopp, Schunck, et al., 2020; Molinnus et al.,
2021; Smeets, Henningsen, et al., 2022; Fuest et al., 2023, 2024; Smeets et al., 2023).
Seidenmaterialien lassen sich aufgrund ihrer versatilen Formgebung ideal als
Tragermaterialien fur verschiedenste klinische Applikationen funktionalisieren (Schafer et al.,
2022; Fuest et al.,, 2024). Aber auch Fibroin in Form einer regenerierten Losung als
Beschichtungsmaterial stellt eine sinnvolle Alternative zu herkdmmlichen Beschichtungen dar.
Allem voraus geht die Uberfiihrung der Seidenkokons des B. mori in eine wéssrige
Fibroinldsung. Dieser Vorgang beinhaltet bei allen hier aufgefiihrten Publikationen stets die
gleiche Prozessroute unter Verwendung des Lésemittels ,Ajisawa’s reagent®, welches durch
seine Bestandteile Wasser, Ethanol und Calcium einen sehr schonenden LOoseprozess im
Vergleich zu toxischen Alternativen wie Lithiumbromid oder Ameisenséure darstellt (Ajisawa,
1997). Der Entbastungsprozess, bei dem die beiden Proteine Fibroin und Sericin mittels
Natriumcarbonat (Na>CQOs3) voneinander getrennt werden, erwies sich wie auch in der Literatur
beschrieben als erfolgreich. Einen milderen Trennprozess konnte die Studie von Yamada et.
al. 2001 zeigen, welche die beiden Proteine sowohl in 8 M Harnstoff als auch in 0,05 % Na>COs
erhitzte und mittels SDS-Page eine intaktere Fibroinstruktur auf molekularer Ebene beim
Loseprozess mit 8 M Harnstoff evaluierte (Yamada et al., 2001). Mittels unterschiedlicher
Kristallisierungsmethoden ist es moglich, die Proteinkonformation der wasserlgslichen Seide |
in eine wasserunldsliche Seide Il Struktur umzuwandeln (Fuest et al., 2023). Die Struktur der
Seide | gilt als weniger komprimierte Struktur, weist dadurch aber auch einen sehr instabilen
Charakter auf. Mit Hilfe von organischen Ldsemitteln oder thermischen Behandlungen kann
die Proteinstruktur der Seide umgewandelt werden und es entsteht eine sogenannte [3-
Faltblattstruktur (Seide Il). Nach Angaben der Literatur beeinflusst die Konzentration der
Behandlungslosung die Geschwindigkeit der Kristallisation (Wang et al., 2005; Terada et al.,
2016). Alkoholkonzentrationen von 90% oder 100% verlangsamen die Kristallisation extrem
(Wang et al., 2005; Terada et al., 2016). Aus diesem Grund wurde in der Studie nach Fuest
et. al. 2023 eine 70 Vol% Ethanolkonzentration verwendet (Fuest et al., 2023). Vergleichend
dazu wurde als weitere Methode die Nachbehandlung mittels temperaturgesteuerter
Behandlung gemafl? Hu et. al. 2011 mittels Wasserdampf etabliert (Hu et al., 2011). Diese
Technik stellt eine schonendere und wirksamere Methode, wenn auch zeitaufwendigere
Methode zur Kontrolle der molekularen Struktur und des Kristallisationsgrades dar. Die
Wassermolekile mit ihrer vergleichsweise kleinen Grof3e dringen in die Ansammlung der
Seidenproteinketten ein und ,plastifizieren” die Proteinstruktur zu einem Netzwerk mit héherer
Kettenbeweglichkeit bei gleichbleibender Flexibilitat der Fibroin-Strukturen (Tanaka, Inoue and
Mizuno, 1999; Guo et al., 2019; Fuest et al., 2023). Weiteren Studien zufolge kénnen auch
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Ultraviolettes Licht (UV-Licht) oder Glycerol zur Ausbildung des Kiritsallisationsgrades bei
gleichbleibender Flexibilitat der Seidenstruktur beitragen (Wang et al., 2015).

Seidenfibroin erfllt als innovatives Biomaterial die meisten Anforderungen von
konventionellen Beschichtungsmaterialien und bietet somit eine einfache, vielseitige und
leichte Beschichtung von Implantatmaterialien mit dem Ziel, diese zu funktionalisieren und die
Interaktion von Zellen und Gewebe positiv zu beeinflussen (Fuest et al., 2023). Obwonhl
verschiedene Techniken entwickelt wurden, Seidenfibroin auf Substratoberflachen
aufzutragen und diese zu charakterisieren (Guo et al., 2019; Saha, Pramanik and Biswas,
2019), fehlen bis heute systematische Bewertungskriterien einer einheitlichen Seidenfibroin-
Beschichtung durch Layer-by-Layer (LbL) auf relevanten Implantatmaterialien (Saha,
Pramanik and Biswas, 2019). Trotz zahlreicher Fortschritte bei den Beschichtungsmaterialien
wurde beobachtet, dass nach der Implantation schwere allergische Reaktionen auftreten
konnen (Luthringer, Feyerabend and Rémer, 2014). Die Anwendung von reinem Fibroin als
Beschichtung auf den Implantatmaterialien Titan, Magnesium und PMMA wurde von Fuest et.
al. 2023 charakterisiert (Fuest et al., 2023) und evaluierte u.a. ihre Eigenschaften im Hinblick
auf Fremdkorperreaktionen. Es konnte beobachtet  werden, dass die
Benetzungseigenschaften der beiden metallischen Werkstoffe durch eine vorhergehende
PEO-Modifizierung optimiert werden konnten und eine hydrophilere Oberflache erzielt werden
konnte, die sich fur Magnesium von 73° auf 18° und fur Titan von 58° auf 17° reduzierten.
Besonders im Biomedizinischen Bereich hat sich gezeigt, dass Oberflichenmodifikationen wie
PEO die Vertraglichkeit von Blut erhéhen (Tang, Thevenot and Hu, 2008). Vergleichende
Ergebnisse zeigten auch Mingo et. al. und Echeverry-Rendon et. al. (Echeverry-Rendén et al.,
2017; Mingo et al., 2018). In der vorliegenden Studie wurde die LbL-Methode verwendet, um
etablierte Implantatmaterialien mit Seidenfibroin zu beschichten. Die Gruppe von Saha et al.
hat die Beschichtung von Seidenfibroin auf TiO2-Nanoréhrchen (Titan Grad 4 Legierung)
durchgefiihrt (Saha, Pramanik and Biswas, 2019). Hier wurden Kontaktwinkel von 83° bis 90°
gemessen. Die LbL-Methode konnte erfolgreich flr Seidenfibroin-Beschichtungen auf
Materialoberflaichen etabliert werden. Es kann die Hypothese abgeleitet werden, dass die
Schichtdicke des Fibroins mit steigender Anzahl an Tauchgdngen zunimmt. Allerdings
erwiesen sich die Schichtdicken nicht immer als homogen auf der Oberflache verteilt und
erzielten Schichtdicken von durchschnittlich ~ 2,22 pm bzw. 5,14 um fir Magnesium und Titan.
Die dinnste Schicht wurde fur PMMA erzielt mit ca. 0,41 um und zum Teil unbeschichteten
Bereichen. Diese Daten passten mit den Daten aus der Literatur tGberein, siehe u.a. Guo et.
al. 2019 und Ghumatkar et. al. 2016 (Ghumatkar et al., 2016; Guo et al., 2019). Die PEO-
modifizierten Proben zeigten ein besseres Beschichtungsverhalten als die nicht modifizierten
Proben. Besonders die Poren der PEO-Schicht fillten sich mit Fibroin und erzielten in den

Bereichen héhere Schichtdicken. Die Untersuchung der Hamokompatibilitat wurde in erster
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Linie zur Beurteilung der Blutgerinnung durchgefiihrt, die von einer Reihe proteolytischer
Faktoren abhéangt. Dieser Prozess umfasst intrinsiche und extrinsische Gerinnungsreaktionen
(Monroe and Hoffman, 2006; Fuest et al., 2023). Die gemessene Thromboplastinzeit (PTT-
Zeit) zeigte sich auf den unbehandelten Magnesiumproben leicht erhéht als auf den PEO-
behandelten Proben, was auch mit anderen Studien nach Kzhyshkowska et. al. 2015 und
Bridges et. al. 2008 Ubereinstimmt (Bridges and Garcia, 2008; Kzhyshkowska et al., 2015;
Fuest et al., 2023). Aufgrund der hohen Korrosionsneigung von reinen Magnesiumlegierungen
wird vermutet, dass grof3e Mengen an Magnesiumionen dem Blutfluss ausgesetzt sind und
dies eine mogliche Hamolyse, sprich einem Platzen der Blutkérperchen, zur Folge haben kann
(Bunn, Ransil and Chao, 1971; Gailani and Renné, 2007; Fuest et al., 2023).

Mittels Rasterelektronenmikroskopie wurde unter anderem die Anzahl adh&renter Zellen (u.a.
die monozytare undifferenzierte humane monozytare Leukamiezelllinie (THP-1)) auf den
verschiedenen beschichteten Implantatoberflachen analysiert. Ziel der Studie nach Fuest et.
al. 2023 war es in erster Linie, die Beschichtung aus Fibroin dahingehend zu modifizieren,
dass Monozyten durch Anhaftung an der Oberflache zu Makrophagen differenzieren kdnnen
(Fuest et al., 2023). Seidenfibroin wurde verwendet, weil es so angepasst werden kann, dass
es die Freisetzung von Zytokinen unterdruickt oder fordert, und weil es unter physiologischen
Bedingungen in wassriger Umgebung verarbeitet werden kann. AulRerdem wurde bereits in
mehreren in-vitro-Studien gezeigt, dass die Zellfunktionalitdt mittels Seidenfibroin erhalten
werden kann (Panilaitis et al., 2003; Reeves et al., 2015; Fuest et al., 2023). Weitergehend
wurde mit einem Enzyme-linked-immunosorbet assay (ELISA) das entziindliche Potenzial von
Seidenfibroin als Beschichtung quantifiziert, da Makrophagen eine entscheidende Rolle im
Immunsystem des Menschen spielen (Fuest et al., 2023). Das Immunsystem stellt einen
unerlasslichen Bestimmungsfaktor fir die Vertraglichkeit und Zytokompatibilitdét von
Biomaterialien im Koérper dar (Panilaitis et al., 2003; Gardner et al., 2013; Brown and Badylak,
2014). Nach der Implantation von Biomaterialien stimulieren Makrophagen das Gewebe, um
die Wundheilung zu gewadhrleisten, andererseits I|6sen sie Abbauprozesse und
Entzindungsreaktionen aus (Franz et al., 2011; Brown and Badylak, 2014; Sheikh et al., 2015;
Fuest et al., 2023). Dabei wirkt TNF-a als proinflammatorisches Zytokin, das von M1-ahnlichen
Makrophagen sezerniert wird. Hier wird die Rekrutierung und Differenzierung von
mesenchymalen Vorlauferzellen fur die Knochenheilung geférdert sowie die Knochenbildung
und den Knochenumbau gesteuert (Rasouli, Barhoum and Uludag, 2018; Fuest et al., 2023).
Bemerkenswert ist, dass die koordinierte Interaktion zwischen der Osteoimmunreaktion und
der Osteogenese, die durch Makrophagen vermittelt wird, eine zentrale regulatorische Rolle
in allen Phasen der Knochenreparatur spielt (Rasouli, Barhoum and Uludag, 2018; Fuest et
al., 2023). Die Studie nach Fuest et. al. 2023 zeigt, dass TNF-a nach der Fibroin-Beschichtung

auf allen getesteten Substratmaterialien signifikant erhoht war. Auf Fibroin-beschichteten,
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PEO-oberflachenmodifizierten Titan- und Magnesium-Proben erreichten die TNF-a-Zytokine
Werte von 260 pg/ml bzw. 250 pg/ml. Die héchste Menge wurde bei beschichtetem PMMA (~
400 pg/ml) festgestellt. Ohne Fibroin-Beschichtung waren diese Konzentrationen deutlich
geringer. Ein Grund fir dieses Verhalten kénnte auf Fibroin-Proteine zurtickzufiihren sein, die
sich von der Beschichtung ablésen und eine Aktivierung der Zellen im Medium bewirken
(Panilaitis et al., 2003; Fuest et al., 2023).

Summa summarum kann festgestellt werden, dass eine Oberflachenmodifikation mit
Seidenfibroin die Biokompatibilitat von Implantatmaterialien nachweislich verbessert und die
Osteogenese stimuliert. Vergleichende Ergebnisse wurden in den Studien von Guo et. al.
2019, Melke et.al. 2016 und Yoo et. al. 2016 festgestellt (Melke et al., 2016; Yoo et al., 2016;
Guo et al., 2019).

Nachdem die Publikation nach Fuest et. al. 2023 (Fuest et al., 2023) erfolgreich gezeigt hat,
dass regeneriertes Seidenfibroin in seiner flissigen Form fir eine spatere Anwendung im
Biomedizinischen Bereich aufgrund einer hervorragenden Biokompatibilitit angewendet
werden kann, wurde sich im Rahmen dieser Doktorarbeit die versatile Formgebung der Seide
zu Nutze gemacht und diese fir verschiedenste klinische Applikationen funktionalisiert.

Dazu zahlen neben Wachstumsfaktoren auch antibakterielle Stoffe oder Extrazellulare Vesikel
(EVs) in ihrer spezifischen Funktion (Schéfer et al., 2022, 2023). Hanken et. al. 2016 publizierte
eine Studie, in welcher Pra-Adipozyten lUber Wachstumsfaktoren ausdifferenziert werden
konnten, welche an Seidenmembranen gekoppelt waren (Hanken et al., 2016). Dartber hinaus
kénnen neben Antibiotika auch metallische Nanopartikel angewendet werden (Yerra and
Dadala, 2022), welche antimikrobielle Eigenschaften mit sich bringen und die
Entzlindungsantwort verringern (Ramadass et al., 2019; Zhang et al., 2019; Wang et al., 2020).
Besonders Gentamicin, ein Aminoglykosid-Antibiotikum, wird in groiem MaRe zur akuten
Behandlung bakterieller Haut- und Weichteilinfektionen eingesetzt (Rosen et al., 1991;
Gruessner et al., 2001; Kwong et al.,, 2020; Schafer et al., 2022). Sideratou et al. 2022
charakterisierte antibiotika-beladene 3D-Seidenscaffolds zur spateren Behandlung dentaler
Infektionen wie z.B. einer Periimplantitis (Sideratou et al., 2022).

Eine weitere Studie nach Zhou et. al. 2017 schaffte es, antibakterielle Wirkstoffe (AgNPs und
Gentamicin) mit einer Seidenfibroin/ Chitosan-Dentalimplantatbeschichtung zu kombinieren,
welche zum einen die Biofilmbildung und das Bakterienwachstum deutlich hemmte und zum
anderen das Wachstum von knochenbildenden Zellen (Osteoblasten) vermehrt unterstiitzte
(Zhou et al., 2017; Schafer et al., 2022). Besonders offene Wunden, welche bei chirurgischen
Eingriffen entstehen kdnnen, stellen ein grofRes Risiko fir eine Infektion mit Mikroorganismen
wie Bakterien oder Pilzen und Viren dar (Schafer et al., 2023). Innovative Biomaterialkonzepte
wie Seidenproteine konnten eine ideale PraventionsmaflRnahme bieten und die bakterielle

Besiedlung nachweislich vermindern (Schéfer et al., 2023). Im Rahmen eines systematischen
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Reviews nach Schafer et. al. 2023 wurde evaluiert, dass Fibroin in 16,67 % und Sericin in
35,29 % (Verhaltnis 6:17) der entsprechenden Studien eine inharente antibakterielle Aktivitat
aufweist (Schafer et al., 2023). Besonders bemerkenswert war dabei, dass die Interaktion und
Wirksamkeit von Sericin gegen Bakterienzellen nicht nur dosisabhéngig ist, sondern auch von
den strukturellen Merkmalen nach der Herstellung abhangt. Letzteres ist besonders in Hinblick
auf die beabsichtigte Anwendung eine unvermeidliche Uberlegung. Strukturen wie
Membranen oder Vliese aus Sericin sind aufgrund der variablen Verteilung des
Molekulargewichtes im trockenen Stadium zerbrechlich (Makvandi et al., 2020; Schafer et al.,
2022, 2023). In dieser Hinsicht gibt es einige Herausforderungen bei der Anwendung von
Sericin fUr die Regeneration von Weichgewebe oder Knochen, wie z. B. bei der GBR oder der
GTR, die ein Gerust oder eine okklusive Membran erfordern, um vortbergehend Platz,
Unterstitzung und Fihrung fur die Adhasion und Proliferation von Wirtszellen zu bieten
(Makvandi et al., 2020; Smeets, Henningsen, et al., 2022; Schéfer et al., 2023). Ein von Yang
et. al. 2017 getestetes Sericin-Nanokomposit-Hydrogel hemmte nachweislich das Bakterien-
wachstum, in dem es Bakterien an der Hydrogeloberflache adsorbiert hat (Yang et al., 2017,
Schéfer et al., 2023). Im Gegensatz dazu ist Fibroin nicht als Polymer mit bakterizider Wirkung
bekannt. So fihrten Zhang et al. eine mehrteilige Studie durch, in der eine neuartige Fibroin-
Folie/ ein neuartiger Fibroin-Verband fir die Wundheilung untersucht und mit kommerziellen
Wundverbanden verglichen wurde. Die Studie umfasste eine In-vitro-Bewertung, bei der die
Fibroin Folie aufgrund ihrer einzigartigen nichtporésen Struktur das Eindringen von Bakterien
mechanisch verhindern konnte, sowie ein In-vivo-Modell eines Hautdefekts bei Kaninchen, bei
dem sich zeigte, dass die Fibroin-Folie die durchschnittliche Wundheilungszeit effektiv verkirzt
und die Hautregeneration im Vergleich zu einer kommerziellen Wundauflage verbessert. Eine
anschlieRende Bewertung in einem Schweinemodell bestatigte die langfristige Sicherheit und
Wirksamkeit der Folie bei Hautdefekten in voller Dicke. Darlber hinaus reduzierte die
Seidenfibroinfolie in einer randomisierten klinischen Einzelblindstudie mit 71 Patienten
signifikant die Wundheilungszeit und das Auftreten unerwiinschter postoperativer Infektionen
(Zhang et al., 2017; Schéfer et al., 2023). Bei genauer Durchsicht der aktuellen Literatur konnte
in finf von 30 untersuchten Studien eine Indikation fur die antibakterielle Wirkung von Fibroin
festgestellt werden. Drei Studien schrieben Fibroin jedoch die beste oder eine &hnliche
antibakterielle Aktivitat im Vergleich zur Kontrollgruppe zu. Zwei dieser Studien untersuchten
genetisch veranderte Seidenraupen, die antibakterielle Peptide produzieren, und eine Studie
berichtete Uber eine &hnliche antibakterielle Aktivitdt von reinem Fibroin im Vergleich zu
Polypropylen + Fibroin. Von den anderen beiden Studien untersuchte eine Studie von Arpacgay
et al. 2016 antimikrobielle Implantatbeschichtungen fur eine verbesserte Knochenregeneration
(Arpacay and Turkan, 2016). Sie wiesen Levofloxacin-beschichteten Implantaten die beste

antibakterielle Wirkung gegen die Biofilmbildung von Staphylococcus aureus zu. Allerdings
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wurde auch bei den ausschlief3lich mit Fibroin beschichteten Implantaten im Vergleich zu den
unbeschichteten eine geringere Biofilmbildung beobachtet, wobei eine geringere Anzahl
koloniebildender Einheiten festgestellt wurde (Arpacay and Turkan, 2016; Schafer et al.,
2023).

Es gibt eine Reihe von neuartigen Ansatzen, Wirkstoffe wie Polymere, Lipide, Antibiotika oder
metallische Nanopartikel direkt an die Seidenproteine zu binden (Lv et al., 2016; Song et al.,
2016; Zhou et al., 2018; Jo et al., 2019; Khan et al., 2019; Tian et al., 2019). Im Rahmen der
Vero6ffentlichung von Schafer et. al. 2022 lag der Schwerpunkt auf der Charakterisierung und
Evaluierung von Seidenfibroin- und Sericinmembranen und Vliese fir die intraorale
Wundheilung, welche mit den antibakteriellen Substanzen Gentamicin und Silber additiviert
wurden. Die unterschiedlichen Auspragungen der Seidenproteine zur Anwendung in der
intraoralen Wundheilung wurden zu Beginn mittels REM analysiert. Die Fibroinvliese zeigten
sich durch eine stark ineinander verschlungene Faserstruktur im Vergleich zu der glatten
Oberflache der gegossenen Membranen auf Fibroin- und Sericinbasis. Die
Querschnittsaufnahme der Vliese zeigte eine homogene und gleichmalig verteilte
Faserverbindung innerhalb der gesamten Dicke (Schéfer et al., 2022). Die Membranen zeigten
sich dagegen amorph in ihrer Struktur mit vereinzelten aufeinander geschichteten Bereichen,
welche als Schneide-Artefakte identifiziert werden konnten. Die gegossenen Membranen
wiesen hingegen eine raue Oberflachentopographie auf; dies kann bedingt durch die
Funktionalisierung mit Silber und Gentamicin hervorgerufen werden (Schafer et al., 2022).
Besonders nanofaserige Seidenstrukturen zeigten gemaf der Literatur eine verbesserte
Anheftung und Vermehrung von Fibroblasten und Keratinozyten und optimierten den
Heilungsprozess von Wunden in Schleimhautgeweben (Kasoju and Bora, 2012b;
Gholipourmalekabadi et al., 2020). Eine Studie nach Tang et. al. 2015 untersuchte die
Wundheilungsfahigkeit von elektrogesponnenen Fibroinvliesen auf der Wangenschleimhaut in
Rattenmodellen (Tang et al., 2015). Diese verbessern nachweislich den Heilungsprozess und
optimieren zudem die entziindungshemmende Wirtsreaktion (Tang et al., 2015).
Vergleichende Ergebnisse zeigte eine weitere in-vivo Studie von Ge et. al. 2012, in welcher
Geruststrukturen auf Fibroinbasis auf bukkale Defekte in der Ratte getestet wurden (Ge et al.,
2012). Um die Wundheilung signifikant zu verbessern muss eine ausreichende
Biokompatibilitat des defektfullenden Materials gewahrleistet sein, um die Zellen des
geschadigten Gewebes ideal zu versorgen (Schafer et al., 2022). Die exzellente
Biokompatibilitdt von Seide konnte bereits in zahlreichen Studien dargelegt werden, auch im
Rahmen dieser Doktorarbeit, u.a. in Schéafer et. al. 2022 und Fuest et. al. 2024 (Schéfer et al.,
2022; Fuest et al.,, 2024). Mit Ausnahme der silberbeladenen Membran zeigten alle mit
Gentamicin-funktionalisierenden und Kontrollmembranen eine ausreichende

Zytokompatibilitdt sowohl in den indirekten Testungen (XTT, LDH) als auch in den direkten
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Testungen (Live-dead-staining). Die in Schafer et. al. 2022 verwendete Dosis von 10 mg/ ml
Gentamicin fur L929-Mausfibroblasten stellt eine tolerierbare Anwendungsdosis dar und zeigt
vergleichende Ergebnisse zu Stevanovic et. al. 2020, die eine gute Vertraglichkeit zwischen
Zellen und Gentamicin bei einer Menge unter 50 mg/ ml darstellen konnten (Stevanovi¢ et al.,
2020; Schafer et al., 2022). Im Gegensatz dazu zeigten sich die silberbeladenen Membranen
und Vliese, welche mit 100 mg/ L AgNPs funktionalisiert waren, zytotoxisch in der Zellkultur
(Schéfer et al., 2022). Zuriickzuflhren ist dieses Verhalten auf den oxidativen Stress, der durch
die Silberionen auf die Zelle ausgefuhrt wird. Vergleichende Ergebnisse konnte Panda et. al.
2011 erzielen (Panda et al., 2011; Schéfer et al., 2022). In der Tat erzeugen AgNPs ein hohes
Malf3 an intrazellularen reaktiven Sauerstoffspezies (ROS). Diese beeintrachtigen die Aktivitat
von antioxidativen Enzymen, was zu apoptotischen Signalwegen in der Zelle fihren kann
(Panda et al., 2011; Piao et al., 2011; Schéfer et al., 2022). Hinzu kommt, dass AgNPs an
funktionelle Gruppen von Zellproteinen binden und anschlieBend physiochemische
Wechselwirkungen innerhalb der Zellen auslosen (Sktadanowski et al., 2016; Schafer et al.,
2022). Vergleichende Studien berichten Uber eine sichere, nicht zytotoxische Anwendung von
AgNPs bei Konzentrationen von < 25 mg/ L (He et al., 2017; Lv et al., 2018; Schafer et al.,
2022). Der Schwerpunkt der Studie nach Schéafer et. al. 2022 lag jedoch auf der
Charakterisierung der Membranen und Vliese in Hinblick auf die antibakteriellen Eigenschaften
von funktionalisierten Seidenmembranen und Vliesen. Besonders die Verwendung von Silber
als antibakterielle Substanz wird in der regenerativen Medizin schon seit Jahrzehnten
untersucht (Klasen, 2000; Lv et al., 2016; Schafer et al., 2022). Die antibakterielle Wirkung von
Silber beruht auf einer Stérung der Membranpermeabilitdt, die zu einem Verlust von
intrazellularen K*-lonen, ATP und Phospholipiden fuhrt. Dariiber hinaus verursachen AgNPs
oxidative Schaden, indem sie ROS erzeugen und anschlieBend intrazellulare Metaboliten
durch permeabilisierte Membranen entweichen (Gopinath et al., 2017; Schafer et al., 2022).

