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1 Einleitung 

1.1 Bakterielle Infektionen von Implantaten 
Bakterielle Infektionen von Implantaten und Abstoßungsreaktionen von Implantaten sind ein 

weitverbreitetes Problem in der klinischen Praxis, insbesondere in der Implantationsmedizin.1 

Für Kniegelenke kommt es bei 1 - 2% aller Arthroplastiken zu einer Infektion mit anschließen-

der Revision, bei Hüftgelenken kommt es bei 1% aller Arthroplastiken zu einer Infektion mit 

erforderlicher Revision.2,3 Am Beispiel von Arthroplastiken des Kniegelenks sind die häufigsten 

Austauschgründe mit 39,9% mechanische Lockerungen, gefolgt von Infektionen mit 27,4%, 

Instabilitäten 7,5%, Beschädigungen der Endoprothese 4,7% und in 4,5% der Fälle eine 

Arthrofibrose.4 Hierdurch ergibt sich ein adäquater Bedarf an Funktionalisierungen der Implan-

tatoberfläche, insbesondere in Hinblick auf die Infektionsproblematik. 

1.1.1 Infektionsproblematik in der Endoprothetik 

Hauptsächliche Probleme bei einer Infektion von Implantaten entstehen durch eine bakterielle 

Biofilmbildung auf der Implantatoberfläche, woraufhin es zu einer signifikant gesteigerten Re-

sistenz, respektive Abschirmung der Bakterien gegenüber äußeren Einflüssen, beispielsweise 

antibiotischen Verbindungen, kommt.1,5,6 Für bakterielle Infektionen von Implantaten mit an-

schließender Biofilmbildung sind sowohl gram-positive Erreger (Staphylococcaceae-Familie 

mit insbesondere Staphylococcus aureus und Staphylococcus epidermis sowie Enterococcus 

faecalis) als auch gram-negative Erreger (Escherichia coli, Klebsiella pneumoniae, Pseudomo-

nas aeruginosa) verantwortlich.7  

Bei einer Infektion mit anschließender Biofilmbildung wird der bakterielle Infektionsherd vom 

Immunsystem des Patienten abgekapselt, so dass keine adäquate Bekämpfung der Erreger 

erfolgen kann.8 Die Behandlung nach einer Infektion einer Endoprothese mit entsprechender 

Biofilmbildung beschränkt sich hier in der gegenwärtigen klinischen Praxis auf eine operative 

Entfernung des infizierten Implantats mitsamt umliegenden, infizierten Gewebes, gefolgt von 

einer antibiotischen Therapie und der Implantation einer neuen Endoprothese.9–12 Zusammen 

mit der steigenden Zahl an multiresistenten Erregern gegen in der Humanmedizin zugelassene 

Antibiotika handelt es sich hier um ein wachsendes Problem in der klinischen Praxis.13 

1.1.2 Biofilmbildung und das „Race to the Surface“ 

Ein Knochenimplantat bzw. ein permanent implantierbares Material muss zelladhäsive Ober-

flächeneigenschaften für die körpereigene Zelladhäsion aufweisen, damit die Resorption des 
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Materials in das umliegende Körpergewebe sichergestellt ist. Durch diese Funktionalität be-

dingt kommt es als Nebeneffekt auch zu einer verbesserten bakteriellen Zelladhäsion auf der 

Implantatoberfläche. Hierdurch entsteht nach einem chirurgischen Eingriff ein Konkurrenz-

kampf zwischen den körpereigenen Zellen und potenziellen infektiösen Erregern in der Wunde 

zur Adhäsion an der Implantatoberfläche, welcher in der wissenschaftlichen Literatur als „Race 

to the Surface“ bezeichnet wird, vgl. auch Abbildung 1.14,15 Das kritische Zeitfenster, in der 

Literatur als „Window of Opportunity“ bezeichnet, welches entscheidend für die Zelladhäsion 

an ein implantiertes Biomaterial ist, beträgt 6 Stunden.16 Innerhalb dieses Zeitfensters ent-

scheidet sich, ob es zu einer Verwachsung des Implantats im Körpergewebe oder zu einer 

Biofilmbildung kommt. Ein einzelnes Bakterium kann hier innerhalb von 24 Stunden einen voll-

ständigen Biofilm ausbilden.16  

Sobald sich nach einer bakteriellen Infektion auf der Implantatoberfläche ein Biofilm ausgebil-

det hat, kommt es zur Abkapslung des Implantats gegenüber dem umliegenden Gewebe und 

infolgedessen zu einer Abstoßungsreaktion. Diese hat letztlich, bedingt durch eine Entzün-

dungsreaktion an der Grenzfläche des Implantats zum umliegenden Gewebe, eine Absto-

ßungsreaktion des Implantats zur Folge.17 Des Weiteren werden die pathogenen Erreger 

durch den Biofilm gegenüber einer antibiotischen Therapie und dem patienteneigenen Immun-

system abgekapselt, so dass keine effektive antibiotische Therapie oder eine effektive Immun-

reaktion des körpereigenen Immunsystems gegenüber den im Biofilm eingekapselten Erre-

gern erfolgen kann.18,19  

 
Abbildung 1. Schematische Darstellung des Race to the Surface und des Window of Opportunity. Abbil-

dung erstellt mit BioRender, basierend auf Colilla et. al. 2018.20 
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Üblicherweise wird zur Prävention einer bakteriellen Infektion eine antibiotische Behandlung 

zur Prophylaxe von Infektionen an den chirurgischen Eingriff angeschlossen, um das Risiko 

einer Implantatinfektion mit daraus folgender Biofilmbildung zu minimieren.21 Durch den ver-

stärkten Einsatz von Antibiotika in der Humanmedizin besteht allerdings das Resistenzproblem 

von Mikroorganismen, so dass hier insbesondere durch multiresistente S. aureus Stämme 

eine gesteigerte Infektionsgefahr ausgeht.22,23 Hierdurch steigt die wissenschaftliche Relevanz 

von anderen Ansätzen zur Verhinderung der Infektion und Biofilmbildung von Implantatober-

flächen. Ansätze hierfür sind beispielsweise antimikrobielle Modifikationen von Implantatober-

flächen mittels antimikrobieller Verbindungen oder Polymere, welche eine bakterielle Infektion 

des Implantats verhindern und damit eine Biofilmbildung unterdrücken oder reduzieren.24,25 

1.2 Kationische Polymere 
Ein Ansatz für antimikrobielle Beschichtungen sind antimikrobielle Polymere, welche zur wei-

teren Oberflächenmodifikation verwendet werden. Hierbei spielen insbesondere Polykationen 

eine Rolle, von denen die meisten eine quaternäre Ammonium- oder Alkylpyridiniumgruppe 

als funktionelle Gruppe beinhalten, welche in zahlreichen Artikeln und Reviews für ihre anti-

mikrobiellen Eigenschaften beschrieben sind.26–31 Der Mechanismus dieser Polymere kann 

durch das sogenannte Shai-Matsuzaki-Huang Modell (SMH-Modell) beschrieben werden, wel-

ches einen Erklärungsansatz für die Wirkung antimikrobieller, kationischer Peptide liefert, vgl. 

auch Abschnitt 1.2.1.32–37 Die antibakterielle Aktivität von kationischen, polymeren Oberflä-

chenbeschichtungen folgt hier einem ähnlichen Mechanismus, 27,38–42 wobei einige Publikatio-

nen hier einfache Monolayer von kationischen Gruppen als antibakteriell beschreiben.43 Die 

antibakterielle Aktivität folgt aus der Ladung der Oberfläche selbst, welche zu einer Zerstörung 

der Zellmembran führt, anstelle einer Insertion von kationischen Polymerbrushes in die Zell-

wand, wie sie durch das SMH-Modell vorhergesagt wird.26 Aufgrund dieser verschiedenen Er-

klärungsansätze in der Literatur gibt es zurzeit noch keinen Konsens über einen Mechanismus 

der antibakteriellen Wirkung von kationischen Polymeren. Aufgrund der aktuellen Datenlage 

liegt hier allerdings eine Kombination beider Mechanismen in Abhängigkeit vom eigentlichen 

betrachteten Polymer nahe. 

1.2.1 Wirkmechanismus: Das Shai-Matsuzaki-Huang- (SMH-) Modell 

Der Wirkmechanismus von kationischen Polymeren wurde zuerst am Beispiel von antimikro-

biellen, kationischen Peptiden, der Klasse der Magainin-Peptide, von Shai, Matsuzaki und 

Huang beschrieben.35–37 Hierbei kommt es zu einer parallelen Anlagerung36,37,44 (vgl. Abbil-

dung 2) der kationischen Peptide an die Zellmembran, welche aus anionischen und zwitterio-

nischen Kopfgruppen besteht. Durch die Zugspannung, die durch daraus folgender Insertion 
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des Peptides in die Membran entsteht, kommt es zu einer Disruption der Membran und damit 

zu einer Porenbildung oder zu einer Zerstörung mit Auflösung der Membran.35 Der exakte Me-

chanismus der Einlagerung selbst ist hier allerdings von den genauen Eigenschaften, insbe-

sondere dem pKa-Wert des Peptids, der Kettenlänge und der Aminosäuresequenz sowie mög-

lichen Seitenketten des Peptids abhängig.44,45 

 

 
Abbildung 2. Schematische Darstellung des SMH-Modells, Abbildung erstellt mit BioRender basierend auf 

Shai et. al. 2002.44 

1.2.2 Chitin und Chitosan 

Ein Vertreter der Klasse der antimikrobiellen, kationischen Polymere stellt das Chitosan dar, 

das deacetylierte Derivat des Chitins (vgl. Abbildung 3). Hierbei handelt es sich um ein β-D-

(1 → 4) vernetztes Polymer des Glucosamins (3), respektive des N-Acetylglucosamins (4). 

Definitionsgemäß liegt bei mehr als 50% N-Acetylglucosamingehalt Chitin vor, während bei 

Überwiegen des Glucosamins von Chitosan ausgegangen wird.46,47 Üblicherweise liegt in Chi-

tosan 60 – 80% N-Acetylglucosamin vor, wobei komplett deacetylierte Chitosanpolymere in 

der Literatur beschrieben sind.47 

 

 
Abbildung 3. Chitosan (1), Chitin (2) sowie dessen Monomereinheiten Glucosamin (3) bzw. N-Acetylglu-

cosamin (4). 
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Aufgrund seiner antimikrobiellen Aktivität sind in der Literatur zahlreiche Modifikationen für 

biomedizinische Anwendungen des Chitosans beschrieben, insbesondere für das Tissue En-

gineering von Knochengewebe,48–50 Einkapselung von Stammzellen51–53 und Hydrogele für 

Wundbehandlungen und Wundabdeckungen,54,55 um ein paar Beispiele aufzuführen. Da Chi-

tosan nur in sauren, wässrigen Medien, in der Literatur wird üblicherweise 1%ige Essigsäure 

verwendet,56–58 löslich ist und vergleichsweise schlechte mechanische Eigenschaften und Hit-

zeresistenz aufweist,59 sind hier chemische Modifikationen des Chitosans essenziell für wei-

tere medizinische Anwendungen. 

Durch seine funktionellen Gruppen bedingt liefert Chitosan allerdings gleichzeitig interessante, 

chemische Anknüpfungspunkte, über welche chemische Modifikationen und spezifische Funk-

tionalisierungen zur Verbesserung der Handhabbarkeit und zur Erweiterung der Funktionalität 

des Chitosans erfolgen können, beispielsweise für Oberflächenbeschichtungen von Implan-

tatoberflächen. 

1.2.3 Biomedizinische Anwendungen von Chitosanderivaten 

Bedingt durch die kationischen Eigenschaften des Chitosans, welche zu elektrostatischen 

Wechselwirkungen mit verschiedenen Gewebetypen führen, weist Chitosan, neben seiner an-

timikrobiellen Aktivität, mucoadhäsive Eigenschaften auf, was es zu einem interessanten Ma-

terial zur Zelladhäsion macht.60 Beispielsweise wurde thioliertes Chitosan, welches aufgrund 

der freien Thiole in seinen mucoadhäsiven Eigenschaften noch verstärkt wurde, für orale An-

wendungen im Bereich der Dentalmedizin vorgeschlagen. Hierbei kommt es, aufgrund der an-

timikrobiellen Aktivität, zu einer Verringerung von Karies im Dentalbereich, während keine      

Toxizität gegenüber menschlichen Zelllinien messbar war.61 Analog wurde ebenso die Biofilm-

bildung von Actinobacillus pleuromoniae am Beispiel eines weiteren, spezifischen Erregers 

reduziert.62 Weitere Beispiele finden sich in Chitosan-N-Halamin Konjugaten, welche für       

Hämostatika vorgeschlagen wurden. Hier wurden verschiedene N-Halamin-Funktionalitäten in 

Chitosan eingeführt, welche einerseits durch Adhäsion an Thrombozyten die Blutgerinnung 

triggerten und gleichzeitig antimikrobielle Eigenschaften bis zu 7 log-Stufen gegenüber mikro-

bieller Kontamination aufwiesen.63  

1.2.4 Wirkmechanismus: Antimikrobielle Aktivität des Chitosans 

Chitosan weist einen pKa-Wert zwischen 6,17 und 6,51 in Abhängigkeit der Kettenlänge und 

des Deacetylierungsgrades auf.56,57,64 Dies führt dazu, dass unter physiologischen Bedingun-

gen - bei einem pH-Wert von 7,4 - die freie Aminogruppe am C2 des Glucosamins protoniert 

vorliegt,65 wodurch es sich beim Chitosan unter physiologischen Bedingungen um ein Polyka-

tion handelt. Aufgrund dieser kationischen Eigenschaften kann Chitosan die äußere und innere 
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bakterielle Zellwand durchdringen und in seiner Bilayer-Struktur stören.66–69 Dieser Mechanis-

mus folgt aus der Wechselwirkung mit den negativ geladenen Phosphorcholin-Gruppen an der 

Oberfläche der bakteriellen Zellwand, was einen dem SMH-Modell ähnlichen, antibakteriellen 

Wirkmechanismus des Chitosans nahelegt.33,34 Hinweise auf einen solchen Wirkmechanismus 

wurden von Li et. al. 2010 geliefert. Hier kam es bei E. coli nach Behandlung mit Chitosan zu 

einer teilweisen Zellauflösung und Lyse aufgrund einer zerstörten Zellmembran, was mittels 

elektronenmikroskopischer Aufnahmen gezeigt wurde.70 Dieser Mechanismus wurde weiterhin 

am Beispiel von S. epidermis auf einer Chitosanbeschichtung demonstriert, wobei es ebenfalls 

zur Lyse und daraus resultierend zur Freisetzung des Cytosols mit anschließendem Zelltod 

kam.71  

Als ein potenziell zweiter Wirkmechanismus wurde die Bindung von Chitosan nach Internali-

sierung in das Cytosol an die DNA vorgeschlagen, gefolgt von einer gehemmten mRNA-Syn-

these und damit einer Inhibierung des bakteriellen Wachstums.72 Dies folgt im Wesentlichen 

den Erklärungsansätzen des SMH-Modells, nur dass es neben der Bindung an die negativ 

geladenen Phosphorcholin-Gruppen der Zellmembran noch zu einer Bindung an die negativ 

geladene Phosphat-Kette der DNA kommt. Dieses Modell wurde für kurzkettige Chitosanmo-

leküle vorgeschlagen, welche die Zellmembran durchdringen können. Diese Einlagerung in 

das Cytosol wurde am Beispiel von E. coli mit Fluorescein-modifiziertem Chitosan gezeigt; 

hierbei kam es zu einer Anreicherung des Chitosans innerhalb der Zelle.73  

Ein dritter, in der Literatur vorgeschlagener Wirkmechanismus basiert auf der Fähigkeit des 

Chitosans, Chelatkomplexe mit Metallionen auszubilden.74 Aufgrund dieser Chelatoraktivität 

gegenüber freien Ca2+ und Mg2+ Ionen, welche in der bakteriellen Zellwand in erhöhten Kon-

zentrationen vorkommen, kann es durch deren Komplexierung zu einer verringerten Enzym-

aktivität in der Zellwand kommen. Dies führt zu einer Störung des Aufbaus der bakteriellen 

Zellwand, was in einer bakteriellen Wachstumsinhibierung und damit in einer antibiotischen 

Wirkung resultiert.66,75–78  

In allen vorgeschlagenen Mechanismen werden, sobald es zum Kontakt mit Chitosan oder 

Chitosanoberflächen kommt, Bakterien in ihrem Wachstumszyklus beeinträchtigt oder abge-

tötet, was in einer antibiotischen Wirkung resultiert und damit die Biofilmbildung reduziert.  

1.3 Click-Chemie  
Der Begriff der Click-Chemie wurde 2001 von Hartmuth C. Kolb, M. G. Finn und K. Barry 

Sharpless in ihrer Publikation „Click Chemistry: Diverse Chemical Function from a Few Good 

Reactions“ geprägt. Die Grundidee der Click-Chemie sind einfach durchführbarer Reaktionen, 

welche unter milden Reaktionsbedingungen ablaufen, durch ihre Selektivität keine aufwändige 
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Schutzgruppenchemie erfordern, hohe Ausbeuten liefern und idealerweise keine chromato-

graphische Aufarbeitung benötigen. Das Vorbild hierfür ist die Carbonyl (Aldol-) Chemie des 

Lebens, welche mittels einfacher Bausteine, unter anderem der Aminosäuren und der Nukle-

obasen, in wässrigen Umgebungen eine enorm große Vielfalt an chemischen Verbindungen 

und Funktionalitäten ermöglicht, allerdings deren Nachteile durch hohe Reaktivitäten und 

Chemoselektivitäten ausgleicht.79 

1.3.1 Huisgen 1,3-dipolare Cycloaddition 

Der bekannteste Vertreter der Click-Reaktionen ist die Huisgen 1,3-dipolare Cycloaddition zwi-

schen Azid und Alkin, welche als Produkt ein 1,2,3-Triazol liefert.80,81 Die originale Huisgen 

1,3-dipolare Cycloaddition, wie ursprünglich von Rolf Huisgen beschrieben,82–85 verläuft als 

1,3-dipolare Cycloaddition thermisch induziert und liefert eine Mischung aus 1,4- und 1,5-sub-

stituierten Triazolyl-Regioisomeren, vgl. auch Abbildung 4.81,86,87  

Weitere Entwicklungen von Meldal und Sharpless et. al. lieferten schließlich die Cu(I)-kataly-

sierte Huisgen 1,3-dipolare Cycloaddition, welche selektiv das 1,4-substituierte 1,2,3-Triazol 

liefert;88,89 ferner lieferten Arbeiten von Sharpless et. al. die Ru(II)-katalysierte Reaktion, wel-

che selektiv 1,5-subsituierte 1,2,3-Triazole liefert (vgl. Abbildung 4).90,91 

 

 

Abbildung 4. Schematische Darstellung der thermisch induzierten Huisgen 1,3-dipolaren Cycloaddition84,85 
sowie die regioselektiven Varianten unter Cu(I)-88,89 und Ru(II)-Katalyse.90,91 

 

Der Cu(I)-katalysierten Huisgen 1,3-dipolaren Cycloaddition kommt hier aufgrund ihrer einfa-

chen Durchführbarkeit, der sehr milden Reaktionsbedingungen, der Tolerierung vieler         

funktioneller Gruppen und Lösungsmitteln eine besondere Rolle in allen Bereichen der Bio-

konjugation, Polymermodifikation92 und Peptidsynthese88 zu. Die funktionelle Gruppe des 
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1,2,3-Triazols ist darüber hinaus für Zwecke der Biokonjugation besonders interessant, dass 

es aufgrund seiner Eigenschaften als Isoster zum Amid fungiert.93,94  

Durch diese Eigenschaften eignet sich dieser Heterocyclus insbesondere zum Aufbau und zur 

Modifikation triterpenoider Leitstrukturen, deren Derivate verschiedene pharmakologische Ef-

fekte, beispielsweise zytostatische, antientzündliche oder auch anti-Malaria Wirkungen auf-

weisen. Hierbei führt die Einführung eines 1,2,3-Triazols an verschiedenen Positionen des Tri-

terpens zu einer erhöhten Hydrophilie, woraus eine erhöhte biologische Wirksamkeit aufgrund 

verbesserter Absorption, Distribution, Metabolismus sowie Eliminierung (ADME-Parameter) 

resultiert.95 

1.3.2 Antimikrobielle Aktivität von 1,2,3-Triazolyl-Clickameren  

Die hohe Reaktivität und vergleichsweise einfach durchführbare Reaktionen der Click-Chemie, 

insbesondere der kupferkatalysierten Huisgen 1,3-dipolaren Cycloaddition, machen diese zum 

idealen Werkzeug zur Modifikation von Polymeren für medizintechnische Anwendungen.92 

Verschiedene Polymere, in welche mittels Huisgen 1,3-dipolarer Cycloaddition eine Triazolyl-

Gruppe eingeführt wurde, zeigen antimikrobielle Eigenschaften. So beispielsweise verschie-

dene 1,2,3-Triazol-1-yl-quinazolin-4-one, welche antibakterielle Wirkung gegen gram-positive 

als auch gram-negative Erreger zeigen.96,97 Ferner sind in der Literatur 1,2,3-Triazol1-yl-Su-

crose- als auch Glucose-Clickamere für ihre antimikrobielle Aktivität beschrieben,98 was die 

Huisgen 1,3-dipolare Cycloaddition nicht nur unter chemischen Aspekten, sondern auch unter 

biofunktionellen Aspekten interessant für chemische Modifikationen von Polymeren zur Ein-

führung diverser biofunktioneller Moleküle in eine Polymermatrix interessant macht.99,100 

1.4 Beschichtungen von Implantaten 
1.4.1 PEEK als Implantatmaterial 

Neben Titanlegierungen kommen in der Medizin insbesondere auch polymere Implantatmate-

rialien zum Einsatz. Ein Vertreter der polymeren Implantatmaterialien ist das Polyetherether-

keton (PEEK), ein Hochleistungspolymer, welches ähnliche mechanische Eigenschaften wie 

herkömmliche Ti-6Al-4V-Legierungen aufweist, welche für medizinische Anwendungen, bei-

spielsweise in der Endoprothetik, verbreitet sind.101 Die mechanischen Eigenschaften sind hier 

denen des menschlichen Knochens ähnlich.102 PEEK ist nicht zytotoxisch, nicht bioabbaubar 

und setzt keine Abbauprodukte, beispielsweise Schwermetallionen, in das umliegende Ge-

webe frei.103  

Diese Eigenschaften machen PEEK zu einem interessanten Material für medizinische Implan-

tate, beispielsweise für Wirbelsäulenkäfige,104–107 Endoprothesen für Hüftgelenksersatz108–110 
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oder Implantate für kraniale Knochenrekonstruktionen.111,112 PEEK als Hochleistungspolymer 

ist ebenso im FDM-3D Druck verarbeitbar.113–116  

Aufgrund seiner biologisch inerten Oberfläche, der verzögerten Integration in das umliegende 

Gewebe, insbesondere der Osseointegration sind hier Oberflächenmodifikationen von PEEK-

Implantaten erforderlich.117 Hierfür sind in der Literatur verschiedene Verfahren beschrieben, 

beispielsweise die Abscheidung von anorganischen Substraten, insbesondere Calciumkom-

plexen, mittels Atomlagenabscheidung (ALD).118 Neue Entwicklungen schließen ebenso die 

Verbesserung der mechanischen Eigenschaften von PEEK ein, beispielsweise in Verbund mit 

Carbonfasern119 oder Calcium-Hydroxyapatit zusammen mit Graphenschichten.120 Ein interes-

santer, neuer Ansatz konzentriert sich hier auf Beschichtungen mit Polymeren des Dopamins 

auf PEEK, was zu einer Ca2+-Komplexbildung an der Implantatoberfläche führt. Dies führt wie-

derum zu einer beschleunigten Osseointegration und damit einer beschleunigten Mineralisie-

rung der Oberfläche.121  

1.4.2 Polydimethacrylamid-co-methacryloylenzophenon Hydrogele 

Ein weiterer Ansatz für antimikrobielle Oberflächen sind antiadhäsive Oberflächen, welche die 

Kolonisierung durch koloniebildende Bakterien verhindern. Derartige Beschichtungen sind auf 

Basis des Benzophenons im Copolymer mit Dimethacrylamid literaturbekannt und von Pan-

diyarajan et. al. beschrieben.122 Hierbei handelt es sich um ein oberflächenverankertes Poly-

mernetzwerk, welches aus Polydimethacrylamid-co-Methacryloylbenzophenon besteht und 

mittels der UV-induzierten C-H-Insertionsreaktion des Benzophenons auf der Oberfläche ver-

ankert wurde.123 

1.4.3 UV-induzierte C-H-Insertionsreaktion: Benzophenon Crosslinker 

Benzophenon ist ein UV-responsiver Crosslinker, welcher in vielen Publikationen der letzten 

30 Jahre für einen grafting-to Ansatz von Polymeren verwendet wird.124–128 Hierauf aufbauend 

wurden in der Literatur diverse Hydrogele demonstriert, welche zur verbesserten Zelladhä-

sion,129–131 für eine Nanotexturierung von Oberflächen für Diagnostika und diverse Nachweis-

reaktionen der biomedizinischen Analytik 131–134 sowie für die Synthese von antiadhäsiven 

Oberflächen zur physikalischen Verringerung von mikrobieller Kontamination und Biofilmbil-

dung beschrieben wurden.128,129,135–137 Weitere Beispiele für ein Benzophenon-basiertes Pho-

topatterning finden sich in vielen Publikationen, beispielsweise für oberflächenverankerte Poly-

N,N-dimethacrylamide, in welche Antikörper eingebracht wurden, zur kontrollierten Zelladhä-

sion von Tumorzellen aus humanen Blutproben zum Zwecke der Diagnostik.131  
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1.4.4 Reaktionsmechanismus: UV-induzierte C-H-Insertionsreaktion des Benzo-

phenons 

Bei Absorption eines Photons mit einer diskreten Wellenlänge geht Benzophenon in einen 

hoch reaktiven Tripletzustand in Form eines Ketointermediats über. Hierbei handelt es sich um 

einen n-π* oder π-π* Übergang, welcher abhängig von der Wellenlänge des absorbierten Pho-

tons ist.138 Dieser Übergang eines Elektrons aus einem nichtbindenden n-Orbital des Sauer-

stoffs in das π*-LUMO der Carbonylgruppe des Benzophenons führt zu einem biradikaloiden 

Übergangszustand des Benzophenons (vgl. 1 und 1* Abbildung 5). Das hier gebildete Ketyl-

radikal kann wiederum ein Proton von einer sterisch günstig gelegenen Polymerkette oder 

einem anderen Substrat abstrahieren, was zu zwei Alkylradikalen (vgl. 2, Abbildung 5) führt, 

welche unter Rekombination eine neue C-C Bindung ausbilden, was letztlich zur Vernetzung 

des Benzophenons mit sterisch günstig gelegenen Alkanen führt (oberer Reaktionsweg aus 

Abbildung 5 mit 3 als Produkt).124  

 

 
Abbildung 5. Angeregter Tripletzustand des Benzophenons (1 bzw. 1*) und daraus folgende, mögliche Re-

aktionen. Abbildung basierend auf Dormán et. al. 2016.124 

 

Nebenreaktionen beinhalten im Falle von im Substrat vorliegenden Alkenen die Paternó-Büchi 

Reaktion, wobei es zu einer [2+2]-Cycloaddition zwischen dem Benzophenon-Carbonyl und 

dem Alken kommt, unter Bildung des Oxetans (4 aus Abbildung 5).124,139 Benzophenon fungiert 

ebenso als Photosensibilisator, indem es die Cycloaddition zweier Thymidineinheiten der DNA 
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katalysiert (vgl. Abbildung 5, unterer Reaktionsweg mit 5 über 5* zum Thymin-Dimer 6).140–142 

Des Weiteren kann es zu einer Photoreduktion des Benzophenons kommen, wo unter Rekom-

bination zweier Ketylradikale ein Benzopinakol (vgl. 8 aus Abbildung 5) sowie als Nebenpro-

dukt ein Keton, in diesem Beispiel Aceton (9) entsteht. Die die Geschwindkeitskonstante der 

Rekombination zweier Ketylradikale zum Benzopinakol, in Abhängigkeit von Substituentein-

einflüssen, ist um eine log-Stufe geringer als die der C-H-Insertionsreaktion.143  

Mechanistische Details hierzu über Lösungsmitteleinflüsse, stereochemische Kontrolle sowie 

Substituenteneinflüsse auf die C-H-Insertionsreaktion lassen sich in einem Review von 

Dormán et. al. von 1994 sowie in einem aktuelleren, 117-seitigen Review von 2016 fin-

den.124,144 

Die Kinetik dieser C-H-Insertionsreaktionen, welche zu einer UV-induzierten Quervernetzung 

von Polymeren führt, wurde für 2-dimensionale Oberflächen von Rühe et. al. 2016 beschrie-

ben.145 Das Quervernetzen folgt hier im Wesentlichen der Perlokationstheorie,146 bei welcher 

ab einer kritischen Zahl an Quervernetzungen von einem Hydrogel ausgegangen wird. Da die 

Quervernetzung mittels UV-Licht bei einer Bestrahlung von oben allerdings durch die Absorp-

tion der Schichtdicke beeinflusst wird und damit dem Lambert-Beerschen Gesetz folgt, erfolgt 

der Umsatz an Benzophenon an der Grenzfläche zum unterliegenden Substrat erst ab einer 

bestimmten Energiedosis. Demnach ist die Schichtdicke bei derartigen Hydrogelen, bei voll-

ständiger Vernetzung mit UV-Licht durch die gesamte Hydrogelschicht hinweg, allein über die 

Menge an aufgetragener Beschichtung vorgegeben. Bei einer unvollständigen Vernetzung mit 

UV-Licht dagegen erfolgt keine Vernetzung mit dem darunter liegenden Substrat.145  

1.4.5 UV-induzierte Oberflächenreaktionen des PEEK 

PEEK, als Polyetheretherketon, enthält als Monomereinheit eine Benzophenon-Gruppe, vgl. 

Abbildung 6.  

 

 
Abbildung 6. Chemische Struktur des Polyetheretherketons (PEEK). 

 

Da sich diese analog zu Benzophenon verhält, kann sie die gleiche UV-induzierte C-H-Inser-

tionsreaktion eingehen, mittels des in Kapitel 1.4.4 beschriebenen n-π*-Übergangs zur Gene-

rierung des Ketylradikals. Dies geht entweder im Rahmen der Benzophenon-Photochemie 
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eine C-H-Insertionsreaktion, Paternó-Büchi Reaktion unter Bildung eines Oxetans oder eine 

UV-induzierte Pinakol-Kupplung ein. Ferner lässt es sich als Radikalstarter für eine freie radi-

kalische Polymerisation, wie von Kyomoto et. al. 2009 am Beispiel einer Funktionalisierung 

von PEEK mittels eines Methacryloylphosphorcholins demonstriert, nutzen.147  

Hierauf aufbauend wurde eine PEEK Oberfläche als Radikalstarter für grafting-to Ansätze von 

Polymerbrushes auf der PEEK Oberfläche beschrieben, beispielsweise mittels freier radikali-

scher Polymerisation148,149 oder mittels ATRP.150,151 Insgesamt liefert das PEEK damit, als für 

die Medizintechnik relevantes Hochleistungspolymer, einen interessanten Ansatz zur weiteren 

Funktionalisierung dessen Oberfläche. 

1.5 Biokompatibilitätsbewertungen nach DIN EN ISO 10993 
Die Definition der Biokompatibilität an sich ist abhängig von regulatorischen Begriffen und der 

für den Zielmarkt des Medizinprodukts geltenden regulatorischen Bestimmungen und ist im-

mer kontextabhängig zu betrachten. Eine allgemeine Definition für Biokompatibilität gibt die 

Consensus Conference on Definitions in Biomaterials der European Society for Biomaterials 

von 1984 vor, die Biokompatibilität als „the ability of a material to perform with an appropriate 

host response in a specific application“ definiert.152 

1.5.1 Regulatorische Anforderungen 

Im europäischen Raum, in welchem die Medical Device Regulation (MDR) Gültigkeit besitzt, 

ist insbesondere die Zweckbestimmung (intended use) und die Klassifizierung eines Medizin-

produktes für die Bewertung der Biokompatibilität ausschlaggebend.153 Ferner fließen in eine 

adäquate Bewertung der Biokompatibilität eines Materials, respektive eines Medizinprodukts 

die Betrachtungen eines Risikomanagementprozesses nach DIN EN ISO 14971 ein, welcher 

auch von der MDR gefordert wird.154 Hierauf baut eine adäquate Bewertung der toxikologi-

schen Effekte eines Medizinproduktes oder eines Materials für ein Medizinprodukt auf, welche 

laut MDR also immer kontextabhängig zu betrachten ist. Die DIN EN ISO 10993 besteht aus 

23 Teilen, welche hierfür einen entsprechenden, kontextabhängigen Rahmen vorgibt, auf de-

ren Basis Biokompatibilitätsbewertungen erfolgen sollen.155,156 

1.5.2 Bewertung der Zytotoxizität nach DIN EN ISO 10993-5 

Die DIN EN ISO-10993-5, welche sich auf in-vitro Zytotoxizität beschränkt, verweist für Zyto-

toxizitätstests auf die United States Pharmacopeia.157,158 Hierin sind Standardmethoden für 

Zytotoxizitätsuntersuchungen beschrieben, welche einerseits einen Extrakttest sowie einen 

Kontakttest beinhalten. Für beide Tests sind nach DIN EN ISO 10993-5 die L-929 



Einleitung  27 

 

Mausfibroblastenzellinie gefordert.159,160 Die Bewertung der Zytotoxizität im Extrakttest erfolgt 

nach einer Extraktion des Medizinprodukts bzw. Materials mit dem für die Zellkultur verwen-

deten Medium für 24 Stunden, gefolgt von einer Inkubation der Zellen mit diesem Material für 

72 Stunden. Zur Auswertung werden mikroskopische Bilder sowie eine qualitative Erfassung 

des Zellmaterials oder eine Messung der Zellviabilität, beispielsweise mit dem MTT Test, her-

angezogen.159 Für die Bewertung der Toxizität im Kontakttest werden die Zellen direkt auf die 

Materialoberfläche aufgebracht, respektive das Material direkt auf die Zelloberfläche aufge-

bracht, und für 24 und 72 Stunden inkubiert, wobei ebenfalls eine mikroskopische und eine 

qualitative Auswertung der Zellviabilität erfolgt.160 

1.5.3 Bewertung des inflammatorischen Potentials nach DIN EN ISO 10993-11 

Für die Bewertung der systemischen Toxizität sowie des inflammatorischen Potenzials eines 

Biomaterials, respektive eines Medizinprodukts, liefert die DIN EN ISO-10993-11 eine adä-

quate Grundlage, welche auch von der MDR gefordert wird.161 Hierbei sind bislang noch in-

vivo Versuche am Kaninchen verbreitet, wobei die Erhöhung der Körpertemperatur als Nach-

weis für Pyrogenität gilt.161 Für den in-vivo Test am Kaninchen wird allerdings eine hohe Zahl 

an Versuchstieren benötigt, ferner ist die Reproduzierbarkeit über die Versuchstierpopulatio-

nen nicht immer gegeben.162–164 Ein weiterer, etablierter Test ist der sogenannte Limulustest, 

bei welchem Limulus-Amöbozyten-Lysat zum Einsatz kommt.165–167  

Zur besseren Durchführbarkeit wurde für das inflammatorische Potential der Monozyten-Akti-

vierungstest vorgeschlagen, welcher seit 2012 in einem FDA Guidance Document als Alterna-

tivmethode zur Bewertung der systemischen Toxizität geführt wird.168 Bei diesem werden 

menschliche Monozyten (Mono Mac-2 oder Mono Mac-6 Zelllinie) in-vitro mittels eines ELISA 

auf Interleukin-Sekretion getestet, in der Regel Interleukin 1b oder Interleukin 6.169–173 Diese 

Tests, basierend auf Monozyten-Zelllinien, weisen in Validierungen noch eine erhöhte Sensi-

tivität gegenüber den herkömmlichen Pyrogenitätstests auf.174,175 Dies macht die in-vitro Tests 

mit Monozyten zu einem idealen Werkzeug für Hinweise auf eine systemische Toxizität, eine 

Immunreaktion gegenüber einem Biomaterial oder einer Pyrogenität des Materials oder einer 

seiner Bestandteile. 

1.6 Kynurenin als Biomarker für Abstoßungsreaktionen 

1.6.1 Tryptophanmetabolismus und der Kynureninsignalweg 

Kynurenin ist ein Metabolit des Tryptophanmetabolismus, welcher in Zusammenhang mit di-

versen inflammatorischen Pathologien steht, beispielsweise mit metabolischen, onkogenen 

und auch psychiatrisch-inflammatorischen Prozessen.176–178 Ein Teil des Tryptophans, 
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welches mit der täglichen Ernährung aufgenommen wird, wird zu Serotonin umgesetzt,179 wäh-

rend 95% des über die Ernährung zugeführten Tryptophans im Tryptophanmetabolismus über 

mehrere Abbaumetaboliten bis zur Chinolinsäure und Picolinsäure umgesetzt wird, vgl. auch 

Abbildung 7.180,181 Dies erfolgt mittels einer Reaktionskaskade der Enzymklasse der Indola-

min-2,3-dioxygenasen (IDOs).181–184 

 

 

Abbildung 7. Signalweg des Tryptophan-Metabolismus mit nachgelagertem Kynurenin-Signalweg, deren 
Endprodukte die Quinolinsäure und Picolinsäure sind. Abbildung basierend auf Simon et. al. 2015.181 

 

Die Aktivät der IDOs wird mittels diverser immunologischer Faktoren reguliert, beispielsweise 

durch LPS - vermittelt durch Mikroorganismen,185–187 daraus resultierender pro-inflammatori-

scher Zytokine,188,189 beispielsweise IL-1 oder TNF-α.190 Diese Aktivität der IDOs wird durch 

erhöhte Kynureninlevel wiederum verringert, was bei einer erhöhten Kynureninkonzentration 

im Blut zu einer reduzierten Immunreaktion führt. Hierzu wird in der Literatur eine Art Rück-

kopplungsschleife (feedback-loop), vermittelt durch L-Kynurenin, postuliert.191–194  
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1.6.2 Kynurenin und Abstoßungsreaktionen von Transplantaten 

Durch diese Mediatorrolle des Kynurenins innerhalb von entzündlichen Prozessen kommt dem 

Kynurenin eine interessante Rolle als Biomarker für klinisch relevante Entzündungsprozesse 

zu. Beispielsweise wurden erhöhte IDO-Expressionslevel und damit erhöhte Kynureninlevel 

von 3,9 ± 2,1 µM im Serum am Beispiel des chronischen Nierenversagens (chronic kidney 

disease, CKD) bei Patienten im Vordialyse-Stadium gemessen, mit steigenden Werten in Ab-

hängigkeit des CKD-Schweregrades. Die gemessenen Kynureninkonzentrationen betrugen 

bis zu 5,6 ± 2,3 µM. Dies wird verursacht durch chronische Entzündungsreaktionen während 

des Fortschritts des chronischen Nierenversagens.195–198 Diese erhöhten Kynurenin-Serum-

werte sind nicht lediglich auf CKD beschränkt, sondern lassen sich auch im Zusammenhang 

mit entzündlichen Prozessen nach einer Nierentransplantation nachweisen. In diesem Falle 

sind die gemessenen Kynureninkonzentrationen im Serum der betroffenen Patienten invers 

mit dem Grad der Nierenfunktion korreliert.199,200 Bei Patienten mit einer Nierentransplantatab-

stoßung wurden Kynurenin-Serumwerte von 17,4 ± 8,4 µM gemessen, im Vergleich mit ge-

sunden Kontrollgruppen, welche Werte von 2,7 ± 0,4 µM aufwiesen.201 

1.6.3 Kynurenin und Abstoßungsreaktionen von Implantaten 

Der veränderte Typtophanmetabolismus, verursacht durch eine Änderung der IDO-Express-

ionslevel, welcher zu erhöhten Kynureninkonzentrationen im Serum führt, wurde ebenso mit 

Titanimplantaten im Dentalbereich in Verbindung gebracht. Diese werden durch Entzündungs-

reaktionen während des Osseointegrationsprozesses in den das Implantat umgebenen Kno-

chen verursacht.202 Derartige Entzündungsprozesse, welche zu einem veränderten Tryp-

tophanmetabolismus und damit zu einem erhöhten Kynureninspiegel führen, sind ebenso bei 

Patienten mit Osteoarthritis vorhanden, bei welcher es zu einer Degradierung des Knochen-

gewebes kommt.203  

Ferner wurden diese erhöhten Kynureninlevel im Blut in Zusammenhang mit implantierten 

Herzunterstützungssystemen, genauer linksventrikulären Unterstützungssystemen, in Verbin-

dung gebracht.204 Diese Beobachtungen legen nahe, Kynurenin ebenso als potenziellen klini-

schen Biomarker für Abstoßungsreaktionen von Implantaten in Betracht zu ziehen.  