Das Aminoglykosid-Antibiotikum Gentamicin besitzt einen Wirkmechanismus, der auf einem
sauerstoffabhéngigen Eintritt in die Bakterienzelle und der Stagnation der bakteriellen
Proteinsynthese durch Bindung an die 30S ribosomale Untereinheit beruht (Gopinath et al.,
2017; Schafer et al., 2022). Dieser Prozess fuihrt zum Zerfall der Zytoplasmamembran (Serio
et al., 2018; Schéfer et al., 2022). Um das antibakterielle Potenzial von AgQNPs und Gentamicin
zu beurteilen, wurde im Rahmen dieser Doktorarbeit eine grt-PCR, ein CFU-Assay und ein
Agar-Diffusionstest (Hemmhoftest, Zone of inhibition (ZOIl)) durchgefiihrt. Die getesteten
Bakterienstamme wurden in Anlehnung an die Ubersichtsarbeit von Curtis et. al. 2020 gewabhlt.
Hier kamen die gram-positiven, fakultativ anaeroben, frihen Kolonisatoren Actinomyces
naeslundii und Streptococcus mutans zur Anwendung, welche die haufigsten
Bakterienstamme in der gesunden oralen Mikroflora darstellen (Piao et al., 2011; Curtis, Diaz

and Van Dyke, 2020; Schéfer et al., 2022). Zusatzlich wurden zwei anaerobe, gram-negative
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Bakterienspezies mit einbezogen: Fusobacterium nucleatum, welche die zweithaufigste
intraorale Mikrobe bei gesunden Patienten darstellt, sowie die mit Parodontitis assoziierte
Bakterienart Porphyromonas gingivalis (Curtis, Diaz and Van Dyke, 2020; Schafer et al.,
2022). Durch die Anwendung von kinstlichem Speichelmedium konnten optimale
Wachstumsbedingungen fiir die Bakterienkulturen gewahrleistet werden, welche aquivalent zu
den klinischen Bedingungen in der Mundhdhle waren (Schéfer et al., 2022). Die beste
antibakterielle Aktivitat wurde fir die silberbeladenen Membranen (AgNPs) beobachtet; die
grt-PCR Ergebnisse zeigen die niedrigste bakterielle DNA-Zahl im Vergleich zu allen anderen
anderen Materialgruppen, was auf ein reduziertes bakterielles Adhasionspotenzial um 3 log-
Stufen im Vergleich zu den Kontrollmembranen und Vliesen hindeutet (Schéfer et al., 2022).
In vergleichenden Ergebnissen hinsichtlich einer ausreichenden antibakteriellen Aktivitat
konnte von Chandrasekaran et al. 2015 gezeigt werden, dass silberbeladene Fibroinfasern
eine  >90%ige Hemmung der Bakterienstamme Pseudomonas aeruginosa und
Staphylococcus aureus aufweisen, die besonders mit Hautinfektionen assoziiert sind
(Chandrasekaran et al., 2015; Schafer et al., 2022).

Bei den getesteten Fibroin- und Sericin Vliesen zeigte sich die beste antibakterielle Aktivitat
bei den mit Gentamicin beladenen Vliesen, besonders in Hinblick auf die Anzahl lebensfahiger
Bakterien und die Gesamtkeimzahl, welche sich mit einer 2log-Reduktion verdeutlichte. Mittels
Hemmhoftest konnte eine direkte antibakterielle Aktivitdt von 7-8 mm ZOIl nachgewiesen
werden (Schéfer et al., 2022).

Die verschiedenen Ergebnisse zwischen Fibrion- und Sericin Membranen und
elektrogesponnenen Fibroin Vliesen kénnte an den unterschiedlichen Herstellungsprozessen
liegen. Die Funktionalisierung der Membranen wurde bereits vor dem eigentlichen
Gussverfahren durchgefiihrt, sprich die AQNO; oder Gentamicin wurde in die Seidenlésung
inkorporiert. Ein dquivalentes Vorgehen wurde in Fuest et. al. 2024 durchgefiihrt, auch hier
wurden die EVs bereits vor Ausbildung der finalen Fibroinstruktur in die Seidenl6sung
inkorporiert (Fuest et al., 2024). Im Gegensatz dazu wurden die antibakteriellen Wirkstoffe bei
den Fibroin-Vliesen erst nach dem Elektrospinnprozess eingearbeitet. Eine weitere mogliche
Erklarung fur die geringere antibakterielle Aktivitat kann die Auswaschung und/ oder
Wechselwirkung von Silberionen (Ag-lonen) mit Bestandteilen des kiinstlichen Speichels (z.
B. BSA), Kultivierungsmedien (z. B. Hemin, Cystein, Pepsin usw.) oder dem PBS, das im
Testverfahren verwendet wurde, sein (Schéfer et al., 2022). Ando et al. 2010 begriinden die
Beeintrachtigung der antibakteriellen Aktivitat von Silber auf Bestandteile der Kulturmedien,
welche fotales Rinderserum (FBS) enthielten (ANDO et al., 2010; Schafer et al., 2022).

In vielen Féllen kann der Einschluss von Additiven durch die interne Konformation der
Polymerketten beeinflusst werden, was unter anderem in einer Studie von Besheli et al. 2017

belegt werden konnte, indem die Beladung mittels Antibiotika optimiert wurde und der Gehalt
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der Seide Il Struktur (R-Faltblatter) erhdht wurde (Hassani Besheli et al., 2017; Schafer et al.,
2022). Dies kann durch verschiedene Nachbehandlungsmethoden wie Alkohole oder
Wasserdampf mdglich gemacht werden, siehe Fuest et. al. 2023 (Fuest et al., 2023). Einige
Studien schreiben den Seidenproteinen Fibroin und Sericin eine inhdrente bakterizide Aktivitat
zu. Diese Thematik wurde bereits in Schéfer et. al. 2023 ausfuhrlich recherchiert und im
Rahmen eines systematischen Reviews diskutiert (Schafer et al., 2023). Bakhsheshi-Rad et.
al. 2020 beispielsweise fanden heraus, dass Sericin Verbédnde bei Escherichia coli und
Staphylococcus aureus im Hemmbhoftest einen ZOI von 3-3,5 mm hervorriefen (Bakhsheshi-
Rad et al.,, 2020; Schéafer et al., 2022). Gilotra et. al. 2018 konnte im Rahmen der
durchgefuhrten Studie eine positive Korrelation zwischen der Hemmung des
Koloniewachstums und der Sericin Konzentration in der Seidenstruktur feststellen (Gilotra et
al.,, 2018; Schafer et al.,, 2022). Die inh&rente antibakterielle Eigenschaft von Fibroin wird
hauptsachlich seiner Barrierefunktion als Wundverband zugeschrieben und wurde bereits von
Zhang et. al. 2017 erfolgreich im Rahmen von in-vitro und in-vivo Modellen bewiesen (Zhang
et al., 2017; Schafer et al., 2022). Zusatzlich wird den Kokons des B. mori eine antimikrobielle
Wirkung zugeschrieben, da antimikrobielle Peptide (z.B. Seroine) im Fibroin einen naturlichen
Schutz der Seidenraupe gegen externe Krankheitserreger darstellen (Guo et al., 2016; Schafer
et al., 2022). Zusammenfassend konnte die im Rahmen dieser Dissertation durchgefuhrte
Studie nach Schafer et. al. 2022 keine antimikrobielle Aktivitat aufweisen, weder die mit Fibroin
noch die mit Sericin additivierten Strukturen. Allerdings kdnnen sie als gute mechanische
Barriere fungieren, wie der Hemmhoftest gezeigt hat (Schafer et al., 2022). Fir eine
Anwendung in der Wundheilung im Bereich der Mund-, Kiefer- und Gesichtschirurgie zeigen
sich Membranen auf Seidenbasis als ein vielversprechendes Substrat, es sollten hier jedoch
weitere Studien u.a. in-vivo folgen.

Neben antibakteriellen Substanzen haben sich auch Extrazellulare Vesikel (EVs) in den letzten
Jahren als ein wichtiger Mediator herauskristallisiert, um die Foérderung der Regeneration
verschiedenster Gewebearten im Bereich der MKG-Chirurgie zu progressieren. Diese
membranartigen Partikel, die von einer Bi-Lipid-Membran umschlossen sind, tragen eine
vielfaltige Ladung aus Proteinen, Lipiden, Nukleinsduren und anderen bioaktiven Molekdlen.
Diese Ladung kann auf Empfangerzellen tbertragen werden und so deren Verhalten und
Funktionen beeinflussen (Fuest et al., 2024). EVs aus mesenchymalen Stammzellen zeigen
immunmodulatorische Eigenschaften, die das Risiko von negativen Immunantworten
reduzieren und die positiven regenerativen Eigenschaften erhalten. Bereits seit einigen Jahren
gelten EVs als Hoffnungstrager in der Diagnostik und Anti-Tumortherapie (Momen-Heravi et
al., 2013; Gardiner et al., 2016; Li et al., 2017; Colao et al., 2018; Alcaraz, Compafi and Guillén,
2019). Auch in verschiedenen in vitro sowie in vivo Studien konnte nachgewiesen werden,

dass EVs unter anderem die Angiogenese und die Reepithelisierung von defektem Gewebe
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nachhaltig verbessern konnten (Z. Qian et al., 2020; Zhang et al., 2020; Liu et al., 2021). Die
wohl grofdte Herausforderung von EVs besteht in der schnellen Ausscheidung und daraus
resultierenden raschen Verdauung durch Fresszellen (Makrophagen) (Witwer et al., 2013). Die
Immobilisierung der EVs in ein geeignetes Tragermaterial aus Seidenfibroin, welches eine
langerfristige und kontrollierte Freisetzung der EVs am Wirkungsort erméglicht, ist aktuell
Stand der Forschung, und wird von der Arbeitsgruppe unter anderem im Sachhilfeantrag der
Deutschen Forschungsgemeinschaft mit der Projekthnummer 516860159 ,EVs zur
Funktionalisierung von Polymeren — neue biohybride Materialien fir die Regenerative Medizin
im Kopf-Hals-Bereich untersucht (AP 94/3-1 | Rl 2616/ 5-1 | SM 214/8-1) (Fuest et al., 2024).
Weitere Arbeitsgruppen konnten bereits zeigen, dass die Inkorporierung von EVs in eine
biomaterial-basierte Tragerstruktur wie z.B. ein Hydrogel oder ein 3D-Scaffolds effektivere
Ergebnisse erzielte als die direkte Injektion der EVs in den jeweiligen Defekt (Liu et al., 2017;
Shi et al., 2017; Xu et al., 2018; Han et al., 2019; Zhang et al., 2020). Kyung Kim et. al. 2021
konnte in einem Kleintierversuch belegen, dass die Beschichtung eines 3D-Scaffolds auf
Seidenbasis mit EVs eine proliferierende Wirkung auf das Wachstum von mesenchymalen
Stammzellen mit sich brachte und zudem die osteogene Differenzierung forderte (Kyung Kim
et al., 2021). Im Hinblick auf die Behandlung von Defekten im Kopf-Hals-Bereich zeigten Qian
et al. 2020, dass die Applikation von Seidenfasern, auf deren Oberflaichen Liposomen mit
eingekapseltem Leptin aufgelagert wurden, zu einer verbesserten Regeneration der
Mundschleimhaut und Foérderung der Gefa3bildung fuhrte (C. Qian et al., 2020). Im Rahmen
dieser Dissertation wurde eine weitere Studie mit Fokus auf regenerative Therapieansétze
durchgefiihrt. Die Studie nach Fuest et. al. 2024 (Fuest et al., 2024) beschaftigte sich mit der
Inkorporierung von EVs einer immortalisierten GF-Zelllinie in eine Fibroinstruktur. Die hier
verwendete Struktur einer gezogenen Fibroinmembran, in der die EVs bereits in die
Proteinlésung eingearbeitet sind, stellt somit einen innovativen Ansatz dar, die biologische
native Funktion der EVs zu erhalten und sie dartiber hinaus mit einem neuartigen Biomaterial
zu vereinen (Fuest et al., 2024). Die Losung des Fibroins aus den Kokons des B. mori erfolgte
auch in dieser Studie gemaR der PureSilk® Technologie unter Benutzung des schonenden
Losemittels ,Ajisawa’s reagent” (Schafer et al., 2022; Fuest et al., 2023). Insbesondere bei
regenerativen Ansatzen ist es wichtig, ein geeignetes Geriist zu erzeugen, das an der Zielstelle
implantiert werden kann, und eine geeignete Mikroumgebung zu schaffen, die dem
Wirtsgewebe sehr &hnlich ist, um die gewiinschten zellularen Reaktionen auszulésen (Kundu
et al.,, 2013b). Die Fibroinmembran in dieser Studie wurde auf einer PTFE Platte mittels
Filmziehrakel gezogen, wodurch eine homogene Schichtdicke des Fibroins von 200 pm in
feuchtem Zustand und 40 pum nach 24-stiindiger Trocknung erzielt werden konnte (Fuest et
al., 2024). Zusatzlich konnten durch die Zugabe von Glycerol die flexiblen und transparenten

Eigenschaften der Seide bei gleichzeitiger Wasserunléslichkeit aufrechterhalten werden. Dies
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konnte bereits in Studien von Srivastava et. al. 2015 erfolgreich gezeigt werden, und auch die
Publikation nach Fuest et. al. 2023 im Rahmen dieser Dissertation hat gezeigt, dass flexiblere
und transparentere Strukturen durch geeignete Nachbehandlungsmethoden wie der Einfluss
von Wasserdampf erzielt werden kénnen, die die Seidenstrukturen in einen unléslichen
Zustand uberfuhren (Srivastava et al., 2015; Fuest et al., 2023). Die Inkorporierung der EVs
wurde hier, genauso wie in Schafer et. al. 2022, bereits nach Herstellung der Fibroinldsung
und vor Uberfiihrung in eine versatile Struktur durchgefiihrt, um ein homogeneres Release-
Verhalten der EVs aus dem Tragermaterial erzielen zu kénnen. Die GroRRe der GF-EVs aus
der Studie nach Fuest et. al. 2024 zeigten einen erwarteten Gréf3enbereich von 120-180 nm
(Fuest et al., 2024). Die multimodale Proteinanalyse ergab auf3erdem eine hohe Expression
gangiger EV-Marker, einschlie3lich CD9 und CD63, sowie erhéhte Werte von CD105, CD29,
CD142 und CD44 auf unseren EVs. Diese Marker, die mit einer Reihe von zellularen
Prozessen in Verbindung gebracht werden, unterstreichen die vielfaltigen Funktionen der EVs
der GF. Das Vorhandensein von CD105, CD29, CD142 und CD44 auf EV-Oberflachen deutet
auf mogliche Beitrége zur interzellularen Kommunikation, zur Gewebehomdostase und zu
Reaktionen auf physiologische Signale hin (Fuest et al., 2024). Ein bemerkenswerter Befund
ist die signifikante Haufigkeit von CD81 auf GF-EVs, was auf seine potenzielle Bedeutung bei
der Erleichterung von Interaktionen mit Zielzellen hinweist. Diese erhthte Prasenz von CD81
deutet auf eine entscheidende Rolle bei der interzellularen Kommunikation und dem Transport
von Gutern hin. Die Eigenschaften und das molekulare Profil der GF-EVs, wie sie in dieser
Studie ermittelt wurden, unterstreichen ihr Potenzial flr Biomaterialanwendungen. Die
Vielseitigkeit ihrer Funktionen in Verbindung mit den identifizierten spezifischen Markern
deutet auf eine vielversprechende Rolle bei der Beeinflussung des Zellverhaltens, der
Aufrechterhaltung der Gewebehomdostase und der Reaktion auf physiologische Signale hin
(Fuest et al., 2024). Die groRte Herausforderung, eine kontrollierte Freisetzung von EVs zu
erzielen und sie Uber einen langeren Zeitraum am Wirkort zu halten, kann durch die
Einbindung in ein geeignetes Biomaterial ermdglicht werden. Frihere Studien haben bereits
gezeigt, dass sich die Integration von EVs in verschiedene Tragerstrukturen als effizienter
erwiesen hat als eine direkte Applikation in den jeweiligen Defekt (Li et al., 2017; Shi et al.,
2017; Xu et al., 2018; Han et al., 2019; Zhang et al., 2020; Song et al., 2022; Fuest et al.,
2024). Shi et. al. 2017 hat beispielsweise festgestellt, dass hybride 3D-Gerlststrukturen aus
Seide und Chitosan, welche mit EVs aus gingivalen mesenchymalen Stammzellen beladen
waren, eine verbesserte Wundheilung bei diabetischen Ratten zeigten (Shi et al., 2017; Fuest
et al., 2024). Die Schwierigkeit besteht darin, die EVs homogen in der Fibroinstruktur zu
verteilen. Dies war in Fuest et. al. 2024 nicht moglich, wie mittels TEM deutlich gezeigt werden
konnte. Hier kbnnten makropordse Strukturen wie elektrogesponnene Vliese oder 3D-

Scaffolds besser geeignet sein, damit sich die EVs besser in das Biomaterial einbetten und
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innerhalb der Porenstruktur anhaften (Zhang et al., 2012; Wang et al., 2022; Fuest et al., 2024).
Zukunftige Forschungsansétze sollte daher untersuchen, welche Fibroinstrukturen eine
sinnvollere Alternative als bioaktiver Zelltrager darstellen, um ein ideales und homogen
verteiltes Freisetzungsverhalten fur eine spatere Anwendung im Bereich der Regeneration und
Wundheilung gewahrleisten zu kénnen (Fuest et al., 2024). Die hier gezogenen Membranen
wurden mittels REM auf ihre Oberflachenbeschaffenheit und ihren Querschnitt hin untersucht
und zeigten sich in ihrer Struktur vergleichbar mit der Studie von Schéfer et. al. 2022 (Schéafer
et al., 2022). Die Biokompatibilitat der Membranen zeigte keinerlei zytotoxische Auffalligkeiten,
weder in der funktionalisierten Gruppe noch in der Kontrollgruppe, wie bereits durch zahlreiche
Arbeiten der Arbeitsgruppe belegt werden konnte (Kopp, Schunck, et al., 2020; Kopp, Smeets,
et al., 2020; Schafer et al., 2022; Fuest et al., 2023). Die héheren Lebensfahigkeitswerte
deuten darauf hin, dass diese Proben in der Lage sind, die durch die Kontrollsubstanz
induzierten toxischen Wirkungen abzuschwéchen. Generell deuten diese Ergebnisse darauf
hin, dass L929-Zellen im Vergleich zu MC3T3-Zellen anfalliger fur die toxischen Wirkungen
von SF mit EVs und ohne EVs sein konnten. Dieser interessante Effekt wurde auch von
anderen beschrieben, die die zytotoxischen Wirkungen verschiedener Materialien auf diese
beiden Zelllinien verglichen (Brackett et al., 2010; Wang et al., 2013; Shin, Ko and Kim, 2016;
Fuest et al., 2024). Daher kann es von Vorteil sein, mehr als eine Zelllinie in die Bewertung
potenzieller zytotoxischer Wirkungen von Materialien oder Medizinprodukten einzubeziehen.
Dieses Ergebnis legt nahe, dass Seidenfibroin mit EVs und Seidenfibroin ohne EVs
moglicherweise Verbindungen oder Faktoren enthalten, die das zellulare Uberleben férdern
und der Toxizitat entgegenwirken (Fuest et al., 2024). Diese Ergebnisse deuten darauf hin,
dass weitere Untersuchungen tber die Zusammensetzung und den Wirkmechanismus von SF
mit EVs und SF ohne EVs erforderlich sind. Die funktionalisierten und nicht funktionalisierten
Fibroinmembranen zeigten in den ersten 5 Tagen eine gute Proliferation (Fuest et al., 2024).
Ab dem 5. Tag wird der Spitzenwert Uberschritten und die Zahl der Zellen nimmt ab.
Andererseits zeigen Studien nach Mandal et. al. 2009, dass die Proliferation in
Seidenstrukturen besonders von deren Porositat und Porengrdl3e abhéngig ist (Mandal and
Kundu, 2009). In einem nachsten Schritt soll auch die Freisetzungskinetik der EVs aus dem
Tragermaterial analysiert werden, die vermutlich durch die Porositat der SF-Struktur eingestellt
werden kann. Da es sich bei der hier verwendeten Membran um eine porenfreie Fibroinstruktur
handelt, kénnte dies ein limitierender Faktor fur eine starkere Proliferation der Zellen sein
(Mandal and Kundu, 2009; Jiang et al., 2021). Daruber hinaus ist der Test von der Position der
Vesikel in der Membran abhangig. Aufgrund des Schrumpfungsprozesses der Membran
wahrend des Trocknens ist es jedoch mdglich, dass sich ein Teil der Vesikel an der Oberflache
der Membran festgesetzt hat und sich positiv auf die Proliferation der Zellen auswirkt. Da

sowohl auf den reinen als auch auf den funktionalisierten Fibroinmembranen eine
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zelltypspezifische Morphologie und eine hohe Zelldichte bei der Lebend-/Totfarbung
festgestellt wurde, kann davon ausgegangen werden, dass die reine Fibroinstruktur ein hohes
Potenzial fur die Verwendung als bioaktives Material besitzt und Anwendung im Bereich der
Mund-, Kiefer- und Gesichtschirurgie finden kann (Fuest et al., 2024).
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6 Fazit und Ausblick

Im Rahmen der vorliegenden Dissertation wurde die Fragestellung untersucht, in wieweit
Seide als resorbierbares Biomaterial Anwendung fiir in der Regenerativen Medizin und
Wundheilung im mund-, kiefer- und gesichtschirurgischen Bereich finden kann. Hierzu wurden
vier Publikationen verdffentlicht, die sich mit der Charakterisierung von Seidenfibroin als
Losung und in versatilen Formen mit funktioneller Beladung beschaftigt. In einem ersten Schritt
wurde die reine Fibroinldsung als Beschichtungsmaterial auf verschiedenen
Implantatoberflichen charakterisiert und eine geeignete Nachbehandlungsmethodik
entwickelt, durch welche mittels thermischer Verfahren die Stabilitdit der Seide bei
gleichbleibenden biologischen und mechanischen Eigenschaften optimiert werden kann.
Dementsprechend koénnen zukilnftige Implantate genau auf die Bedirfnisse der Patienten
zugeschnitten werden und einen schnelleren Heilungsprozess mit weniger Komplikationen
fordern. In einem weiteren Schritt wurde nun die Fibroinlésung durch etablierte Verfahren wie
Elektrospinning oder Giel3prozesse in Vliese und Membranen dberfiihrt und mittels
antibakterieller Substanzen und EVs versehen. Die Beladung der Seidenstrukturen erwies sich
als erfolgreich und es konnte gezeigt werden, dass eine Inkorporierung sowohl in die Losung
als auch nach Ausbildung einer Struktur mdglich war. Die antibakterielle Aktivitat von Silber
und Gentamicin rief eine Eindammung der bakteriellen DNA-Zahl und des Koloniewachstums
der getesteten oralen Mikroben hervor. Die Beladung mittels EVs zeigte einen
vielversprechenden Ansatz in der regenerativen Therapie im Kopf-Hals-Bereich. Die EVs
konnten erfolgreich in das Tragermaterial Seide inkorporiert werden und eine erhéhte
Proliferation der Zellen konnte in Verbindung mit einer entsprechenden Zytokompatibilitat
gewahrleistet werden.
In kinftigen Studien sollte an der Optimierung der Seidenstrukturen gearbeitet werden, um
eine homogenere Verteilung der additiven Zuséatze zu gewahrleisten und so ein gezielteres
Freisetzungsverhalten der Vesikel und antibakteriellen Zusatze realisieren zu kénnen. Auch
verschiedenste Dosis-Wirkungs-Profile kénnten zum Tragen kommen, um fir die jeweilige
Seidenstruktur die ausreichende Anzahl an Additiven ermitteln zu kénnen. Dariiber hinaus sind
weiterflihrende in-vitro und in-vivo Studien in Klein- oder Grolidtiermodellen gerade Stand der
Forschung im Rahmen der Arbeitsgruppe, in welchen unter anderem Seidenmembranen fur
eine spatere Anwendung in der GBR/ GTR-Therapie evaluiert werden. Dartiber hinaus wurde
sich im Rahmen dieser Dissertation ausschliel3lich auf die beiden Strukturen Membran und
Vlies fokussiert, hier sollten weiterfiihrende Studien auch 3D-Strukturen oder Hydrogele auf
Seidenbasis Anwendung finden, um mdglicherweise ein optimierteres Release-Verhalten der
additiven Zusatze gewahrleisten zu kénnen. Zu diesem Zweck koénnte die Wirksamkeit der
bioaktiven Seiden-Matrices und des Seiden-Gels in verschiedenen Potency-Assays
(Zytokompatibilitat, Zellproliferation und -migration und in-vitro-Angiogenese) gepruft werden.
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AuRRerdem konnten die induzierten Wundheilungs-prozesse in humanen oralen und kutanen
3D-in-vitro und ex-vivo-Wundmaodellen, welches die in-vivo-Situation widerspiegelt, analysiert
werden. Besonders in Hinblick zur langfristigen Vermeidung von Tierversuchen bieten
alternative Forschungsmodelle hier einen vorteilhaften Ansatz fir die Bewertung von
innovativen Materialkonzepten.

Zusammenfassend bietet Seide als Biomaterial vielversprechende Mdoglichkeiten fur den
Bereich der Wundheilung und Regeneration in der Mund-, Kiefer- und Gesichtschirurgie.
Obwonhl es bereits verschiedene Techniken und Methoden gibt, um Strukturen aus Seide
herzustellen und ggf. zu funktionalisieren, ist eine weiterfihrende Forschung erforderlich, um

Seidenproteine noch anpassungsfahiger zu gestalten und optimieren zu kénnen.
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ABSTRACT: Biomaterials and coating techniques unlock major

benefits for advanced medical therapies. Here, we explored layer-by- o
layer (LbL) deposition of silk fibroin (SF) by dip coating to deploy . ii f -
\\

homogeneous films on different materials (titanium, magnesium, and
polymers) frequently used for orthopedic and other bone-related —_— —— . T+ =y
implants. Titanium and magnesium specimens underwent preceding [
plasma electrolytic oxidation (PEOQ) to increase hydrophilicity. This - -

was determined as surface properties were visualized by scanning ) e
electron microscopy and contact angle measurements as well a3 @@ < w7 -
Fourier transform infrared spectroscopy (FTIR) analysis. Finally, v - e Sl
biological in vitro evaluations of hemocompatibility, THP-1 cell —
culture, and TNF-a assays were conducted. A more hydrophilic
surface could be achieved using the PEO surface, and the contact
angle for magnesium and titanium showed a reduction from 73 to 18° and from 58 to 177, respectively. Coating with SF proved
successful on all three surfaces, and coating thicknesses of up to 5.14 gm (+5D 0.22 ym) were achieved. Using FTIR analysis, it was
shown that the insolubility of the material was achieved by post-treatment with water vapor annealing, although the random coil
peak (1640—1649 cm ") and the a-helix peak (at 1650 cm™") were still evident. SF did not change hemocompatibility, regardless of
the substrate, whereas the PEO-coated materials showed improved hemocompatibility. THP-1 cell culture showed that cells adhered
excellently to all of the tested material surfaces. Interestingly, SF coatings induced a significantly higher amount of TNF-z for all
materials, indicating an inflammatory response, which plays an important role in a variety of physiological processes, including
osteogenesis. LbL coatings of SF are shown to be promising candidates to modulate the body’s immune response to implants
manufactured from titanium, magnesium, and polymers. They may therefore facilitate future applications for bioactive implant
coatings. However, further in vivo studies are needed to confirm the proposed effects on osteogenesis in a physiological
environment.