1.6.4 Literaturbekannte Analysemethoden des L-Kynurenins 

Die meisten Methoden zur Quantifizierung des L-Kynurenins aus Serum oder Speichel fokus-

sieren sich auf LC-MS205–209 oder GC-MS.210 Hieraus ergeben sich in der klinischen Praxis vor 

allem lange Diagnosezeiten und damit hohe Kosten sowie verzögerte Diagnosestellungen für 

den Patienten 
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In der Literatur sind bereits einige Studien beschrieben, welche auf den Nachweis von Meta-

boliten des IDO-Signalwegs abzielen, beispielsweise von Ungor et. al. 2019, welche fluores-

zente Gold-Nanocluster synthetisiert haben, um L-Kynurenin in physiologisch relevanten Kon-

zentrationsbereichen in PBS mittels eines Fluoreszenz-Quenchingmechanismus nachzuwei-

sen.211 Die Arbeitsgruppe um Klockow et. al. hat 2013 ein fluoreszierendes Derivat des L-

Kynurenins beschrieben, welches mit einem Cumarin als Fluoreszenzmarker verknüpft war. 

Die Fluoreszenz tritt hier in Abhängigkeit einer Änderung des pH-Werts auf, und ist mechanis-

tisch bedingt durch eine Iminbildung zwischen dem aromatischen Amin des L-Kynurenins und 

einem freien Aldehyd des verwendeten Cumarinderivats.212 Allerdings sind die Nachweisgren-

zen weit oberhalb der Konzentrationen, welche eine physiologische Relevanz aufweisen und 

deshalb für die Entwicklung eines Schnelltests auf L-Kynurenin nicht praktikabel. 

Weitere Ansätze, welche auf Schnellnachweise unter Zuhilfenahme des Kynurenin-IDO-Sys-

tems abzielen, beinhalten die Quantifizierung der IDOs im Rahmen eines Enzymnachweises 

anstelle eines direkten Nachweises des L-Kynurenins.213 Somit existierte in der Literatur bis-

lang keine hinreichend sensitive Nachweisreaktion für L-Kynurenin als Biomarker, welche über 

die üblichen, zeit- und kostenintensiven LC-MS und GC-MS Methoden hinaus geht. 

1.6.5 Kynurenin als Biokompatibilitätsmarker 

Aufgrund dieser vielseitigen Anwendbarkeit des Kynurenins als Biomarker für inflammatori-

sche Prozesse, insbesondere im Zusammenhang mit Abstoßungsreaktionen auf Transplan-

tate sowie Implantate kommt dem Kynurenin eine interessante Rolle als Biomarker in Hinblick 

auf mögliche Tests auf Abstoßungsreaktionen zu. Dies betrifft insbesondere neben Transplan-

taten Implantate, bedingt durch die zunehmende Biologisierung von Implantatoberflächen, 

neuartigen, körpergewebeähnlichen Beschichtungen,214,215 der Einkapselung von Stammzel-

len auf Implantatoberflächen216 sowie dem 3D Druck von Implantaten und potenziell künstli-

chen Organen und Organoiden.217 

Das Ziel der beschriebenen Untersuchungen, welche im Rahmen dieser Arbeit unter dem Titel 

“A Fluorescence-Based Competitive Antibody Binding Assay for Kynurenine, a Potential Bio-

marker of Kidney Transplant Failure” in MDPI Diagnostics publiziert wurden (vgl. Publikation 

P-3 bzw. Referenz 218) war die Synthese eines fluoreszierenden Derivats des L-Kynurenins 

und dessen Untersuchung auf Anwendbarkeit in einem Antikörper-Assay zur Quantifizierung 

von Kynurenin aus Speichel oder Serum. Dieser Antikörper-Assay soll perspektivisch für die 

Entwicklung eines Schnelltests auf Kynurenin zur Schnellerkennung einer Abstoßung von 

Transplantaten und Implantaten verwendet werden. Damit soll perspektivisch dem behandeln-

den Arzt ein kostengünstiges und schnell verfügbares Werkzeug zum Nachweis von Absto-

ßungsreaktionen nach chirurgischen Eingriffen zur Verfügung gestellt werden. 
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2 Zielstellung 

Infektionen von Implantaten, insbesondere mit multiresistenten Erregern, wie beispielsweise 

MRSA, stellen eine enorme Problematik in der Implantationsmedizin dar. So führt eine Infek-

tion der Implantatoberfläche mit anschließender Biofilmbildung zur Abkapselung des Implan-

tats und damit zu einer Abstoßungsreaktion des umliegenden Gewebes gegenüber dem Im-

plantat. Ferner kann es zu einer Streuung der infektiösen Erreger in die Blutbahn kommen, 

was eine Blutsepsis bis zum septischen Schock zur Folge haben kann. 

Aufgrund dieser Problematik war das Ziel der Arbeit die Synthese neuartiger antimikrobieller, 

biofilmhemmender und gleichzeitig biokompatibler Polymere zur Beschichtung von medizini-

schen Implantaten zur Vermeidung dieser Infektionsproblematik. Hierzu war ein Ziel der Arbeit 

einerseits die Synthese von Glucosamin- und Chitosan-basierten Polymeren, deren Bestand-

teile in der Literatur als antimikrobiell und biofilmhemmend beschrieben sind. Für die Synthese 

der Glucosamin-basierten Polymere sollte eine Palette an Methacrylaten modifiziert mit N-

Acetylglucosamin und verschiedenen, verbrückenden Oligoethylenglycol-Linkern mittels der 

Huisgen 1,3-dipolaren Cycloaddition („Click-Chemie“) synthetisiert und charakterisiert werden. 

Hieraus sollten Copolymere mit diesen Monomeren zusammen mit Methacryloylbenzophenon 

als UV-vernetzbaren Crosslinker für die C-H Insertionsreaktion synthetisiert und charakterisiert 

werden. Ferner sollte Chitosan selbst modifiziert und für eine UV-vernetzbare Beschichtung 

erprobt werden. 

Diese so erhaltenen Polymere sollten zur Modifikation von Materialien verwendet werden, wel-

che auch zur Herstellung von Implantaten genutzt werden. Mittels des Ansatzes des Photo-

patternings, welches in der Halbleiterindustrie zum Einsatz kommt und mit welchem Schichten 

im Nanometerbereich auf Probenstücke aufgebracht werden können, sollten Modellmateria-

lien für Implantate mit diesen Polymeren modifiziert und die modifizierte Oberfläche chemisch-

physikalisch charakterisiert werden, um die Eignung der Polymere für einen Beschichtungs-

prozess zu evaluieren. 

Die synthetisierten Polymere sowie die daraus resultierenden Beschichtungen auf Implantat-

materialien sollten auf ihre antimikrobielle Aktivität sowie auf ihre Biokompatibilität nach DIN 

EN ISO 10993 untersucht werden, wobei hier insbesondere die Zytotoxizität nach DIN EN ISO-

10993-5157 im Vordergrund stand. Hierauf aufbauend sollten Struktur-Wirkbeziehungen unter-

sucht werden, insbesondere was die chemische Struktur der Polymere in Hinblick auf verbrü-

ckende Oligoethylenglycollinker, deren Copolymergehalt sowie das Copolymerverhältnis an 

Benzophenon betrifft. 
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Da aufgrund der Gesetzesnovelle von 2017 zu Medizinprodukten, aus welcher die Medical 

Device Regulation als europaweite Vereinheitlichung der regulatorischen Bestimmungen zu 

Medizinprodukten hervorging, Bewertung von Medizinprodukten der Klassen IIb und III insbe-

sondere Biokompatibilitätsbewertungen im Rahmen von klinischen Studien erforderlich wer-

den,153 sollte im weiteren Verlauf der Arbeit der Aspekt der Bewertung der Biokompatibilität 

von Implantatmaterialien weiterverfolgt werden. Hierzu wurde das L-Kynurenin als Biomarker 

für entzündungsbedingte Prozesse, einerseits im Rahmen der Transplantatabstoßung ande-

rerseits auch der Implantatabstoßung identifiziert. Es sollte ein fluoreszentes Kynureninderivat 

mit Rhodamin B als Fluoreszenzmarker synthetisiert und dessen Eignung für die Entwicklung 

eines Schnelltests auf L-Kynurenin aus Serum oder Speichel evaluiert werden, um hiermit ein 

kostengünstiges und schnell anwendbares Werkzeug für weitere klinische Biokompatibilitäts-

prüfungen von Implantatmaterialien zu erhalten. 
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3 Forschungsergebnisse 

Die im Folgenden dargestellten Forschungsergebnisse sind im Rahmen dieser kumulativen 

Dissertation bereits in Publikationen P-1 bis P-3 in peer-review Fachzeitschriften veröffentlicht 

worden. Hierbei behandeln Publikationen P-1 und P-2 die chemische Synthese, die physika-

lisch-chemische Oberflächencharakterisierung und die biofunktionelle Charakterisierung von 

polymeren Oberflächenbeschichtungen, welche auf verschiedene Modellmaterialien aufge-

bracht und mittels UV-Licht quervernetzt wurden. Dies umfasst ebenso Biokompatibilitätsbe-

wertungen nach DIN EN ISO-10993. 

Publikation P-3 erweitert unter anderem den Aspekt der Biofunktionalitäts- und Biokompatibi-

litätsbewertungen mittels einer Testmethode auf inflammatorische Prozesse auf klinische An-

forderungen im Rahmen weiterführender Biokompatibilitätsbewertungen im Rahmen der klini-

schen Prüfung. Dies betrifft einerseits Abstoßungsreaktionen von Transplantaten, aber insbe-

sondere auch Abstoßungsreaktionen von Implantaten im Rahmen inflammatorischer Pro-

zesse. 

Im Folgenden sind die Ergebnisse zusammenfassend dargestellt und in den Gesamtzusam-

menhang der Dissertation eingeordnet. Experimentelle Details und weiterführende Informatio-

nen, insbesondere die diagrammhafte Darstellung der Daten, Abbildungen zur Synthese und 

zugehörige Syntheseschema sowie mikroskopische- und elektronenmikroskopische Aufnah-

men der Biofunktionalitätsbewertungen können den jeweiligen Publikationen P-1 bis P-3 im 

Anhang entnommen werden. 

3.1 GlcNAc-Benzophenon-Dimethacrylamid Copolymere 
Chitosan selbst zeigt antimikrobielle Eigenschaften durch verschiedene Wirkmechanismen 

(vgl. auch Kapitel 1.2.4), beispielsweise durch Zerstörung der Integrität der Zellmembran219–

221 oder durch Disruption der Proteinsynthese durch Bindung an DNA und RNA.72,73 Darüber 

hinaus zeigt es biofilmhemmende Eigenschaften, beispielsweise auf Actinobacillus pleuromo-

niae.222 Chitosan selbst besteht aus Glucosamin und N-Acetylglucosamineinheiten, wobei das 

N-Acetylglucosamin selbst für biofilmhemmende Eigenschaften auf E. coli beschrieben ist.223  

Chitosan selbst weist allerdings schlechte mechanische Eigenschaften und eine schlechte 

Löslichkeit in wässrigen und organischen Lösungsmitteln auf, was seine Verwendbarkeit in 

Hinblick auf Biomaterialien und darauf aufbauenden antimikrobiellen Beschichtungen ein-

schränkt.56,57,59,224 Ferner zeigen auch glycosidische 1,2,3-Triazole, beispielsweise 1,2,3-Tria-

zolyl-Sucrose Clickamere, antimikrobielle und antibakterielle Eigenschaften.225–227  
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Das Triazol als funktionelle Gruppe ist mittels der der Huisgen 1,3-dipolaren Cycloaddition 

(„Click-Reaktion“) synthetisch einfach in die molekulare Struktur einführbar.88,89 Hieraus ergibt 

sich ein eleganter Ansatz zur weiteren Umsetzung eines Propargyl-funktionalisierten N-Ace-

tylglucosamins mit Azidomethacrylaten. Zusammen mit einem Methacryloylbenzophenon, 

welches als UV-responsiver Quervernetzer sowie Oberflächenanker fungiert126,128,228 sowie ei-

ner antiadhäsiven Polydimethacrylamid-Copolymermatrix ergibt sich hier der Ansatz einer UV-

vernetzbaren Beschichtung basierend auf Poly-dimethacrylamid-co-methacryloylbenzo-

phenon, welche als antiadhäsiv in der Literatur beschrieben ist,123,128–130 zusammen mit poten-

tiell antimikrobiellen N-Acetylglucosamineinheiten zum synthetischen Nachbau einer Chito-

sanoberfläche, welche allerdings die Vorteile eines wasserlöslichen und einfach handhabba-

ren Polydimethacrylamid-Hydrogels aufweist.  

Somit wurden in diesem Teil der Arbeit verschiedene N-Acetylglucosamin-oligoethylenglycol-

methacrylate mittels der Click-Chemie synthetisiert, welche verschiedene Oligoethylenglycol-

Linker aufweisen, mit welchen sie anomer, d. h. in C1-position, mittels 1,2,3-Triazol verknüpft 

sind. Diese wurden in verschiedenen Verhältnissen mit Dimethacrylamid sowie einem UV-ver-

netzbaren Methacryloylbenzophenon copolymerisiert (vgl. auch Abbildung 8).  

Die synthetisierten Copolymere wurden auf PETG Chips als Modellsubstrat einer zu beschich-

tenden Oberfläche aufgebracht und mittels UV-Licht quervernetzt. Die ausgebildete Beschich-

tung wurde mittels IR-Spektroskopie, SEM und AFM untersucht. Ferner wurde die Sterilität der 

Oberfläche im Rahmen des Beschichtungsprozesses untersucht, sowie auf Biokompatibilität 

getestet. Die antimikrobiellen Eigenschaften wurden mittels MRSA(+) S. aureus und E. coli als 

klinisch relevante Pathogene demonstriert.   

3.1.1 Chemische Synthese der Monomerbausteine und der Copolymere 

Für die chemische Synthese der Monomerbausteine wurden diverse Azidooligoethylenglycol-

Methacrylate über literaturbekannte Zwischenschritte229–231 synthetisiert und mit einem Pro-

pargyl-N-Acetylglucosamin mittels der Huisgen 1,3-dipolaren Cycloaddition (Click-Reak-

tion)79,80 zum entsprechenden Triazolylderivat (2a – d, Abbildung 8) umgesetzt, um an ano-

merer Position des N-Acetylglucosamins einen 1,2,3-Triazolylrest einzuführen. Als Kontrollen 

für die Biofunktionalitätsbewertungen, insbesondere in Hinblick auf die antimikrobielle Aktivität 

des Triazols allein in der Dimethacrylamid-Polymermatrix,225–227 wurde ebenso Propargylalko-

hol anstelle von Propargyl-GlcNAc mit den Azido-oligoethylenglycolmethacrylaten umgesetzt 

(3a – c). Hiermit sollte ein hydroxy-funktionalisiertes Polymer anstelle eines GlcNAc-funktio-

nalisierten Polymers mit 1,2,3-Triazol an gleicher Position erhalten werden (vgl. Abbildung 8 

und Syntheseschema in Figure 1, Publikation P-1 im Anhang).  
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Abbildung 8. Schematische Übersicht über die synthetisierten Monomere sowie den daraus synthetisierten 

Polymeren, für eine genaue Übersicht über die Polymere vgl. auch Tabelle 1. 

 

Die jeweiligen Methacrylate 2a – d und 3a - c wurden zusammen mit Methacryloylbenzo-

phenon 1 sowie Dimethacrylamid copolymerisiert. Experimentelle Details und die exakten Syn-

thesevorschriften können der Publikation P-1 im Anhang entnommen werden. Eine Übersicht 

über die jeweiligen Polymere mit den jeweils eingesetzten stöchiometrischen Verhältnissen 

und den gefundenen Einbauverhältnissen, welche mittels 1H-NMR gefunden wurden, ist in 

Tabelle 1 aufgeführt.  

 

Tabelle 1. Übersicht über die synthetisierten GlcNAc-MBP-Dimethacrylamid Copolymere mit den jeweiligen 
stöchiometrischen Verhältnissen an eingesetzten Monomeren sowie die via 1H-NMR tatsächlich gefundenen 

Einbauverhältnisse. 

Polymer MBP Triazolyl-Methac-
rylat 2 oder 3 

Gefundenes Einbau-
verhältnis via NMR 

GlcNAc-2EG 5% 5% 2a 30:1 

5%-GlcNAc-4EG 5% 5% 2b 2:1 

10%-GlcNAc-4EG 5% 10% 2b 1:2 

25%-GlcNAc-4EG 5% 25% 2b 1:5 

50%-GlcNAc-4EG 5% 50% 2b - 

GlcNAc-6EG 5% 5% 2c 3:1 

GlcNAc-4EG-octyl 5% 5% 2d 6:1 

HM-2EG 5% 5% 3a 1:1 

HM-4EG 5% 5% 3b 1:1 

HM-6EG 5% 5% 3c 1:1 

PDMAm 5% - - 



36  Forschungsergebnisse 

 

Insgesamt wurden Copolymere erhalten, wobei die tatsächlichen Copolymerverhältnisse zum 

Teil erheblich von den stöchiometrisch eingestellten Verhältnissen abweichen. Das Einbau-

verhältnis wurde mittels des Integralverhältnisses zwischen dem Triazolyl-Proton bei 7,96 ppm 

und den aromatischen Protonen des Benzophenons bestimmt. Die abweichenden Einbauver-

hältnisse lassen sich auf unterschiedliche Reaktivitäten, bedingt durch die sterisch anspruchs-

volle GlcNAc-Gruppe zurückführen. Die Polymerisation von 50% Methacryloyl-4EG-GlcNAc 

2b zusammen mit 5% MBP und 45% Dimethacrylamid liefert kein Produkt. Die Copolymerisa-

tion der Hydroxymethyl-Triazolyl-Methacrylate 3a – c verläuft dagegen in den stöchiometrisch 

vorgegebenen Einbauverhältnissen. Insgesamt wurden die benötigten GlcNAc-Benzophenon-

Dimethacrylamid Copolymere erfolgreich synthetisiert, welche für weiter Oberflächenfunktio-

nalisierungen verwendet wurden. 

3.1.2 Beschichtung von Oberflächen 

Die synthetisierten Polymere aus Tabelle 1 wurden zur Ausbildung einer Beschichtung in ver-

schiedenen Konzentrationen auf einen PETG Coverslip als Referenzmaterial aufgebracht und 

mit UV-Licht quervernetzt. Die erhaltenen Beschichtungen wurden mittels IR-Spektroskopie, 

SEM und AFM charakterisiert. Die optimierten Bedingungen zur Quervernetzung des Benzo-

phenons nach Rühe et. al. sind 3 J/cm2 für Polydimethacrylamid-co-methacryloylbenzophenon 

mit 5% Methacryloylbenzophenon-Copolymer, bei welcher eine stabile Beschichtung ohne 

mögliche Abbaueffekte erhalten wird.122 Folglich wurde diese Energiedosis zur Quervernet-

zung der Polymere mit UV-Licht verwendet. 

Die Beschichtung wurde mittels IR-Spektroskopie untersucht, wobei mit einer Polymerkon-

zentration von 25 mg/mL bei der verwendeten Methode des Solvent Casting eine hinreichend 

dicke Schicht erhalten wurde, welche im IR Spektrometer messbar war. Die Beschichtungen 

wurde anhand der dominanten Peaks des Dimethacrylamids bei 1621 cm-1 sowie der Copoly-

mer-Estergruppen bei 1721 cm-1 identifiziert. Des Weiteren zeigen die glycosidischen OH-Bin-

dungen Banden bei 3450 cm-1 und 2925 cm-1 was auf einen erfolgreichen Beschichtungspro-

zess hindeutet. Die Beschichtung des 5%-4EG-GlcNAc- und 6EG-GlcNAc-PDMAm Polymere 

wurden weiterhin mittels SEM und AFM untersucht. Hierbei wurde eine glatt texturierte Ober-

fläche erhalten, welche für die 5%-4EG-GlcNAc-PDMAm Beschichtung mit kleinen Poren bei 

500 nm Auflösung durchsetzt ist, wogegen die 6EG-GlcNAc-PDMAm Beschichtung keine Po-

ren erkennen lässt. Insgesamt ist aber eine Textur auf der untexturierten PETG Oberfläche 

erkennbar, was zusammen mit den IR Daten auf eine erfolgreiche Beschichtung der Oberflä-

che schließen lässt. 