KEYWORDS: silk fibroin, layer-by-layer, coating, implant, foreign body reaction

1. INTRODUCTION surface-modified using various methods.® Surface modification
of a biomaterial can be done by morphological surface
medification or, alternatively, by changing material properties,
for examgple, by adding new materials to the surface or facilitating
coating technigues.®’ Surface coatings are among the most
promising approaches to impart desirable properties to implants,
such as enhancement of implant healing. A coating can generally
be defined as an area that is in close or direct contact with the
surface of a material and whose properties are different from

The application of materials for the fabrication of implants has
been widely increasing in the last few decades. Innovative
biomaterials such as ceramics, metals, and their alloys as well as
polymers are increasingly coming to the fore. Following
implant insertion in the human body, various interactions
occur between the host tissue and the facilitated (bio)material®
It is known that the protein—biomaterial interaction serves as a
signal for inflammatory cells, which then initiate foreign body
reactions. The surface chemistry and topography of implants

determine the composition and severity of those reactions in the Received: June 26, 2023
human body.™ Severe forms of the body's inflammatory Revised:  October 29, 2023
response can manifest themselves in skin reactions such as Accepted: November 2, 2023
eczema or impaired wound healing, among many other Published: November 10, 2023

symptoms based on local or systemic effects. To prevent such
undesirable consequences, biomaterial-based implants can be
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those of the base material or substrate. In detail, these near-
surface areas can be created either by altering, that is, changing
the surface composition or by depositing the same or a different
material on the substrate surface.”

A dedicated surface coating of dynamically loaded areas of an
implant can, for example, minimize wear debris and thus reduce
the risk of allergic reactions. Generally, coating materials should
possess specific properties such as biocompatibility, nontoxicity,
low immunogenicity, and degradability, that is, bicabsorption if
needed. OFf note, for osteoconduction and osseointegration of
implant materials, coordinated interaction between the
osteoimmune response and osteogenesis, which is mediated
by macrophages, plays a central regulatory role in all stages of
bone repaj.r.g In the case of applying a biomaterial coating, both
the coating material itself and the coating technique determine
the implant’s and related therapy's success rate."” Polysacchar-
ides and lipid-based waxes are the most widely used coatings in
biomaterial engineering because of their commercially available
formulations. As a new alternative, proteins show a good barrier
against O, and CO; and display desirable adherence to
hydrophilic surfaces. Furthermore, they exhibit satisfactory
mechanical properties. In particular, they exhibit a good water
vapor barrier as well as better resistance to external agents since
they can be cross-linked by physical (heating) or chemical
(alcohol) treatments. '

Several coating techniques are available for processing
biomaterials, including chemical or physical vapor deposition,
sol—gel technique, spray technique, electrophoretic deposition
technique, and dip technigue, among others. However, not all of
them are suitable for processing protein-based biopolymers
because of their extreme processing conditions in terms of stress,
temperature, and other ambient conditions as well as their
relatively high costs.'>'* Dipping methods are well-established
techniques for the easy deposition of thin films on substrates. If
done properly, such films can be homogeneously and uniformby
applied as well as functionalized by subsequent post-treatment
steps.'* Dipping processes can also be utilized to develop
immersive layer-by-layer (LbL) assemblies, also called “dip
assembly”. This technique is typically performed by immersing a
substrate into a solution several times, followed by intermediate
washing steps to remove the unbound material. '™ 7 In general,
the driving forces of the LbL assembly technique are
electrostatic interactions between oppositely charged species,
but the process can also be influenced by charge transfer
interactions, van der Waals interactions, hydrogen bonding, and
hydrophobic interactions. The main force or stabilizing
interaction in alternate LbL film assembly is perceived to be
electrostatic interactions between oppositely charged spe-
cies.'®'¥ The assembly of thin films has been of considerable
interest because of its ability to exert nanometer control of film
thickness and a plethora of useable matena]s to choose from for
coating planar and particulate substrates.'® The LbL procedure
is inexpensive, facile, and very versatile as the coatings can be
formed on virtually any substrate in almost any shape and
sizet™ A huge advantage against conventional coating
techniques is further the fact that it is possible to embed agents
with desirable functions into these coatings, for example,
pharmacological drugs, nutrients, and proteins. 1822

In recent years, silk fibroin (SF) from the silkworm Bombyx
mori has been extensively studied for its use in the textile
industry, biomedical engineering, and drug delivery systems. ™
This natural polymer exhibits properties such as biocompati-
bility, controllable biodegradability, low toxicity, fullness,

strength, and elasticity as well as water vapor and oxygen
penmabilit}r.ld'm Due to their thermal stability up to 250 °C,
SF-based structures can also withstand high temperatures in vivo
and in sterilization pru-cesses.zﬁ_‘ Despite considerable
research in the field, there are fow approved (medical) products
made from SF. Although versatile processing possibilities exist,
the production of the fibroin solution from the cocoons has thus
far been largely carried out mostly w1th l‘.he aid of the expensive
and harmful solvent lithium bromide.™*' The earliest method
to achieve a SF solution free of toxic solvents on a salt and
alcohol base was the so-called Ajisawa’s reagent. %%
Furthermore, Ajisawa's reagent made out of CaCl, and an
ethanol-based reactant is not only cheaper than lithium bromide
but would also greatly simplify the scalability options for
industrial processes.

It is well known that SF proteins can build different
conformational structures:

& Silk I: good water solubility, formed by a-helix and f-
sheat

# Silk II: main structural conformation of SF, rich in f-
sheet, good resistance to water solubility, and high
mechanical properties

e Random coil: usually exists in the solution of SF*

As a novel biomaterial, SF also meets most requirements of
conventional coating systems and thus outperforms them in
many properties. SF provides a simple, versatile, and lightweight
coating for scaffolds or implants that can be used for further
biofunctionalization.™ In vitro studies have shown that silk has
antimicrobial properties, enabling it to act as an important
clinical mediator in the field of surface coatings.”” ~*" Due to its
antimicrobial properties, SF can reduce the adhesion and
proliferation of bacteria on substrate surfaces and thus prevent
biofilm formation.'™* Disadvantages of SF include brittleness,
fragmentation, and difficulty in producing uniform thickness as a
coating depending on the methods and parameters chosen for
application. ' Various techniques such as electrophoretic
deposition of SF on titanium substrates ha\ﬂa been developed
to address and evaluate these shortcomings.'” Even though the
LbL assembly technique is one of the most widespread and often
facilitated coating processes for SF in the literature, systematic
approaches to evaluate, develop, and provide uniform SF
coatings by LbL on relevant implant materials are to this day still
missing. According to the literature, the solvent lithium bromide
was often used, and new post-treatment technigues, for example,
by means of water vapor annealing (WVA), took place almost
exclusively for protein-based coatings in the food sector, “>*
This study focused on the coating of silk-fibroin-based implant
materials using the LbL method. The challenges included
achieving a homogeneously distributed surface on the implant
materials. The fibroin solution was prepared using the salt-based
solvent Ajisawa, and after coating, a gentle alternative to alcohol-
based crystallization methods was established using WVA. The
fibroin layer was homogeneously distributed on the implant
surfaces and showed no negative manifestations in hemocom-
patibility tests. The cytocompatibility showed an increase in
TNF-z levels, which can be interpreted as a possible factor in
stimulating osteogenesis and potentially ameliorating implant
osteoconduction and ossecintegration.

2. MATERIALS AND METHODS
2.1. 5F Solution. For an SF aqueous solution, fibroin was separated
from sericin by degumming in hot alkali solution before dissolving itin a

httpsifdoiorg /101031 Ascshiomatorials 2c00852
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proprietary nontoxic solvent system based on Ajisawa’s reagent. The

dizsolved fibroin was fully dialyzed against VE water within 8 h by using

tailored extraction processing. The fibroin concentration used in this

study was adjusted to 1 g/mL and stored at 4 “C. To calculate the

dilution factor of the SF solution, the volumes of the solution before and

after dialysis were expressed as a ratio, see eq L.

solution quantity before dialysis[mL]

solution quantity after dialysis[mL] (1
To determine the SF concentration of the dialyzed solution, the

dilution factor determined according to eq 2 was used.

Dilution factor=

concentration before diabysis [wi]

Fibroin concentration[wt %] =
dialysis factor

(2)

If higher concentrations of SF were required, then the solution was
heated to 70 “C. If low concentrations were desired, then the 5F
selution was diluted with ddH, 0.

2.2, Material Preparation, Dip-Coating, and Post-treatment.
Three established biomaterials used for medical implants were
examined:

» Titanium (Ti grade 4, # 9 mm, Meotec, Aachen, Germany)

* Magnesiom (WE43IMEQ, 0 9 mm, Meotec, Aachen, Germany)

o PMMA (Acryl glass round bar, ¢ 8 mm, B&T Metall,
Schwindegg, Germany)

First, magnesium, titanium, and PMMA samples were embedded in
SamplKwick powder and Liquid Fast Cure Acrylic resin (BUEHLER,
Lake Bluff, IL, USA). Second, one side of the samples was first ground
flat in a grinding machine (Tegramin-20, Struers, Willich, Germany)
with a #80 grit. The epoxy resin was sanded down from the other side
until this side of the zamples also showed a flat shape. Subsequently, one
of the sides was sanded smoother with different grain sizes (#1210, #320,
#1200, #2000, and #4000) until a shiny and scratch-free surface was
obtained. The samples proceeded to an experimental dip-coating setup
(Fibrothelium, Aachen, Germany). To this end, the materials were
placed in isopropanol {70 wt %) for 1 h for cleaning and dust removal
and immersed in a 5 wt % 5F solution for 105 at a time. In the next step,
the samples were dipped in purified water to remove the unbound
material. The samples were then hung for 1 h to dry and sealed with
aluminum foil to prevent the samples from being contaminated. In this
way, three samples each were coated with either one or five layers with
self-developed software for automation called DipMator. To convert
the dried SF layers on the different materials from a hydrophilic to a
hydrophobic state, a gentle post-treatment was required. This was
achieved via crystallization of SF by treatment with 70% ethanol
{EtOH) or WVA for 30 min. Ultimately, the titanium and magnesium
samples underwent plasma electrolytic oxidation (PEQ) surface
modification (Meotec, Aachen, Germany).** By applying a direct
current, a uniform oxide layer was formed on the materials, which itself
served as a rotating anode during electrochemical processing. The
resulting PEO layers were ~15—16 gm in thickness for the magnesium
and ~17—19 gm in thickness for the titanium samples.

2.3, Contact Angle Measurements. To determine hydrophilic
and hydrophobic surface properties, the contact angles were measured
based on DIN 55660-2. Herein, the imaging of a lying drop was used to
measure the intersection between the drop contour and the projection
of the surface. In the case of complete wetting, the contact angle
amounts to 0°. Between 0 and 90°, the substrate was considered
wettable, and above 907, it was not wettable. The measurements were
carried out at 22 °C and a hamidity of 38% RH. For each drop, 5 L of
purified water was applied to the tested surface and then analyzed using
imaging software Image Access (Imagic Bildverarbeitung, Glattbrugg,
Switzerland) to determine the contact angle.

2.4, Surface Behavior and Layer Thickness. For the evaluation
of 5F on coated surfaces, samples were examined with an XL30 SEM
microscope {Philips, Amsterdam, the Netherlands). The surfaces of the
samples were provided with a very thin layer of precious metal
{sputtered). The coating material gold is called a sputter target and was

deposited as a thin layer with a thickness of 2—20 nm on the sample
surface. With the Sputter Coater 51508 (Edwards, Crawly, England),
the samples were coated.

For the optical assessment of the layer thickness, the specimens were
embedded in epoxy resin (Epoclear—Schmitz-Metallographie GmbH,
Herzogenrath, Germany) and dried for 24 h followed by sanding down
(grain size #4000) from one side until the samples showed a flat shape.
Micrographs of the coated samples treated with water vapor were taken.
The layer thickness was determined with the help of the computer
program Image Access. Representative pictures were taken with
magnifications of 1000-fold and 5000-fold, and the layer thickness
was taken with a 2000-fold magnification.

2.5. Solubility Testing and FTIR Analysis. Attenuated total
reflectance Fourier transform infrared (FTIR) was used to study the
conformation and morphology of the 5F coatings by using a Nicolet
MNexus 470 spectrometer (Thermo Fisher Scientific, Waltham, MA,
USA) with a resolution of 4 cm—". A total of 64 scans were coadded to
produce full spectra ranging from 1450 to 1700 cm™.

2.6, Hemocompatibility. All examinations from the blood
collection to the final analysis were carried out within less than 2 h
after drawing. Whole blood samples were drawn from healthy
volunteers in sodium citrate or EDTA-containing vials for analyses of
coagulation and hemolysis or hematology, respectively. A total of five
specimens {cylinders of I 7.0 mm x L 6.0 mm) of the same group were
placed in 40 cm polyvinyl chloride tubes (3/8 in. % 3/32 in.) precoated
with a “Phisio.” {Phosphorylcholine inert surface) coating
(CORMED, Riithen, Germany), a special polymer layer which hinders
plasma protein deposition and platelet adhesion. After 4 mL of bleod
was added, the tube was circularly bent, and both ends were tightly
closed by heat-shrink tubing. Tubes loaded with bloed but without any
specimen served as negative controls. Circular tubes were turned in a 38
" water bath for 60 min (resulting in a blood temperature of 37 °C).
Blood analyses were performed by a standard clinical equipment in the
Institute of Clinical Chemistry, Transfusion and Laboratory Medicine,
BG University Hospital Bergmannsheil, Ruohr-University Bochum,
Germany. Coagulation measurements were performed using the ACL
Top system (Werfen GmbH, Munich, Germany), while the blood cell
counts were assessed with the DXH system (Beckman Coulter, Brea,
California, USA). Free hemoglobin levels were determined using the
HemoCuee Hb 801 system (HemoCue AB, Rngeﬂm]m, Sweden). All
measurements were performed following the manufacturer’s instroec-
tions.

2.7. THP-1 Cell Culture. Samples of the material groups
magnesium, titanium, and PMMA were colonized with undifferentiated
THP-1 cells (3.6 % 10°, RPMI, 10% serum, 1% penicillin,/streptomycin,
50 pmaol F-mercapto-EHOH; according to ATCC specifications) in full
medium and preincubated for 45 min. Then, 1.7 mL of full medium was
added to the samples and incubated (37 °C, 5% CO,, and 95% RH) for
12 h. Subsequently, the test specimens were coated with a 3%
glutaraldehyde (GA) solution for fixation, and the liquid was replaced
by PBS. For degradation analysis of the silk-based coating materials,
undifferentiated THP-1 cells were applied to the SF membranes and
incubated for 4 days in full medium. The following day, the 5F
membranes were foed with a 3% GA solution. The degradation
behavior of the membranes was checked by means of SEM. Secretion of
TMF-, a pivotal messenger of inflammation, was measured using an
ELISA sandwich kit according to the manuofacturer’s instructions
(Quantikine, R&D Systems, Minneapolis, MN, USA).

2.8. Water Vapor Permeability. The water vapor transmission
(WVT) through a material layer was determined by using the ASTM
E96/E96-M standard. The following eq 3 was used to calculate the
permeation quantity of water vapor over a certain period. Both the
temperature and humidity were kept constant for each test.

e weight loss Aglg]
"~ time[h]*material aread [m?] (3)

The water vapor permeability (WVP) is defined by the time rate of
water vapor transfer throegh a material induced by a vapor pressure
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Figure 1. Crystallinity of differently treated SF membranes detected by FTIR. (A,B) Water vapor-annealed; (C,D) EtOH-treated; the macroscopic
transparency difference between water vapor-annealed and EtOH-treated membranes is visibly distinct (A vs C). n = § samples tested.

difference between two specific surfaces and was calculated from WVT
according to eq 4.

wvrl% X mll

Permeability=
Ty vaporpressure difference Ap[Pa] (4)

An EZ-Cup vapometer (Thwing Albert, West Berlin, NJ, USA) was
used to perform the measurement.*’ The cup was filled up to three-
quarters with ddH,0. The membrane, without post-treatment, was cut
to size and placed between the neoprene seals. The inner diameter of
the permeation was 6.5 cm. Finally, the Teflon seal was applied, and the
cup was closed using the flange ring. The controlled ambient conditions
were realized by a climatic chamber. The temperature was 37 °C, and
the humidity was 25 RH % to achieve physiologically similar ambient
temperatures. A laboratory balance was placed in the climatic chamber,
and the test time was 24 h. A camera was mounted in the climatic
chamber to take pictures of the measurements every hour.

2.9, Statistical Analysis. If not otherwise specified, n = § samples
were tested. For statistical analyses, SPSS 22 software (version 22.0;
IBM Corp., Armonk, NY, USA) and GraphPad Prism (version 8.4.0;
GraphPad Software, LaJolla, CA, USA) were employed. Quantitative
characteristics are presented as mean + standard deviation (SD). The
normal distribution of the data was tested with the Shapiro—Wilk test.
Herein, either a two-tailed t-test for unpaired samples or an ordinary
one-way analysis of variance (ANOVA) and Tukey's multiple

comparison test on normally distributed data, while the Mann—
Whitney test or Kruskal—Wallis test and Dunn's multiple comparison
test for nonparametric-distributed data, were applied. Data are
indicated with (*) for a level of significance p < 0.05.

3. RESULTS

3.1. Crystallization Kinetics of SF. To increase the stability
of SF membranes and counteract rapid dissolution after implant
insertion, post-treatments to initiate f-sheet formation within
the films and hence imply water insolubility are of importance
when considering implant application of SF layers by LbL. To
study different postprocessing treatments and evaluate param-
eters such as optical density without restraints, single SF films
without an underlying substrate material were tested and
analyzed. As expected, it was observed that untreated
membranes would rapidly dissolve in water compared with
membranes treated with WVA or EtOH. After just a few
seconds, the untreated membranes began to decompose,
beginning in the middle and heading toward peripheral areas.
Figure 1A,B shows membranes treated by the WVA method,
while samples of C and D were post-treated with EtOH. Both
groups of post-treated membranes withstood water immersion
over a minimum time of 60 min and did not dissolve visibly to
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Figure 2. Measurement of WVT and permeability. The determination of mass change was a function of time. Within 24 h, 0.29% of mass was lost
through ten layers of §F, compared to 0.40% in one layer of SF. n = 3 experiments conducted.

that point. A clear difference could be visualized after drying the
post-treated membranes. While the water vapor-annealed
membranes showed a transparent and clear structure, the
EtOH-treated ones appeared fragile, yellowish, faded, and matt.
However, the choice of post-treatment had only little influence
on their brittleness.

Tao better understand the interactions between proteins and
water molecules, water solubility, and comparison of both post-
treated membranes as well as the molecular structure of the
reconstituted SF, FTIR analysis was performed at 45 °C. To this
end, silk films were prepared from high concentrations of
regenerated SF in aqueous solution (~10 wt %). Figure 1B
shows typical FTIR spectra revealing structural changes during
WVA from 0 to 120 min. The amide I (1600—1700 cm™") and
amide 11 (1450—1600 cm™') regions were selected to
demonstrate the formation of the f-sheet crystals. Initially, the
samples were in a noncrystalline state, and no peak was observed
in the wavenumber region of 1600—1640 cm (0 min), which is
the main absorbance region of the f-sheet crystal in amide L
When the annealing time increased, the f-sheet crystal peak
appeared gradually, centered at 1630 cm™ . It should be noted
that there is no uniform formation of a peak with increasing time,
but the curves between 30 and 120 min have a significantly
higher absorption spectrum. The random coil peaks (1640—
1649 cm™") and the a-helix peak (centered at 1650 cm ™) were
still evident, although the SF membranes were already water
insoluble after 7 min post-treatment. The silk 1 indicator 1652
cm ! a-helix was significantly higher than other peaks, such as
the random coil peaks and the f-sheet peak. The tyrosine side
chain absorbance in the amide II region also shifted from 1515
cm !, indicating the packing of the beginning fi-sheet crystals
during the WVA process. Similar behavior was observed for
EtOH-post-treated membranes, as seen in Figure 1D. The
absorption spectrum here reached maximum values of 1.6 %
107" au in comparison to the water vapor-annealed ones with 1.4
» 107" aw A more pronounced peak was detected in the f-sheets
in the range of 1626 cm™', and already from 15 min post-
treatment time, the curves built up almost uniformly on each
other. The random coil peaks and the a-helix peak decreased
simultaneously and shifted more to the region around 1660
cm L. Also, the tyrosine side chain absorbance in the amide 11

region shifted from 1515 cm ™!, indicating the packing of dense
fi-sheet crystals during EbOH treatment.

In summary, water vapor-annealing post-treatment provided
an effective method for insolubilizing SF and thus the potential
for the application of durable LbL coatings. The process allowed
us to sufficiently control the f-sheet content of silk films,
avoiding brittleness and solvent-induced protein inactivity. The
water vapor method exhibited lower absorption spectra and led
to the desired result after only a few minutes. Compared to the
chemical post-treatment with EtOH, higher peaks in the silk 1
structure were detected, indicating the potential for better
resistance and longevity when applied as a coating on implant
substrates. As post-treatment with water vapor appeared to be
less detrimental to the stability of the SF films, we chose to utilize
WVA for subsequent experiments.

3.2. WVP of SF Films. Besides the insolubility of the films,
the potential transmissivity of SF LbL coatings for water and
other small molecules was tested to evaluate the protective
character of the coated substrates in terms of corrosion,
degradation. Figure 3 depicts the mass decrease (evaporation
loss) within the vapometer over time in dependence of
membrane thickness. Within 24 b, 0.74 g (0.29%) of water
vapor permeated through the ten-layer (n = 10) SF coating
membrane. The one-layer SF membrane (n = 1) lost 1.03 g
(0.40%) of water vapor within 24 h. On average, the mass
decreased by 0.03 g (+5D 0.03 g) at n = 10 per hour. The mass
change per hour at n = I was on average 0.04 g (5D 0.06 g).
The n = 10 SF membrane exhibited a WVT of 9.31 g/(h*m?),
whereas the n = 1 SF membrane demonstrated a WVT of 12.93
g/(h*m?), see Figure 2.

To determine the permeability, the pressure difference Ap
from the saturation vapor pressure and the difference in relative
humidity (RH) betwoen the vapometer and the climate chamber
were recorded. Thus, the saturation vapor pressure of water at
the specified temperature was 47.45 hPa. The air humidity in the
vapometer was indicated with 100 RH %. Out of this, for ten
layers, a permeation of 27.7 x 10°% g/(h*m™*Pa) was
determined. For one fibroin layer, a permeation of 385 x
107° ¢/ (h*m™*Pa) was calculated.

3.3. Surface Characteristics. As hydrophilicity plays an
important role in physiological environments, water drop
contact angle measurements were conducted on all tested
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Figare 3. Contact angle measurement. (A) Titanium w/o PEO
treatment and (B) titanium w/PEQ treatment; (C) magnesium w/o
PEOQ treatment and (D) magnesium w/PEO treatment; (E) PMMA w/
o PEQ treatment; and (F) schematic demonstration of contact angle
measurement; Prinium < 0.05; Pagnocem < 0.05; n = 5 samples tested.

materials, namely, unmodified and PEO surface-modified
titanium (Ti grade 4), unmodified and PEO surface-modified
magnesium (WE43MEO), and polymers (PMMA), without
further surface modification, to give a first insight on the

potential applicability of a LbL coating from liquid solution. The
titanium surfaces, which serve as a reference material with
widespread application in orthopedic and other bone-related
surgical fields, showed an ellipsoidal shape. A contact angle of
587 was calculated. This angle was the smallest in comparison
with the other two materials. Magnesium behaved more
hydrophobically in this measurement. The drop on the surface
had an almost completely round shape and a repellent behavior
toward the surface with a contact angle of 73°. The contact
angles measured for PMMA were 60° on average. Due to the
rather hydrophobic character of the investigated materials
measured here, the contact angle of PEO surface-modified
samples was examined in the next step to see whether the
wettability of the measured materials was altered. PEO surface
modification is clinically already in use for both magnesium and
titanium implants to enable specific functionality like slow
degradation (magnesium) or the improvement of cell attach-
ment (titanium) and thus showed potential to further improve
the wettability and application of SF coatings by LbL coating
within our approach. Panels B and D show the contact angle
measurement of the PEO surface-modified samples from
titanium and magnesium. In summary, surfaces could be wetted
much better, and the water droplets were evenly distributed on
the surface. The angles of the materials titanium and magnesium
after PEQO treatment were 17 and 187, respectively. The standard
deviations ranged from 5.2° for the PEO surface-modified
materials to 9.6° for PMMA. Statistical analysis revealed
significant differences (*), see Figure 3.

3.4. Surface Morphology of Coated SF Samples. To
verify whether a uniform coating of the different substrates could
be achieved, microsections of each group were analyzed by SEM.
Five SF layers were applied to each test specimen. In Figure 4,
representative SEM images of the SF-coated magnesium (A—
H), titanium (I-P), and PMMA (Q—T) samples for the post-
treatment and the PEO groups are shown at different

Ti PMMA

100 fold

Non-treated

PEO

PEO+WVA

1000 fold 100 fold

1000 fold 100 fold 1000 fold

Figure 4. SEM images of SF-coated specimens undergoing different surface treatments. (A—H) Magnesium; (A,B) Mg w/oPEO + SF; (C,D) Mgw/o
PEO + SF + WVA; (E,F) Mg + PEO + SF; (G,H) Mg + PEO + SF + WVA; (I-P) titanium grade 4; (1]) Ti w/o PEO + SF; (K,L) Tiw/o PEO + SF +
WVA; (M\N) Ti + PEO + SF; (O,P) Ti + PEO + SF + WVA; (Q-T) PMMA; (Q.R) PMMA + SF; (5,T) PMMA + SF + WVA; n = § samples tested.
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magnifications using untreated bare samples serving as controls
(top row).

Images A and B show the nontreated magnesium specimens,
and C and D show the water vapor post-treated SF-coated
magnesium samples. The different formation and state of the SF
layers after water vapor treatment can be seen clearly, showing
an irregular coating of the surfaces with SF. Sections C and D
show the SF magnesium specimens after water vapor post-
treatment. Here, a rootlike covering of the surfaces was detected.
The SF layer stretched along the surfaces. Again, there seemed
to be no homogeneous distribution of the SF layer on the
surface. In contrast, 2 more homogeneous distribution of the SF
layer was observed on the PEOQ surface-modified magnesium
samples (panels E—H). In comparison to the uncoated PEO
negative control, the SF solution penetrated evenly and
completely into the pores and covered the surface uniformly.

In panels I-P, the same optical analysis methods were
performed on the titanium groups. A clear difference was seen
between the titanium samples post-treated with water vapor and
the magnesium samples treated accordingly. The pictures K and
L show a more uniform SF coating than the magnesium-treated
samples. The same SF layer on titanium seemed to adhere to the
surface. The inherent surface irregularities of titanium in the
blank state, pictures (I—]}, seemed to promote film formation
and thus were completely covered and filled by the SF solution.
However, certain irregularities on the surface were detected, but
using the applied analytical methods, it was not certain whether
these were SF aggregations or dust (section L). However, also
on the titanium samples, 2 nonuniform coating was observed
when using PEQ surface modification as a base layer (pictures
M—F). Here, a reduction of the number of pores by SF was seen,
but at 100- and 1000-fold magnifications {panels M and NJ,
small pores were still evident.

Treatment with water vapor showed an irregular structure for
magnesium but a uniform structure for titanium. This may be
attributed to the underlying corrosion effects of magnesium,
which prevent the even distribution of SF in the SF layer. Upon
PEC surface modification, a more uniform SF layer was achieved
on the magnesium samples. The pores were closed uniformly by
SF, and a homogeneous surface structure was generated.

Panels —T show the micrographs of SF-coated PMMA
samples. Here, the post-treatment method of water vapor was
also performed. However, for obvious reasons, any kind of
metallic conversion coating such as PEO was not possible with
PMMA. A clear difference between the post-treatment and the
negative control was only seen at a 1000-fold magnification
(panels R and T), resulting in an intact SF layer.

To further characterize the interface of the SF coatings, cross
sections of the different sample groups were performed and
analyzed, with Figure 5 showing all surfaces without and Figure &
showing all surfaces with PEO surface modification. In Figure 5,
sections A—C show the embedded magnesium and SF layers.
The upper part of the picture shows the polymeric embedding
material including filling particles. At a magnification of S000-
fold (panel C), 2 uniform and homogeneous distribution of the
SF layer can be seen, which seemed completely tom off the
magnesium surface due to the embedding and drying process,
hence impeding interpretation. The SF layer thickness on
magnesium on average was 222 gm (+5D 0.49 pm). The
titanium samples are displayed in panels D—F. Although a layer
thickness of 5.14 ym (+5D 022 ym) was achieved, the layer
often appeared perforated and lumpy compared to the untreated
magnesium sample. The thinnest and most difficult-to-measure
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Figure 5. SEM images of the SF layers with WVA on different substrates
in cross-section. (A—C) Magnesiom; (D—F) titaniom; {G-1) PMMA;
(]) comparison of the average layer thickness. n = 5 samples tested.
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Figure 6. 5EM images of the 5F layer with WVA and PEQ surface
modifications in cross-section. (4,B) Mg + PEO with and without SF
coating and (C,D) Ti + PEO with and without 5F coating, n = § samples
tested.

SF layer was seen on PMMA. Due to the transparency of the
specimen and the embedding material, hardly any SF layer could
be determined. The layer showed neither uniformity nor a
homogeneous distribution on the surface. For this reason, only a
SF layer thickness with an average of 0.41 wm could be
measured, see pictures G-I Independent experiments were
conducted five times.

The determination of the coating thickness on the PED
surface-modified magnesium and titanium samples proved
challenging. Due to the pores, it was hardly possible to measure
an even and homogeneously distributed layer as the pores were
filled with SF, while the nonporous flat surface regions showed a
lower but homogeneous layer thickness. Figure 6 shows PEO

https:/¥doiorg/ 1001021/ acshiomatenials. 2000852
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Figure 7. Hemocompatibility evaluation of titanium and untreated and PEO surface-modified magnesium specimens after SF coating and post-
treatment with WVA; (A) PTT assay; (B) platelet activation assay; and (C) free hemoglobin assay. n = § samples tested. The negative control

consisted of native blood without additional samples.
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Figure 8. SEM images of THP-1 cell adhesion on the implant surfaces. (A-D) Ti+ PEO + SF w/WVA; (E) Ti negative control w/o cells; (F-1) Mg+
PEQ + SF w/WVA; U) Mg negative control w/o cells; (K—N) PMMA w/o PEO + SF w/WVA; and ( O) PMMA negative control w/o cells.n = §

samples tested.

surface-modified magnesium (A and B) and titanium (C and D)
samples, on the left side fibroin-coated and on the right side the
corresponding negative control.

3.5. Hemocompatibility Evaluation. To further evaluate
hemocompatibility characteristics, PTT, free hemoglobin, and
platelet activation tests were performed for groups showing
potential clinical use in previous testing, namely, titanium,
magnesium, and Mg + PEO after LbL coating with SF (see
Figure 7). The results of the PTT assay showed that with
spatially native blood, unmodified magnesium implants had a
longer clotting time, indicating impaired physiological clotting.
In contrast, titanium and magnesium PEO did not alter PTT.
The platelet count was reduced in titanium and magnesium PEO
specimen-containing blood samples. It was also observed that
the platelet count in native blood was low. Furthermore, it was
found that free hemoglobin levels were slightly elevated in
unmodified magnesium implants, suggesting induction of
hemolysis in this group. In general, it can be concluded that
magnesium without PEO surface modification showed limited
hemocompatibility, whereas magnesium with surface modifica-
tion by PEO and metallic titanium exhibited hemocompatibility.

6651

3.6. Cellular Adhesion Potential. During SEM evaluation
of the different groups, blood cells could be detected on all three
different materials; see Figure 8. In sections A—D, adherent cells
on SF-coated titanium could be identified. The cells did not
show a homogeneous distribution on the surface but settled and
nestled on the SF-filled holes attributed to the PEO surface
modification (section C). Individually, adherent cells were also
detected on the SF-coated magnesium samples (images G and
H). However, most of the surface was covered by oxide rods,
which made it difficult to detect undifferentiated cells. While the
cells on titanium had a nested and uneven cell-typical structure,
the cells on the magnesium surface looked brighter and
smoother (sections D and H). The oxide rods indicated a
reaction of the magnesium surface with the previously
surrounding medium (blood). The extent to which this reaction
affected the adhesion of cells on the surface could not be
determined at this point. The highest count of cells on the
different substrates was found for PMMA. The cells did not only
adhere excellently on top of the material but also connected
interdependently. For all three tested implant matenials, negative
controls without cells are shown (panels E, J, and O).

https//dos.crg/10.1021 acshiomatanals. 3c00852
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Figure 9. Proinflammatory response caused by macrophage response in the presence and absence of SF w/WVA quantified by TNF-a. For untreated
PMMA samples (asterisk), cells (triangle), and culture medium (square), no detectable induction of TNF-a was measured. n = 5 samples tested.

3.7. TNF~x Response. Proinflaimmatory TNF-a cytokines
were measured to assess the inflammatory response in the
presence of SF as a coating material on the different tested
substrates. As shown in Figure 9, compared to the control
macrophages (cells and medium only), the SF composites
showed a significantly higher concentration of TNF-a within a
12 h period. The number of TNF-a measured for coated
titanium and magnesium was 260 L and 250 pg/mL,
respectively. The concentration of TNF-a in coated PMMA
showed the highest value with almost 400 pg/mL. Significant
differences were also observed between the PEO surface-
modified and PEO + SF-coated magnesium and titanium
samples. Evidently, SF coating increased the concentration of
TNF-a in all implant materials (p < 0.05).

4. DISCUSSION

After implant insertion, osteoconduction and osseointegration
both depend not only on a variety of biological factors but also
on the response to the foreign material.™ Factors impeding
osseointegration and implant success include radiation therapy,
certain pharmacological agents, or other patient-related factors
such as advanced age, osteoporosis, nutritional deficiencies,
renal insufficiency, or smoking.” With an increasing use of
orthopedic implants for joint replacement (predominantly knee
and hip) in an aging population, as well as other applications,
there is a growing demand for nptlmal interaction and
integration between implant and bone.* Biomaterial-mediated
inflammation after implant insertion can not only increase the
risk of implant failure and influence the wem]l health of patients
but also promote regenerative processes.”” Macrophages are
recognized as significant mediators of implant-associated
inflammation. In fact, they possess a key role in establishing a
balance between inflammatory and regenerative 1125;:-13:1‘1.5»2:;.5 In
recent years, several approaches have been introduced to
prevent inordinate material-inflicted inflammatory responses
following protein absorption and excessive immune activation.™

Deespite material advancement, it has been observed lhat they
may cause severe allergic reactions after implantation.™ The
focus of the present in vitro study was to develop SF coatings by
the LbL method for established implant materials and evaluate
their properties with regard to foreign body reactions. In

previous work, our group was able to show the suitability of SE
scaffolds for implant applications.™ Accordingly, our goal was to
evaluate SF films as coatings for different implant materials and
to investigate the wetting behavior of titanium, magnesium, and
PMMA during the LbL dip coating.’® Besides, in the field of
biomedical engineering, surface modifications such as PEO have
been shown to increase blood compatibility.™ The measured
contact angles for titanium and magnesium without such PEC
madification were 58 and 79°, indicating a rather hydrophobic
character and undesirable wetting properties for use with any
agueous solution. Significantly lower contact angles and thus
good wetting properties, however, could be observed for PEC
surface-modified titanium and magnesium. Hence, this indicates
that a significant change in contact angle between the bare
metallic and the PEO-modified samples is directly related to
surface morphology (e.g., roughness) and chemistry. Similar
results were observed by Echeverry-Rendon et al™ In their
study, they reported that after PEO treatment of titanium discs,
the contact angle drastically decreased, indicating the super-
hydrophilicity of the tested sa.mg]es. Also, in correspondence
with our findings, Mingo et al.”® observed decreased contact
angles after PEO treatment of magnesium-based substrates. The
authors suggested that the high surface porosity might promote
the penetration of water-based solutions, enhancing wettability.
On the other hand, these observations can be attributed to the
chemical composition of the surface layer established during
PEO surface modification. 1t was reported that the surface
properties of the oxide layer can be customized by varying the
PED el@ctm]}'te composition and adding dispersed com-
pounds.”~® Such entrapped particles can be incorporated into
the surface layer and thus induce specific properties or improve
surface performance.’” For example, Sandhyarani et al. prepared
different electrolyte compositions and used these solutions for
the PEO surface treatment of metallic zirconium. Accordingly,
they indicated that methodically varied concentrations of
phosphate-, silicate-, and KOH-based electrolyte systems
significantly altered the wettability of the oxide films formed
on the surface.’ In another study, Jiang et al. prepared various
electrolyte compositions, such as sodium phosphate, sodium
silicate, sodium aluminate, and composite {Na,PO, + Na,Si0,
+ NaAlD,) electrolytes, and used them for PEQ surface
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modification of pure titanium.®” Similarly, they proved that the
chemical composition of the electrolyte solution drastically
affects the physical properties of the fabricated PEO oxide layer.
In the present study, we used the LbL method to coat
established implant materials with (titanium and magnesium)
and without (PMMA) previous surface passivation by PEQ with
SE. The group of Saha et al. has shown the coating of SF on TiO,
nanotubes.'” They also utilized titanium grade 4 alloys for the
electrophoretic disposition of SF, and with regard to hydro-
philicity, they found contact angles of 83—90°. In our hands, a
contact angle of 58° was measured for Ti, and a contact angle of
73% was measured for magnesium. Elia and colleagues
successtully applied a silk electrogel coating on titanium dental
implants.™ Interestingly, they found that during mechanical
testing, the adhesive strength of electrogel coatings was
comparable to other biologically derived coating systems such
as collagen, hydroxyapatite, and chitosan. Both groups were able
to achieve a homogeneous coating but concentrated on titanium
as an established implant material, whereas PMMA or
magnesium were not investigated. The SF backbone consists
of the amino acid structure of most hydrophobic (Gly and Ala)
chain segments, which generally gives SF a hydrophobic
character.” Wang et al. described the effects of the adhesive
properties of SF on surfaces as a function of the salt content of
the SF solution.'® The experimental setup used for the coating
process worked with satisfying performance as the whole surface
was covered with layers of S5F on most material groups. We
hypothesized that the layer thickness of SF would increase witha
higher number of dip processes. However, the accuracy and even
distribution of SF on the surfaces proved to be challenging.
According to the cross sections of the SF-coated samples, it was
possible to cover the surface of all materials, but it proved
difficult to obtain uniform thickness, at least when considering
porosity. While the SF layer thickness of the magnesium and
titanium implant materials achieved average values of ~2.22 and
5.14 pm, respectively, the lowest layer thickness was obtained
with the PMMA material (~0.41 gm), which was consistent
with the literature.**** In particular, the PEO-modified samples
showed better applicability with SF due to its more hydrophilic
and rougher (porous) surface properties. However, pores filled
with SF resulted in significantly higher layer thickness in these
areas. It was found that PEO surface-modified titanium samples
could not be filled with the provided amount of SF solution due
to the coarser surface structure and larger pores of the PEO
layer, demanding further penetration during the SF LbL coating,
After the SF LbL coating, two different post-treatment
techniques were performed to convert the protein conformation
of the water-soluble SF of silk I into water-insoluble silk
structure IL Silk I has a less compressed structure than silk 1T but
is usually considered very unstable and is converted to silk I1 {§-
sheet) by physiochemical treatments such as mechanical forces,
thermal treatment, and immersion in a selected organic solvent,
such as alcohol. The first post-treatment was to immerse the silk
in organic solvents, in owr case, EtOH. Ethanol promotes
crystallization by aggregating SF chains, leading to the formation
of silk 11 structures. The rate of crystallization during the
chemical treatment is affected by the concentration of the
treatment solution. According to the literature, the progress of
crystallization is very slow at ]'u concentrations of EtOH
solution, such as 90 or 100%."** The reason for this is the
limited mobility of the amorphous SF chains. Therefore, a
concentration of 70 vol % EtOH was used in this study. The
second method for post-treatment of implants was based on

6653

temperature-controlled WVA.® WVA is a simple and effective
method to control the molecular structure and crystallization of
silk biomaterials through physical treatment. Post-treatment
with water vapor, although more time-consuming, proved to be
a more sensitive and inexpensive alternative to conventional
methods. SF is known to require water molecules for
crystallization."** During the post-treatment of silk with
water vapor, water molecules play an important role in the
amorphous parts of SF. Since the water molecules are
comparatively small, they penetrate the silk protein chain
network and “plasticize” the system into a water-bound silk
network with higher chain mobility, resulting in higher flexibility
of the SF structures in contrast to the rather brittle SF textures
resulting from EtOH treatment.

After post-treatment of the samples, we performed FTIR
analysis to investigate the water insolubility of the post-treated
membranes and the molecular structure of SF. Dipping SF films
inan EtOH bath to induce crystallization initiated self-assembly
and aggregation of SF, resulting in SF microspheres. Compared
with the alcohol-treated surfaces of SF, the steam-annealed
samples showed significant advantages as the SF layer remained
a smooth surface. Upon water annealing, SF interacted with
water and reorganized its microdomains into a network
dominated by a@-helix structures instead of random coil
structures. Many f-sheet-rich, fibril-like structures formed in
the nodal regions of the network during treatment (white color
in SEM). This appearance of Enst -treated SF structures is
consistent with previous reports.” * The water insolubility of
the films of SF after steam annealing appears to be due to the
formation of a stable silk 1 structure. When the films were
exposed to EtOH, the silk I structure was visible. During
annealing with water vapor, the SF chains within the membrane
probably self-assembled to form a significant proportion of silk L
After swelling the stemn-anmza]ed films in water, the SF films
retained their elas’unty Moreover, the SF films annealed in
water were more transparent than those treated with EtOH,
which is consistent with previously published data.®"%*

Hemocompatibility evaluation is essential for testing the
surface compatibility of biomaterials for implant use. In this
study, we performed PTT, platelet activation, and free
hemoglobin assays. Blood coagulation can be triggered by a
series of proteolytic reactions leading to the formation of fibrin
clots; this process includes intrinsic and extrinsic coagulation
pmcesses.? The result of the PTT assay in the current study can
be attributed to the fact that the intrinsic paﬂm ay is more easily
activated by untreated magnesium implants.”' Moreover, the
present study demonstrated that the PEQ surface modification
of metallic implant surfaces does not impair PTT, which is in
accordance with other studies. ™' It was suggested that the
inert surface ande laver reduced the interaction of blood cells
and proteins.~ On the other hand, because of the higher
susceptibility to corrosion of untreated magnesium, it is
expected that a large amount of magnesium ions will be exposed
to blood flow. The interaction of free magnesium ions with the
membrane of red blood cells may lead to swelling and rupture of
the membrane, potentially resulting in hemaolysis. ™ 374

A further essential requirement for biomaterial-based im-
plants is sufficient biocompatibility in vivo, which includes a
physiological inflammatory response. To determine the ability
of cell-loaded silk films to polarize macrophages, the monocytic
undifferentiated human monocytic leukemia cell line (THP-1)
was used on the different implant materials. In suspension, THP-
1 cells are present as monocytes and become macrophages
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capable of adhering to surfaces through differentiation. One aim
of this study was to use thin layers of SF proteins as the coating
material for implants to modulate the release of cytokines and to
control the macrophage response to an extent that monocytes
can differentiate into macrophages by adhesion to the surfaces.
SF was used because it can be tailored to suppress or promote
the release of cytokines under physiological conditions and has
been previously shown to preserve cell functionality.” ™ The
largest number of adherent cells was detected by SEM on the
surface of the coated PMMA. A possible reason for the
enormous number of differentiated cells on the surface of
PMMA could be the small thickness of the SF layer that could be
generated only on this material. Due to an uneven and
inhomogeneously distributed SF layer, areas of the PMMA
surface remained uncovered. In previous studies, PMMA-
induced cellular infiltration and proinflammatory cytokine
release suggested that the ratio of total surface area to substrate
volume may be an important | faclﬂr in determining the extent of
the inflammatory response.” ™’ Whether the formation and
adhesion of cells to the surfaces of implant materials are
desirable cannot be determined by this test. Moreover, it needs
to be investigated whether cell adhesion and thus differentiation
of macrophages on the surfaces also occurred on the samples
without SF.

The inflammatory potential of SF as a coating on common
biomaterials was quantified by ELISA as macrophages play an
important role in the human innate immune system. After the
implantation of biomaterials, macrophages stimulate the tissue
to ensure wound healing; on the other hand, they trigger
degradation processes and inflammatory responses® '™
Activation of the innate immune response is a wuseful
determinant of biomaterial hju-cnmpaﬁ'bﬂity.?‘f"'_'“-m TMF-iis a
proinflammatory cytokine that induces the expression of
cutaneous and endothelial adhesion molecules and is involved
in skin irritation and inflammatory responses to implant
materials.”!

Herein, THF-i acts as a proinflammatory cytokine, which is
secreted by M1-like macrophages, creating the regenerative
niche and promoting recruitment and differentiation of
mesenchymal progenitor cells for bone healing as well as
guiding bone formation and remﬂdeling.g Owr study shows that
TME- was significantly increased after SF coating on all tested
substrate materials. On SF-coated, PEOQ surface-modified
titanium and magnesium specimens, TNF-a cytokines reached
levels of 260 and 250 pg/mL, respectively. The highest amount
could be determined with PMMA + SF (~400 pg/mL). These
concentrations were significantly reduced without the SF
coating. One reason for this behavior could be attributed to
fibroin proteins that detach from the coating and cause
activation of the cells in the medium.™ The proinflammatory
cytokines can also be understood as biomarkers for the proper
differentiation of monocytes to macrophages and the physio-
logical response of macrophages. Despite the potential benefits
of PEQ on titanium, the layering system has so far only been
used in selacted applications (e.g., in titanium dental implants),
and the wide range of titanium implants, such as orthopedic
applications, is not represented. In addition, PEO is not
indispensable for titanium in contrast to magnesium, where
PEQ must always be used to passivate the reactive surface, also
with an SF coating on top. Therefore, for titanium implants, the
direct use of SF {without PEQO) makes economic and functional
sense.

The coating of implant materials with SF has been previously
shown to improve biocompatibility and osteogenesis, which is in
strong accordance with our findings on moderately elevated
levels of TNF—a on homogeneously LbL SF-coated sub-
strates.” ™ The cytokine response to SF particles, as found
with inhomogeneously coated PMMA substrates, endorses the
benefits of further evaluation of SF film degradation. Additional
testing should be performed to determine the proinflammatory
response of SF layers as a coating for implant materials and
ability to enhance biocompatibility and osteogenesis.™
Enzymatic degradation experiments should be used to gain an
overview of the tunable degradability of SF.** Additional
investigation will be useful to determine how the crystallization
method of SF affects the physiological and mechanical
properties and the potential of these coatings in vivo.

5. CONCLUSIONS

In our study, a method for the LbL dip coating of SF for
application on different relevant implant materials, namely,
titanium, magnesium (with or without PEQ surface modifica-
tion as an intermediate layer), and PMMA, was successfully
developed and the resulting SF surfaces were thoroughly
characterized. The SF solution was prepared free of toxc
solvents, water-based, and biocompatible. SF coatings were
brought to an insoluble state by applying WVA as the post-
treatment method, thereby controlling the thermal stability and
degradation of such protein-based biomaterials. The adsorption
process applied was shown to be stable and reproducible as SF
layers with thicknesses of up to 5 gm could be achieved.
Homogeneous SF films could be established on titanium and
magnesium using PEO surface modification as pretreatment;
however, the LbL coating of PMMA with SF proved to be
challenging. Different biomedical parameters such as hemo-
compatibility and biocompatibility were tested for the final
specimen groups. SF coatings generally showed induction of
TNE-z for all implant materials, indicating a proinflammatory
response, which has previously been shown to play a pivotal role
in a plethora of physiologic processes, including stimulation of
osteogenesis. Thus, the LbL coating of SF shows great potential
for application as a coating for most common and even
upcoming implant materials and should be further tested in vivo
to validate its applicability for biomedical use.
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ARTICLEINFOQ ABSTRACT

Keyworids: Oral wounde are among the most troublerome injuriez which eagily affact the patients' quality of life. To date, the
Crral wound healing development of functional antibacterial dressings for oral wound healing remainz a challenge. In thiz regard, we
A.1.1I:il\.'||.'l-.-.1.'ia] woud deessng investigated antibacterial zilk protein-based membranes for the application az wound dressingz in oral and
2:::[?'”"" marxillofacial surgery. The present study includes five variants of casted membranes, ie., i) membraness-rilver
:."rmlarn'l.-in nanoparticles (CM-Ag), i) membranes-gentamicin (CM-3), i) membranss-control (without functionalization)
Blectrogpllog {CM-C), iv) membranes-silk sericin control (CM-G5C), and v) membranes-zilk fibroin,/zilk sericin (CM-5F/55), and

three variants of nomwovena, ie., i) silver nanoparticles (NW-Ag), i) gentamicin (NW-0), i) control (without
functionalization) (WW-C). The surface structure of the samples waz visualized with scanning electron micro-
zcopy. In addition, antibacterial testing waz accomplizhed uzing agar diffusion azay, colony forming unit (CFL)
analyriz, and grt-PCR. Pollowing antibacterial assays, biocompatibility was evaluated by cell proliferation asiay
(XTT), cytotoxicity amsay (LDH), and live-dead aszay on L9929 mouze fibroblaste. Pindings indicated zsignificantly
lower bacterial colony growth and DNA counts for CM-Ag with a reduction of bacterial countz by 3log levels
(99.9% reduction) in CFU and qre-PCR amay compared to unireated control membranes (CM-C and CM-55C) and
membranes functionalized with gentamicin (CM-0 and NW-3) (p < 0.001). Similarky, NW-0 yielded significantly
lower DMNA and colony growth counts compared to NW-Ag and NW-C (p < 0.001) In concluzion, CM-Ag rep-
rezented 1log level better antibacterial activity compared to NW-0, whereaz NW-0 thowed better cytocompas-
ibility for L9289 cells. Az dam cuggest, these two membranes hawve the potential of application in the field of
bacteria-free oral wound healing. However, provided that loading strategy and cytocompatibility are adjusted
according to the antibacterial agents’ characteriztic and fabrication technique of the membranea.
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1. Intreduction

Wound healing iz a complex, highly orchestrated procesz that in-
cludes well-defined overlapping phases known as hemostazis, inflam-
mation, proliferation, and remodeling [1]. Both intra-oral and extra-oral
wound healing require an interplay of signaling moleculez (e.g., cyto-
kines and growth factors) from blood cells and local tissue cells working
in concert to heal the injured site towards a reztored barrier function [2].

Depending on the lesion site, wound healing within the oral cawvity
can be categorized as periodontal healing, dental implant interfaces
healing, dental pulp healing, and bone healing [3]. The saliva-filled
environment of the oral cavity prowvides various proteinaceous sub-
stances, such as growth factors (epidermal growth factor, vascular
endothelial growth factor, and fbroblast growth facvors) and histatins,
accelerating the wound healing procesz. Oral wounds have an increased
healing potential compared to shin wounds [4]. This iz atmibuted to
faster initiation of the inflammatory phaze, lower level: of immune
mediators, more bone marrow-derived cells, fast re-epithelialization,
and rapid fbroblast proliferation [5]. Most importandy, due to favor-
able anatomical relations, the oral cavity has excellent access to steady
blood Haow.

Up to now, several approaches have been introduced to heal oral
wounds [5-7]. The state-of-the-art in oral and maxillofacial surgery is
the vtilization of autologous mucocutanecus flaps for or allogenic/
xenogeneic graftz, e.g., acellular dermal matrices (ADM), depending on
the extent of the soft tissue defect. However, flaps are aszociated with
donor site morbidity and unzatizfactory cosmetic outcomes, whereas
ADMz have shown to induce inflammatory reactions, antigenicity, and,
additionally, are limited in resources [5,9]. Generally, the healing pro-
cezz of wounds can be accelerated using biomedical engineered strue-
tures such as hydrocolloids, films, gauze, hydrogels, foams, and
hydrofibers [10]. One of the best-known approaches for oral wound
healing iz the applicaton of polymer-based membranes [11]. So far,
warious natural biomaterialz have been introduced to promote the oral
wound healing process, including collagen [12], alginates [13,14],
chitozan [15], and geladn [16]. Other namral biomaterialz such as the
zilk proteins zilk Abroin (5F) and silk sericin (55) have gained inereazing
attention due to their remarkable mechanical properties, superior
biocompatibility, oxygen, and water vapor permeabilicy, controllable
proteolyde degradability, and minimal immunogenicity [17].
Compesed of Abroin (70-80%) and sericin (20-30%), the proteins are
exmacted from the cocoons of the silkworm Bombyx mori (B. mori)
through different well described methods [18]. Silk proteins hawve shown
to complement each phase of the wound healing process, hence, can be
broadly uzed az wound dressings for acute and chronic wound healing
[19]. 5F interacts with blood components, e.g., plateletz and fibrin,
initiating the clotting cascade [20]. Additionally, SF and 55 materials
accelerare the initial inflammatory response, however, they do not
prolong thiz phase. According to in vitro and in vivo studies, SF can
significantly decrease the leucocyte count and owverall inflammation,
which iz an advantageous feature in thiz process [21,22]. Moreower, 5F
and 35 were able to accelerate the proliferation of a variety of human
cellz in vimo and in vivo, leading to defect zite coverage with native
tissue and neovascularization [19,20,23]. According to the applicational
demand, silk protein-baszed substances can be manufactured into various
forms (e.g., Abers, films, gels, and three-dimensional scaffolds). As an
example, the sueccessful wdlizadon of zilk proteins as substrates for
electrospinning resulted in the fabricadon of mechanically advanced
membranes for the wound healing process [24]. To further promote
biological host responses, prior to electrospinning, different signaling
molecules such as growth factors and polypeptides can be incorporated
into the zilk protein solution [24-26].