Die Sterilisation mittels UV-Licht ist eine etablierte Methode für Lebensmittel, Wasseraufberei-

tung sowie Oberflächensterilisierungen in der Medizintechnik,232,233 wobei mit einer 
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Bestrahlung mit UV-C Licht (100 – 280 nm) von 40 mJ/cm2 bereits eine log-4-fache Reduzie-

rung der Keimzahl an P. aeruginosa auf einer Oberfläche erreicht wird.234 Insgesamt wird mit 

8 mJ/cm2 eine Reduzierung der Keimzahl von 90%, also einer log-Stufe, erhalten.235 Die Quer-

vernetzung mit UV-Licht bei 3 J/cm2 liefert somit direkt im Beschichtungsprozess eine sterile 

Oberfläche, wie sie experimentell durch Inkubation der beschichteten Oberfläche ohne 

GlcNAc-Copolymer in sterilen LB-Medium ohne Nachweis eines mikrobiellen Wachstums ge-

zeigt wurde. 

3.1.3 Biokompatibilität 

Die Bewertung der Zytotoxizität der Oberflächen erfolgte nach DIN EN ISO-10993-5,157 welche 

die United States Pharmacopeia für genaue Protokolle hinsichtlich der Durchführung referen-

ziert.158–160 Verwendet wurden L-929 Fibroblasten im Kontakt- und Extrakttest. Experimentelle 

Details können der zugehörigen Publikation P-1 im Anhang entnommen werden.  

Im Extrakttest wurden für alle polymeren Beschichtungen keine Wachstumshemmungen über 

30% gemessen. Im Kontakttest wurde lediglich für die Beschichtung mit GlcNAc-verbrücken-

dem Diethylenglycol-Linker eine Wachstumsinhibierung von 32% sowie für einen Tetraethyl-

englycol-octyl-Linker eine Inhibierung von 37% gemessen, alle andere Beschichtungen wei-

sen Werte von unter 30% auf und können damit als biokompatibel betrachtet werden.236  

In der Literatur sind Toxizitätswerte für verschiedene Oligoethylenglycole beschrieben, so wei-

sen Oligoethylenglycole über PEG200, welches mit einer Molekularmasse von über 200 g/mol 

ab dem Tetraethylenglycol der Fall ist, die geringste Toxizität auf.237–239 Ethylenglycol und Diet-

hylenglycol dagegen sind bekannt für ihre toxischen Effekte, welche mit steigender Ketten-

länge der Oligoethylenglycolkette abnehmen.240 Hieraus ergeben sich die entsprechenden Ef-

fekte in Hinblick auf die verschiedenen Linkerlängen, so kann für die Beschichtung mit verbrü-

ckendem Diethylenglycol-Linker von möglichen Abbauprodukten in direkten Kontakt mit den 

Zellen ausgegangen werden, was zur Freisetzung von Ethylenglycol führt. Insgesamt sind Ef-

fekte in Bezug auf eine Wachstumsinhibierung durchweg gering, abgesehen vom 2EG-

GlcNAc-PDMAm und vom 4EG-octyl-GlcNAc-PDMAm Polymer, welche mit über 30% Wachs-

tumsinhibierung über der 30%-Schwelle liegen, unter welcher Biokompabitilität angenommen 

werden kann.236 

3.1.4 Antimikrobielle Aktivität 

Die antimikrobielle Aktivität wurde mit E. coli als gram-negativen und MRSA(+) S. aureus als 

gram-positiven Erreger getestet, welche beide eine klinische Relevanz hinsichtlich Pathogeni-

tät, Infektiosität und Biofilmbildung aufweisen.241 Die experimentellen Details und 
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weiterführende Daten und mikroskopische Bilder der Färbemethoden können der Publikation 

P-1 im Anhang entnommen werden. Die experimentellen Arbeiten sowie die Auswertung der 

Rohdaten hierzu wurden durch Herrn Oliver Riester durchgeführt.  

Die antimikrobielle Aktivität der beschichteten Oberflächen wurde unter nährstoffreichen und 

nährstoffarmen Bedingungen untersucht. In nährstoffreichem Medium zeigt sich keine Inhibie-

rung des mikrobiellen Wachstums, wogegen sich unter nährstoffarmen Bedingungen eine Re-

duzierung der Keimzahl um 1,2-log Stufen bei MRSA für die 5%-GlcNAc-4EG-PDMAm Be-

schichtung zeigt. Ebenso wurde die Biofilmmasse auf den Oberflächen nach 24, 48 und 72 

Stunden mittels Kristallviolettfärbung, Lebend-Tot-Färbung und Phenol-Schwefelsäure-Me-

thode analysiert. Die Beschichtungen 5%-GlcNAc-4EG-PDMAm und GlcNAc-6EG-PDMAm 

weisen die stärkste Inhibierung der Biofilmbildung durchweg über einen Zeitraum von bis zu 

72 Stunden in allen Messmethoden auf, ferner ist eine signifikante Reduktion des Biofilms in 

der Lebend-Tot-Färbung sichtbar.  

Eine Verringerung der Biofilmbildung verursacht durch GlcNAc ist für E. coli in der Literatur 

bekannt, allerdings nicht sicher für S. aureus beschrieben.223 Da die antimikrobiellen und bio-

filmhemmenden Effekte lediglich unter nährstoffarmen Bedingungen zu beobachten sind, liegt 

hier eine Beeinträchtigung von Stoffwechselenzymen nahe. Für Chitosan wurde bereits ge-

zeigt, dass einer der antimikrobiellen Wirkmechanismen die Beeinträchtigung der RNA- und 

Proteinsynthese ist,242–245 was einen Hinweis auf den Wirkmechanismus unter lediglich nähr-

stoffarmen Bedingungen liefert. Unter nährstoffreichen Wachstumsbedingungen der Bakterien 

liegt genug Substrat für eine RNA- und Proteinsynthese vor. 

Insgesamt konnte gezeigt werden, dass sich mit synthetischen Acrylaten im Copolymer mit 

einem GlcNAc-Methacrylat eine Nachbildung der antimikrobiellen Aktivität des Chitosans er-

reichen lässt, bei gleichzeitig gegebener Biokompatibilität. 

3.2 Benzophenon-modifizierte Chitosanderivate 
Da Chitosan selbst antimikrobielle Eigenschaften zeigt, welche abhängig vom Deacetyllie-

rungsgrad sind,75 sollte im weiteren Verlauf Chitosan selbst in verschiedenen Verhältnissen 

mit einer Benzophenoneinheit als Quervernetzer synthetisiert werden und auf die antimikro-

biellen und anti-Biofilm Eigenschaften hin untersucht werden. Ferner stand die Zytotoxizität 

der Oberfläche sowie potenziell inflammatorische oder anti-inflammatorische Effekte der Ober-

fläche im Zentrum der Untersuchungen. Die Synthese, Charakterisierung der Beschichtung 

sowie die Untersuchungen auf antimikrobielle Aktivität und Zytotoxizität / Pyrogenität wurden 

in Publikation P-2 („Synthesis of a biocompatible benzophenone-substituted chitosan hydrogel 

as novel coating for PEEK with extraordinary strong antibacterial and anti-biofilm properties”) 
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veröffentlicht. Die genauen Details der experimentellen Durchführung der Untersuchungen so-

wie detaillierte Abbildungen zur Oberflächencharakterisierung, antimikrobiellen Aktivität und 

Biokompatibilitätsbewertungen können der Publikation P-2 im Anhang sowie dem zugehörigen 

Supplementary Material entnommen werden. 

3.2.1 Chemische Synthese und Beschichtung von Oberflächen 

Für die Synthese der Benzophenon-Chitosan Polymere wurde Chitosan mittels der freien Ami-

nogruppe mit 4-Benzoylbenzoesäure umgesetzt. Insgesamt wurden 5 verschiedene, stöchio-

metrische Verhältnisse an 4-Benzoylbenzoesäure eingesetzt, um verschiedene Substitutions-

grade an Benzophenon zu erhalten, vgl. Abbildung 9.  

 

 
Abbildung 9. Reaktionsschema des Chitosans umgesetzt mit 4-Benzoylbenzoesäure in den in Tabelle 2 

dargestellten stöchiometrischen Verhältnissen an EDC und 4-Benzylbenzoesäure.  

 

Die Substitutionsgrade wurden photometrisch über das Absorptionsmaximum des Benzo-

phenons bei 263 nm gegen eine Kalibrierkurve von 4-Benzoylbenzoesäure in Ethanol be-

stimmt und sind in Tabelle 2 aufgeführt 

 

Tabelle 2. Synthetisierte Benzophenon-Chitosan Derivate und deren Substitutionsgrad (ds), bestimmt mit-
tels UV/Vis Spektroskopie. 

Polymer EDC 4-Benzylbenzoesäure 
Substitu-

tionsgrad nach 
Stöchiometrie 

Substitutions-
grad bestimmt 
mittels UV/Vis 

100%-BP-CS 1 äq 1 äq 100% 100% 

50%-BP-CS 1 äq 0.5 äq 50% 50% 

30%-BP-CS 1 äq 0.25 äq 25% 30% 

12%-BP-CS 1 äq 0.1 äq 10% 12% 

7%-BP-CS 1 äq 0.05 äq 5% 7% 
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Insgesamt wurde, innerhalb von bis zu 5% Abweichung, das stöchiometrisch eingestellte Ein-

bauverhältnis an Benzophenon zu Glucosamin-Monomeren des Chitosans erhalten. Mittels 
1H-NMR Spektroskopie konnte weiterhin gezeigt werden, dass die Umsetzung selektiv am 

freien Amin des Chitosans erfolgt, vgl. auch P-2 im Anhang. 

Die synthetisierten Chitosanderivate wurden zur Beschichtung von PEEK als Modellmaterial 

für Implantate verwendet, welches für diverse Knochenimplantate, wie beispielsweise Wirbel-

säulenkäfige104–107 oder Hüftgelenke108–110 verwendet wird. Da PEEK selbst in seiner Mono-

mereinheit eine 4-Phenoxyphenyl-Einheit aufweist, welche chemisch dem Benzophenon ähn-

lich ist und ebenso eine UV-vermittelte Quervernetzungsreaktion wie das Benzophenon ein-

gehen kann,147 ist dieses Material insbesondere interessant für die Benzophenon-vermittelte 

Vernetzungsreaktion der Chitosanbeschichtungen. Die eigentliche Beschichtung wurde mittels 

Solvent Casting der Benzophenon-Chitosan Derivate aus Tabelle 2 auf PEEK-Chips aufge-

bracht, mittels UV-Licht mit 254 nm Wellenlänge quervernetzt und anschließend physikoche-

misch mittels IR, XPS, SEM-EDS und AFM charakterisiert. 

Der erfolgreiche Beschichtungs- und Quervernetzungsprozess konnte mittels de XPS-Spek-

tren am Beispiel der 100%-BP-CS und 30%-BP-CS Derivate gezeigt werden, in welchen die 

Elementarverhältnisse an Stickstoff, Sauerstoff und Kohlenstoff den theoretisch ermittelten 

Werten entsprechen. Diese Werte wurden mittels SEM-EDS reproduziert, wobei die ermittel-

ten Elementarverhältnisse an N, O und C mit 3% Abweichung der 100%-BP-CS Beschichtung 

dem der XPS-Messungen entsprechen (vgl. Abbildungen S2 und S3 aus dem Supplementary 

Material, Publikation P-2). Hierbei wurde ebenso die Anwesenheit der Carbonylgruppe, der 

Hydroxygruppe als Reaktionsprodukt der C-H Insertionsreaktion und die Anwesenheit des Chi-

tosan-Benzoesäureamids nachgewiesen. Ferner wurde die Anwesenheit der C-H sowie Hyd-

roxylgruppen im IR-Spektrum durch die Anwesenheit der Banden 2929 cm-1, 2881 cm-1 (bei-

des C-H) sowie 3284 cm-1 (O-H) für alle Beschichtungen nachgewiesen, was die Anwesenheit 

von einer Chitosanbeschichtung auf der PEEK Oberfläche bestätigt.  

Die Topologie der Oberfläche wurde mittels SEM, AFM und eines Surface Profilers analysiert. 

In Abhängigkeit vom Substitutionsgrad der Chitosankette ergibt sich entweder eine porenartige 

Oberfläche oder eine relativ glatte Oberfläche, wobei die Dicke der Beschichtung zwischen      

1 µm und 4 µm beträgt. Die Unterschiede in der Oberflächentopologie wurden hier auf ver-

schiedene Gehalte an Benzophenon als Quervernetzer zurückgeführt. Einerseits werden 

durch Löslichkeitsunterschiede im wässrigen Medium, bedingt durch unterschiedlichen 

Amidgehalt durch die Funktionalisierung des Chitosans, verschiedene Oberflächentopologien 

erhalten, wie auch am Beispiel anderer Polymere, beispielsweise Poly-Ɛ-Caprolacton, in der 

Literatur bekannt ist.246 Des Weiteren wurde die gleiche Belichtungszeit mit UV-Licht (3 J/cm2) 

auf alle Beschichtungen mit unterschiedlichem Benzophenongehalt angewendet, so dass sich 
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auch hieraus, bedingt durch unterschiedlich starke Aktivierung des Benzophenons in den bira-

dikaloiden Übergangszustand mit anschließender unterschiedlicher Rekombinationskinetik in 

der C-H Insertionsreaktion unterschiedliche Ausbeuten an aktiven Crosslinker ergeben. Dar-

aus resultieren anschließend verschiedene Vernetzungsgrade und unterschiedliche Oberflä-

chentopologien der Beschichtung. 

3.2.2 Antimikrobielle Aktivität 

Die antimikrobiellen Eigenschaften der Chitosanderviate wurden zuerst als Verbindungen in 

Lösung in einer Konzentrationsreihe untersucht, um den Einfluss der Benzophenonmodifika-

tion sowie des Substitutionsgrades auf die antimikrobiellen Eigenschaften zu evaluieren. Die 

experimentellen Arbeiten zur antimikrobiellen Aktivität der Oberfläche sowie die Auswertung 

der Rohdaten wurden durch Oliver Riester durchgeführt. Es wurde mit einer Verdünnungsreihe 

die IC90 der Derivate auf E. coli und MRSA(+) S. aureus bestimmt, vgl. Tabelle 3. Die bestimm-

ten IC90 Werte liegen zwischen 60 und 75 µg/mL für E. coli und zwischen 60 und 86 µg/mL für 

MRSA(+) S. aureus, was den bekannten Literaturwerten der MIC von nativem Chitosan von 

50 µg/mL gegen E. coli und 100 µg/mL gegen S. aureus relativ nahe kommt.247 Somit liegt 

keine signifikante Beeinträchtigung der antimikrobiellen Aktivität durch die Funktionalisierung 

mit 4-Benzylbenzoesäure vor.  

Hierauf aufbauend wurden die mit den Polymeren beschichteten Oberflächen auf antimikrobi-

elle Aktivität untersucht, wobei nach 24 h mit der zu 30%-Benzophenon modifizierten Chito-

sanverbindung eine antimikrobielle Aktivität der Oberfläche von 5,1 log-Stufen gegen 

MRSA(+) S. aureus und 4,8 log-Stufen gegen E. coli erreicht wurde (vgl. Tabelle 3). Analog ist 

nach 72 Stunden eine Biofilmreduzierung von 98,1 ± 9 % am Beispiel von E. coli und               

96,8 ± 0,1 % am Beispiel von MRSA(+) S. aureus im Vergleich zur am wenigsten aktiven 

Beschichtung (normiert auf 100 %) auf der Oberfläche messbar. 

 

Tabelle 3. Gemessene IC90 Werte, log-Werte für antimikrobielle Aktivität der damit beschichteten Oberflä-
chen und die Biofilminhibierung der Oberflächen der unterschiedlich substituierten Benzophenon-Chitosan 

Derivate aus Tabelle 2. 

Polymer 
IC90 in Lösung Wachstumsinhibierung 

(log-10) auf Oberfläche 
Biofilm auf Beschichtung 

nach 72 h (in %) 
E. coli S. aureus E. coli S. aureus E. coli S. aureus 

100%-BP-CS 75,30 µg/mL 65,63 µg/mL 2,8 2,8 100 ± 0 % 97,7 ± 2,6 % 

50%-BP-CS 74,08 µg/mL 85,88 µg/mL 3,8 2,1 82,1 ± 5,1 % 87,1 ± 10,2 % 

30%-BP-CS 72,38 µg/mL 82,18 µg/mL 4,8 5,1 1,9 ± 9% 3,2 ± 0,1 % 

12%-BP-CS 59,04 µg/mL 63,53 µg/ml 1,4 5,0 98 ± 8 % 75,0 ± 27,5 % 

7%-BP-CS 62,71 µg/mL 62,74 µg/mL 0,7 1,5 63,5 ± 1,1 % 100 ± 0 % 
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3.2.3 Zytotoxizität 

Chitosan selbst ist als ein gut biokompatibles Polymer, insbesondere für pharmazeutische For-

mulierungen als Drug Delivery Device bekannt und in zahllosen Publikationen und Reviews 

hierfür charakterisiert,248–251 wobei allerdings in Abhängigkeit von der Dosis zytotoxische Ef-

fekte auftreten können. 

Die Tests auf Zytotoxizität wurden nach den Protokollen der United States Pharmacopeia 

durchgeführt, welche von der DIN EN ISO-10993-5 referenziert wird.157 Hierbei kommt die        

L-929 Fibroblastenzelllinie zum Einsatz, Inkubationszeiten für Kontakttests sind 24 und 72 

Stunden, für Extrakttests 24 Stunden.159,160 Diese Zelllinie wird ebenso in der wissenschaftli-

chen Literatur für in-vitro Biokompatibilitätsstudien von Medizinprodukten verwendet.252,253 

Kommt es bei einem Extrakt eines Medizinproduktes zu weniger als 30% Wachstumsinhibie-

rung in den Fibroblastenzellkulturen, kann nach DIN EN ISO-10993-5 davon ausgegangen 

werden, dass keine Zytotoxizität vorliegt.157 Experimentelle Details können der Publikation P-

2 im Anhang entnommen werden, ebenso detaillierte Auswertungen und mikroskopische Bil-

der der eingesetzten Zellen in Abbildung 4 der Publikation. 

Insgesamt wurde im Extrakttest in Fibroblastenzellkulturen keine Wachstumsinhibierung von 

mehr als 30% erreicht. Im Kontakttest kam es zu eindeutig zytotoxischen Effekten, teilweise 

mit mehr als 50% Wachstumsinhibierung für Chitosanderviate mit 100%, 50%, 12% und 7% 

Benzophenongehalt nach 24 h und auch nach 72 h, wogegen das Chitosanderivat mit 30% 

Benzophenongehalt die geringste Toxizität, respektive Wachstumsinhibierung mit 20% auf-

weist. Demnach kann bei der 30%-BP-CS Beschichtung von Biokompatibilität in Hinblick auf 

Zytotoxizität ausgegangen werden. 

Da die Biokompatibilitätsbewertungen immer gewebespezifisch sein sollten, und es sich bei 

der L-929 Zelllinie um Mausfibroblasten handelt, wurden ferner Zytotoxizitätstests mit huma-

nen Osteoblasten (Saos-2), Endothelzellen (HUVECs) sowie Monozyten (Mono Mac-6) durch-

geführt. Im Extrakttest kann auch mit humanen Endothelzellen von Biokompatibilität ausge-

gangen werden, da weniger als 30% Wachstumsinhibierung vorliegt.236 Im Kontakttest zeigen 

Chitosanderivate 100%-BP-CS, 50%-BP-CS, 12%-BP-CS und 7%-BP-CS stark zytotoxische 

Effekte mit über 60% Wachstumsinhibierung nach 24 h und 72 h wogegen die 30%-BP-CS 

Beschichtung lediglich 20% Wachstumsinhibierung aufweist und damit als biokompatibel be-

wertet werden kann (vgl. Abbildung 10). Die stärkeren Werte der Wachstumsinhibierung sind 

hier durch den Charakter der HUVECs als einer humanen Primärzelllinie bedingt, aufgrund 

derer es zu einer erhöhten Empfindlichkeit der Zelllinie gegenüber toxischen Einflüssen 

kommt. 
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Abbildung 10. Ergebnisse der Zytotoxizitätstests in verschiedenen Zellkulturen im Extrakt- und Kontakttest 

nach DIN EN ISO-10993-5.157 

 

Die Saos-2 Osteoblastenzellinie zeigt die höchste Wachstumsinhibierung nach 72 Stunden, 

was in diesem Fall durch die langen Verdopplungszyklen der Saos-2 von 40 Stunden bedingt 

ist.254 Hierdurch kommt es erst nach 72 Stunden zu messbaren Beeinträchtigungen des Zell-

wachstums, in diesem Falle bei allen Benzophenon-modifizerten Chitosanpolymeren. Benzo-

phenonderivate des N-Acetylglucosamins und kurzkettiger Chitooligosaccharide sind für ihre 

Wirkung als Inhibitoren der Enzymklasse der Matrixmetallopeptidasen bekannt, welche eine 

starke Aktivität gegenüber Krebszellen des Sarkom-Typs zeigt.255,256 Des Weiteren wurde für 

Glucosamin gezeigt, dass dies das Wachstum von MG-63 und Saos-2 Zelllinien beeinträch-

tigt.257–259 Da es sich bei der Saos-2 Zelllinie um eine Krebszelllinie eines Sarkom-Typs han-

delt,254 kann hier von einer entsprechenden Aktivität gegenüber den Matrixmetallopeptidasen 

ausgegangen werden, was wiederum zu einer erhöhten Zytotoxizität der Chitosanbeschich-

tungen gegenüber diesen Zelllinien führt. Somit ist die Aussagekraft dieses Tests auf Osteo-

kompatibilität begrenzt, da eine Überexpression der MMP-Familie charakteristisch für Osteo-

sarkomzelllinien ist260 und die Inhibierung dieser das Wachstum wiederum beeinträchtigt.257–

259 Da es sich bei allen Osteoblastenzelllinien, welche sich gegenwärtig permanent in Kultur 

halten lassen, um Krebszelllinien des Osteosarkom-Typs handelt,254 besteht diese Problema-

tik insgesamt bei Testungen dieser Beschichtung auf Osteokompatibitlität.  
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Diese Unterschiede der Zytotoxizitätsdaten bei Verwendung verschiedener Zelllinien, welche 

allerdings mit Osteoblasten, Fibroblasten und Endothelzellen sehr gewebespezifisch sind, zei-

gen gleichzeitig die Problematik der gewebespezifischen Biokompatibilitätsbewertung mit in-

vitro Tests auf. Für genaue Daten muss hier demnach auf gewebespezifische, idealerweise 

humane Primärzelllinien, respektive Stammzellen, zurückgegriffen werden, um aussagekräf-

tige Daten über zytotoxische Effekte von Implantaten auf das umliegende Gewebe zu gene-

rieren.  

Insgesamt wurde aber, abgesehen von den spezifischen Effekten des Chitosans, seiner Mo-

nomere und der synthetisierten Chitosanderivate auf die Saos-2 Zelllinie, welche für die spe-

zifischen Verbindungen auf literaturbekannte Effekte zurückgeführt werden konnte, eine nicht-

zytotoxische Beschichtung bei Verwendung der L-929 Fibroblastenzellinie nach DIN EN ISO-

10993-5 für das 30% Benzophenon-funktionalisierte Chitosanderivat erhalten. 

3.2.4 Inflammatorisches Potential   

Zur Bewertung des inflammatorischen Potentials hinsichtlich Pyrogenität und systemische   

Toxizität werden bislang nach DIN EN ISO-10993-11 in-vivo Versuche am Kaninchen durch-

geführt, wobei die Erhöhung der Körpertemperatur als Nachweis für Pyrogenität gilt.161 Hierfür 

werden allerdings eine hohe Zahl an Versuchstieren benötigt, ferner ist die Reproduzierbarkeit 

über die Versuchstierpopulationen nicht immer gegeben.162–164 Zur besseren Durchführbarkeit 

wurde hier der Monozyten-Aktivierungstest vorgeschlagen, bei welchem menschliche Mo-

nozyten (Mono Mac-2 oder Mono Mac-6 Zelllinie) in-vitro auf Interleukin-Sekretion, in der Re-

gel IL-1b oder IL-6, getestet werden.169–173 Zur Bewertung des inflammatorischen oder poten-

ziell anti-inflammatorischen Potentials wurden Mono Mac-6 Zellen mit und ohne LPS auf den 

Beschichtungen inkubiert, gefolgt von der Messung der IL-6 Sekretion sowie der IL-1b, IL-8 

und IL-10 Genexpression. Experimentelle Details können der Publikation P-2 im Anhang ent-

nommen werden.  

Es wurden um ca. 100% erhöhte IL-6-Konzentrationen im überstehenden Medium für die 

100%-BP-CS, 50%-BP-CS und 12%-BP-CS Beschichtung gemessen, während die 30%-BP-

CS Beschichtung keine signifikant erhöhte IL-6 Sekretion verursacht. Die 7%-BP-CS Be-

schichtung zeigt eine um ca. 40% erhöhte IL-6 Sekretion. Die geringere IL-6 Sekretion geht 

hier einher mit einer glatteren Oberflächentextur, welche mittels SEM und AFM bestimmt 

wurde, womit die erhöhten Werte für die 100%, 50% und 12%-BP-CS Beschichtung auf die 

schwammartige Texturierung der Oberfläche zurückgeführt werden kann. Dies entspricht den 

Beobachtungen zu Oberflächenstrukturierung und Biokompatibilität, wobei die Oberflächen-

rauigkeit und -textur einen signifikanten Einfluss auf Biokompatibilität und inflammatorische 

Eigenschaften einer Implantatoberfläche hat.261 Die gemessenen Daten über die IL-6 
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Sekretion werden ebenso von den Genexpressionsdaten von IL-1b, IL-8 und IL-10 bestätigt, 

bei welchen die 30%-BP-CS Beschichtung keine erhöhte Genexpression dieser Interleukine 

zur Folge hat. 

3.3 Fluoreszent-markiertes L-Kynurenin  
Kynurenin ist ein vielversprechender Biomarker für Abstoßungsreaktionen von Transplanta-

ten199–201,262 sowie von Implantaten.202,204,263 Bislang ist in der Literatur aber kein hinreichend 

sensitiver Schnelltest mittels eines Antikörpers auf L-Kynurenin bekannt, welcher eine hinrei-

chende Sensitivität unter physiologischen Bedingungen auf die physiologisch relevanten Kon-

zentrationen an L-Kynurenin liefert. Der Ansatz von Klockow et. al.,212 funktioniert über eine 

Umsetzung des aromatischen Amins des L-Kynurenins mit einem Aldehyd. Hier kommt es 

durch ein Cumarin-Derivat in-situ durch Ausbildung eines Imins zwischen dem aromatischen 

Amin des Kynurenins und eines Aldehyds am Cumarinderivat zu einer pH-Wert abhängigen 

Fluoreszenz mit Emissionsmaximum bei 555 nm.212 Da allerdings die Epitoperkennung von 

Aminosäuren, insbesondere bei kurzkettigen Epitopen oder gar Epitopen, welche aus einzel-

nen Aminosäuren bestehen, über die Seitenkette erfolgt,264 ist hier die Erkennung mittels eines 

Anti-Kynurenin-Antikörpers fraglich. Des Weiteren wäre eine Änderung des pH-Wertes zur In-

duzierung einer Fluoreszenz erforderlich, was die Entwicklung eines Schnelltests hieraus aus-

schließt. 

3.3.1 Synthesestrategie 

Aufbauend auf diesen literaturbekannten Verbindungen wurde der Ansatz eines fluoreszenten 

Rhodamin B gewählt, welches mittels eines verbrückenden Azidotetraethylenglycol-Linkers an 

die freie Carboxygruppe des L-Kynurenins sowie mit der Azidogruppe mittels Huisgen 1,3-

dipolarer Cycloaddition („Click-Chemie“79) an ein Propargyl-Rhodamin B ligiert wurde. Hierzu 

wurde die freie Aminogruppe des Kynurenins Boc-geschützt, gefolgt von einer Veresterung 

der (aktivierten) Carboxygruppe via Steglich mit einem Azidotetraethylenglycol, welche Aus-

beuten von 33% liefert. Die weitere Umsetzung mit einem Propargyl-Rhodamin B liefert Aus-

beuten von 90%, welche charakteristisch für die Click-Chemie mittels der Huisgen 1,3-dipolare 

Cycloaddition sind.79 Entschützen der Boc-Aminogruppe liefert das finale Produkt nach Aufar-

beitung in 26% Ausbeute. Als Kontrolle für die Antikörper-Bindung wurde ebenso das             

Propargyl-Rodamin B mit einem Azidotetraethylenglycol-Linker mittels der ClickChemie um-

gesetzt, was Ausbeuten von 95% liefert. 
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Die Emissionsmaxima der Rhodamin B Konjugate wurden zu 586 nm bestimmt, welchem mit 

den Literaturwerten für natives Rhodamin B übereinstimmen. Die Absorptionsmaxima sind um 

6 nm zu 560 nm verschoben, im Vergleich zu 554 nm für natives Rhodamin B.265 

3.3.2 Testentwicklung und Detektion von L-Kynurenin 

Als Modell für eine Schnelltestentwicklung wurden die Anti-Kynurenin Antikörper mittels 

EDC/NHS an magnetische Beads konjugiert und in einem kompetitiven Assay die Verdrän-

gung von nativem L-Kynurenin bestimmt. Die experimentellen Arbeiten hierzu wurden seitens 

von Frau Isabel Quint durchgeführt, experimentelle Details können der Publikation P-3 ent-

nommen werden. Es wurde kein KD-Wert von 5,9 µM für die Bindung des Rhodamin B mar-

kierten L-Kynurenins an den Antikörper gefunden, womit unspezifische Interaktionen ausge-

schlossen werden konnten. Ferner konnte die IC50 zur Verdrängung von nativem L-Kynurenin 

zu 4,0 µM in PBS und 10,2 µM in künstlichem Speichel bestimmt werden. 
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4 Zusammenfassung 

Im ersten Teil der Dissertation wurde eine Reihe an N-Acetylglucosamin-methacryloyl Deriva-

ten synthetisiert und mit Methacryloylbenzophenon und Dimethacrylamid in verschiedenen 

stöchiometrischen Verhältnissen copolymerisiert. Die stöchiometrisch vorgesehenen Verhält-

nisse an Methacryloyl-GlcNAc und Dimethacrylamid wurden erhalten. Die Polymere wurden 

mittels einer C-H Insertionsreaktion, vermittelt durch das copolymerisierte Methacryloylbenzo-

phenon, erfolgreich in ein polymeres Hydrogel auf einer PETG Oberfläche als Modellmaterial 

quervernetzt. Die Beschichtungen mit GlcNAc-Methacrylat im Copolymer zeigen antimikrobi-

elle Aktivität von bis zu 1,2 log-Stufen gegenüber MRSA(+) S. aureus. Die Biofilmbildung wird 

am Beispiel von E. coli und MRSA(+) S. aureus verhindert. Die Zytotoxizität wurde nach DIN 

EN ISO-10993-5 mit L-929 Fibroblasten getestet, wobei nur ein geringe Wachstumsinhibhie-

rung kleiner als 30% festgestellt wurde. Insgesamt zeigt diese Beschichtung einen interessan-

ten Ansatz hinsichtlich der Oberflächenfunktionalisierung von Implantaten, welche antiadhä-

sive und antimikrobielle Verbindungen enthalten bei gleichzeitig geringer Zytotoxizität. 

Der Ansatz der Benzophenon-vernetzten Polymere als kovalent gebundene Oberflächenbe-

schichtung wurde demnach weiter auf Chitosan selbst ausgedehnt. Chitosan wurde in fünf 

verschiedenen stöchiometrischen Verhältnissen mit 4-Benzylbenzoesäure umgesetzt, um ver-

schiedene Substitutionsgrade an Benzophenon am Chitosan zu erhalten. Die Reaktion verläuft 

regioselektiv an der freien Aminogruppe des Chitosans. Die stöchiometrisch vorhergesehenen 

Verhältnisse (100%, 50%, 25%, 10% und 5%) wurden im Substitutionsgrad mit 100%, 50%, 

30%, 12% und 7% ungefähr erhalten und photometrisch bestimmt. Die daraus erhaltenen 

Oberflächenbeschichtungen wurden mittels IR, XPS, SEM-EDS chemisch charakterisiert. Die 

entsprechenden Substitutionsgrade von 100% und 30% Benzophenon finden sich im XPS-

Spektrum der zugehörigen Beschichtungen wieder, des Weiteren im SEM-EDS Spektrum. 

Chitosan selbst wurde mittels IR, XPS und SEM-EDS nachgewiesen. Die Oberflächeneigen-

schaften wurden mittels SEM, AFM und eines Surface Profilers analysiert, wobei raue Ober-

flächen mit Rauigkeiten von 300 – 700 nm (Ra und Rq) erhalten wurden. Die Dicke der Be-

schichtungen wurde zu 1 – 4 µm bestimmt.  

Die Zytotoxizität wurde nach DIN EN ISO-10993-5 mit vier verschiedenen Zelllinien bestimmt, 

wobei die 30%-BP-CS Beschichtung die geringste Zytotoxizität aufweist und mit unter 30% 

Wachstumshemmung als nicht-zytotoxisch betrachtet werden kann. Ferner ist kein inflamma-

torisches Potential der Oberfläche (Pyrogenität) bei einem Monozyten-Aktivierungstest auf 

sekretierte (IL-6) oder überexprimierte (IL-1b, IL-8, IL-10) Interleukine nachweisbar. Diese Be-

schichtung zeigt ebenso eine antimikrobielle Aktivität von 5,1 log-Stufen gegen MRSA(+) S. 

aureus und E. coli. 
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Mit diesen beiden Ansätzen, welche beide in Publikationen in Peer Review Journals veröffent-

licht wurden (vgl. P-1 und P-2 im Anhang) wurde die Machbarkeit einer antibakteriellen Ober-

flächenbeschichtung, welche sich für photolitographische Zwecke eignet, am Beispiel von 

PEEK als Implantatmaterial demonstriert. Ferner wurden Zusammenhänge zwischen dem Ge-

halt an Benzophenon Crosslinker und der Biokompatibilität, der antimikrobiellen Aktivität und 

der erhaltenen Oberflächentopologie der Beschichtung untersucht. Zusammenhänge zwi-

schen verbrückenden Oligoethylenglycol-Linkern und den Copolymergehalt an N-Acetylglu-

cosamin und der antimikrobiellen Aktivität der Polymere wurden untersucht und hergestellt, 

wobei sich ein GlcNAc-Gehalt von 5% in Verbindung mit einem Tetraethylenglycol-Linker als 

am wirkungsvollsten herausgestellt hat. Hierbei wurde eine antimikrobielle Aktivität von 1,2 

log-Stufen gegen MRSA(+) S. aureus erreicht. Ferner wurde der Einfluss der Linkerlänge auf 

die Zytotoxizität, respektive Biokompatibilität untersucht, wobei sich Linkerlängen mit mehr als 

vier Ethylenglycoleinheiten als am besten biokompatibel herausgestellt haben. Die antimikro-

bielle Aktivität dieser Polymere als Oberflächenbeschichtungen wurde durch Benzophenon-

modifizierte Chitosanderivate noch übertroffen, bei welchen eine antimikrobielle Aktivität von 

5,1 log-Stufen gegen MRSA(+) S. aureus erreicht wurde, bei gleichzeitig geringer Zytotoxizität 

und damit gegebener Biokompatibilität. 

Im weiteren Teil der Arbeit (vgl. Publikation P-3) wurde gezeigt, dass sich ein fluoreszent mar-

kiertes L-Kynurenin Derivat mittels eines Antikörpers gegen L-Kynurenin als Biomarker für Ab-

stoßungsreaktionen nachweisen lässt, wobei die Nachweisgrenze den Bereich der physiolo-

gisch relevanten Konzentrationen für L-Kynurenin bei Abstoßungsreaktionen umfasst. Hiermit 

besteht ebenso ein interessantes Werkzeug zur weiteren klinischen Bewertung von möglichen 

Abstoßungsreaktionen im Rahmen der Biokompatibilitätsbewertung von Medizinprodukten. 
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Anhang 

Publikationen 
Die folgenden Publikationen (P-1 bis P-3) liegen dieser Arbeit zugrunde: 

P-1: Methacryloyl-GlcNAc Derivatives Copolymerized with Dimethacrylamide as a Novel 

Antibacterial and Biocompatible Coating. 

P-2: Synthesis of a biocompatible benzophenone-substituted chitosan hydrogel as novel 

coating for PEEK with extraordinary strong antibacterial and anti-biofilm properties. 

P-3: A Fluorescence-Based Competitive Antibody Binding Assay for Kynurenine, a Poten-

tial Biomarker of Kidney Transplant Failure. 
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Abstract 
Improving medical implants with functional polymer coatings is an effective way to further im-

prove the level of medical care. Antibacterial and biofilm-preventing properties are particularly 

desirable in the area of wound healing, since there is a generally high risk of infection, often 

with a chronic course in the case of biofilm formation. To prevent this we here report a poly-

meric design of polymer-bound N-acetyl-glucosamine-oligoethylene glycol residues that mimic 

a cationic, antibacterial, and biocompatible chitosan surface. The combination of easy to use, 

crosslinkable, thin, potentially 3D-printable polymethacrylate layering with antibacterial and bi-

ocompatible functional components will be particularly advantageous in the medical field to 

support a wide range of implants as well as wound dressings. Different polymers containing a 

N-acetylglucosaminemethacryloyl residue with oligoethylene glycol linkers and a methacryloyl 

benzophenone crosslinker were synthesized by free radical polymerization. The functional 

monomers and corresponding polymers were characterized by 1H, 13C NMR, and infrared 

(IR) spectroscopy. The polymers showed no cytotoxic or antiadhesive effects on fibroblasts as 

demonstrated by extract and direct contact cell culture methods. Biofilm formation was reduced 

by up to 70% and antibacterial growth by 1.2 log, particularly for the 5% GlcNAc-4EG polymer, 

as observed for Escherichia coli and Staphylococcus aureus as clinically relevant Gram-neg-

ative and Gram-positive model pathogens. 
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Abstract: Improving medical implants with functional polymer coatings is an effective way to further
improve the level of medical care. Antibacterial and biofilm-preventing properties are particularly
desirable in the area of wound healing, since there is a generally high risk of infection, often with
a chronic course in the case of biofilm formation. To prevent this we here report a polymeric de-
sign of polymer-bound N-acetyl-glucosamine-oligoethylene glycol residues that mimic a cationic,
antibacterial, and biocompatible chitosan surface. The combination of easy to use, crosslinkable,
thin, potentially 3D-printable polymethacrylate layering with antibacterial and biocompatible func-
tional components will be particularly advantageous in the medical field to support a wide range
of implants as well as wound dressings. Different polymers containing a N-acetylglucosamine-
methacryloyl residue with oligoethylene glycol linkers and a methacryloyl benzophenone crosslinker
were synthesized by free radical polymerization. The functional monomers and corresponding
polymers were characterized by 1H, 13C NMR, and infrared (IR) spectroscopy. The polymers showed
no cytotoxic or antiadhesive effects on fibroblasts as demonstrated by extract and direct contact cell
culture methods. Biofilm formation was reduced by up to 70% and antibacterial growth by 1.2 log,
particularly for the 5% GlcNAc-4EG polymer, as observed for Escherichia coli and Staphylococcus
aureus as clinically relevant Gram-negative and Gram-positive model pathogens.

Keywords: carbohydrates; glycosides; antibacterial; antibiofilm; MRSA; E. coli; biocompatible

1. Introduction
Bacterial wound infections are a major health problem, comparable to infections subse-

quent to surgical procedures, especially when a biofilm is formed significantly reducing the
susceptibility of bacteria to antibiotics [1–3]. In combination with the increasing number
of reported multidrug-resistant pathogens, antibiotic resistant bacterial infections are a
clinical problem that will become even more acute in the future [4]. An implant or scaffold
has to be functional for fibroblast or stem cells adhesion to ensure proper resorption of
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the implant into the surrounding tissue. This functionalization promotes adhesion often
unspecifically for all cells and organisms, including bacteria, leading to a “race to the
surface” [5,6], whereby the patient’s cells and bacteria compete to adhere to an implant’s
surface. The critical time window for this competition between body tissue and bacteria
has been determined to be the first 6 h after implantation, while a single bacteria can form a
biofilm within 24 h [7]. After 48–96 h, the biofilm becomes resistant to therapeutic treatment
as the formed matrix renders the encapsulated bacteria less susceptible to host defense
mechanisms and antibiotic therapy [8–12]. Conventionally, antibiotic prophylaxis is used
in both implant surgery and traumatic wound care to reduce the likelihood of bacterial
infections [13,14]. However, the problem of increasing multidrug-resistant bacteria, particu-
larly in clinical settings, has led to a re-evaluation of the extensive use of antibiotics [15,16].
To some degree, reducing the usage of systemic antibiotics can prevent the emergence
of new multidrug-resistant pathogens. In order to prevent infections even with reduced
administration of antibiotics, other antimicrobial mechanisms must also be applied, such
as antimicrobial modification of surfaces or addition of nanoparticles [17–19].