Despite the recent progress in oral wound healing, there are rome
challenging point: in the fabrication of membrane: for oral wound
healing. The oral mucosza is a2 warm and moist environment which cre-
ates an excellent microenvironment for the habitation of bacteria zuch
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as Streptococcus mutans, Actinomyces naesiundii, Fusobacterium nucleatum
and Porphyromonas gingivalis, decreasing the efficacy of the wound
healing process. To avoid bacterial growth at the wound szite, different
antbacterial agents can be incorporated into the wound dressing.
Metallic nanoparticles such az zilver, magnezium, zinc, or copper have
been successfully used to fabricate skin wound dressing: with antibac-
terial aetivity [27,28]. Silver nanoparticles (AgMPz) in particular are
known to contain bacterial growth and display and-inflammatory
properties [29,30]. However, establishing a balance between the anti-
bacterial acdvity and cytotoxicity potential of AgNPs should be precizely
considered. In addition to metal ions, zome antibioties such az penieil-
linz, aminoglycosides, or glycopeptides have been used to modify wound
dreszings [31,32]. Gentamicin, an aminoglycoside antibiotie, is broadly
applied to reat bacterial skin and soft tissue infections [33-35]. A recent
inwvestigation by Zhou et al., proposed the idea of combining favorable
effects of the two most common antibacterial functional agents AgMPs
and gentamicin with an 5F/Chitosan dental implant coating. With this
approach, the authors could produce antibacterial implant coatings that
zignificanty inhibited bacterial growth, adhesion, and biofilm forma-
tion with improved support of preostecblastic MC3T3 cell: and osteo-
blazt growth [36]. Combining the excellent properties of silk materials
with antibacterial agents presents an advanced approach in this matter.

In spite of experimental efforts in developing a functional wound
drezzing for the skin, the application of antibacterial loaded zilk protein
membranes for oral wound healing has not been evaluated so far. Hence,
in thiz in vitro study, we investdgated advanced antibacterial zilk prowein
membranes. Using casting and electrozpinning techniques, casted
membranes (CM) and nonwovens (NW) had been functionalized with
AgMP: and gentamicin prior to our investigation. The aim of this study
was the evaluation of antibacterial membranes for wound healing ap-
plications in oral and maxillofacial surgery.

2, Materlals and methods
2.1. Manufacture of $5/5F membranes

For the manufacture of the fibroin membranes, B. mori silk cocoons
were used for protein extraction. The procedure wa:z performed ac-
cording to the PureSilk® technology of the company Fibrothelinum
GmbH. Briefly, fibroin was separated from sericin by degumming itin a
hot alkali zolution before dissolving it in a solvent system based on
Ajizawa's reagent. The dizsolved fAbroin was dialyzed against VE water
for 48 h. The inidal concentration of the resulting fibroin solutdon was 3
witds. The zolution was then stored at 4 #C.

For the 55 substrate, an 55 zolution was obtained by degumming
B. mori silk eocoons with 8 M urea zolution (1:44.414). The urea zolution
was heated to 50 °C with the cocons which were degummed for 3 h while
being stirred with a magnetic sdrrer. After 3 h the cocoons were trans-
ferred into a sieve and rinsed with deionized water. The cocoons are
then zoaked 3 times for 3 min to rinse out rezidual degumming solution.
The 55-urea solution was wanszferred into dialysiz membranes (MWCO
3.5 kDa) and dialyzed againzt water for 48 h while exchanging the water
two times a day. Two structural types of materials based on 55 were
manufactured: cazted membranes (CM) and nonwovens (NW).

For functionalization, three variations of SF-nonwowvens (gentamicin,
zilver, and untreated fAbroin controls) and five variatons of 55 and/or
SF-membranes (gentamicin, silver, untreated fbroin controlz, SF/55,
and untreated sericin controls) were manufactured (Table 1). First, the
SF or 58 zolutdon was casted on a PTFE moeld. After drying for 24 h at
21 *C under a laminar hood, the final fibroin membrane had a thickness
of approximately 0.1-0.2 mm_ The thicknez: was determined by a digital
micrometer (Micromar 40 ER, Mahr GmbH, Germany).

For functonalization, the fbroin solution was priorly mixed with
gentamicin or silver nimate (AgNO3). For the AgNOsz-functionalized
membranes, the mixed soludon waz UV irradiated for 1 h before casting.
SF NW:z were elecmospun and directly afterwards post-treated in an
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Table 1
Functionalization and sample gize of 5F and 55 membranes.
Material (CAL W) Sample size,/material (n) Pre-Ereatment Fibrodn (3 w) Serdcin (T wi) Gentamicin {10 mg/ml) AgMO, Post-treatment Abbreviation
W ] 20 mL Ethanal (70 v¥) NW.C
MW ] 20 mL 10 mL Ethanal (70 v4)  NW.G
W ] UV iradiation  20mL olg Ethanol (70 v¥) NW.Ag
L | ] 20 mL Ethanol (70 v¥)  CM-SFC
M 10 20 mL 10 mL Ethanol (70 vée) (MG
L | ] UV iradiation  20mL olg Ethanol (70 v¥)  (M-Ag
L | ] 10 mL 10 ml Ethanal (70 v¥)  CM-SF/S8
M 10 20 ml Ethanol (70 v¥)  CM-58C

ethanol bath (70 v%] for 1 h to obtain inzolubility. In a next step, the 5F
NW:z were immerzed in AgNOy soludon or gentamicin for around &0
min The AgMNOz treated NWs zamples were also UV irradiaved.
Flexible 55 films were obtained by adding glycerol to the 55 soluton
In thiz case the glycerol added, amounted to 30 wit¥: of the total mass of
553 in a defined volume. The solution was then stirred for 5 min to ensure
homogeneous mixture of glycerol. Subsaquently the 55-glyeerol solution
was casted onto a PTFE mold and left to dry under a laminar hood at
ambient temperature for 42 h. Finally, the dried films were treated with
70 v ethanol before peeling them off the PTFE sheet. The films were
then stored in press-zeal bags at ambient temperature until further use.
Finally, all materialz were stored in 70 v% ethanol at 4 “C. An
overview of functionalization and sample size iz given in Table 1.

2.2 Scanning clectron microscopy

The surface morphology of the samples was analyzed utilizing
zeanning electron microscopy (SEM) (Crozcbeam 340, Zeizz, Oberko-
chen, Germany). Prior to imaging, zamplez were dried under a laminar
floor hood for 7 days. A clear cut was performed through the samples’
midline with a scalpel for croszs-sectional imaging. Samples were then
affixed on a zample holder, and subsequendy gold-sputtered to provide
electron stability (sputter coater 51508, Edwards, London, UK). Imaging
was performed in secondary elecron (5E) mode at an acceleration
woltage of 5 kV, working distance of 5 mm, and at magnifications
ranging from 500> to 10,000,

2.3. Cytocompatibility analysis

Cytocompatibility asseszment was proceeded according to our
former work [37].

2.3.1. Reference materials (toxic and non-toxic controls)

A polyurethane flm containing 0.1% zine diethyldithiocarbamate
(ZDEC) (Hatano Research Institute, Kanagawa, Japan) was uzed as toxic
conmrol substance for all eytocompatibility azzays. For the indirect as-
zays, medium that wasz incubated in the absence of specimens was used
as a non-toxic control. For the live-dead staining assay, tizsue culture
coverzlips (TCC) (Sarstedt, Nimbrecht, Germany, Cat. No. 83.1840.002)
were used as a non-toxic control material

2.3.2. Cell culture

L929 mouse fibroblasts were obtained from the European Collection
of Cell Culmure, ECACC (Salisbury, UK). Cells were cultured in MEM
supplemented with 10%: fetal bovine serum, glutamine to fnal con-
centration of 4 mM and penicillin/streptomycin (100 U/mL each) (all
from Life Technologies, Carlzbad, USA), in the following referred to as
cell culture medium, at 37 “C, 5% CDy and 95% humidity (cell culture
condidons). Cells were paszaged when they reached approximately 80%
confluency.

2.3.3. Extraction
The materials were washed three tmez for 30 min in 1 mL cell cul-
ture medium to remove the storage solution (70 v ethanol) and to

zaturate the samples with medium. The materials were then extracted at
a ratio of 3 em®/mL of cell culture medium for 72 h at 37 “C, 5% CO,
and #5% humidity {cell culture conditions).

2.3.4. Indirect assay procedure

96-Well plates (Sarstedt, Numbrecht, Germany) were zeeded with 1
w 10 eallz/well in 100 pl call culure medium and incubated under cell
culture conditions for 24 h. Thereafter, cell culture medium waz dis-
carded and 100 pl of extract waz added to each well. Cellz weare further
inrubated for 24 h and then subjected to the XTT-assay, while the su-
pernatants were subjected to the LDH-assay.

2.3.5. Viability assay

Cellz incubated with the extractz were zubjected to an XTT-azzay.
The “Cell Proliferation Kit II" (XTT) (Roche Diagnosticz, Mannheim,
Germany) was used according to the manufacturers' insouctions.
Briefly, the electron-coupling reagent waz mixed with XTT labeling re-
agent (1:50 dilution) and 50 pL of the mixture was added to the cells.
After 4 h of incubation under cell culure conditions, substrate conwver-
zion was quantified by measuring the abzorbance of 100 pl aliguots in a
new 9f-well plate wsing a scanning multi-well spectrophotometer
(Microplate Reader, Bio-Rad Laboratories, Inc_, CA, USA) with flters for
450 nm and 650 nm (reference wavelength).

2.3.6. Cytotoxicity assay

Cytotoxicity was determined uzing a "LDH-Cytotoxicicy Assay Kic II7
(BioVizion, Milpitas, CA, USA) according to the manufacturers’ im-
structions. Briefly, 10 pl of the cell zupernatants were incubated with
100 pL LDH reaction mix for 30 min at reom temperature. After addition
of stopping zolution, absorbancez were measured uszing a scanning
multi-well zpectrophotometer (Microplate Reader, Bio-Rad Labora-
tories, Ine., CA, USA) with filters for 450 nm and 650 nm (reference

wavelength].

2.3.7. Live-dead staining assay

In order to perform live-dead cell staining on the surfaces of the
membrane specimens, 50 pl. per mL medium propidiom iodide (PI) ztock
zolution (50 pg/mL in PBS) and 500 pL per mL medium frezh fluorescein
diacetate (FDA) working zolution (20 pg/mL in PBS from 5 mg/mL FDA
in acetone stock solution) were added to each well (12 well plate). After
a brief incubation for 3 min at room temperamure, specimens were rinsed
in prewarmed PBS and immediately examined with an upright fuores-
cence microscope (Mikon ECLIPSE Ti-5/L100, Nikon GmbH, Disseldorf,
Germany) equipped with a Alter for parallel detection of red and green
fluorescence.

2.3.8. Data evaluation
The mean absorbance of the blank conorols without cellzs was sub-

tracted from the mean absorbances and data wa: normalized to the
negative control

2.4. Antibacterial activity

An overview of the antibacterial testing strategy iz illustrated in
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Fig. 1. Antibacterial testing strategy. Two structural forme of 5F and 55 materialz, ie., CMz and NWe were manufactured. 1. Materials were sither placed in 24-well
plates preincubated with bacterial mixed culture zolution, or the materials were plated on blood agar plates previoualy incubated with bacterial mived culture
zolution. 2. Por the first tect, an incubation time of 45 h, for the second test, an incubation time of 24 h wag chosen. 3. Antibacterial activity waz asgeszed through gre-

PCR, CFU analyzin, and zome of inhibition (Z01).
Fig. 1.

2.4.1. Andbacterial activity analysis of total and viable bacterial count

All specimen: were stored in 70 v% ethanol (EvDH), conzequently,
zpecimens were considered sterile. A sample size of n = 10 specimens
per scructure (CM or NW) and functionalization, i. e., untreated 55/5F
controls (CM-C, CM-55C, NW-C), loaded with zilver ionz (CM-Ag, NW-
Ag), and loaded with gentamicin (CM-G, NW-G), was incubated for
24 h in artificial saliva, which was comprized of a-amylase 1 mg/ml,
muein .85 mg/mL, and bovine zerum albumin (BSA) 0.4 mg/mL.

Cultivation of bacterial strains and following treatment of the speec-
imenz waz performed in anaerobic conditionz at 37 “C in Whitley A35
Workstation (Whitley A35 Workstation Don Whitley Scientific, Bingley,
United Kingdom).

In order to create a liquid bacterial mixed culture, anaerobic stains of
early colonizing Streprococcus mutans (Streptococcus mutans, DEM 20523,
German Collection of Microorganizms and Cell Cultures GmbH, Leibnitz,
Germany), moderate colonizing Actinemyces naeslundii (Actinomyces
nacslundil, DEM 17233, German Collection of Microorganisms and Cell
Cultures GmbH, Leibnitz, Germany), Fusobacterium nucleatum (Fuso-
bacterium nucleatum, DSM 15643, German Collectdon of Microorganisms
and Cell Cultures GmbH, Leibnitz, Germany), and late colonizing Por-
phyromonas gingivalis (Porphyromonas gingivalis, DSM 20709, German
Collection of Microorganizms and Cell Cultures GmbH, Leibnitz, Ger-
many) were separately cultivated on blood agar plates. Subzequently,
each strain wa: transferred into bacterial culture medium (CDC
Anaercbe 5% Sheep Blood), and after rufficient obzervable growith
(usually after 2-5 days), 1 mL of each strain was mixed into 20 mL CDC
medium. Mixed bacterial culture optical density (OD) was 0.1.

Test membrane: were placed onto 24-well plates. BEach well was

previouzly filled with 1.5 mL mixed bacterial culture suzpension. After
an incubation tme of 48 h, membrane: were separately moved into
sterile 1.5 mL Eppendorf tubez, vortexed, and a total of 100 pL sample
was taken from each Eppendorf tube for total and viable bacterial count
analyzis. Viable bacterial count waz tested by inoculadng blood agar
plates with 50 pL zample in diludons of 1:100, 1:1000, 1:10.000 and the
Colony Forming Unit (CFU) waz meazured. Total bacterial DNA count
was measurad through Polymerase Chain Reaction (PCR) by processing
50 plL sample with DNA Isolation Eit (innuPREP DNA Izolation Kit,
Analytik Jena AG, Jena, Germany) and quantifying the DNA amount
with grt-PCR (quanttative Feal-Time-PCR, CFX96 Touch Real-Time
PCR Detection System, Bio-Rad Laboratories, Berkeley, Califormia,
USA) uilizing a universal eubacterial 165-tRENA primer (HDAL-
GACTCCTACGGGAGGCAGCAGT,
El115RAGGGTTGCGCTCGTTGOGGGE) and specific Primers (Table 2).

2.4.2 Direct antibacterial activity analysis

Direct antibacterial activity was evaluated in an agar diffusion test.
For thiz purpose, five blood agar plates for each material and functon-
alization were inoculated with either mixed bacterial culture solution or
isolated liquid culture of the bacterial strains, respectively. Two samples
of each material and functionalization were directly taken from storage
tubes, briefly drained, and placed on the agar plates. After an incubation
time of 24 h, rezpective inhibition zones were measured with a micro-
meter screw gauge.

2.5. Data evaluation

For the cytocompatibility azzayz, the mean absorbance of the blank
controls without cells was subtracted from the mean absorbance: and
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Table 2
Specific primer sequences for qrt-PCR and refe of their applicability ac-
cording to our former work [33].

Organism Primer  Primer sequence Reference of
primer
applicability

Porplyromonis CA- AGGCAGCTTGCCATACTGCG Carrouel F.

gingivalis PGF/ ACTGTTAGCAACTACCGATGT et al, 2016
R [39].
Streprococous MKD- GGCACCACAACATTGGGAAGCTCAG Hoshino T.
mutans v/ GGAATGGCOGCTAAGTCAACAGG et al, 2004
RV [40].
Actinomyces ACT. GGTCTCTGGGCCGTTACTGA Hlerbrock
species 174.F GRCCCCCCACACCTAGTG B, 2010
ACT- [UKD].
281-R
Fusobacterium CA- AGAGTTTGATCCTGGCTCAG Carrouel F.
nucleatum FNF/ GTCATOGTGCACACAGAATTGCTG et al, 2016
R [39].

data was normalized to the negative control. Statistical analysis of the
antibacterial tests was conducted using SAS 7.4 (SAS Institute Inc., Cary,
North Carolina, USA). Mean bacterial DNA counts from qrt-PCR mea-
surement and CFU analysis values were evaluated. For the grt-PCR and
CFU analysis results an exponential-linear model was chozen. P-values
< 0.05 were considered statistically significant.

3. Results

3.1. Structural analysis

Fibroin nonwovens comprised a highly porous structure, created
through highly intertwining fibers compared to the smooth surface of

500X

NW-C

CMC

CM-SSC
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the SF and SS casted membranes. Cross-sectional imaging shows upheld
continuity of fiber connections within the whole thickness of the NWs.
Some CM:s precent a layered appearance in cross-zection, presumably
cutting artifacts.

The CM-C and CM-SSC prezent a rough topography distinguishable
from gentamicin and silver CMs. Conversely, NW-C appear to have a
smooth fiber surface texture, whereas the NW-Ag appear to present a
more uneven fiber surface texture within 10,000« magnification im-
aging (Fig. 2).

3.2. Cytocompatibility

With the exception of the silver loaded materials (CM-Ag, NW-Ag),
all membranes had sufficient cytocompatibility with viability values
>70% of the negative control in the indirect asszay which indicates the
non-toxic range as defined in in current, international standards (DIN EN
ISO 10993-5:2009, German Institute for Standardization, Berlin, Ger-
many) (Fig. 3). The viability was similar (range 91%-108% of the
negative control) for all materials except for the silver loaded specimens
(4% of the negative control) (p < 0.001). Cytotoxicity values for all
specimens were consistent — showing a similar range as the negative
control (cells incubated with cell culture medium) for all materials
except for the silver specimens, indicating low cytotoxicity (Fig. 4).
Notably, silver specimens yielded negative values in the LDH aszay,
thus, zilver ions were suspected to interfere with the aszay. Therefore,
assay interference testing was conducted. For this purpose, the LDH-
assay was repeated with the material extracts omitting cells, resulting
in negative extinction values for the silver loaded materials (data not
shown). Additionally, the silver loaded materials were extracted
together with the toxic control (RM-A) and the LDH-assay was repeated
again, reculting in an apparent RM-A toxicity that was decreased by the

5000X

10,000 X

Fig. 2. SEM imaging of SF and 55 materials with three magnifications (500, 5000x, and 10,000x ). Depicted are control CMz and NWaz. Imaging of the other
specimens (NW-0, NW-Ag, CM-G, CM-Ag, CM-5PF-55) can be found in the Supplementary data.
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Fig. 3. Viability of L9229 fbroblasts after extract application of 5F and 55 materialy with without active agents: gentamicin, zilver, combined 5P/55, and control
casted membranes (CM-3, CM-Ag, CM-SP/55, CM-C, CM-55C) and gentamicin, silver, and control NWa (NW-0, NW-Ag, NW-C); n = 10/group. Abbreviationz ac-
cording to Table 1. Data are expressed az MV + 5TD; *p = 0.05 compared to nontoxic contol.
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Fig. 4. Cytotoxicity assay with 1929 fibroblasts after extract application of 5F and 55
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materials with/without active agents: gentamicin, silver, combined 5F/55, and

control casted membranes (CM-G, CM-Ag, CM-SP/55, CM-C, CM-35C) and gentamicin, zilver, and control nonwovens (NW-0, NW-Ag, NW-CI; n = 10/group. Ab-
breviationz according to Table 1. Data are expressed ac MV + 5TD; *p  0.05 compared to nontoxic control.

zame magnitude az the materials were suspected to interfere with the
asgay (not thown), strongly suggesting aszay interference by the silver
ions and thus false negative cytotoxicity values for the silver loaded
materials.

Live-dead staining revealed large numbers of green fAuorescein
diacetate (FDA) positive vital cells with only sporadic red propidium
iodide (PI) positive dead cells vizible on all materialz except for the silver
loaded specimens which were covered with much fewer cells indicating
weak attachment and/or cytotoxicity (Fig. 5). On all materialz, with the
exception of the silver loaded rpecimens, at least zome zpindle shaped
cellz, with fbroblazt characteriztic morphology were detected. The cells
on the silwver loaded specimens were rounded, suggesting weak attach-
ment or cytotoxicity. The aszezsment of NW-Ag and NW-C was limived

becauze theze materialz underwent a deformation process upon hydra-
tion after contaet with the eell culture suspension. Overall, theze rezults
indicate that all materials except for the silver loaded zpecimens are
cyrocompatible.

3.3, Antibacterial getivity

3.3.1. Vigble bacterial count

CFU analysis showed significantly lowest colony growth for CM-Ag
(p < 0.0001) compared to all other groups followed by CM-G and NW-
G (p « 0.02) (Fig. 6). CM-Ag decreased bacterial DNA count by 3 log-
reductions compared to the positive control (bacterial mixed culture
zolution), implying a reducdon of 99.9%. Mo significant difference could
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Fig. 5. Live-dead staining assay with L929 fi-
broblasts zeeded on membranes with/without
active agents: gentamicin, zilver, combined
fibroin-sericin, and control casted membranes
(CM-0, CM-Ag, CM-SP/5S, CM-C, CM-85C) and
gentamicin, silver, and control nonwovenz (NW-
G, NW-Ag, NW-C); n = 10/group. Abbreviations
according to Table 1.

*Cpecimen: underwent a deformation proces:
upon hydration after contact with the cell cul-
ture suspenzion impeding accurate imaging.
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be detected between CM-G and WW-G. NW-Ag showed similar CFU
values as the control NW-C (p = 0.7). CM-5F/55 and the controls CM-35C
and CM-C showed CFU-values of similar range with p = 0.9 and p = 0.6,
rezpectively. All tested materials had significantly lower CFU values
compared to the positive control (bacterial mixed culture zolution) (p <
0.0001). In a sum, bacterial viability waz inhibited in the following
order from best to least effectivity: CM-Ag, NW-G, CM-G, NW-Ag, NW-C,
CM-C, CM-55C, and CM-5F/35.

3.3.2. Total bacterial count

As presented in Fig. 7, all tested membranes had significantly lower
bacterial DMNA counts compared to the positive control (p < 0.0001) with
the lowest DNA count for CM-Ag among all comparizon groups (p <
0.0001). CM-Ag decreased bacterial DNA count by 3 log-reductions
compared to the positive control implying a reduction of 99.9%.
Conzistent with CFU resultz, no statizdeal difference was found between
the CMz-G and NW-G (p= 0.1). Notably different to CFU results, NW-Ag
had zignificandy lower bacterial DMNA copies compared to the control
NW-C (p « 0.005), indicatng a containment of total bacterial counts.
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Fig. 6. Colony Porming Unit/mlL of 5F and 55 ma-
terials after 48 h of specimen incubation on plated
mixed bacterial culture solution. Mean values with
95% confidence interval are given in logarithmic
zcale unit. Regulte indicate viable bacterial count. n
= 10/group. All groupa were compared to each other
Section 3.3.1). Por clarity, the parentheses indicate
the resultz for the loaded nonwoven materials
compared to the nonloaded nonwowven contral (NW-
C) and the reults for the loaded membrane materialz
compared to the nonloaded casted membrane control
{CEM-C), *p = 0.05.
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According to the measurement with specific primers (data not shown),
positive deflections of the PCR analyziz in all membranes presented
5. mutans and F. nucleatum as most prevalent bacterial colonies followed
by small amountz of F. gingivalic and A. neaslundii. No significant inter-
group differences were present In a sum, total bacterial count was
inhibited from best to least in the following order: CM-Ag, NW-G, CM-G,
NW-Ag, NW-C, CM-C, CM-33C, and CM-5F/55.

2.3.3. Direct antibacterial activity

For both material types, casted membranes and nonwovens, the
largest inhibition zone of 7-8 mm was found for gentamicin loaded
zamples (CM-G, NMW-G) and the second largest inhibition zone of 2-3
mm was3 found for silver loaded zamples (CM-Ag, NW-Ag). No inhibiton
zone was detected for the untreaved controls (CM-C, CM-S5C, NW-C)
(Fig. 2. Accordingly, the combined 5F/55 membranes yielded no zone
of inhibition, either. With the specialized agar diffuzion test it could be
chown that gentamicin loaded membranes show an antibacterial activity
against smain: of A. neaslundii, F. nucleatum, and 5. mubons, in
dercending order, whereaz silver loaded membranes present

Fig. 7. Quantification of mean bacterial DNA copies
meazured by qre-PCR. (Universal Poly-Primer resulta)
after 43 h for 5F and 55 membranes. Mean values
with 95% confidence interval are given in logarith-
mic scale unit. grt-PCR remults indicate total bacterial

I

= count. n = 10/group. All groups were compared to
each other (Section 5.3.2). Por clarity, the parenthe-
zex indicate the resultz for the loaded nonwoven
materials compared to the nonloaded nonwoven
control (MW-C) and the resultz for the loaded mem-
brane materials compared to the nonloaded casted
membrane control (CM-C), *p = 0.05.
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Fig. 8. Direct antib ial activity of SF and 55 materials with agar diffuzion test on bacterial mixed culture solution and selective bacterial strain
solutions, respective zone of inhibition was i with a mi after 24 h of incubation. n = 10/group.
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antibacterial activity against P. gingivalis and A. neaslundii only. The CM-
5F/58 and control membranes prezented no inhibidon zone, however,
all test specimen: prevented bacterial growth beneath the placement
zite.

In zum, the most pronounced direct antibacterial activity within all
tested materials can be azzigned to gentamicin loaded membranes fol-
lowed by silver membranes.

4. Diszcussion

The healing of oral and maxillofacial wounds iz a particularly chal-
lenging research area in the field of nanobiotechnology and tizsue en-
gineering. This importance can be anributed to specific features of the
oral cawity [3], where a balance between pathogenic and commensal
bacteria iz needed to establizh a state of homeostasiz within the oral
cavity [41]. Thus, a zlight imbalance can lead to the development of
caries, periodontitz, mucositiz, and, eventually, to soft and hard tissue
damage [42]. To avoid such impairments, the development of bio-
material: able to inhibit the growth of pathogenic bacteria and,
concurrently, to promote the wound healing proces: is needed [43]. In
thiz context, the aim of this in vioo study was the characterization of
antibacterial zilk protein-bazed CM:z and NWs for wound healing ap-
plications in oral and maxillofacial surgery and the implementation as
wound coverages in plastic and reconstructive surgery.