Cationic polymers have been widely described in articles and reviews with regard to
their antibacterial properties and use in self-disinfecting surfaces; most contain a quater-
nary ammonium group or alkyl pyridinium group as the functional component [20–25].
The mechanism of action of these cationic polymers in solution is well described by
the Shai-Matsuzaki-Huang (SMH) model [26–28]. The antibacterial action of surfaces
coated with cationic polymers is thought to follow a similar mechanism through polymeric
brushes [21,29–33], but some publications describe a simple monolayer of cationic groups
as being antibacterial as well [34]. Murata et al. propose a mechanism driven mainly by
surface charge instead of insertion of cationic polymer brushes into the bacterial cell wall,
following an SMH-like mechanism [20]. The exact mechanism of the antibacterial effect of
cationic polymers requires further discussion and clarification.

Chitosan is a cationic polymeric aminoglycan, consisting of N-acetylglucosamine
(GlcNAc) and glucosamine repeating units; it is used in tissue engineering applications
such as bone tissue engineering [35–37], stem cell encapsulation [38–40], and wound
dressing [41,42]. The polymer is thought to exhibit its antibacterial properties through a
cationic mechanism via glucosamine’s amino group by disrupting the outer and inner
bacterial cell membrane [43–45] and has been shown to mediate biofilm formation of
Actinobacillus pleuromoniae [46]. The corresponding monomer, GlcNAc, has been shown to
prevent biofilm formation by Escherichia coli [47]. Because of its insolubility in water and
organic solvents, except ionic liquids, chitosan has been used in several polymeric modifica-
tions to combine its proliferative and antibacterial properties with the mechanical stiffness
of other polymers, taking advantage of different synthetic polymers or nanoparticles,
rendering it useful for biomedical applications [48].

Another group of antimicrobial compounds is the 1,2,3-triazoles, which exhibit an-
tibacterial activity mainly through formation of hydrogen bonds of the triazole ring with
other moieties, forming a cationic surface and possibly leading to an SMH-like antibacterial
mechanism [49]. These 1,2,3-triazoles can easily be introduced by Huisgen 1,3-dipolar
cycloaddition of an azide and alkyne, without the need for complicated workup proce-
dures or toxic and expensive reagents, making it suitable for polymer modifications [50,51].
Several polymers modified in this way are listed in a library of (1,2,3-triazol-1-yl)quinazolin-
4-ones and have shown antibacterial properties against Gram-positive and Gram-negative
bacteria [52,53]. In addition, a library of 1,2,3-triazol-sucrose derivatives showed antifungal
and antibacterial properties while maintaining low cytotoxicity against non-tumor cell
lines [54–56].

An additional approach is the design of antiadhesive surfaces to prevent colonization
of implant surfaces. Pandiyarajan et al. [57] described a surface-attached hydrogel network,
consisting of poly-dimethacrylamide copolymerized with methacryloyl benzophenone
(MBP), that had antiadhesive properties against proteins and blood platelets. Surface
anchoring was accomplished via photoactive UV crosslinking of the benzophenone moi-
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ety [57]. The benzophenone undergoes a UV-induced, radical C–H insertion reaction, as
reviewed by Prucker et al. [58] rendering it suitable for functionalization of polymeric
surfaces to obtain stable, covalently attached hydrogel networks [58]. To the best of our
knowledge, there is no description of combining the antimicrobial properties of a cationic
GlcNAc residue with an antiadhesive, UV-crosslinkable acrylamide hydrogel in order to
reduce microbial contamination of implant surfaces in the literature.

In this study, we combined the previously described approaches that resulted in a
surface-bound poly-dimethacrylamide methyl (PDMAm) network with UV-induced an-
choring via benzophenone, combining it with a GlcNAc residue containing a triazole and a
distinct linker to the PDMAm network backbone. We thereby mimicked an antimicrobial
chitosan surface while taking advantage of the antiadhesive PDMAm hydrogel as base
layer. The hydrogel network can be easily obtained via solvent casting of the polymer
solution, followed by UV crosslinking. We investigated the effect of the combinatorial ap-
proach of triazole functional groups and chitosan-mimicking surfaces on the antimicrobial,
antibiofilm, and biocompatible properties of such coatings.

2. Experimental Section
2.1. Chemical Synthesis and Characterization
2.1.1. General Methods

TLC was carried out on Silica Gel 60 F254 (Merck KGaA, Darmstadt, Germany, layer
thickness 0.2 mm) with detection by UV light (254 nm) or by charring with 1% KMnO4
in 1N NaOH. Flash column chromatography (FC) was performed on M&N Silica Gel
60 (0.063–0.200 mm, MACHEREY-NAGEL GmbH, Düren, Germany). 1H NMR and 13C
NMR spectra were recorded on a Bruker Avance I 200, Bruker Avance II 400 (Bruker
Corporation, Billerica, MA, USA), or Varian Unity 500 (Varian, Palo Alto, CA, USA) spec-
trometer. Chemical shifts are reported in parts per million relative to solvent signals
(CDCl3: �H = 7.26 ppm, �C = 77.0 ppm; DMSO-d6: �H = 2.49 ppm, �C = 39.7 ppm; CD3OD:
�H = 4.78 ppm, �C = 49.3 ppm). Signals were assigned by first-order analysis, and assign-
ments were supported, where feasible, by 2-dimensional 1H, 1H and 1H, 13C correlation
spectroscopy. Coupling constants are reported in hertz. Chemicals and reagents were
purchased from Acros Organics (Geel, Belgium), Sigma-Aldrich (Munich, Germany), Carl
Roth (Karlsruhe, Germany), ABCR (Karlsruhe, Germany), or MCAT (Donaueschingen,
Germany) and were used without further purification.

2.1.2. Synthesis of Azido Linkers 2, 4, 5, 6
Azido linkers were synthesized according to a procedure published by Mahou and

Wandrey [59], following a cascade of sequential tosylation and NaN3 substitution steps.
For diethylene glycol linker 2, 2-(2-chloro-ethoxy)-ethanol was chosen as the starting
material instead of the tosylated diethylene glycol residue, according to another published
procedure [60].

2.1.3. General Tosylation Procedure
Tosylation was carried out according to a literature report [59]. The corresponding

linker (1 eq) and p-toluenesulfonyl chloride (1.1 eq) were dissolved in dichloromethane
(DCM) at 0 �C and NEt3 (2 eq) was added. After stirring for 2 h, the ice bath was removed
and the mixture stirred overnight at room temperature. Washing twice with water and
once with brine, followed by evaporation of the solvent, yielded the tosylated linker as a
yellowish oil.

2.1.4. Chain Prolongment of Azido Linkers via Tosylate 5, 6
Chain prolongment was carried out according to the literature [59]. Tosylated azido

linker 4 (1 eq) and NaH (1.1 eq) were suspended in water-free tetrahydrofuran (THF)
under Ar atmosphere. After stirring for 30 min at room temperature, diethylene glycol for
product 5 or 1,8-octanediol for product 6 (5 eq) was added dropwise to the mixture. After
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stirring for 48 h under reflux, H2O was added, the solvent evaporated, and the aqueous
layer extracted 3⇥ with DCM Washing 2⇥ with NaOH, followed by evaporation of the
solvent and column chromatography (ethyl acetate/methanol 19:1, Rf = 0.4), yielded the
pure products 5 and 6 as yellowish oils.

8-(2-{2-[2-(2-Azido-ethoxy)-ethoxy]-ethoxy}-ethoxy)-octan-1-ol 6
Yield: 71%
1H-NMR (CDCl3, 400 MHz): 3.71–3.63 (m, 14H, O–CH2), 3.59 (dt, J = 4.5, 1.2 Hz, 2H,

O–CH2), 3.46 (t, J = 6.8 Hz, 2H, O–CH2), 3.40 (t, J = 5.1 Hz, 2H, N3–CH2), 1.57 (dt, J = 13.2,
6.5 Hz, 4H, CH2), 1.40–1.29 (m, J = 17.9 Hz, 8H, CH2).

13C-NMR (CDCl3, 100 MHz): 71.48 (O–CH2), 70.72 (O–CH2), 70.70 (O–CH2), 70.65
(O–CH2), 70.61 (O–CH2), 70.08 (O–CH2), 70.04 (O–CH2), 63.01 (O–CH2), 50.70 (N3–CH2),
32.77 (CH2), 29.60 (CH2), 29.39 (CH2), 29.33 (CH2), 26.00 (CH2), 25.66 (CH2).

2.1.5. General Procedure for the Synthesis of Azidomethacrylates 7–10
Azido methacrylates were synthesized as published [61]. Briefly, azido linker (1 eq)

and NEt3 (1.3 eq) were dissolved in water-free DCM in a sealed Schlenk flask under
Ar atmosphere cooled in an ice bath to 0 �C. Methacryloyl chloride (1.2 eq) was added
dropwise to the mixture. The solution was allowed to warm to room temperature and
stirred at room temperature overnight. Washing with 1M H2SO4 (3⇥, equal volume to
solvent) followed by drying over Na2SO4 and evaporation of the solvent yielded the crude
product. Further purification by column chromatography (ethyl acetate/hexane 1:10)
yielded the pure products.

2-Methyl-acrylic acid 2-(2-azido-ethoxy)-ethyl ester 7
Yield: 81%
1H-NMR (CDCl3, 400 MHz): 6.17 (s, 1H, CH2), 5.60 (s, 1H, CH2), 4.34 (t, J = 4.7 Hz,

2H, O–CH2), 3.78 (t, J = 4.7, 2H, O–CH2), 3.71 (t, J = 5.0, 2H, O–CH2), 3.40 (t, J = 4.9, 2H,
CH2–N3), 1.98 (s, 3H, CH3).

13C-NMR (CDCl3, 100 MHz): 167.3 (C=O), 136.1 [C(CH3)(CH2)], 125.9 (C=CH2),
70.1 (O–CH2),69.2 (O–CH2), 63.7 (O–CH2), 50.7 (N3–CH2), 18.3 (CH3).

2-Methyl-acrylic acid 2-{2-[2-(2-azido-ethoxy)-ethoxy]-ethoxy}-ethyl ester 8
Yield: 71%
1H-NMR (CDCl3, 400 MHz): 6.16 (s, 1H, CH2), 5.60 (s, 1H, CH2), 5.33 (t, J = 4.9 Hz,

2H, O–CH2), 3.77 (t, J = 3.8 Hz, 2H, O–CH2), 3.70 (s, 10H, O–CH2), 3,41 (t, J = 5.0 Hz, 2H,
CH2–N3), 1.97 (s, 3H, CH3).

13C-NMR (CDCl3, 100 MHz): 136.2 [C(CH3)(CH2)], 125.8 (C=CH2), 70.8 (O–CH2),
70.1 (O–CH2), 69.2 (O–CH2), 63.8 (O-CH2), 50.7 (N3–CH2), 18.3 (CH3).

2-Methyl-acrylic acid 2-[2-(2-{2-[2-(2-azido-ethoxy)-ethoxy]-ethoxy}-ethoxy)-ethoxy]-ethyl
ester 9

Yield: 55%
1H-NMR (CDCl3, 400 MHz): 6.17 (s, 1H, CH2), 5.60 (s, 1H, CH2), 4.34 (t, J = 4.7 Hz,

2H, O–CH2), 3.78 (t, J = 4.7, 2H, O–CH2), 3.71 (t, J = 5.0, 2H, O–CH2), 3.40 (t, J = 4.9, 2H,
CH2–N3), 1.98 (s, 3H, CH3).

13C-NMR (CDCl3, 100 MHz): 167.4 (C=O), 136.2 [C(CH3)(CH2)], 125.7 (C=CH2),
70.7 (O–CH2), 70.6 (O–CH2), 70.0 (O–CH2), 69.2 (O–CH2), 63.9 (O–CH2), 50.7 (N3–CH2),
18.3 (CH3).

2-Methyl-acrylic acid 8-(2-{2-[2-(2-azido-ethoxy)-ethoxy]-ethoxy}-ethoxy)-octyl ester 10
Yield: 66%
1H-NMR (CDCl3, 400 MHz): 6.11 (s, 1H, CH2), 5.56 (s, 1H, CH2), 4.15 (t, J = 6.7 Hz,

2H, O–CH2), 3.72–3.64 (m, 14H, O–CH2), 3.62–3.57 (m, 2H, O–CH2), 3.46 (t, J = 6.8 Hz, 2H,



Pharmaceutics 2021, 13, 1647 5 of 24

O–CH2), 3.41 (t, J = 5.1 Hz, 2H, N3–CH2), 1.96 (s, 2H, O–CH2), 1.73–1.64 (m, 2H, O–CH2),
1.62–1.57 (m, 2H, O–CH2), 1.44–1.26 (m, 8H, O–CH2).

13C-NMR (CDCl3, 100 MHz): 167.56 (C=O), 136.55 [C(CH3)(CH2)], 125.16 (C=CH2),
71.48 (O–CH2), 70.72 (O–CH2), 70.70 (O–CH2), 70.65 (O–CH2), 70.64 (O–CH2), 70.62 (O–CH2),
70.08 (O–CH2), 70.05 (O–CH2), 64.80 (O–CH2), 50.70 (N3–CH2), 29.61 (CH2), 29.36 (CH2),
29.21 (CH2), 28.60 (CH2), 26.02 (CH2), 25.93 (CH2), 18.34 (CH3).

2.1.6. General Procedure for Click Reaction of Azidomethacrylates with 13
The click reaction was carried out under optimized conditions according to Schmidt et al.

2014 [62]. Azido methacrylate (1 eq) and propargyl GlcNAc 13 (1 eq) were dissolved
in a mixture of dichloromethane/methanol/water (10:10:3). Then, CuSO4 (0.04 eq),
tris(benzyltriazolylmethyl)amine (TBTA) (0.01 eq), and sodium ascorbate (0.22 eq) were
added, and the mixture was heated to reflux for 1 h. After cooldown and adding water, the
solution was extracted 3 times with dichloromethane, the organic layer dried over Na2SO4,
and the solvent evaporated in vacuum. Column chromatography yielded the products as
yellowish oil.

2-Methyl-acrylic acid 2-{2-[4-(3-acetylamino-4,5-dihydroxy-6-hydroxymethyl-tetrahydro-
pyran-2-yloxymethyl)-[1,2,3]triazol-1-yl]-ethoxy}-ethyl ester 11a

Yield: 75%
1H-NMR (CDCl3, 400 MHz): 7.67 (s, 1H, Ar-H), 6.03 (s, 1H, CH2), 5.84 (s, 1H, H-1),

5.54 (s, 1H, CH2), 5.16 (t, J = 9.2 Hz, 1H, H-3), 5.04 (t, J = 9.4 Hz, 1H, H-4), 4.83–4.75 (m, 3H,
O–CH2 + H-2), 4.49 (s, 2H, O–CH2), 4.24–4.19 (m, 2H, O–CH2), 4.07 (dd, J = 16.3, 9.5 Hz,
1H, H-6), 3.92 (s, 1H, H-6), 3.82 (s, 2H, O–CH2), 3.68–3.65 (m, 1H, H-5), 3.63 (t, J = 4.7 Hz,
2H, O–CH2), 2.03 (s, 3H, C(O)CH3), 1.96 (s, 3H, C(O)CH3), 1.95 (s, 3H, C(O)CH3), 1.87 (s,
3H, C(O)CH3), 1.79 (s, 3H, CH3).

2-Methyl-acrylic acid 2-[2-(2-{2-[4-(4,5-diacetoxy-6-acetoxymethyl-3-acetylamino-
tetrahydro-pyran-2-yloxymethyl)-[1,2,3]triazol-1-yl]-ethoxy}-ethoxy)-ethoxy]-ethyl
ester 11b

Yield: 63%
1H-NMR (CDCl3, 400 MHz): 7.58 (s, 1H, Ar-H), 5.96 (s, 1H, CH2), 5.71 (d, J = 8.5 Hz,

1H, H-1), 5.42 (s, 1H, CH2), 5.05 (t, J = 9.9 Hz, 1H, H-3), 4.95 (t, J = 9.6 Hz, 1H, H-4), 4.78
(d, J = 12.3 Hz, 1H, H-2), 4.68 (dd, J = 23.6, 10.5 Hz, 2H, O–CH2–Ar), 4.39 (t, J = 4.7 Hz,
2H, O–CH2), 4.17–4.10 (m, 3H, O–CH2 + H-6), 3.99 (dd, J = 12.4, 2.1 Hz, 1H, H-6), 3.82 (dd,
J = 18.0, 8.5 Hz, 1H, H-5), 3.72 (t, J = 5.0 Hz, 2H, O–CH2), 3.60–3.57 (m, 2H, O–CH2),
3.53–3.45 (m, 10H, O–CH2), 1.94 [s, 2H, C(O)CH3], 1.87 [s, 3H, C(O)CH3], 1.86 [s, 3H,
C(O)CH3], 1.79 [s, 3H, C(O)CH3], 1.69 (s, 3H, CH3).

2-Methyl-acrylic acid
2-(2-{2-[2-(2-{2-[4-(3-acetylamino-4,5-dihydroxy-6-hydroxymethyl-tetrahydro-pyran-2-
yloxymethyl)-[1,2,3]triazol-1-yl]-ethoxy}-ethoxy)-ethoxy]-ethoxy}-ethoxy)-ethyl ester 11c

Yield: 56%
1H-NMR (CDCl3, 400 MHz): 7.76 (s, 1H, Ar–H), 6.12 (s, 1H, CH2), 6.05 (d, J = 8.4 Hz,

1H, H-1), 5.57 (d, J = 1.6 Hz, 1H, CH2), 5.23 (t, J = 9.9 Hz, 1H, H-3), 5.09 (t, J = 9.6 Hz, 1H,
H-4), 4.94 (d, J = 12.6 Hz, 1H, H-2), 4.84 (dd, J = 33.4, 10.4 Hz, 2H, O–CH2–Ar), 4.54 (t,
J = 4.8 Hz, 2H, O–CH2), 4.32–4.23 (m, 3H, O–CH2 + H-6), 4.14 (dd, J = 12.4, 2.1 Hz, 1H,
H-6), 3.87 (t, J = 5.0 Hz, 2H, O–CH2), 3.77–3.71 (m, 3H, O-CH2 + H-5), 3.68–3.59 (m, 20H,
O–CH2), 2.09 (s, 3H, C(O)CH3), 2.02 (s, 3H, C(O)CH3), 2.01 (s, 3H, C(O)CH3), 1.94 (s, 3H,
C(O)CH3), 1.85 (s, 3H, CH3).
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2-Methyl-acrylic acid
8-{2-[2-(2-{2-[4-(4,5-diacetoxy-6-acetoxymethyl-3-acetylamino-tetrahydro-pyran-2-
yloxymethyl)-[1,2,3]triazol-1-yl]-ethoxy}-ethoxy)-ethoxy]-ethoxy}-octyl ester 11d

Yield: 86%
1H-NMR (CDCl3, 400 MHz): 7.61 (s, 1H, Ar-H), 5.94 (s, 1H, CH2), 5.85 (d, J = 8.6 Hz,

1H, H1), 5.39 (s, 1H, CH2), 5.08 (t, J = 9.9 Hz, 1H, H3), 4.94 (t, J = 9.6 Hz, 1H, H4), 4.82–4.60
(m, 3H, H2 + Ar–CH2–O), 4.41–4.34 (m, 2H, O–CH2), 4.25–4.08 (m, 2H, H6), 4.02–3.92 (m,
2H, O–CH2), 3.63–3.54 (m, 1H, H5), 3.51–3.45 (m, 10H, O–CH2), 3.43–3.39 (m, 2H, O–CH2),
3.28 (t, J = 6.8 Hz, 2H, O–CH2), 1.94 (s, 3H, CH3), 1.87 (s, 3H, CH3), 1.86 (s, 3H, CH3), 1.78
(s, 3H, CH3), 1.69 (s, 3H, CH3), 1.56–1.37 (m, 5H, CH2), 1.22–1.13 (m, 9H, CH2).

2.1.7. General Procedure for Click Reaction of Azidomethacrylates with Propargyl Alcohol
The click reaction with propargyl alcohol was carried out under conditions as pre-

viously published [62]. Briefly, azido methacrylate (1 eq) and propargyl alcohol (1.3 eq)
were dissolved in a mixture of dichloromethane/methanol/water (10:10:3). Then, CuSO4
(0.04 eq), TBTA (0.01 eq), and sodium ascorbate (0.22 eq) were added, and the mixture
was heated to reflux overnight. After cooldown and adding water, the solution was ex-
tracted 3 times with dichloromethane, the organic layer dried over Na2SO4, and the solvent
evaporated in vacuo. Column chromatography (ethyl acetate/methanol, 4:1) yielded the
products as yellow oils.

2-Methyl-acrylic acid 2-[2-(4-hydroxymethyl-[1,2,3]triazol-1-yl)-ethoxy]-ethyl ester 12a
Yield: 18%
1H-NMR (CDCl3, 200 MHz): 7.68 (s, 1H, Ar–H), 6.10 (dd, J = 1.5, 1.0 Hz, 1H, CH2),

5.60 (p, J = 1.6 Hz, 1H, CH2), 4.77 (s, 2H, CH2), 4.54 (t, J = 5.0 Hz, 2H, O–CH2), 4.29 (t,
J = 4.7 Hz, 2H, O–CH2), 3.87 (t, J = 5.1 Hz, 2H, O–CH2), 3.69 (ddd, J = 5.4, 4.0, 2.1 Hz, 2H,
O–CH2), 1.94 (dd, J = 1.5, 1.0 Hz, 3H, CH3).

13C-NMR (CDCl3, 50 MHz): 125.88 (C=CH2), 115.58, 69.40 (O–CH2), 69.20 (O–CH2),
69.04 (O–CH2), 63.42 (O–CH2), 50.30 (N–CH2), 18.21 (CH3).

2-Methyl-acrylic acid 2-[2-(4-hydroxymethyl-[1,2,3]triazol-1-yl)-ethoxy]-ethyl ester 12b
Yield: 39%
1H-NMR (CDCl3, 200 MHz): 7.76 (s, 1H, Ar–H), 6.11 (dd, J = 1.5, 0.9 Hz, 1H, CH2),

5.57 (p, J = 1.6 Hz, 1H, CH2), 4.78 (s, 2H, CH2), 4.53 (t, J = 5.3 Hz, 2H, CH2), 4.29 (dd, J = 5.7,
4.2 Hz, 2H, CH2), 3.86 (t, J = 5.2 Hz, 2H, CH2), 3.74 (dd, J = 5.5, 4.2 Hz, 2H, CH2), 3.67–3.57
(m, 8H, CH2), 1.93 (s, 3H, CH3).

13C-NMR (CDCl3, 50 MHz): 125.68 [C(CH3)(CH2)], 122.87 (C=CH2), 70.62 (O–CH2),
70.58 (O–CH2), 70.51 (O–CH2), 70.48 (O–CH2), 69.41 (O–CH2), 69.12 (O–CH2), 63.74
(O–CH2), 56.52 (O–CH2), 50.23 (N–CH2), 18.21 (CH3).

2-Methyl-acrylic acid 2-{2-[2-(2-{2-[2-(4-hydroxymethyl-[1,2,3]triazol-1-yl)-ethoxy]-ethoxy}-
ethoxy)-ethoxy]-ethoxy}-ethyl ester 12c

Yield: 96%
1H-NMR (CDCl3, 600 MHz): 7.86 (s, 1H, Ar–H), 6.12 (dd, J = 1.6, 1.0 Hz, 2H, CH2),

5.56 (q, J = 1.6 Hz, 2H, CH2), 4.79 (s, 2H, CH2), 4.54 (t, J = 4.9 Hz, 2H, CH2), 4.30–4.27 (m,
2H, CH2), 3.86 (t, J = 4.9 Hz, 2H, CH2), 3.72 (dd, J = 5.5, 4.3 Hz, 2H, CH2), 3.65–3.59 (m,
16H, CH2), 2.37 (s, 1H, OH), 1.94 (dd, J = 1.5, 1.0 Hz, 3H, CH3).

13C-NMR (CDCl3, 200 MHz): 136.12 [C(CH3)(CH2)], 125.72 (C=CH2), 70.60 (O–CH2),
70.57 (O–CH2), 70.56 (O–CH2), 70.54 (O–CH2), 70.53 (O–CH2), 70.48 (O–CH2), 70.46
(O–CH2), 70.38 (O–CH2), 69.38 (O–CH2), 69.10 (O–CH2), 64.34 (O–CH2), 63.81 (O–CH2),
57.20 (O–CH2), 56.62 (O–CH2), 50.34 (N3–CH2), 30.57 (CH2), 18.28 (CH3).
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2.1.8. General Procedure for Free Radical Polymerization
Combined monomers (in general, dimethacrylamide, benzophenone methacrylate

14 and functional methacrylate 11a–d or 12a–c in given ratios (Table 1) were dissolved in
water-free THF under Ar atmosphere to a total monomer concentration of 2 M. Azobi-
sisobutyronitrile (AIBN) (0.01 mol%) was added and the reaction mixture heated to reflux
for 16 h. Cooldown followed by precipitation of the polymers in 10-fold excess iso-hexane
yielded the product as a white precipitate. The precipitate was dissolved in water and
lyophilized to obtain the product as a white powder.

Table 1. Overview of the synthesized PDMAm-polymers.

Polymer Calculated Ratio Found Ratio (via NMR)

MBP 14 [%] (a) 11 or 12 [%] (b) MBP vs. 11/12

GlcNAc-2EG 5% 5% 11a 30:1
5%-GlcNAc-4EG 5% 5% 11b 2:1

10%-GlcNAc-4EG 5% 10% 11b 1:2
25%-GlcNAc-4EG 5% 25% 11b 1:5

50%-GlcNAc-4EG (c) 5% 50% 11b -
GlcNAc-6EG 5% 5% 11c 3:1

GlcNAc-4EG-octyl 5% 5% 11d 6:1
HM-2EG 5% 5% 12a 1:1
HM-4EG 5% 5% 12b 1:1
HM-6EG 5% 5% 12c 1:1

PDMAm (d) 5% - -
(a) 4-methacryloyloxy-benzophenone (MBP). (b) Functional GlcNAc monomers (11), Functional 4-hydroxymethyl
monomers (12). (c) The 50%-GlcNAc-4EG polymer could not be obtained; instead, the reaction resulted in ester
hydrolysis of the methacrylic acid ester, yielding the GlcNAc-tetraethylene glycol clickamer only. (d) The PDMAm
polymer is the dimethacrylamide-co-methacryloyl benzophenone copolymer without additional functionality,
serving as control for cell culture and microbiology experiments.

2.1.9. General Deprotection Procedure of GlcNAc Polymers
Deprotection was carried out according to a standard Zemplén procedure [63]. Glc-

NAc polymers were dissolved in dry methanol in a sealed tube under Ar atmosphere.
NaOMe (30% solution in methanol; 0.2 eq referring to glycoside content) was added and
the mixture stirred at room temperature overnight. Water was added until the precipitated
polymers were dissolved. Addition of ion exchange resin (Dowex 50WX8, 200–400 mesh,
Carl Roth, Karlsruhe, Germany) followed by filtration and lyophilization yielded the prod-
ucts as yellowish powders. The crude polymer was further purified by 3 times dissolving
in methanol and precipitation in 10-fold excess of Et2O, followed by dissolution in ddH2O
and lyophilization. Pure polymers were obtained as white powder.

2.2. Preparation of Polymer Coatings
Polymers were diluted to a concentration of 25 or 5 mg/mL in a H2O/ethanol 5:1

mixture. The mixture was sterile filtered before use. From the mixture, 20 µL was pipetted
into each well of a 48-well plate, 34.6 µL into each well of a 24-well plate, or 5.76 µL into
each well of a 96-well plate. The plates were allowed to dry under sterile conditions for at
least 4 h and crosslinked with 3 J/cm2 UV light at 254 nm, followed by 3⇥ washings with
250 µL of phosphate-buffered saline (PBS).

Coverslips were coated by carefully pipetting 10 µL of each polymer solution on a
13-mm PETG coverslip (Tissue Culture Coverslips 13 mm, Sarstedt, Nümbrecht, Germany)
to obtain a fully coated surface. The coverslips were let dry in air for at least 4 h, followed
by crosslinking with 3 J/cm2 at 254 nm. Washing 3⇥ with ddH2O and 3⇥ with ethanol,
followed by drying in an N2 stream yielded the final coating, which was used directly for
IR spectroscopy.
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2.3. Physicochemical Surface Characterization
IR data was recorded on a Tensor 27 FT-IR Spectrometer (Bruker, Germany). Scanning

electron microscope (SEM) images were obtained with an XL-30 SEM (Philips, Amsterdam,
Netherlands) at 10 kV. The samples were dried in vacuum and thereafter coated with an
approx. 5 nm thick Au/Pd layer (SC7620 sputter coater, Quorum, Laughton, UK). Images
were taken at a 40� tilted angle. Atomic force microscope (AFM) images were obtained
using a CoreAFM (Nanosurf, Liestal, Switzerland) with a TAP150GD-G tip (BudgetSensors,
Sofia, Bulgaria, tip radius <10 nm) in tapping mode.

2.4. Biological Evaluation
2.4.1. L-929 Mouse Fibroblast Cell Culture

L-929 mouse fibroblasts were a gift from Dr. Oliver Podlech (CleanControlling GmbH,
Emmingen-Liptingen, Germany). Media and reagents were purchased from Sigma-Aldrich
(Taufkirchen, Germany). Sterile cell cultureware was purchased from VWR, Germany.
Fibroblasts were cultured in low-glucose Dulbecco’s Modified Eagle Medium (DMEM),
supplemented with 10% (v/v) fetal calf serum (FCS), 1% (v/v) penicillin-streptomycin
(10,000 U/mL) and 1% (v/v) L-glutamine. Cells were incubated at 37 �C and 5% CO2 in
a humidified incubator (CB series C150, Binder, Tuttlingen, Germany) and subculturing
was performed using trypsin/Ethylenediaminetetraacetic acid (EDTA) before reaching
confluency, approximately every third day.

2.4.2. Extract Test Using the MTT Assay
Polymer extracts were prepared according to USP standard [64]. Briefly, after coating

a 24-well plate with polymers followed by washing steps, 317 µL of DMEM (20 mL for
120-cm2 coated surface) was added and the coating incubated for 24 h at 37 �C in a
humidified 5% CO2 atmosphere. A cell suspension of L-929 in DMEM (100,000 cells/mL)
was added to an uncoated 96-well plate (treated for cell culture, 100 µL/well) and grown
to adherence overnight. Medium in each well was replaced by prepared extract medium
(100 µL) or medium containing 6% Dimethyl sulfoxide (DMSO) for the cytotoxicity positive
control and incubated for 72 h at 37 �C in a humidified 5% CO2 atmosphere. After 72 h,
medium was replaced by 110 µL of DMEM containing 10% of a 10mM MTT solution in
PBS. After incubating for 4 h in the incubator, 100 µL of 10% SDS in 0.01M HCl solution
was added and incubated for 4 h. Absorbance was measured at 570 nm using a Tecan
Infinite M2000 microplate reader. Cell viability was calculated as the percentage ratio of
averaged absorbance of triplicate wells containing extract versus the averaged absorbance
of untreated control wells.

2.4.3. Direct Contact Test Using the MTT Assay
Cell suspension (100,000 cells/mL) was added to a polymer-coated 96-well plate

(treated for cell culture, 100 µL each) and incubated over 24 and 48 h at 37 �C and 5% CO2
in a humidified incubator. At the end of incubation, the medium was removed, and 110 µL
of medium containing 10% of a 10 mM MTT solution in PBS was added. After incubating
the cells for 4 h at 37 �C in a humidified 5% CO2 atmosphere, 100 µL of 10% SDS in 0.01M
HCl was added and incubated for 4 h at 37 �C in 5% CO2. The absorbance was measured
at 570 nm using a microplate reader. Cell viability was calculated as the percentage ratio of
averaged absorbance of each triplicate well containing the same polymer coating versus
the averaged absorbance of uncoated control wells.

2.4.4. Bacterial Cell Culture
For antimicrobial tests, bacteria cell lines of Staphylococcus aureus (MRSA, DSM 28766)

and Escherichia coli (K12, DSM 498) were used. Bacterial strains were stored at �80 �C
in glycerol stocks. For each experiment, a new vial of bacterial strain was thawed and
incubated (Minitron, Infors HT, Bottmingen, Switzerland) overnight at 37 �C and 100 rpm
in LB medium before use in the experiments.
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2.4.5. Antibacterial Assay by Optical Density
The antibacterial effects of the polymers were evaluated using a direct contact method

according to ISO 22196 [65] with a thin film of bacteria solution in LB medium (high-
nutrition) or PBS (low-nutrition) between the polymer to be analyzed and a polymer
slide to ensure direct contact. A 24-well cell culture tissue plate coated with the polymers
to be tested was inoculated with 100 µL of bacterial suspension at a concentration of
3 ⇥ 105 cells/mL and sealed with a PETG coverslip. Bacterial solutions were prepared in
LB medium for the high-nutrition condition and in PBS for the low-nutrition condition. As
controls, wells without polymer coating were treated with bacteria suspension and medium
without cells. After incubating the plate for 24 h at 37 �C and 90% humidity, bacteria were
removed from the plates by addition of 1 mL of soybean casein digest lecithin polysorbate
broth (SCDLP), followed by pipetting up and down 4 times to detach all bacteria. From this
mixture, 200 µL was transferred to a 96-well plate in a series of dilutions. The 96-well plate
was sealed with parafilm and placed in a plate reader preheated to 37 �C. Optical density
at 600 nm was measured every 30 min over the next 12 h. The plate was shaken briefly
every 10 min to ensure distribution of nutrients. Measured values from each sample were
compared to determine the viability relative to that of untreated samples. The evaluation
time point was chosen to be in the exponential phase before reaching the inflection point.
For evaluation, the last time point was used for which Equation (1) was still fulfilled:

log
�
OD600nm,t+1

�
� 2 ⇥ log(OD600nm,t) + log

�
OD600nm,t�1

�

t � t�1
> 0 (1)

where OD600nm is the optical density at 600 nm for the different measuring points; t is
the measuring time of the data point to be evaluated; t+1 is the measuring point of the
subsequent data point and t�1 is the measuring point of the previous data point.

2.4.6. Antibacterial Assay by Colony-Forming Units
The antibacterial effects of the polymers were evaluated using a direct contact method

as a droplet of bacteria solution in PBS on top of the polymer. A bacterial overnight culture
in LB medium was centrifuged (10 min, 4000⇥ g) and resuspended in PBS to an OD600
value of 0.2. Coated and uncoated PETG coverslips were inoculated in a 6-well tissue
culture plate with 100 µL of the prepared bacteria suspension. Uncoated PETG coverslips
were used as reference. The samples were cultured for 24 h at 37 �C and 90% humidity in a
humid chamber. Solutions were removed and transferred to a sterile tube. Each coverslip
was transferred to a 15 mL Falcon tube, covered with 900 µL of PBS, and treated in an
ultrasonic bath at 50 Hz for 15 min to remove bacteria. Both PBS fractions were combined,
vortexed for 1 min, and pipetted in a series of dilutions on LB agar plates in duplicate
(100 µL per dilution and plate). Agar plates were cultured at 37 �C in an incubator, followed
by counting of colony-forming units (CFU) after 24 h.

2.4.7. Crystal Violet Assay for Biofilm Assessment
Biofilm formation was assessed in 96-well plates by staining with crystal violet

dye. Briefly, 200 µL of a bacterial overnight culture, adjusted to a concentration of
3 ⇥ 105 cells/mL in lysogeny broth (LB) medium, was added to each sample. Empty
wells (in the outer row, in particular) were filled with 200 µL of PBS to prevent the samples
from drying out. The closed well plate was incubated for 24, 48, or 72 h at 37 �C in an
incubator without shaking. Then, OD600 was measured to ensure comparable cell growth
in each well. The medium was gently discarded without removing the biofilm, and the
samples were washed carefully 3 times with PBS, followed by fixing with 200 µL of ab-
solute ethanol. The ethanol was aspirated, and the samples were dried for 10 min under
sterile conditions. For biofilm staining, 200 µL of 0.5 wt% (wt/vol) crystal violet staining
solution in PBS was added to each sample, and the plate was incubated for 2 min at room
temperature. The staining solution was removed and the samples washed 6⇥ with 200 µL
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of PBS to remove excess dye. The samples were left to dry overnight under a sterile bench,
followed by addition of 100 µL of ethanol to release the dye. After a 10 min incubation, the
mixture in each well was transferred to a new 96-well plate, and absorbance at 595 nm was
measured using a plate reader.

2.4.8. Extracellular Polymeric Substance (EPS) Assessment by Phenol-Sulfuric
Acid Method

In addition, the biofilm formation was assessed by analyzing the carbohydrates in the
formed biofilm. Therefore, the phenol-sulfuric acid method according to Masuko et al. [66]
was performed. Briefly, polymer coatings were treated in a 96-well plate as previously
described for the crystal violet assay and incubated for 24, 48 and 72 h at 37 �C in an
incubator without shaking. OD600 was measured to ensure comparable cell growth in
each well, and the medium was gently discarded. After 3 wash steps with sterile PBS,
the samples were fixed with 200 µl of absolute ethanol. The ethanol was gently aspirated,
and the samples were dried for 10 min under sterile conditions. A volume of 150 µl of
concentrated sulfuric acid was added to each well, immediately followed by 30 µl of 5%
phenol in water. The plate was incubated at 90 �C for 5 min and then cooled in an ice bath
for an additional 5 min. The absorbance at 490 nm was measured using a plate reader to
quantify EPS.

2.4.9. Live/Dead Staining
Besides the Crystal violet staining and EPS assessment, we also performed live/dead

staining using the bacteria live/dead staining kit (PromoCell GmbH, Heidelberg, Ger-
many). Polymer coatings were treated in a 96-well plate as previously described for the
crystal violet assay and incubated for 24, 48 and 72 h at 37 �C in an incubator without shak-
ing and stained accordingly to the manufacturer’s instructions. Briefly, biofilm samples
were washed 3 times with sterile 150 mM NaCl solution and stained for 15 min at room
temperature in the dark with an appropriate mixture of DMAO (ex/em 490/540) and EthD-
III (ex/em 530/630). Live bacteria with an intact cell membrane are stained fluorescent
green, whereas dead bacteria with a disrupted cell membrane are stained fluorescent red.
Labeled cells were imaged using the fluorescent microscope Observer.Z1 (Carl Zeiss AG,
Oberkochen, Germany) and processed using the software ZEN blue edition (Version 3.4,
Carl Zeiss AG, Oberkochen, Germany).

2.4.10. Statistical Analysis
Measurements for biological evaluation (bacterial and cell culture) were replicated

with n = 3 and expressed as mean ± standard deviation (SD) unless stated otherwise. Sta-
tistical significance was analyzed with pairwise Student’s t-test, and statistically significant
values were defined as p < 0.05 (*).

3. Results and Discussion
3.1. Monomer Synthesis

Azido linkers 3–6 were synthesized by sequential tosylation steps, followed by substi-
tution with either sodium azide or another linker fragment. Those prolonged linkers were
reacted to azido methacrylate 7–10, followed by click reaction to either functional GlcNAc
methacrylate 11a–d or their corresponding 4-hydroxymethyl methacrylate derivatives
12a–c. The detailed reaction sequences are shown in Figure 1.
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Figure 1. Chemical Synthesis. (A) Reaction sequences leading to functional monomers 11a–d or 12a–c, respectively. Reaction
conditions: (a) NaN3, CH3CN, reflux, 16 h; (b) TsCl, NEt3, CH2Cl2, rt, 16 h; (c) NaH, THF, reflux, 48 h; (d) methacryloyl
chloride, NEt3, CH2Cl2, 0 �C–rt, 16 h; and (e) CuSO4, TBTA, Na ascorbate, H2O/MeOH/CH2Cl2 3:10:10, 60 �C, 1 h.
(B) Polymer synthesis of functional N-acetylglucosamine (GlcNAc)-containing polymers. Benzophenone methacrylate 14
was copolymerized with glycosidic monomers 11a–d by free radical polymerization with AIBN, followed by Zemplén
deprotection. (C) Polymer synthesis of functional 4-hydroxymethyl derivatives using 4-hydroxymethyl-[1,2,3]-triazo-1-yl
derivatives of functional monomers 12a–c of the polymers with AIBN.