The selection of a verzatile biocompatible material is one of the most
challenging points in the field of wound healing in oral and maxillofacial
surgery due to the delicacy and zensitivity of the targeted tizsue. So far,
collagen, a promizing biopolymer, has been broadly uzed to fabricate
biodegradable wound dreszing materials for zurgical defects of the oral
muecoza. For instance, in a clinical study by Rastogi et al., purified bovine
collagen was employed to fabricate membranes for the reatment of
zecondary defects of the oral mucosza in 60 adult patients [44]. These
defects appeared after excizion of premalignant lesions and other con-
ditionz, such as incizional biopsy wounds. After using theze membranes,
the desirable levels of hemostasziz, epithelialization and granulation
were observed at the lezion zitez. Accordingly, it was suggested that
collagen membranes can be biologically acceptable wound graft mate-
rialz for the oral mucoza. In another similar elinical studiez, Omura et al .,
manufactured a bilayer membrane composed of silicone az the outer
zide, and dehydro-thermally erogzs-linked composites of collagen sponge
as inner side [45]. Then, they put these membranes on oral mucosal
defects in five patientz after the surgery for cancers including Pleo-
morphic adenoma, Sguamous cell eareinoma and Leukoplakia. It was
observed that after 4-5 weeks, the collagen membrane formed a con-
nective tissue after the migration of epithelial cells that made the repair
effective. However, apart from the benefitz, applying collagen as the
membrane for wound healing has some challenging pointz. For inztance,
due to extraction from natural sources, collagen may cause Immuno-
genicity. In addition, it may be subjected to gradual destruction during
collagenolysis and inflaimmatory reactionsz. Thiz procedure leads to
weakening of the collagen membrane and mechanical instability of the
graft within the oral cavity which may cauze inconveniencies for the
patients. Therefore, zome research groups preferred to uze other sub-
stitutes such as phozpholipid [46], chitosan [47], polylactic galacte
acid/polycaprolactone (PLGA/PCL) [48], carboxyvinyl polymer [49],
hydrochloride gel [50], Bbrin [51] etc., for the fabrication of mem-
branes intended to heal mueozal wounds in the oral cavity. Focuszing on
the unique properties of zilk proteins, we investigated the applicability
of 5F and 55 membranes for intra-oral wound healing and thoroughly
investigated nonwovens as well az casted membranes with respect to
their antibacterial properties. It is well proved that zilk nano-fibrous
structures represent superior attachment and proliferation of fbroblast
and keratinocytes, thus, improving the healing process of wounds in
muecozal tizzues [52,53]. Correspondingly, Tang et al. investigated the
wound healing ability of electrozpun SF matrices on bueeal moeosza in
rat modelz [54]. They concluded SF electrospun matrices promaote the
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healing process and improve an anti-inflammatory host responze. Alzo,
they suggested that their developed mates can be a good substitute for
ADMsz. Similar rezults were reported in an in vivo study by Ge et al. in
which 5F zcaffolds were applied on bueeal defect: in rat models [55]. Far
the applicadon in wound healing, a wvicinity of cellz of the damaged
tissue needs to be addreszed and adequate biocompatibility iz inevitable.
In zeveral studies, the good biocompatibility of zilk-based scaffolds has
been investigated [56,57]. In thiz experiment, we performed XTT, LDH,
and bive/dead staiming assay on L929 mouse fbroblazts. The results of the
XTT and LDH assay demonstrate sufficient cytocompatibility for all
gentamicin-modified membranes. These fAnding: illuszrated a zafe,
tolerable uzage dose of 10 mg/ml gentamicin for L929 mouze fbro-
blazts. Similar outcomes were obtained by Stevanovic and colleagues
[58], demonstrating well tolerable concentrations of gentamicin below
50 mg/mL on L929 cellz. In contrast to thiz, CMs and NWsz containing
AgNPz decreazed the L929 cell line in XTT assay and demonstrated
cytotoxicity in LDH azsay az well as in live/dead azzay. According to our
obzervations, we concluded that high concentration: of AgNPs corre-
zponded with higher cytotoxicity, which was the caze at 100 mg/L in
thiz ztudy. It iz zuggested that the cell toxicity of AgNPs and zilver ions
rezults from triggering oxidative stress in cellz [59]. Indeed, AgNPs
generate a high level of inracellular reactive oxygen species (RO3S) and
negatively affect the activity of antioxidant enzymes. These events
dizrupt normal eell function and cause dizintegration of the cell mem-
brane inducing apoptotic signaling pathways in cellz [60]. Moreower,
AgNPz can bind to functional groups of cell proteins and subzequently,
trigger physzicochemical interactions within cells [61]. Most studies
report a zafe, non-cytotoxic application of AgNPz at concentrations of
<25 mg/L [62,63]. AgNP cytotoxicity might vary with the size of the
nanoparticles in an inverzely proportional fashion, yielding decreased
cytotoxicity with bigger particle zize due to lower zurface area to volume
ratio [64-67].

In thiz investigation, the main goal for the fabricated membranes
with AgNP: and gentamicin was to induce antibacterial properties in
these structures. The uze of silver az an antdbacterial substanee in
regenerative medicine haz been investgated for decadez [68,69]. The
mode of antibacterial action of silver was found to be through mem-
brane permeability dizrupton which results in the loss of intracellular
K" ionz, ATP and phospholipids. In addition, AgNP: cause oxidative
damage by producing reactve oxygen speciez (ROS5) and subzequently
leaking intracellular metabolites through permeabilized membranes
[70]. On the other hand, the aminoglyeoside antibiotic, gentamicin, has
a mechanizm of action based on an oxygen-dependent entry into the
bacterial cell and ztazis of bacterial protein synthesiz by binding to 303
ribosomal subunit [71]. These processe: in mm lead to protein
mistranszlation and disintegration of the cytoplazmic membrane [72].

To azsess the antibacterial potential of AgNPs and gentamicin loaded
membranes, we performed a gri-PCR, CFU assay, and agar diffuzsion
tests. According to the review of Curtiz et al, the gram-positive, facul-
tative anaerobe, early colonizers A. neaslundii and 5. mutans are the most
prevalent bacteria within a healthy oral microbiota, thus, theze strains
were included in our investigation [60]. Furthermore, two anaercbe,
gram-negative bacterial species were included: F. nucleatum, the second
most prevalent intraoral microbe in health, and the periodontitiz asso-
ciated bacterial species P. gingivalis [73]. The udlizaton of artficial
zaliva provided optimal growth conditions for the bacteria with high
zimilarity to natural clinical conditions of the oral cavity. The best
andbacterial activity was obzerved for CM-Ag; conzistendy, the gri-PCR
resuliz reflect the lowest bacterial DNA count for CM-Ag compared to all
other material groups, indicating a reduced bacterial adhesion potential
by 3log-steps compared to the control membranes (CM-C, CM-35C, and
NW-C). Similar rezults on sufficient antibacterial actvity are reported by
Dhas et al., showing Ag-loaded 5F fibers with =90% inhibition againzt
common zkin infection associated with P. aeruginoza and §. oureus as
well az ZOI rezultz of =2 mm [74]. In another study, 55-based AgNP
loaded film: yielded ZOIz of »>10 mm and markedly decreased colony
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growth of E. coli and 5. gureus compared to the non-functonalized
conmrols [75]. Within the NWs group, the best antibacterial aetivity
was shown in gentamicin-treated ones regarding viable and total bae-
terial count with a 2log-reduction in both categories (i.e., 99% reduc-
tion), and direct antibacterial activity with a Z0I of 7-8 mm. A possible
explanation for the dizparity between CM and NW Andings lies within
the manufacturing process of the 5F and 55 membranez. To functionalize
CMs, agueous AgNO3 or gentamicin were incorporated into the silk
zolution before the casting procedure. In contrast, for the modification of
NWz, the active agents were incorporated into membranesz after the
electrospinning process. Another pozsible juztfication for the reduction
in andbacterial aetivity can be the washing-out and/or interaction of
zilver ions (Ag ions) with components of the artificial zaliva (e.g., BSA),
culturing media (e.g., Hemin, Cysteine, Pepsin, etc.], or the PBS which
used in the testing process. Ando et al. azeribed the compromise of the
antibacterial activity of silver to components of the culturing media
which contained fetal bovine serum (FBS) [76]. A main component of
FBS iz bovine zerum albumin which waz included in the artifieial saliva
of our tests (Section 2.4.1). On the other hand, gentamicin activity is
zhown to increase with the interaction of blood components (e.g., those
ineluded in CDC media), conforming with our results [76-78]. In many
cazes, the antbioticz entrapment can be affected by the internal
conformation of polymer chainz. In a study by Hassani Besheli et al. it
was indicated that the loading of antibiotics can be enhanced by
inereasing the content of silk II (higher B-sheet content) of matrices.
Moreover, they proved that pH variation: impaet release kineties of
antibioties from 5F materials [79].

Some studies atmibute an inherent bactericidal activity to the silk
protein: fibroin and 55. For example, Bakhsheshi-Rad et al found a Z01
of 3-3.5 mm for 55 dreszings on E. coli and 5. gureus [00]. Other authors
proved a positive correlation between colony growth inhibition and 55
concentration [81]. 55 mechanizm of antibacterial action iz suppozed to
be through membrane ballooning and bleb formation, which iz a known
mechanizm for other antmicrobial peptides [£2]. The inherent amti-
bacterial property of SF iz mainly reported as a result of iz barrier
funetion az a wound dreszing [£3]. Additionally, 5F has been azsociated
with residual antimicrobial peptides (e.g., zeroins) from the zilk co-
coons, which are namral protections of the silkworm against external
pathogens [£4]. Therefore, in this study, we azsessed the poszibility of an
inherent antibacterial activity of the pristine silk proteins fibroin and
zeriein. Or rezults showed no antibacterial activity, neither with the 5F
and 58 control membranes nor with the combined 5F/55 membranes;
however, they acted az a suitable mechanical barrier shown in the agar
diffuszion aszay.

Our investigation haz met different challenging pointz and limita-
tionz. In thiz study, we stored the samples in ethanol 70 v# solution and
extracted them for an agar diffuzion test However, because of the
antibacterial potency of the storage solution, we expected to have
additional antibacterial effects and, subzequently, false-positive results.
In order to eliminate errors associated with the storage conditionz, we
performed a simultaneous confirmatory test with a washing step in PBES
before plating the samplez onto the agar plate, which yielded zimilar
rezules. Moreover, despite the oxygen dependent action of gentamiein,
an anaerobic setting was necessary for proper bacterial colonization.

To zum up briefly, the investigated andbacterial silk protein-based
membranes are promizing substrates for wound healing applications in
the fleld of oral and maxillofacial surgery. Future studies should be
accomplished to further understand application zpecific material
functionalization.

5. Coneluslon

Silk protein: offer favorable characteriztics that can be tailored to

cazted membranes or electro-spun nonwovens for the applicadon as

adherent,/non-adherant wound dressingz. The potential to alleviate in-
fectdons can be realized through funcdonalization with antibacterial

Bipmateriols Adwnces 135 (2022) 313740

zubstances such as silver or gentamicin. The antibacterial activity of
zilver and silver loaded biomaterialz has been deseribed in literature
tharoughly. In thiz study, we proved the antimicrobial effects of AgNPs
and the aminoglycoside antibiotic gentamicin which was incorporaced
in zilk protein membrane:. Both functionalization methods proved
containment of bacterial DNA count and colony growth of the common
oral microbes F. nuclestum, P. gingivalis, A. neaslundii, and 5. mutans.
Prospective investigations should target on application specific material
functionalization and underztanding of in vive effectivity in a suitable
animal model.

Supplementary data to this article can be found online at hotps://doi.
org/10.1016/j.bioadv. 2022212740,
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1 | INTRODUCTION

Abstract

The field of reconstructive surgery encompasses a wide range of surgical proce-
dures and regenerative approaches to treat various tissue types. Every surgical
procedure is associated with the risk of surgical site infections, which are not only
a financial burden but also increase patient morbidity. The surgical armamentarium
in this area are blomaterials, particularly natural, biodegradable, biocompatible
polymers, including the silk proteins fibroin (SF) and sericin (S5). 5ilk is known to
be derived from silkworms and is mainly composed of 60-80% fibroin, which pro-
vides the structural form, and 15-35% sericin, which acts a= a glue-like substance
for the 5F threads. Silk proteins possess most of the desired properties for biomed-
ical applications, including biocompatibility, biodegradability, minimal immunoge-
nicity, and tunable biomechanical behaviour. In an effort to alleviate or even
prevent infections associated with the use of biomaterials in surgery, antibacterial/
antimicrobial properties have been investigated in numerous studies. In this sys-
tematic review, the following guestion was addressed: Do silk proteins, 5F and 55,
possess an intrinsic antibacterial property and how could these materials be tai-
lored to achieve such a property?

KEYWORDS
antibacterial properties, reconstructive surgery, regenerative medicine, silk fibroin

application of biomaterials includes a broad patient population, vari-
ouws eticlogies, and intervention risks, ranging from the treatment of

Reconstructive surgery, which includes plastic surgery, oral and maxil-
lofacial surgery, and a variety of other surgical specialties, strives to
repair, restore, and replace bone and/or soft tisswe imperfections. Bio-
materials are a component of the surgical armamentarium in this
approach. They promote host cell adhesion, proliferation, and migra-
tion at the defect bocation, resulting in native tissue regeneration. The

chronic wouwnds and burns, nerve and cartilage repair, breast recon-
struction after mastectomy, and replacement of diseased or fractured
bone.! It must be taken into account that all of these procedures carmy
the risk of surgical site infections (551), leading to additional post-
operative hospitalisation, a second surgical procedure, ICU treatment,
and higher mortality rates. According to released data from the

Thiis is an opan access articlke under the terms of the Creative Commens Attribugion-MonCommensial-MeDerive License, which permits use and distribution in any
medium, provided the ariginal work is properly cited, the use is non-commerdal and no modifications or adaptations are made.
D 2022 The Authars. Wound Repair and Regensration published by Wiley Periodicals LLC on behalf of The Weund Healing Sodety.

Wound Rep Reg. 2023;31:99-110.

wileyonlinelibrary_com/joumal fwrr | 9%
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LL5. Centres of Disease Control (CDC), 55ls are the most economically
burdensome healthcare-associated infections, with an estimated
annual cost of $3.3 billion and one million additional hospital days.?
Howewver, the CDC also reports a declining trend in infections associ-
ated with improved surveillance measwres, such as improwed operat-
ing room wentilation, sterilisation methods, improved  surgical
technigues, and availability of antimicrobial prophylasis.® Application
of antibacterial systems provides a chance to rely on recent advances
in biomaterials design. In this term, biomaterials attract preat deals of
attentions in reconstructive surgery. Depending on the intended func-
tion and target sites these substances can originate from a variety of
sowrces, for example, autogenic, allogenic, xenogenic, and synthetic
[Table 1), and designed in a variety of forms [membranes, matrices,
three-dimensional scaffolds, gels, etc)® Silk proteins, that s, silk
fibrodn (SF) and silk sericin [55), are currently trending natural biopoby-
miers which can be extracted from the cocoons of mulbenry silkworms
(eg., Bombyer movd), non-mulberry silkworms (g, Antheroea mylitta,
Antheraea permyd, Antheroea yamamai, and Philssamia ricini), or as
threads from other arthropods, for example, spiders or scorpions.” Silk
5 composed of 40-80% fibroin, which provides the structural form,
15-35% sericin, which contributes as a glue-like material to the 5F
threads, and 1-5% non-sericin components in the cocoon of Bamby
mari [B. Mari)* [Figure 1). Fibroin exists mainly in two secondary con-
formations: a-Helix, which is found in the silk gland, and 8-fold, which
is formed by the silkworm during the spinning process. Sericin, on the
other hand, exists predominantly in random coil form and contains a
number of different amino acids, most of which are hydrophilic: Serine
(33.43%), aspartic acid (16.71%), and ghycine (13.49%.>" The hydro-
phobic repeating domains of ghycine and alanine (eg., [GAGAGS|n and
[GAGAGY]n) are included in the SF structure and are responsible for
its mechanical 5t|'eng1:l"|.3 Threads made of original silk, that is, a mix-
ture of 55 and SF, have caused a type | hypersensitivity reaction since
the ancient use of silk threads in surgery.® Therefore, such combina-
tion threads have been replaced by threads consisting of individual
protein components.” Silk proteins are proven to be biocompatible
and facilitate adhesion and proliferation of various cell types. They
also exhibit minimal immunogenicity and anti-inflammatony behaviour
after implantation. Howeaver, they hawe been shown to exhibit a dif-
farent biomechanical behaviour ** Isolated SF is characterised by its
controllable biodegradability, mechanical strength, and oeygen and
water vapour permeahility, while 55 is characterised by its fragile and
amarphous nature that allows moisture retention, showing a high
affinity for biomolecules while acting as an anticeddant, and most
importanthy, its antibacteral activity.”* Mapavichayanun et al ** pub-
lished a review including three clinical randomised controlled trials
with a total of 89 55 wound dressings (including controls), all of which
showed a decrease in healing time, pain scores, and wound size in all
intervention groups, suggesting that 55 dressings are suitable for suc-
cessful wound healing. An example of the successful application of SF
is the FDA-approved surgical scaffold SERI, which is based on B. mori
5F. The scaffold showed promising performance in plastic surgery
related applications but its use was questioned after the occurrence
of postoperative infections.* As mentioned earlier, 55ks are among the

most severe types of trauma which require complicated therapeutic
care. Therefore, an additional antibacterial activity tailored to the ben-
eficial properties of silk proteins could improve the biomaterials' usage
for regenerative and reconstructive applications. For this reason, we
investigated whether (1) silk probeins possess an inherent antimicro-
bial activity and (2) whether there are ways to add/adapt these prop-
erties to the materials. The primary objective of this systematic
review was to examine the literature on the inherent antibacterial
activity of the silk proteins fibroin and sericin. The secondary endpoint
was to evaluate current approaches to antibacterial functicnalization.
With this review, we attempt to answer the guestion of whether silk
proteins possess an inherent antibacterial property and how such a
property can be developed. In addition, we attempt to inform the
reader about current applications in reconstructive surgery.

2 | MATERIALS AND METHODS

21 | Literature review

The terms ([silk fibroin] OR [silk sericin] OR [silk protein]] AMD {[anti-
bacterial] OR [antimicrobial] OR |bactercidal]) were searched in
PubMed, a literature database maintained by the Mational Library of
Medicine. On 1 January 2021, the search was performed in the fol-
lowing order: Titles were checked first for content match, then
abstracts, and finally full texts. The admissibility of references from
included papers was also checked.

22 | Inclusion criteria

The inclusion criteria for this study were as follows:

1. Original studies (preclinical and clinical)

2. Tested materials should aim at clinical application

3. Test materials must at least partly include silk fibroin or silk sericin
4. Comprehensive definition of the antibacterial anahysis

5. Control group without an antibacterial functionalization

The research strategy is outlined in Figure 2.

3 | RESULTS

31 | Literature search

The initial search yielded a total 218 results, of which three articles
were published in a language other than English or German
[Le. Chinese, Russian, and Morwegian). After title screening, 23 articles
were excluded because they did not meet the content criteria for this
search. 195 abstracts were screened, excluding articles that analysed
spider silk materials, review articles, and articles with substantial dif-
ferences from the defined endpoints. As a result, 133 full-text articles
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TABLE 1 Selection of commercially available silk-based products
Appdication Origin Source/Compasition Trade name Cormpany Farm
Soft Tissua Allegenic Human AllsDerm LifeCell Conp. USA Mermbrang
Repair/ Reconstruction TheraSkin LifeMeat Health, LISA Memribrane
(e.g., wound healing, muscle Allskin AlloSaurce, USA Mesh
flap reinforcement, breast AumnioBioGraft Alamo Tissue Service, USA Mermbrang
reconstruction) Tutoplast RTI Surgical inc, USA Membrane
Xenogenic  Porcine Medeor Matrix Kensey Mash, US. Mesh
Strattice LifeCall Conp_, USA. Meh
Bovine Surgimend Integra LifeScience Inc., USA&  Membrane
Equine PROwcuff Synovis Orthopaadic Meh
PROankle
PROwo: (TBD)
B. mori - Silk Fibroin SERI surgical Allergan, nc., USA. Scaffold Mesh
Synithetic Palylactide glycodic WICRYL Ethicon, Inc., LISA Mesh
acid/Polylactide acid ~ X-REPAIR Synithasame, Inc., LISA Meh
Palyprapylene PROLEME Ethicon, Inc., LISA 3D patch
Palytetrafluoroethylens GORE-TEX WL Gore & Associates, inc,  Mesh
U5A,
Composite  Bovine/ polyghyoolic Endiofonm Aroa blosurgery, Mew Mesh
ackd Zealand.
Merve Repair/Reconstruction Binlagic Human Avance AmpGen, USA Seaffold/conduit
[e.g. in peripheral nerve allogenic
injuries)
Xenogenic  Porcine SURGISE Mark Bleyer, President, Cook  Scaffold/conduit
Biotech, nc.. USA
Bowine Meviraen Integra LifeSciences Corp., Seaffold/conduit
UsA.
Chitasan Reaxon MEDOWVEMT Grabsh, Seaffold/conduit
Genmany
Synithetic Paly (DL-lactide-co-5- Meurolac Polyganics BV, Seaffold/conduit
caprolactone) Metherlands
Cartilage Bialogic Human CARTISTEM Medipast bnc., USA Suspension
Repair/ Reconstruction Allopenic
Xenogenic  Porcine Chondro-Gide Geisthich Pharma, Membrang
Switzerland.
Bowine MeoCart Histogenics, USA Memibrane
Syrithetic Monomer p-dioxanone  PDS Ethicon, Inc., USA Film
Composite  Polyglycolic acid/ Chondrotissue BiaTissue, USA Membrane
Fyaluronic scid
Bone repair/ reconstruction Biologic Human AlloDarm LifieCell Conp_, USA. Fenestrated, Mesh,
(g, oral, eranio—/ Allogenic OvaGraft LifieMet Health, LISA Man-resh
i llofacial, or orthopaedic Particle
bany defects)
Xenogenic  Porcine Strattice LifeCell Conp., USA Mesh
Bowine Biciss TEl Binsciences Inc., USA Granules
SurgiMend
Equine Equsibatriz MIBEC CO., Ltd, Sauth Granules
Korea.
Synithetic Bioglass Petinglass MewaBone Products, USA Granules
ftricalcium phosphate PaolyBaone Kyungwon Medical Lid., USA  Seaffold
Composite  Calcium phosphates WiToss Ortheva, Inc., USA Seaffold
collagen Canfinm Globius Medical Imc., USA Putty, Gel, Crunch
Hyaluronic scid/ o Bioactive
plass/ghyceral
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were axamined. OF the total 47 included articles, 30 studies examined
silk fibroin- based materials and 17 studies examined silk sericin-based
materials. Accordingly, 86 articles were excluded from this review
because they did not meet the above inclusion criteria All included
artiches were preclinical studies. The silk prateins used in the antibac-
terial tests were all from B. mon, except in three studies that used S5F
from the silkweorm Anthera Assama. A categorization was made indi-
cating the best antibacterial functionalization in terms of efficacy
compared to the respective control groups of each study. Therefore,
the included articles were classified into four groups: inherent activity,
metals {i.e, nanoparticles of metallic elements), drugs (Le., antibiotics],
and others (i.e., antimicrobial peptides, polymers, etc) (Tables 2 and 3).
The antibacterial activity against the tested bacterial strains is shown in
Figures 3 and 4.

3.2 | Articles on silk fibroin

The categorization of materials based on 5F is shown in Table 2. All
30 predlinical articles evaluated examined the test materials in vitro;
five studies additionally used in vive models, including four rat

i-Sheet orpstalline domain

FIGURE 1 lllustration of silk
fibres produced by silkworms. Silk
is & natural polymeric fikire
produced by the sillkworm
Bombyx mori. Twa fibroin fibres
covered with a sericin coat are
the constitutes of a silk fibre. The
degurmnming process sets the
fibroin fibres free from the sericin
coat. Fibroin fibres consist of
f-sheat crystalline domains
embedded in an amorphous
matris. The heavy chain (H-chain)
includes hydrophobic and
hydrophilic repetitive domains.
Each hydrophobic subdomain is
comprised of different repeating
units of hexapeptides®

C-Termimus

Hydraphobic repetetve domain

models***5*# and one mouse model ** Three articles were assigned
the best or equal antibacterial activity without additional functionali-
zation (see Section 3.4). The in vitro methods wsed were agar diffu-
sion/inhibition zone analysis [AD J/Z01), colony number/colony
forming unit anahysis (CC/ACFU), minimum inhibitory/ minimum bactesri-
cidal concentration (MIC/MBC] assessment, optical density assess-
ment (DD, or scanning electron microscopy (SEM) in 15, 15, 2, 5, and
& articles, respectively. Eight of nine articles testing metallic agents
were assigned to the metal group that achieved the best antibacterial
activity with their respective functionalization. One article described
the superior activity of pentamicin compared with silver nanoparticles
{AghPsi* and one articke concluded that zinc nanoparticles (ZntPs)
and chitosan performed equally well** Within the metal group, the
active ingredient consisted of AgMPs in five cases, ZnMPs in two
cases, and transition metal dichalcogenides (TMDs] in one case. Effi-
cacy against Gram-negative E. coli (n = 5) and P. seruginosa [n = 1)
and Gram-positive 5. aurews (n = &), MRSA in = 1), and other bacterial
strains [Le., M. tubercwosis, B. subtilis, and P. mirabilis) (n = 3) was
reported [Figure 31 Twelve studies included materials containing anti-
biotics of the fluoroguinolone type [Le., levofloxacin and ciprofloxacin)
[n = 2, the ss-lactam type (Le. amoxicilling (n = 4), aminoghycoside-
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FIGURE 2  Literature raview _ Initial Search on PubMed data base, acoessed on
flowichart. *Articles categorised based on z Tanuary 01, 021 {m = 218 amicks, inchuling thres
best antimicrobial pE'l'fﬂITI'II‘!EE therefore, g articles not in English or Genvan) | Enchskal |
similar performances are counted twice to _:;:-
the respective group =
— - - 235 nmickss (review oniicks, conbeni-
Tille Sereening melmted differencesy
in =218}
£
E 2 artieles {spuler salk mmenals, s
&2 Abstrant Scorening defined antibacicrial testing,
e s sbtsmial dieressces 1o dufined
' erddpainis)
n Wi amicks (kck ol salely SF/SS
= Fisll Test comtrol growpe, antihacterial testing
E Screcning results insufficiently described.
= .ll'l | “# cobeatatial i erems 5 16 delinad
= - exdpaiinis |
— L
Included in = 47)
» Hilk Fibrain (n=31
g = Sulk Sericm {n= 17}
2
Salk Serkon Salk Fibaoan
L *  Inberent activity *  Inherent activity
in=13) [n=3p*
+ Metal funciienalizstion = Meisl Reciomalimios
in in=xp*
*  Drug functivnalization o Dirug N ioes lazalion
in im= HN*
»  Oiher functionalization = Other functioralation
in m=1n

type le.g., gentamicin} (n = 4), glycopeptide-type (e.g., wancomycin
{m = 1), and tricyclic-type [2.g.. doxycycling] in = 1) Of these, two arti-
cles with functionalization of AgMNPs were found to be superior com-
pared to kanamycin/amodcillin'® and ciprofloxacin®®, the best
performance for drug-loaded materials was reported in 10 articles,
accordingly, these articles were assigned to this proup. Here, antibac-
terial activity against strains of 5. oueus [n = 8) was reported, followed
by E- coli (v = 4), and one report each for MRSA and K pneumonase was
also indicated. The last group, consisting of the best performances for
other functional agents, included 10 articles out of a total of 12 artiches
that inwestigated a range of agents: from the incorporation of calcium
fons into the material or of natural polymers, such as chitosan and colis-
tin, to the use of oregano essential oil 2s an antimicrobial agent. In this
group, compared to the others, more studies were found with tested
activity against Gram-negative P. seruginosa and other Gram-pasitive
micrebes, for example, 5. anguinis, A noeslundii, 5 gordnoni, and
£, epidermidis, but with a consistent number of reports of activity
against E. coli in = %) and 5. awews in = 7). For the other two articles,
gentamicin and amoxicillin showed better antibacterial activity than
chitosan™*"; in one case, SF alone was as adeguate as the
polypropylene-based agent.**

Across all groups, the most commonly produced structural forms
were films/dressings and electrospun mats; likewise, wound healing
and bone regeneration were the most common intended applications.

33 | Articles on silk sericin

The categorization of the 55-based materials is shown in Table 3. A
total of 17 articles were identified that met the inclusion criteria. All
articles were generated using an in vitro method. Five articles were
assigned to the best antibacterial activity without additional functio-
nalization (see Section 3.4). Antibacterial activity was assessed in 8, &,
2 6, and one articles, respectively, using agar diffusion,/inhibition zone
analysis [AD/ZOI), colony number/colony forming wnit analysis
[CC/CFU), mindmuwm inhibitory minimum bactericidal concentration
MIC/MBL) assessment, optical density assessment [OD), or scanning
electron microscopy [SEM). Functionalization with metals was per-
formed in a total of nine studies, out of which three studies used
InMPs and six used AgNPs. Six studies showed the best activity when
loaded with metals. Amaong them, the materials showed an efficacy
against E. coli [n = &), 5. gureus (n = 7) and MR5A |n = 1) (Figure 4). In
one study, the active ingredient vizlacein showed a higher antibacter-
ial activity compared to AgMPs™ and in another study, chiorhexidine
was superior to AgPs.”" The best efficacy for drug-loaded materials
wias determined in twio articles using tetracydine and gentamicin. These
articles demonstrated an efficacy against E. coll n = 2), 5 aureus
[n = 2), and P. peruginosa fn = 1) (Figure 4). Four articles contained a
functional agent associated with other approaches to functionalization,
that is, chlorhexidine, vielacein, cecropin-B, and chitosan. However, the
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TABLE 2

Antibacterial functionalization
Inherent activity

5F only (Polypropylenel

SF only (Transgenic B. maor)

5F only (Transgenic B. mari)
Metals

AgDuNP [Ciproflaxacin]®

ZnD

AgNP

Aghp

Transition metal dichalcogenide
AgNP [Kanamycin/ Amaxicilling®
ZnhP [Chitasan)®

Aghip

Drugs

Levallowacin

Arnoocicillin

Dawycycling”

\ancommyein

Arnoaicillin

Gentamicin (Chitozan)®
Amaxicillin (Chitosan)®
Gentamicin

Gentamicin

Gentamicin (AgNPY
Other

Chitosan
Polyethyeneimine
SF only (Polypropylenel®
A-HesyIresarcine
Oregano essential o
Calclum peroxide
ZnbP{+Chitosan]®
Cys-KR12

Colistin

Calcium
Chiteolignsaccharide

Abbreviations: AD, agar diffusion; CC, colomy count; CFU, colony forming wait; MBC, minimum bactericidal concentration; MIC, minimurm inhibitory

Study type

In witra
In witra
In witra

In vitra
I witre/In vive
In witra
In vitra
In vitrayIn vivo
I witra
I witria

In vitre:

I witra
I witre/In vive
In witra
In vitrayIn vivo
I witra
I witria
In witra
In vitra
I witra
I witria

In witra
In vitra
I witria
I witra
In witra
In vitra
I witria
I witra
In witrey/In vive
In vitra

In witra

SCHAFER 1 aL

Material fform

Suture
MN/A
MNiA

Filn / Diressing
Siiture

Fibres

Soplu thon
Filn / Diressing
3D Seaffold
Filini / Dinessing
Electrospun mats

Implant coating
Suituire
Electrospun mat
3D Seaffold
Electrospiuin imat
3D Seaffold
farn

Implant coating
Serew

Implant coating

Electrospun mats
Electrospun mats
Suituire

Suitures
Electrospun mats
Filn / Diressing
Filini / Dinessing
Electrospiin imats
Membrane

3D Scaffold
Membrane

Antibacterial best

ADJZOI
CLACFU
CLCACFU

ADJZOI

CLACFU

CLCACFU

MIC/MBLC, SEM
CCACFU, O, SEM
MIC/MBC, CC/CFU
ADSTON

ADSZON

CLCACFU, SEM
ADSTON
ADSZON
ADJZOI
ADSION, 0D
ADSTON
ADSZON
CCACFU, SEM
CLCACFU, SEM
CC/CFU, SEM

O
CC/CFU
ADSTON
ADSZON
ADJTOl, 0D
ADSIOI

CLACFU
CC/CFU
CC/ACFU, OD
CCACFU

concentration: 0D, optical density; SEM, scanning electron microseopy: 201, 2one of inhibition.

"Both forms of functionalization were similarly effective.

Intended application

Surgery
Univversal
Uinivversal

Wound healing
Sufgery

Wound healing
Universal

Wound healing
Dasenis regeneration
Wound healing

Oesenus regeneration

Dasenis regeneration
Sufgery

Universal

Desenus regeneration
Soft tissue repemeration
Cartilapge regeneration
Universal

Desenus regeneration
Dasenis regeneration
Dasenis regeneration

‘Wound healing
Universal
Sufgery
Sufgery
Wound healing
Urethral repeneration
Wound healing
Waund healing
Wound healing
wWound healing
Universal

"Two functionalization agents were tested—the agent with the best performance is listed, the second agent is indicated In parenthesis.

article that tested chitosan concluded that ZnMPs exhibited a better
activity®® and was therefore assigned to the metal group. In the group
of other functional materials, only the activity against A baumannd and
B subtilic was tested® Similar to the materials of 5F, films/dressings
were frequently produced to be used for wound healing, but nawel
fiorms, such as hydrogels, were also introduced.

34 |

Inherent antibacterial activity of SF and 55

Silk fibroin-based materials with respective antibacterial functional agents, categorised according to best antibacterial performance

The information of an inherent antibacterial activity of 5F or 55 was

rarely mentioned directly in the reviewed articles; hence, it was neces-

sary to conclude the evidence from the respective results and discus-
sions. As a result, for the best or equal antibacterial activity compared
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TABLE 3  Silk sericin-based materials with respective antibacterial functional agents, categorised according to best antibacterial performance

Antibacterial functionalization Study type Material/Form Antibacterial Test
Inherent activity

SS only In vitro Implant coating 0D

SS only In vitro Electrospun mats o]}

SS only In vitro Hydrogel CC/CFU, SEM

SS only In vitro Hydrogel [e]8]

SS only In vitro Implant coating CC/CFU

Metals

ZnNP In vitro Film/dressing CC/CFU

ZnNP In vitro/ 3D Scaffold CC/CFU

AgNP In vitro Sutures AD/ZOI

AgNP In vitro Solutien CC/CFU, MIC/MBC
AgNP In vitro Solutien oD

ZnNP (Chitosan)” In vitro Film/dressing AD/Z0I, 0D
AgNP In vitro Film/dressing AD/ZOI

Drugs

Tetracycline In vitro Film/dressing AD/ZO|
Gentamicin In vitro Hydrogel AD/ZOI

Other

Chlorhexidine (AgNP)* In vitro Film/dressing AD/ZOI, OD
Violacein (AgNP)* In vitro Fibre AD/Z0I, CC/CFU
Cecropin-B In vitro Film/dressing AD/Z0I, MIC/MBC

Intended Application

Dentistry
Wound healing
Wound healing
Wound healing
Dentistry

Wound healing
Wound healing
General surgery
Universal

Universal

Wound healing
Wound healing

Wound healing
Wound healing

Wound healing
Universal
Wound healing

References

45

47

3

s

41

]

Abbreviations: AD, agar diffusion; CC, colony count; CFU, colony forming unit; MBC, minimum bactericidal concentration; MIC, minimurm inhibitory
concentration; SEM, scanning electron microscopy; OD, optical density: ZO|, zone of inhibition.
*Two functionalization agents were tested—the agent with the best performance is listed, the second agent is indicated in parenthesis.

FIGURE 3 Specified antibacterial
activity of silk fibroin-based materials and
respective functionalization groups.

N = number of articles reporting an
antimicrobial effect regarding to the
tested bacterial strain. Only groups of
similar or best antimicrobial performance
are counted to N (s. Table 2)

to the respective control groups, three out of 30 studies based on SF
and five out of 17 studies based on SS could be found (Tables 2 and
3). However, the indication for overall inherent antibacterial activity
was given in five out of 30 (5:30 or 16.67%) for SF and six out of

E. Calt

S, surcuus

MRSA

P, actogenosa

Ueher

Antibacterial Activity of SF-based Materials
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17 (6:17 or 35.29%) for SS. In studies indicating best performance for
SF, only one of three studies investigated an additional functional
agent, that is, polypropylene + SF, as a comparison concluded that
agar diffusion analysis showed equivalent antimicrobial activity of
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FIGURE 4 Specified antibacterial activity of silk sericin-based materials and respective functionalization groups. N = number of articles
reporting an antimicrobial effect regarding to the tested bacterial strain. Only prowps of similar or best antimicrobial performance are counted to

Mz Table 3]

sutures consisting of only 5F against E. coll.'® The other two articles
attributed an inherent antibacterial property to SF. The silk proteins in
these studies were from transgenic silkworms.**** Both studies took
adwvantage of the antimicrobial peptide cecropin, which is naturally
secreted by the silkworm to defend against pathogens. Li et al,*®
intreduced the cecropin gene into the fibroin L-chain gene of B. mor
by homologous recombination, while Saviane et al.,** induced a germ-
line transformation in B. movi that resulted in an overexpression of the
antimicrobial peptides cecropin B and moricin. In both studies, the
produced cocoons showed enhanced antibacterial properties and the
resulting silk fibre was able to inhibit bacterial growth of E. coli. The
results of the two other studies showed an antibacterial activity for
5F, however, the authors disagreed with the application of pristine 5F
for antibacterial purposes.**S* For 88, five studies reported best or
equal antibacterial activity for materials composed of or with addi-
tional 55; however, none of these studies tested an additional compa-
rable antibacterial agent (Table 31 Two studies implemented 55
implant coatings for dentalforal surgery applications and demon-
strated reduced prowth of 5. oweus and 5. epidermialis strains through
0D evaluation and CC/CPU analysis.®™** Despite this finding, Zhang
et al. attributed the reduction of bacterial counts to the anti-adhesive
properties of the surfaces rather than bactericidal properties* Threa
studies produced 55 materials for wound healing, including films/

dressings and hydrogels and tested for E coli and 5 sweus colonisa-
tion by OD evaluation, CCACFU anabysis, and SEM, vielding promising
bactericidal results.

4 | DISCUSSION

Open wounds created during surgical intervention constitute a gen-
eral risk of infection with microorganisms such as bacteria, fungi, and
wiruses.** Mowadays, many promising strategies have been introduced
to prevent infection during and after surgery. An ideal measure of pre-
wention would be the development of advanced biomaterials inhibit-
ing bacterial colonisation or even resisting bacterial adhesion.® Silk
proteins hawe gained attention due to their desirable properties as
natural, bizdegradable, and biscompatible polyrmers. With this review,
our aim was to find evidence for the commonly expressed hypothesis
of an inherent antibacterial property of silk fibroin and silk sericin.
From the literature reviewsed, 5F was found to have an inherent anti-
bacterial activity in 16.67% (5:30 ratio) and 55 in 35.29% (4:17 ratio)
of respective studies. The other articles determined a superior anti-
bacterial activity for the active agent and found no effect for the origi-
nal silk material in comparison. Mevertheless, the current literature
offers a wide variety of functional apents, for example, metallic
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nanoparticles, antibiotics, antimicrobial peptides and many more, to
tailar this desired effect to silk proteins.

In literature, 55 is known a5 a biopolymer which offers unigue
properties such as antioxidant, anticancer, and antiwrinkle activity. In
addition, a notable, however conversely discussed, antibacterial activ-
ity has been attributed to 55 throughout [fterature. 5*

The antibacterial mechanism of action of 55 is due to to the struc-
tural accumulation of hydrophilic aming acid residues such as serine,
aspartic acid, and glycine. These amino acids have amine groups
[-MH2) which convert to protonated amino groups (-MH3+) through a
pronation process in the microenvironment. Subsequently, positively
charged groups interact with negatively charged subunits of bacterial
cell membranes such as the lipopolysaccharides of Gram-negative
bacteria. As a result of this interaction, the permeability of the bacte-
rial cell membrane changes, leading to leakage of internal proteins ar
carbohydrates, restriction of bacterial metabadism, increase in internal
cellular pressure, and formation of internal wesicles. All these pro-
lead to growth inhibition or death of the pathogens.*** In
many reports, the antibacterial activity of 55 is also attributed to the
presence of specific small domains that include seroins and protease
inhibitors. These proteins are mixed with 55 during the secretion pro-
from the silkworm gland. The reason why the silkworm synthe-
sises seroins instead of antimicrobial peptides for defence remains
unknown.* To date, three types of sercins have been discovered: ser-
oin 1, seroin 2, and seroin 3. Seroin 1 is secreted in both 5F and 55. In
contrast, sercin 2 is mainly detectable in the outermost 55 layer and
seroin 3 is solely found in 55. In a study, Dong et al. demonstrated
that the distribution of seroin 3 on the surface of 55 allows it to
directly contact pathogens in the environment and play a more effi-
cient antimicrobial roke. 3" They also demonstrated that seroin 1 has a
dual function in silk: it prevents microbial invasion and participates as
a modecular chaperone in the formation of the silk fibroin comples.
¥ue et al. examined healthy E. coli cells by SEM and visualised smooth
surfaces and rod-shaped bacteria from 0U5 to 1.5 pm in size.*? After
treatment with 55, cell shrinkage and detachment from the membrane
surfaces of E. cofi cells were observed. From the walues of OD, the
percentage of E. coli decreased acconding to the increase of sericin
concentration from 10 g/L to 40 g/L reaching a growth inhibition of
E2% to 93X, respectively.

In our review of the current literature, we found in six out of
17 studies examined an indication for 55 antibacterial activity
[Section 3.4). Five of these reported best or equal antibacterial activity
for the pristine 55 material. In one study examining antimicrobial
dressings, Bakhsheshi-Rad et al. found a 201 of 3.5 mm for 55 alone
against bacterial strains of E. coli and 5. awreus, yet, they attributed the
best efficacy to tetracycline-containing dressings and the observed
inhierent activity of 55 was not discussed.** Owverall, this anabysis sums
up to a ratio of &:17 or 35.29% articles indicating an inherent antibac-
terial effect of 55 to articles disagreeing with this hypothesis. The
interaction and efficacy of sericin against bacterial cells is not only
considered to be dose-dependent, but also varies with the structural
features after manufacturing. The latter is an inevitable consideration
regarding the intended application. It has been observed that
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structures such as membranes or films made of pure 55 are fragile,
especially in dry stape due to the variable distribution of molecular
wiight * They also swell in water-based solutions and can be dis-
solved at high temperatures. In this regard, there are some challenges
in the application of 55 for soft tissue or osseous regeneration such as
for guided bone regeneration [GBR) or puided tissue regeneration
[GTR) which require a scaffold or ecclusive membrane to temporariby
provide space, support, and guidance for host cell adhesion and prodif-
eration.3® Other applications come with different demands, for exam-
ple, the wse a5 & wound dressing requires the material to isolate the
wound from environmental pathogens, while the use as a coating
material for implants, such as orthopaedic or dental implants, requires
protection from biofilm formation. The 55 manocomposite hydrogel
tested by Yang et al. restrains bacterial growth by adsorbing bacteria
onto the hydrogel surface. ™ Through SEM imaging they found that
E. coli and 5 oweeus cells adhered abundantly to the surface of the
hydrogel composite. The adherence of bacteria to the hydrogel sur-
face is attributed to the charge interaction of 55 with the bacterial cell
membrane. Indeed, adhering bactera to the hydrogel helped to keep
the bacteria away from the wound surface and can subsequently pre-
went from infection. They hypothesized that a denser hydrogel surface
layer would make it much more difficult for bacteria to penetrate the
internal pores. They also suggested that micromolecular sericin can
detach from the hydrogel form and enter the bacterial cell to adsorb
anion materials, with similar effects on Gram-positive (e.g., 5 aurews)
or Gram-negative [eg, E coli) bacteria In contrast, Zhang et al
reported non-adhesive properties that prevent biofilm formation by
5 oweeus and 5. epidermidic on titanium implant surfaces coated with
55.%% Another report found that microbial penetration through the 55
nanofiber mats was negligible after 14 days, indicating favourable bar-
rier properties. The various amino, hydroxyl, and carboeryl functional
groups of sericin enable its successful co-polymerisation, crosslinking,
or blending with other polymers, leading to improved mechanical
properties and extensive applications.*®

Unlike 55, 5F is not commonty known 25 a polymer with a bacteri-
cidal activity. Instead, many reports describe mechanical anti-adhesive
and bacterial barrier properties as the mechanism of antibacterial
action, preventing bactera from pEﬂEH'IIJFLu For instance, Zhang
et al. conducted a multipart study set up investigating a nowel 5F filmd
dressing for wound healing applications comparing it to commercial
wound dressings, among others, Sidaiyi 5F composite scaffold. The
study was comprised of an in vitro assessment in which the SF film
could mechanically prevent bacterial penetration due to its unigue
nonporows strecture and an in vivo rabbit full-thickness skin defect
model showing the SF film effectively reduces the awerage wound
healing time with better skin regeneration compared to the commer-
cial wound dressing. A subsequent assessment in a porcine mosdel
confirmed its long-term safety and effectiveness for full-thickness skin
defects. In addition, in a randomised, single blind, clinical trial with
71 patients, the silk fibroin film significantly reduced the wound heal-
ing time and incidence of adverse events, that is, postsurgical infec-
tions.? In our review of the current literature, we found in five out of
30 studies examined an indication for SF antibacterial activity. Yet,
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three studies ascribed best or similar antibacterial activity to SF com-
pared to the control group. Two of these studies investigated geneti-
cally transformed silkworms producing antibacterial peptides and one
study reported similar antibacterial activity of pristine 5F compared to
polypropylene + SF (Section 3.4). Among the other two studies, a
study by Arpacay et al. investigated antimicrobizl implant coatings for
improved bone regeneration ™ They assigned levofloxacin-coated
implants the best antibacterial effect against 5 ourews biofilm forma-
tion. However, reduced biofilm formation was also observed in the
implants coated exclusively with 5F compared to uncoated ones, with
a loweer number of colony-forming units identified. Monetheless, the
authors discouraged the use of pristine 5F for antibacterial use, rather,
they recormmended using 5F drug delivery properties to load it with
antibarterial substances. In another study by Babu et al,** a 701 of
2 mim wias found for planar SF scaffolds designed to facilitate cartilage
regenaration, with the best antibacterial effect for gentamicin-loaded
scaffolds * Overall, this analysis sums up to a ratio of 5:30 or 16.67%
articles indicating an inherent antibacterial effect of 5F to articles dis-
apreeing with this hypothesis. Apart from this, 5F biomaterials provide
exceptional properties such as biodegradability, biocompatibility, and
depending on the structure and manufacturing process, desirable
mechanical properties that can be tailored to the target application.
The abundance of structural forms for SF (e, pels, 30 scaffolds, elec-
trospun mats, etc) allows for a wide range of application in the field
of reconstructive surgery. In vivo studies include soft tissue regenera-
tion le.g., for wouwnd healing), nerve regeneration, cartilage regenera-
tion, and bone regeneration, for example, as GBR/GTR membrane.®

In agreement with the results presented in this review, silk pro-
tein materials loaded with different kinds of antibiotics show strong
afficacy,* but the mode of drug release and the respective concentra-
tions must be sufficient, which on the other hand is associated with
an increasing risk of antimicrobial resistance. In addition, there s evi-
dence of biofilm formation due to treatrment with antibiotics at subin-
hibitory concentrations, presumably by promoting the production of
awtracellular polymeric substances. For example, Hoffman et al ¥
reported that subinhibitory concentrations of the aminoghycoside
tobramycin induce biofilm formation by P. geruginosa and E- coli as a
consecutive defensive response to the presence of an antimicrobial
apent. Mowel antimicrobial agents such as polymers, lipids, peptides, or
approaches to bind the agents directly to the silkworm or silk proteins
have emerged as alternatives to ourrently awailable antibiotics and
metallic nanoparticles. ™ =374 However, these agents face chal-
lenges such as bioavailability and high product cost.

5 | CONMCLUSION

This systematic review searched the PubMed literature database for
evidence of intrinsic antimicrobial properties of both silk proteins
fibroin and sericin. Our results show an indication for fibroin- and
seficin-based materials confirming this hypothesis. However, caveats
to consider in this regard are that none of the studies reviewed
intended to investigate the hypotheses of an inherent antibacterial

property of 5F or 55, thus, we had to draw the answer to this guestion
from the respective results and discussions. Rather, the desired form
and functional properties of the silk proteins were extended with anti-
microbial additives and investigated within the studies presented.
Since antibiotics are associated with tissue reactions and undesirable
resistance reactions, we sugpest silk proteins loaded with metals, such
as silwer or zinc nanoparticles, are the best studied albernatives at the
current state of research. Nevertheless, novel natural approaches such
as oregano essential odl or chitosan offer particularly high biccompati-
hility and superior antibacterial activity to pristine silk proteins. Futwre
studies comparing the antibacterial efficacy of different active agents
manufactured to 5F or 55 may complement the current data and bring
closer to answering the question of an inherent antibacterial property
of these biomaterials.
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Doping of casted silk fibroin
membranes with extracellular
vesicles for regenerative therapy:

a proof of concept

Sandra Fuest' ", Amanda Salviano-Silva?, Cecile L. Maire?, Yong Xu?, Christian Apel?,
Audrey Laure Céline Grust!, Arianna Delle Coste?, Martin Gosau®, Franz L. Ricklefs? &
Ralf Smeets*

Bioactive material concepts for targeted therapy have been an important research focus in
regenerative medicine for years. The aim of this study was to investigate a proof-of-concept composite
structure in the form of a membrane made of natural silk fibroin (SF) and extracellular vesicles (EVs)
from gingival fibroblasts. EVs have multiple abilities to act on their target cell and can thus play
crucial roles in both physiolegy and regeneration. This study used pH neutral, degradable SF-based
membranes, which have excellent cell- and tissue-specific properties, as the carrier material. The
characterization of the vesicles showed a size range between 120 and 180 nm and a high expression
of the usual EV markers (e.g. CD9, CD63 and CD81), measured by nanoparticle tracking analysis (NTA)
and single-EV flow analysis (IFCM). An initial integration of the EVs inte the membrane was analyzed
using scanning and transmission electron microscopy (SEM and TEM) and vesicles were successfully
detected, even if they were not homogeneously distributed in the membrane. Using direct and
indirect tests, the cytocompatibility of the membranes with and without EVs could be proven and
showed significant differences compared to the toxic contrel (p< 0.05). Additionally, proliferation of
L929 cells was increased on membranes functionalized with EVs (p>0.05).

Extracellular vesicles (EVs) have emerged in recent years as an important mediator of intercellular commu-
nication. They possess multiple capabilities to act on their target cells and can thus play critical roles in both
physiology and pathology'. EVs carry complex biological information consisting of soluble and transmembrane
proteins, RNAs and miRNAs, DNA, and lipids”. They can be taken up by recipient cells and release their bioac-
tive contents, which can subsequently significantly alter the phenotype of the recipient cell. EVs released from
mesenchymal stem cells have a similar therapeutic effect as the cells from which they are derived of*. Thus,
they show remarkable effect on promoting regeneration on different types of tissues. The use of EVs has been
shown to be more beneficial than the use of mesenchymal stem cells themselves for several reasons™. EVs are
not limited by viability, cannot replicate, and therefore cannot degenerate. They also express limited major
histocompatibility markers (MHC) and have immunomodulatory properties that reduce the risk of negative
immune responses while preserving beneficial regenerative properties™. In addition, a key advantage is that
unlike cells, EVs can be stored for longer periods of time”. Thus, they can be frozen and thawed or even lyo-
philized without major functional losses®. EVs are considered as promising in diagnostics and as new tools for
various therapeutic approaches, including regenerative therapies and drug delivery, for anti-tumor therapy, and
in the context of vaceination strategies™ ™. The beneficial effects of EVs from mesenchymal stem cells on wound
healing and tissue regeneration have already been demonstrated in various cell culture experiments and animal
models, and were manifested by improved re-epithelialization, accelerated collagen deposition and angiogenesis
among others™ . In particular, EVs derived from dental pulp stem cells promote endothelial cell proliferation
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through the expression of proangiogenic factors and have hence been shown to drive angiogenesis™. Huang

et al. demonstrated that EVs derived from dental pulp stem cells induce odontogenic differentiation both in vitro
and in vive™. Liu et al.” further demonstrated the efficacy of EVs in periodontal tissue regeneration. As a result,
there is a growing interest in exploring the use of EVs for regenerative treatments, particularly in the head and
neck region. However, one of the major challenges for the therapeotic application of EV's is that free EVs are
rapidly excreted in the bloodstream and ultimately digested by macrophages”. The clinically very relevant prob-
lem of keeping the EVs at the site of action for a longer period of time or enabling a controlled release of these
can be achieved by immobilizing the EVs in a suitable carrier structure. Yarious research groups have already
shown that the integration of EVs into different biomaterial-based carrier structures such as hydrogels, hydrogel
patches, and 3D scaffolds proved to be more effective than direct injection of EVs into the defect™** ! As a
novel approach, the biomaterial silk fibroin ($F), which is extracted from the cocoon of the mulberry silkworm
Bormby: mort (B. mori), can be used as a carrier material. SF as a medical carrier material is increasingly becoming
the focus of research for new biomedical applications, such as wound dressings, because silk fibroin is an ideal
starting material due to the dissolution of silk fibers in an aqueous solution, which can be formed into almost
any shape by incorporating numercus available textile techniques (e.g. weaving, knitting and braiding)™*%. The
advantages of 5F as a biomaterial are its high strength, moisture retention, flexibility, biocompatibility, bioresorb-
ability, oxygen permeability, and hemostatic ability’™**". Furthermore, the degradation and release kinetics of
silk fibroin products can be precisely controlled. Especially in the broad field of oral and maxillofacial surgery,
the use of regenerative biomaterials after trauma, surgical procedures or aesthetic applications is a standard
procedure. Bone substitute materials and collagen membranes for instance are used in the field of guided bone
and soft tissue regeneration (guided bone regeneration (GBR)/ guided tissue regeneration (GTR)), which, how-
ever, still have material-specific shortcomings due to their manufacturing chain®. SF can be processed by the
electrospinning method, in which fibers in the size range of micro- to nanometers are obtained from a polymer
solution by applying an electrical force™. Nonwoven structures can also be fabricated in this way. Fibroin-based
films, nonwovens and also 3D scaffolds are excellent for biomedical applications such as wound dressings due
to their mechanical properties and porous structure, which promotes cell infiltration and vascular sprouting™.
In the present study we tested the hypothesis that EVs can be successfully incorporated into SF-membranes
during the production process. EVs were isolated from the supernatant of an immortalized Gingiva-Fibroblast
(GF) cell line and analyzed by NTA and ICFM analysis and subsequently incorporated into the SF-membranes.
Scanning electron microscopy was used to examine the surface structures as well as cross-sections of the mem-
branes, and transmission electron microscopy was used to demonstrate evidence of EVs in the membranes. The
membranes were further examined with regards to cytotoxicity and proliferation both macroscopically and in
cell culture, see Fig. 1.

Results

Characterization of the EVs

The size distribution of EV's was determined by Nanoparticle Tracking Analysis (WTA), presented by six biologi-
cal replicates (EV1-EV6) isolated from an immortalized gingiva-fibroblast cell line. The majority of EV's from
gingvia fibroblasts, 88.9%, had a size below 250 nm with a peak at 147 nm, which falls within the particle size
range of small EVs, previously known as exosomes. A second peak was observed at 289 nm, representing only
0.05% of EV's, and a mere 0.007% of EV's were above 500 nm (Fig. 2A). Additionally, the majority of secreted EV's
exhibited high expression of common EV markers (ie. CD9, CD63 and CD81), as characterized by Imaging Flow
Cytometry (IFCM) (Fig. 2B). Out of those markers, CD81 showed the highest abundancy (78.33%) on gingiva-
fibroblast E¥'s, a tetraspanine known for its importance of EV functionality, as it facilitates interactions with
target cells and contributes to their role in intercellular communication and cargo delivery. To further analyze
the molecular profile of gingival fibroblast-derived EVs, we employed a multiplex bead-based assay, enabling
the simultaneous assessment of 39 surface proteins (Fig. 2C). In addition to confirming our IFCM results by
detecting high levels of CD%, CD63 and CDE1, this assay revealed elevated levels of CD105, CD29, CD142 and
CD44 on our EVs. These markers, associated with diverse cellular processes, indicate the multifaceted nature
of gingiva-fibroblast EV functions. The presence of CD105, CD29, CD142, and CD44 on EV surfaces suggest
potential contributions to intercellular communications, tissue homeostasis, and responses to physiclogical coes.
This comprehensive characterization enhances our understanding of the molecular cargo carried by gingival
fibroblast-derived EV's and emphasizes their versatility in mediation various cellular processes.

Structural analysis of the SF-membranes

Figure 3 demonstrates on the left side (A) the air-dried membranes with (w) (A, C) and without (wio) (B, D) EVs
in cross-section and top view. With the achieved resolution, no EVs in the form of round shape structures could
be detected in the SF-substrate material. Both membranes show a homogeneous and amorphous surface struc-
ture, however, membrane A shows a more pronounced line structure than membrane B. In cross-section, both
membranes seem to behave similarly. No pore structure can be visualized, the membrane with EVs shows many
small particles in the cross section, which are assumed to be fibroin residues due to their size. The membrane
without EVs (D) presents as flat and homogeneous in the core, the outer regions however show scale-like fibroin
residues. The right side of figure B shows the same arrangement as in A, with the difference that the membranes
were freeze-dried to better display EVs. Again, homogeneous amorphous SF structures were clearly revealed in
the top-view, representing a uniform membrane structure. In cross-section, the membranes appear to be less
SF-particulate in contrast to the air-dried membranes. Especially the outer regions show smooth structures.
Further information on EV's in the 3F-drawn membranes cannot be made from these images.
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Figure 1. Schematic representation of the experiments carried out in this study.

LT

Close inspection of the TEM images in Figure A and B reveals EVs at both 16.700 x magnification and
60.000 %, see Fig. 4. The yellow arrows visualize the detection of EVs. The vesicles in the form of small round
spheres with a darker rim and lighter core are not homogencously distributed in the SF membrane.

Cell proliferation assay (XTT)

In this study, we performed a XTT-Assay on L929 cells to assess cell viability and metabolic activity on different
days (2, 4, 6 and 8 days (d)), sce Fig. 5. These cell lines are commonly used due to their availability and relevance
for various research areas such as toxicology, pharmacology, and cell biology. By measuring the metabolic activity
of these cells, researchers can evaluate the impact of treatments, test substances, or drugs on their viability and
overall functionality. The XTT assay serves as a valuable tool for proliferation, drug screening, and understanding
cellular responses to different experimental conditions.

The number of cells in the experimental group with EV's was higher after five days than in the control group
without EVs. From day 5, the non-functionalized membrane proliferates better and peaks on day 8. The mem-
brane loaded with EV's also peaks on day 8, but to a lesser extent than the control membrane. There were no
statistical differences among the experimental groups. The control group consisting of pure cells proliferates much
better than the two membrane types, but reaches its peak already on day 6. However, it is important to note that
while the XTT assay provides a valuable indication of cell viability, additional experiments and analyses, such
as cytotoxicity assays and molecular investigations, should be performed to validate and better understand the
underlying mechanisms of the observed protective effects.

Lactate dehydrogenase assay (LDH)

An LDH assay was also performed on 1929 and MC3T3 cells to allow for the evaluation of cytotoxicity, cell dam-
age, comparative analysis, and drug screening. This assay provides valuable insights into the effects of various
treatments or interventions on cell viability and membrane integrity, aiding in understanding cellular responses
and informing the development of potential therapies.

We could report SF w EVs and SF w/o EV's exhibited slightly higher cell toxicity on L929 cells compared to
MC3T3 cells, as indicated by the LDH assay results. In the LDH assay, both SF w EV's and SF w/o EVs demon-
strated significantly higher viability compared to the toxic control group (p <0.05). In 1929 cells, both samples
showed a modest but not statistically significant increase in LDH activity compared to the corresponding non-
toxic control group (p >0.05) (Fig. 6). This suggests a mild toxic effect of SF w EVs (MV = 22.4540; SD = 9.42404)
and SF w/o EVs (MV =27.0078; SD = 10.49305) on L929 cells. However, a trend in the LDH assay on 1929 cells
can be identified which shows that SF w EVs achieves a lower toxicity than SF w/o EVs. Due to the small number
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Figure 2. (A) Representative NTA Graph of six biological rcplicatc_s (EV1-EV6); (B) IFCM analysis on EV's
stained with antibodies against CD9, CD63 and CD81 described in™; (C) Phenotypical characterization of EVs
using MACSPlex Exosome kit (Miltenyi) as described in the material and methods section.
(A) Air-dried (B) Lyophilized
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B A B
2= 2=
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Figure 3. SEM-images of SF-membranes in 40 pm diameter with (w) and without (w/o) vesicles after different
drying processes. (A) Air-dried membranes: top-view (A, B) and cross-section (C, D); (B) Lyophilized
membranes: top-view (A, B) and cross-section (C, D) in 1000 x magnification.
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16.700 x 60.000 x

Figure4. TEM-images of SF-membranes w EVs in 16.700 x (A) and 60.000 x (B) magnification.
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Figure 5. The Proliferation-Assay was performed on 1929 cells treated with SF w EVs and SF w/o EVs and only
cells. The cell proliferation was characterized using XTT on 2, 4, 6 and 8 days. Data are presented as mean +SD.

of cases, this hypothesis can however not be proven substantially. Interestingly, when tested on MC3T3 cells, SF
w EVs and SF w/o EVs displayed a relatively lower LDH activity, indicating a reduced toxic impact compared to
1.929 cells (Fig. 7). Nevertheless, this difference did not reach statistical significance (p > 0.05). In general, these
findings suggest that L929 cells may be more susceptible to the toxic effects of SF w EVs and w/o EVs compared to
MC3T3 cells. The different responses in cell toxicity between 1929 and MC37T3 cells may be attributed to inherent
variations in cellular characteristics, sensitivity, or metabolic processes. Further investigations are required to
clucidate the underlying mechanisms responsible for the observed differences in toxicity profiles. These results
highlight the importance of considering cell line-specific responses in assessing cellular toxicity and understand
the need for comprehensive toxicity evaluations using multiple cell lines to ensure robust and reliable conclusions.

Live/ Dead-staining

After live/dead staining with a L929-mouse fibroblast cell line, an almost equal number of vital (green stained)
and well-distributed spindle-shaped cells were detected in both the SF-membranes with (w) EVs and the SF-
membranes without (w/o) EVs and the negative control (Tissue Culture Coverslips, Sarstedt, Germany (TCC)).
The absence of dead (red-stained) cells confirmed the assumption that no toxicity is associated with these two
variants, while the toxic positive control (Polyurethan Film with 0,1% zinc dicthyldithiocarbamate (ZDEC),
Hatano Research Institute, Food and Drug Safety Center, Japan (RMA)) only sporadically showed cells on the
tested surfaces (Fig. 8). In conclusion, both indirect and direct cytotoxicity testing indicated a good biological
response of the SF-membranes, without any signs of cytotoxic potential.
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Figure 6. LDH activity in L92% cells treated with 3F w EV's and 5F wio EV's, toxic control, and non-toxic
control. Data is represented as mean + standard deviation (50) of three independent experiments. Statistical
significance was determined using one-way analysis of variance (ANOVA) followed by L5D post-hoc test.
*p=0.05 indicates non statistic significances between the tested groups; and **p < (.05 indicates a significant
difference compared to the toxic control group.

Cytotoxicity
* %
128,00

% 106,00
2 *
£ so00
E J
e [ |
# w00

N —_

- _t
Mon-toxic SFwEVs SF wio EVs Toxic
Caontrol Cantral

Figure 7. LDH activity in MC3T3 cells treated with SF w EV, 5F wio EVs, toxic control, and non-toxic control.
The results demonstrate that both SF w EVs and SF wio EVs induced a slightly higher LDH activity compared
to the non-toxic control group, suggesting a mild toxicity effect. However, LDH activity was significantly lower
in both samples than the toxic control group, indicating their non-toxic nature. Statistical significance was
determined using one-way analysis of variance (ANOVA ) followed by LSD post-hoc test. *p= 0,05 indicates non
statistic significances between the tested groups; **p < 0.05 indicates a significant difference compared to the
toxic control group.
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Figure 8. Results of the cytotoxicity testing with L929-mouse fibroblasts (live/ dead-staining) in direct contact
with the fibroin membranes with (w) and without (w/o) EVs in different magnificnations (40 x,100 xand
200 x ).

Discussion

Silk fibroin as a biomaterial of natural origin has already been used for years in the field of medical technology,
among other things as a suture material™. The excellent biological and mechanical properties of fibroin combined
with its outstanding adjustable biodegradability have made its application the focus of regenerative therapy
approaches for many years". Due to the advantage of the fibroin’s versatile shape, a wide variety of silk shapes
can be created by various techniques using electrospinning, casting, or freeze-thaw processes®™. Especially for
regencrative approaches, it is essential to generate a suitable scaffold with the aim of implanting this at the target
site and to create a suitable microenvironment that closely resembles the host tissue to induce the desired cellular
responses”’. The silk fibroin structure chosen in this study represents a fibroin membrane drawn on a Poly-Tetra-
Fluor-Ethylen (PTFE) plate, which combines transparent and flexible properties. Previous studies have shown
that post-treatment techniques using water vapor or methanol for insolubility causes a brittle character in fibroin
films**~*. By adding plasticizers such as sorbitol or glycerol at an early stage, such a complex post-treatment
step can become obsolete and excellent flexible and transparent films can be produced, as shown by Srivastava
ctal.*. EVs are also drawing significant attention in the biomaterials ficld due to their distinct characteristics
and broad potential applications in various biomedical areas. These membranous particles, which are enclosed
by a bi-lipid membrane, carry a diverse cargo comprising proteins, lipids, nucleic acids, and other bioactive
molecules. This cargo can be transferred to recipient cells, thus influencing their behavior and functions. In our
study, EVs derived from an immortalized gingiva-fibroblast cell line demonstrated an anticipated size range of
120-180 nm. Multimodal protein analysis further revealed high expression of common EV markers, including
CD9 and CD63, along with elevated levels of CD105, CD29, CD142, and CD44 on our EVs. These markers,
associated with a range of cellular processes, underscore the diverse functions of gingiva-fibroblast EVs. The
presence of CD105, CD29, CD142, and CD44 on EV surfaces suggests potential contributions to intercellular
communication, tissue homeostasis, and responses to physiological cues.

A noteworthy finding is the significant abundance of CD81 on gingiva-fibroblast EVs, indicating its potential
significance in facilitating interactions with target cells. This heightened presence of CD81 suggests a crucial role
in intercellular communication and cargo delivery. The characteristics and molecular profile of gingiva-fibroblast
EVs, as revealed by this study, highlight their potential in biomaterial applications. The multifaceted nature of
their functions, coupled with the specific markers identified, suggests a promising role in influencing cellular
behavior, maintaining tissue homeostasis, and responding to physiological cues. Nevertheless, it should be noted
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that, based on the isolation method, the group of EVs contains different subpopulations (also visible in Fig. 14)
that can carry different surface markers and can also have different biological effects in principle.

The main challenge to enable a controlled release of EVs and to keep them at the site of action for a longer
period of time, if possible, can be enabled by incorporation into a suitable biomaterial. Previous studies have
already shown that the integration of EV's into different carrier structures proved to be more efficient than a direct
application into the respective defect'*****2%*14%_ghj et al * for example showed that hybrid 3D scaffolds of silk
and chitosan, which were loaded with EVs derived from gingival mesenchymal stem cells, exhibited improved
wound healing in diabetic rats.

Interestingly, there are no published approaches on the formulation of an already EV-loaded silk fibroin
solution, which is ultimately processed into a support structure e.g. in the form of a membrane. In previously
published studies, only a subsequent loading of e.g. already spun fibers was performed, which does not suf-
ficiently enable a continuous release of EVs into the wound defect during the entire degradation process of
the biomaterial***. The structure of a drawn fibroin membrane used here, in which the EV's have already been
incorporated into the protein solution, thus represents an innovative approach to preserving the hiological native
function of the EV's and, moreover to unify them with a novel biomaterial. In this study, SEM images were taken
both in the top view and in cross-section in order to detect vesicles. Although the frecze-drying process was
used in addition to air-dried membranes, it was not possible to detect EVs satisfactorily. This may be due on the
one hand to the vanishingly small size of the vesicles, and on the other hand to the fibroin structure used in this
case. Here, more macro porous structures such as 3D scaffolds may be more suitable, in which the EVs could be
embed better and adhere within the pores'™. Using transmission electron microscopy, it was finally possible to
identify EVs within the silk membrane, according to Ricklefs et al .

Conversely, by pulling the membrane on the FTFE mould, a homogeneous distribution of the EVs in the
membrane could not be achieved. A more even distribution of additives could possibly be achieved by means
of further alternative processing options such as electrospinning or gas-foaming processes™ . Future research
should therefore investigate which fibroin structures represent a more sensible alternative as a bioactive ccll car-
rier in order to be able to guarantee an ideal and homogeneously distributed release behaviour for subsequent
application in the field of regeneration and wound healing. Additional in vitro tests were performed to further
evaluate the biocompatibility of fibroin the membranes. No cytotoxic effects could be observed, neither in the
functionalized membranes with EVs nor in the control group. Similar results could already be presented in pre-
vious studies from our research group®*'. The enhanced viability observed for L929 cells in both SF with EVs
and 5F without EVs compared to the toxic control group suggests a potential protective effect against the tested
toxic agent. The higher viability values indicate that these samples have the ability to mitigate the toxic effects
induced by the control substance. In general, these results suggest that 1929 cells may be more susceptible to the
toxic effects of 5F w EVs and w/o EVs compared to MC3T3 cells. This interesting effect has also been described
by others comparing the cytotoxic effects of different materials on these two cell lines™ %%, Therefore, it may
be beneficial to indude more than one cell line in the assessment of potential cytotoxic effects of materials or
medical devices. This finding suggests that 5F with EV's and SF without EV's may contain compounds or factors
that promaote cellular survival and counteract the toxicity. These results indicate that further investigation into
the composition and mechanism of action of 5F with EV's and 5F without EVs are required. The functionalized
and non-functionalized fibroin membranes showed good proliferation in the first 5 days. From day 5, tl?_c peak
is exceeded and the number of cells decrease. On the other hand, studies according to Mandal et al.™ show
that proliferation in silk structures is particularly dependent on their porosity and pore size. In a next step, the
release kinetics of the EVs from the carrier material will also be analyzed, which can presumably be adjusted
by the porosity of the SF structure. Since the membrane used here is a pore-free fibroin structure, this could be
a limiting factor for a more pronounced proliferation of the cells™ . In addition, the test is dependent on the
position of the vesicles in the membrane. However, due to the shrinking process of the membrane during dry-
ing, it is possible that some of the vesicles have attached themselves to the surface of the membrane and have a
positive effect on the proliferation of the cells. Since a cell type-specific morphology and a high cell density were
detected on the pure and the functionalized fibroin membranes during live/dead staining, we assume that the
pure fibroin structure has a high potential for use as a bioactive material. Similar results could also be obtained
from Kopp et al ™.

Materials and methods

Production of PureSilk solution

The silk fibroin aqueous solution was obtained using PureSilk technology (Fibrothelinm GmbH, Aachen, Ger-
many) enabling medical grade quality on an industrial scale for a broad range of concentrations. Briefly, fibroin
was separated from sericin by degumming it in hot alkali solution before dissolving it in a proprietary non-toxic
solvent system based on Ajisawa’s reagent. The dissolved fibroin was fully dialyzed against VE water within 8 h

using tailored extraction processing. The fibroin concentration used within this study was adjusted to 3 wt%
and stored at 4°C.

Cell culture, Isolation and Characterization of EVs

Immaortalized human gingival fibroblasts (P10866, Innoprot, Derio (Bizkaia), $pain) were cultivated in a-MEM
depleted of exosomes for 72 h after the last change of medium. Exosome-depleted a-MEM was produced by
ultracentrifugation at 110,000 g for 5 h. The supernatant was then accumulated as conditioned medium (Ch).
EVs were recovered from the CM by differential centrifugation in cell culture passages 2-7. In brief, dead cells,
cell debris, and large vesicles were extracted by centrifugation at 300 g for 10 min, 2000 x g for 20 min, and
10,000 = g for 40 min. The supernatant was pooled, and EVs were then pelleted by ultracentrifugation in an
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Optima LE-80 K ultracentrifuge equipped with a 8W 32 Ti rotor (Beckman Coulter, Chaska, MM, USA) at
110,000 x g for 90 min. The pellet was rinsed with PBS and a second run of ultracentrifugation was performed
as described above. Total protein content of EVs was measured using a BCA Protein Assay Kit (Thermo Fisher
Scientific, Waltham, MA, USA). Afterwards, the EVs were analyzed by Manoparticle Tracking Anabysis (NTA)
and Imaging Flow Cytometry (IFCM) analysis described in detail in Ricklefs et al .

For the phenotypical characterization of 5F EV's, we used the MACSPlex Exosome kit (Miltenyi). This bead-
based assay allows the simultancous detection of 37 surface markers to determine the cellular origin of the
EVs. In brief, EV's were incubated overnight with antibody-coated capture beads, washed, and incubated with
tetraspanin CD9/CD81/CD63 antibodies provided in the kit. The measurements were done at FACSCanto 11
(B Biosciences).

Preparation of fibroin films

Flexible 5F films were obtained by adding glvcerol to 10 ml 5F solution The initial quantity of EV's was 248 pg.
For functionalization, the fibroin solution was priorly mixed with 24.8 pg EVs/ml 5F solution (5F w| wio EVs).
The solution was then stirred for 5 min to ensure homogeneous mixture of glycerol and SE. Following that, the
SF solution was casted on a PTFE mold. After drying for 24 h at 21 *C under a laminar hood, the final fibroin
membrane had a thickness of approximately 200 pm bevor drying and 40 pm after drying process. The thickness
was determined by a digital micrometer (Micromar 40 ER, Mahr GmbH, Germany). The films were then stored
in press-seal bags at 4 *C until further use.

Scanning electron microscopy

The surface morphology of the samples was characterized by SEM {Crossbeam 340, Zeiss, Oberkochen, Ger-
many). Before imaging, the specimens were dried under a laminar soil hood for seven days. For cross-sectional
imaging, a clear cut was made through the midline of the specimens using a scalpel. The samples were then
mounted on a sample holder and subsequently coated with gold to ensure electron stability (Sputter Coater
51508, Edwards, London, UEK). Imaging was accomplished in secondary electron {SE) mode at an excitation
voltage of 5 kV, a scanning distance of 5 mm, and magnifications ranging from 500 = to 10,000 x . Subsequently,
a part of the membranes was air-dried and another part was lyophilized to better detect differences under SEM.

Transmission electron microscopy

Membranes were fixed in 3% glutaraldehyde in PBS. Samples were washed in 0.1 M Soerensen’s phosphate
buffer (Merck, Darmstadt, Germany), post-fixed in 1% Os04 (Roth, Karlsruhe, Germany) in 25 mM sucrose
buffer {Merck, Darmstadt, Germany) and dehydrated by ascending ethanol series (30, 50, 70, 90 and 100%) for
10 min cach. Last step was repeated 3 times. Dehydrated specimens were incubated in propylene oxide (Serva,
Heidelberg, Germany) for 30 min, in a mixture of Epon resin {5erva, Heidelberg, Germany) and propylene oxide
(1:1] for 1 h and finally in pure Epon for 1 h. Samples were embedded in pure Epon. Epon polymerization was
performed at 90 °C for 2 h. Ultrathin sections (70-100 nm) were picked up on Co/Rh grids (HR23 Maxtaform,
Plano, Wetzlar, Germany). Contrast was enhanced by staining with 0.5% uranyl acetate and 1% lead citrate (both
EMS, Munich, Germany). Samples were examined using a TEM LEO 906 {Carl Zeiss, Oberkochen, Germany),
operating at an acceleration voltage of 60 kV.

Cytocompatibility and Proliferation B

In vitro cytocompatibility testing was performed as previously described™ using indirect viability and cytotoxicity
assays. L929-mouse fibroblasts were purchased from the European Collection of Cell Culture, ECACC (3alisbury,
United Kingdom). L$2% mouse fibroblasts were obtained from the European Collection of Cell Culture, ECACC
(5alisbury, UK). Cells were incubated in MEM supplemented with 10% foetal bovine serum, glutamine to a final
concentration of 4 mM and penicillin/streptomycin (100 Ufml each) (all from Life Technologies, Carlsbad, USA),
hereafter referred to as cell culture medium, at 37 °C, 5% CO2 and 95% humidity (cell culture conditions). The
cells were passaged when they had achieved approximately 80% confluence. MC3T3 cells were referred from
MC3T3-El cell line from the American Type Culture Collection (ATCC, United States of America). Cells were
cultured in MEM-alpha that was supplemented with 10% fetal bovine serum and penicillin/streptomycin (100 U/
ml each) (all from Life Technologies, Carlsbad, USA), hereafter referred to as cell culture medium, at 37 *C, 5%
C02 and 95% humidity (cell culture conditions). The cells were passaged when they had grown to approximately
80% confluence. Briefly, for indirect assays, three samples of each specimen type and toxic control samples were
isolated under cell culture conditions (37 *C, 5% COZ2, and 95% humidity) with cell culture medium at a ratio of
3 cm’/ml, whereas cell culture medium incubated under the same conditions functioned as a negative control.
The extracts underwent centrifugation at 14.000 rpm for 10 min, and the supernatants were used as medium for
cell culture for 24 h. Subsequently, the Cytotoxicity and Proliferation were measured using LDH- Assay { BioVi-
sion, Milpitas, USA) and XTT-Assay (Cell Proliferation Kit [I, Roche Diagnostics, Mannheim, Germany) assay
kits following the manufacturers instructions. The cell growth on the surface of the material was observed under
& microscope at two, four, six and eight days respectively. The optical density (OD) values of the supernatants

were measured at 450 nm and a reference wavelength of 650 nm.

Live-dead-staining Assay

The Assay was carried out after an incubation time of 24 h under cell culture conditions with L929-mouse
fibroblasts. To stain the surfaces of the samples with live and dead cells, 60 pl per ml of medium of propidium
indide (PI) stock solution (50 pg/ml in PBS) and 500 pl per ml of medium of fresh fluorescein diacetate (FDA)
working solution (20 pg/ml in PES from 5 mg/ml FDA in acetone stock solution) were dispensed into each well.
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The live-dead staining assay was performed at a surface-to-volume ratio of 5.65 cm®/ml and the stained speci-
mens were then visualized using an upright fluorescence microscope ( Edlipse Ti-5/L100, Nikon, Disseldorf,
Germany) fitted with a red and green fluorescence parallel detection filter. Pictures were taken using a 40,
100 x and 200 » magnification.

Statistics

Statistical analysis was performed using SP55 21 (IBM, Armonk, NY, USA). The significance of differences in
viability and toxicity was assessed using one-way analysis of variance (ANOVA] followed by LSDY post-hoc test.
**p <005 indicates a significant difference for all tested groups.

Data availability
The datasets generated during and/or analyzed used in this manuscript are available from the corresponding
author upon reasonable request.
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