Azido linker 3 was synthesized by reacting 2-(2-chloroethoxy)-ethanol with sodium
azide (a) according to the literature [60]. Azido linkers 4–6 were synthesized via sequen-
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tial tosylation (b) and substitution steps with either sodium azide (a) or another linker
for chain prolongment. For the azido hexaethylene glycol linker 5, diethylene glycol
was used for chain prolongment as published Mahou et al. [59], and for the difunctional
azido tetraethyleneglycol octyl linker 6, 1,8-octanediol was used for chain prolongment.
Azidomethacrylates 7–10 were synthesized following published protocols, using methacry-
loyl chloride and triethylamine [61].

The functional glycoside, propargyl GlcNAc 13, was synthesized as described by
Schmidt et al. [62]. N-Acetylglucosamine was used as starting material, followed by
protection with acetyl groups, conversion of the peracetylated N-acetylglucosamine into
an oxazoline as glycoside donor, and further glycosidation using propargyl alcohol to
N-acetylpropargylglucosamine 13. For click functionalization, the optimized conditions
reported by Schmidt et al. [62] were used, yielding the GlcNAc-functionalized monomers
11a–d. To further elucidate antimicrobial properties of the combined triazole and linker in
the polymers, azido oligoethylene glycol methacrylates 7–9 were reacted under the same
conditions with propargyl alcohol to their 4-hydroxymethyl-[1,2,3]-triazo-1-yl counterparts
12a–c. The 4-hydroxymethyl derivatives 12a–c and the GlcNAc derivatives 11a–d were
used as functional monomers directly for polymerization.

3.2. Polymer Synthesis
Functional GlcNAc monomers 11a–d were successfully polymerized using free radical

polymerization with AIBN as radical starter (Figure 1B), followed by several purification
steps with precipitation and O-acetyl deprotection to the functional glycosidic polymer.
Functional 4-hydroxymethyl monomers 12a–c were polymerized using free radical poly-
merization with AIBN (Figure 1C) followed by purification and used directly because no
protection groups were involved. The 4-methacryloyloxy-benzophenone 14 was synthe-
sized according to the literature [57]. All synthesized polymers with their corresponding
abbreviations are listed in Table 1.

Analysis of the polymers and the copolymer ratio between MBP 14 and functional
monomers 11 or 12 was performed by 1H NMR spectroscopy, followed by 2-dimensional
measurements for glycosidic structure determination. The triazole proton, showing a
relatively isolated singlet at 7.96 ppm, was integrated against the benzophenone aro-
matic protons and against the N-acetyl group of the glycosidic monomers 11a–d. For the
4-hydroxymethyl derivatives 12a–c without glycoside, the triazole proton at 7.96 ppm was
integrated against the benzophenone protons only. The dimethacrylamide methyl (DMAm)
groups showed a broad multiplet at 2.98–2.75 ppm, which overlapped with the ethylene
glycol signals of comonomers 11 and 12; therefore, the integral ratio of those signals did
not match the actual copolymer ratio as shown in Figure 2. The multiplet integral was rela-
tively constant over all three copolymers of 11b, which had decreasing dimethacrylamide
content from 90% to 70%, whereas the content of 11b with a tetraethylene glycol linker
increased from 2.5% to 25%. Therefore, the DMAm content was not calculated using the
integral ratios. Successful deprotection of GlcNAc-containing polymers was confirmed
by disappearance of the O-acetyl groups in 1H NMR after the deprotection step. For the
4-hydroxymethyl-derivative comonomers 12a–c, adjusted copolymer ratios of 1:1 MBP
14 vs. 12 were obtained. In the GlcNAc copolymer group, consisting of copolymers with
comonomers 11a–d, different copolymer ratios of MBP 14 vs. 11 were obtained. Possible
mechanisms are ester hydrolysis during the Zemplén deprotection step of the GlcNAc
residue, because the 4-hydroxymethyl–containing polymeric counterparts did not show
different copolymer ratios of the benzophenone. Interestingly, the GlcNAc-4EG copolymers
showed no reduction in MBP content relative to the GlcNAc residue (Figure 2). Therefore,
different reactivities of benzophenone in combination with several GlcNAc-methacrylates
and oligoethylene glycol linkers are possible explanations.
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Figure 2. 1H-NMR spectra (600 MHz) of the 5%—(A), 10%—(B) and 25%—(C) GlcNAc-4EG polymers (Table 1). The
GlcNAc and 4-hydroxymethyl triazoles proton gave a distinct singlet at 7.96 ppm, whereas the benzophenones aromatic
protons gave signals from 7.66 to 6.67 ppm. Furthermore, the GlcNAc acetyl group singlet showed a signal at 1.75 ppm. The
broad multiplet from 2.98 to 2.75 ppm belongs to the dimethacrylamide methyl groups. Copolymer ratio was calculated
by the integral ratios of triazole-H vs. NAc vs. aromatic benzophenone-H. For the 4-hydroxymethyl comonomers, only
triazole-H was integrated vs. aromatic benzophenone-H. The figure shows the increasing triazole singlet (7.96 ppm) and
NAc singlet (1.75 ppm) with increasing comonomer ratio of 11b vs. the aromatic protons of MBP 14. The dimethacrylamide
multiplet between 2.98 and 2.75 ppm was relatively constant in all three spectra because it overlays the tetraethylene glycol.

Interestingly, the copolymerization of 50% GlcNAc-4EG-methacrylate monomer re-
sulted in ester hydrolysis of the methacrylate ester during polymerization, leading to the
propargyl GlcNAc tetraethylene glycol clickamer 15 (data not shown, cf. Supplementary
Materials), following the same workup procedure as for the other polymers.

3.3. Coating of PETG Coverslips
As the model material, polyethylene terephthalate glycol (PETG) coverslips were

coated with the functional polymers. Previous studies with MBP UV crosslinker in different
acrylamide scaffolds indicated that 3 J/cm2 was the optimum dose of UV irradiation to
obtain proper coating stability with minimum unreacted MBP left and minimum coating
degradation [57]. Following the crosslinking protocol with UV light (3 J/cm2, 254 nm) and
several washing steps with ddH2O and ethanol, stable polymer coatings were obtained
using the polymers listed in Table 1. Two concentrations of polymer solutions were applied
to the coverslips to obtain coatings of different thicknesses, which were investigated via IR
spectroscopy. Recorded spectra of four selected coatings are shown in Figure 3.



Pharmaceutics 2021, 13, 1647 14 of 24

 

Figure 3. Recorded Fourier transform-infrared spectra of selected functional PDMAm-co-P-benzophenone-MA-co-P-
GlcNAc-OEG-MA coatings (Table 1) containing 5% GlcNAc copolymer and linkers with 2, 4 and 6 ethylene glycol (EG)
units. Coatings obtained with 25 mg mL�1 coatings could be analyzed properly, whereas with 5 mg mL�1 coatings, the
terephthalate group of the PETG was the dominant signal in the recorded IR spectra.

The dominant peak at 1713 cm�1 of the terephthalate of PETG from the coverslip
blank disappeared in all polymeric coatings obtained by drop casting a 25 mg/mL solution
after crosslinking, wherein the peak of the dimethacrylamide dimethyl-carboxamide group
at 1621 cm�1 became visible as well as the copolymer ester groups at 1721 cm�1. The
presence of the GlcNAc residue was confirmed through the presence of glycosidic OH
groups, showing broad peaks at 3450 cm�1 and at 2925 cm�1. The stable coatings were
obtained using the polymers as listed in Table 1 with the given MBP copolymer ratios.
Therefore, apart from the synthesis, stable coatings using a 25 mg/mL casting solution
were obtained.

In coatings obtained by casting a 5 mg/mL polymer solution, the most dominant peak
in the IR spectra of the coatings was the PETG terephthalate peak at 1713 cm�1, followed
by a smaller peak of the dimethacrylamide dimethyl-carboxamide group at 1621 cm�1.
The copolymer ester groups at 1721 cm�1 were not visible at all compared with those of the
thicker 25 mg/mL coatings, possibly being overlaid by the dominant terephthalate peak.
As a result, the polymer coatings for antimicrobial studies and cytotoxicity evaluations
were prepared by casting a 25 mg/mL solution to obtain an appropriate coating thickness.

3.4. Surface Morphology
The surface morphology of the bioactive polymer coatings 5%-GlcNAc-6EG-PDMAm

and 5%-GlcNAc-4EG-PDMAm was investigated by SEM and AFM as shown in Figure 4.
SEM images were recorded at a tilted angle of 40 degrees. For the 5%-GlcNAc-4EG-
PDMAm, in the SEM image (Figure 4A), a textured surface showing small pores and a
sponge-like structure can be observed. Furthermore, small particles in the size of up to
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500 nm are present. The AFM surface topography (Figure 4B) confirms the topography.
Similar observations can be made for the GlcNAc-6EG coating (Figure 4C,D), but showing
less pore-like structures than the 5%-GlcNAc-PDMAm coating.

 

Figure 4. SEM (A,C) and AFM (B,D) images of the bioactive PDMAm coatings, 5%-GlcNAc-4EG (A,B) and GlcNAc-6EG (C,D).

3.5. Coating Sterilization
Due to the sterile demands for biocompatibility testing as well as for antimicrobial

activity testing against specified bacterial strains, the successful sterilization of the coating
was established prior to testing. Therefore, polymer solutions were sterile filtered with
a 0.2 µm sterile filter and handled under sterile condition in a biosafety cabinet during
coating of the corresponding surfaces, followed by crosslinking with 3 J/cm2 UV-C light
(254 nm). The polymer coated surfaces were then incubated for 24 h at 37 �C and further
24 h at room temperature in LB media in order to assess the sterility by absence of bacterial
growth. No bacterial growth could be observed for the coated chips under these conditions.

UV sterilization is an established method in food packing, water treatment, and
surface sterilization in medical settings [67,68]. For example, according to Bak et. al. [69],
a 4-log fold reduction in P. aeruginosa in catheter disinfection was obtained, using UV-C
light with a dosage of 40 mJ/cm2. In addition, clinical studies have shown the efficacy of
UV-C light against different fungi, by using a dosage of 41.25 mJ/cm2 from a commercially
available disinfecting device for medical settings [70,71]. In general, for a 90% inactivation
of bacterial pathogens, a UV-C dosage of 8 mJ/cm2 is needed [71], whereas, for ssRNA
viruses, an irradiation dose of 1.32–3.20 mJ/cm2 is needed [72]. Therefore, it can be
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concluded that residing pathogens as well as possible viral contaminations are eliminated
after the combination of sterile filtration and UV crosslinking of the benzophenone residue
in order to form the stable coating.

3.6. Antibacterial Activity
The antibacterial properties of the synthesized polymers were evaluated using

Escherichia coli (E. coli) as a Gram-negative model organism and multidrug-resistant
Staphylococcus aureus (MRSA) as a Gram-positive model organism. These organisms were
chosen as model organisms with clinical relevance for infections and biofilm formation [73].
The bacteria were cultured in high-nutrition (LB medium) and low-nutrition (PBS) environ-
ments to assess the effect of the polymers in different nutritional conditions.

In the high-nutrition environment, no effect of coatings on bacterial growth of E.
coli and S. aureus could be observed (Figure 5A). In contrast, under low-nutrition con-
ditions (Figure 5B), the 5%-GlcNAc-4EG (4061 ± 2184 CFU/cm2) and 5%-GlcNAc-6EG
(22,883 ± 5172 CFU/cm2) modified PDMAm coatings showed a reduction in bacterial
viability, compared with the untreated PETG chip (63,625 ± 13,320 CFU/cm2) and the
unmodified PDMAm coating (60,009 ± 17,207 CFU/cm2).

Figure 5. Antibacterial evaluation of polymer coatings in high- and low-nutrition environments. PDMAm corresponds to
the unmodified acrylate coating. (A) Cell viability of Escherichia coli (E. coli) and multidrug-resistant Staphylococcus aureus
(MRSA) on polymer coatings in the high-nutrition environment was assessed according to antibacterial assay (optical
density, OD). Values are shown relative to that of the untreated sample. (B) Cell viability on polymer coatings in the
low-nutrition environment was assessed for E. coli (n = 4) and MRSA (n = 2) according to antibacterial assay (optical density,
OD, left graph) and in addition for MRSA (n = 3) according to the more sensitive antibacterial assay (colony-forming units,
CFU, right graph). Values are shown as mean ± SD. Significant changes were assessed by pairwise Student�s t-test (n.s., not
significant; * p < 0.05; ** p < 0.01; *** p < 0.001).
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Both the GlcNAc-2EG modified polymer and the triazole-bearing 4-hydroxymethyl
derivatives (4HM-2EG, 4HM-4EG and 4HM-6EG) did not show a considerable effect compared
with unmodified PDMAm, whereas the polymers 5%-GlcNAc-4EG and 5%-GlcNAc-6EG
showed a significant reduction in viable MRSA and E. coli in direct contact testing under
low-nutrition conditions (Figure 5B). Thus, viability was reduced by 1.2 log for the GlcNAc-
4EG modified hydrogel and by 0.4 log for the GlcNAc-6EG modified hydrogel. Higher
ratios of GlcNAc-4EG copolymer in the hydrogel network did not result in a stronger
antibacterial effect but resulted in bacterial viabilities similar to those of 4-hydroxymethyl
functionalized coatings.

In addition to evaluating the antibacterial effect on bacterial growth, we assessed
biofilm formation on the different hydrogels. The crystal violet assay for biofilm assessment
showed a decrease in biofilm formation for several polymers, as shown in Figure 6A,B.
In particular, the polymers 5%-GlcNAc-4EG and 5%-GlcNAc-6EG showed a significant
decrease in biofilm formation compared with the unfunctionalized PDMAm coating. They
showed a decrease in absorption at 595 nm for S. aureus of 0.46 ± 0.07 and 0.52 ± 0.12
compared with 0.89 ± 0.14, respectively. Biofilm formation for E. coli decreased even
more: 0.23 ± 0.07 and 0.42 ± 0.11 compared with 1.06 ± 0.11. Higher GlcNAc-4EG
copolymer content resulted in less biofilm inhibition (60–80% biofilm content) compared
with the unmodified PDMAm hydrogel. The effect was observed over a cultivation time
of 72 h (Figure 6B) and was confirmed by EPS analysis with the phenol-sulfuric acid
method described by Masuko et al. (Figure 6C) [66]. In addition, we analyzed the quantity
and viability of bacteria on the polymer coatings after 24, 48 and 72 h incubation, using
live/dead staining (Figure 6D). Even though the live staining with DMAO in combination
with the polymer coating resulted in high background noises, so that a low exposure
time had to be selected and the intensity of the fluorescent stained bacteria was low, the
overall effect of the polymer coatings could be confirmed. The quantity of bacteria was
significantly lower for the polymers 5%-GlcNAc-4EG and 5%-GlcNAc-6EG compared to
their respective controls 4HM-4EG and 4HM-6EG as can be seen in the brightfield images
(Figure 6D). Furthermore, it was observed that the proportion of dead cells, especially
on the 5%-GlcNAc-4EG, was higher than on the corresponding controls and particularly
on the unmodified PDMAm, where a mix of dead and alive cells was visible. Additional
images taken at 24, 48 and 72 h are shown in the supplementary materials (Figures S2–S4).

The inhibition of biofilm formation by GlcNAc was previously observed by Sicard
et al. for different E. coli strains, but not for S. aureus [47]. However, under high-nutrition
conditions, there was no longer any effect on bacterial growth observed. Antibacterial
effects in the low-nutrition environment were evaluated using the OD-method to identify
potential candidates and additionally evaluated for MRSA using the more sensitive CFU-
method, which is more conclusive, particularly in the lower measurement range. This is
attributed to the measurement procedure itself, since in the OD-method, although cells
in the process of dying make up only a small part of the population, they also lead to a
signal in the measurement. In contrast, only the most vital cells are taken into account in
the CFU-method, as these must be able to form their own colony. The observations in the
nutrient-rich environment may indicate that the polymer interferes in the metabolism of
specific substrates, as studies have shown that chitosan interferes with RNA and protein
synthesis [74–77]. Therefore, these substrates can no longer be used for biofilm formation
or as a source of nutrients. This would explain the observed decrease in biofilm formation
(high-nutrition) and bacteria viability under nutrient-poor conditions, whereas under
nutrient-rich conditions, the bacteria can use other substrates as a source of nutrients,
negating the growth-inhibiting effect. Another possible explanation for the lack of effect
on growth under high-nutrient levels is that a higher mortality rate might have been
present but was not measurable because it was obscured by significantly greater bacterial
proliferation. As a result, the effect of the coatings was only observable in the low-nutrition
medium, where bacterial growth was negligible and thus the increased mortality rate could
be observed [78]. Nevertheless, the antibiofilm effect was observed under the nutrient-rich
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conditions, so the effect seems to be only partially dependent on the nutrient condition.
The exact mechanism underlying the antibacterial and antibiofilm effect needs further
elucidation [76].

 

Figure 6. Evaluation of biofilm formation of polymer coatings. PDMAm corresponds to the unmodified acrylate coating.
(A) Biofilm formation of E. coli and MRSA in the high-nutrition environment was assessed by crystal violet staining after
24 h of cultivation for all coatings as a first evaluation. (B) Biofilm formation of E. coli and MRSA in the high-nutrition
environment was assessed by crystal violet staining after 24, 48 and 72 h of cultivation for the most active polymer
coatings and their respective controls. Corresponding brightfield images are available in the supplementary materials
(Figure S1) (C) Extracellular polymeric substance (EPS) analysis of formed biofilm by E. coli and MRSA in the high-nutrition
environment was assessed by phenol-sulfuric acid method after 24, 48 and 72 h of cultivation for the most active polymer
coatings and their respective controls. (D) Live/Dead staining of E. coli and MRSA in the high-nutrition environment after
24, 48 and 72 h of cultivation for the most active polymer coatings and their respective controls. Magnification is 100⇥; scale
bar measures 0.1 mm. Values are shown as mean ± SD. Significant changes were assessed by pairwise Student�s t-test (n.s.,
not significant; * p < 0.05; ** p < 0.01; *** p < 0.001).

Comparison of the different synthesized coatings showed that linker length and the
amount of GlcNAc are critical parameters for the antibacterial and antibiofilm functionality
of the polymers. We found that the 4EG linker yielded the best results, whereas the 2EG
and 6EG linkers had decreased functionality. In addition, GlcNAc content affected the
antimicrobial and antibiofilm properties: the highest effect was achieved at 5% GlcNAc and



Pharmaceutics 2021, 13, 1647 19 of 24

decreased with higher GlcNAc contents for the 4EG linker. This shows that the 4EG linker
itself and therefore the length of the oligoethylene glycol brush affect biofilm formation
and antimicrobial properties. The reason for this is most likely the steric arrangement of the
functional groups and their distance from the sample surface. Depending on the distance,
different interaction possibilities exist between the modified groups and the cell wall or
membrane of the bacteria [79].

3.7. Cytotoxicity
A cytotoxicity evaluation of the polymeric coatings was carried out according to ISO

10993-5 standards using the extract method and the contact method. Extracts of the coatings
were prepared according to ISO 10993-12 and 6% DMSO was chosen as the positive control
for cytotoxicity. Cell viability was assessed by the MTT assay.

Cell viability was measured after 72 h of incubation with the prepared extracts (undi-
luted and diluted 4-fold with medium); results are shown in Figure 7A. No notable cyto-
toxic effect was observed for any GlcNAc-containing copolymer in the extract test. This
included the antimicrobial and antibiofilm polymer, 5% GlcNAc-containing PDMAm hy-
drogel (5%-GlcNAc-4EG), whose extracts resulted in no loss of fibroblast viability. The
4-hydroxymethyl copolymers containing a tetraethylene glycol (HM-4EG) or a hexaethy-
lene glycol linker (HM-6EG) showed minor decreases in cell viability: a 23% decrease for
the 4EG linker and a 12% decrease for the 6EG linker. The extract of the 4-hydroxymethyl
derivative with diethylene glycol linker (HM-2EG) showed no cytotoxicity.

For the direct contact test, the cell culture dish was directly coated with the polymers,
followed by crosslinking with UV light, 3 washing steps with phosphate buffer, and
seeding of cells onto the generated scaffolds. The observed cell viability after 24 and 48 h,
determined by MTT assay, is shown in Figure 7B. After 24 h, cell viability was generally
lower than that of the untreated cell culture dish, ranging between 60% and 80% for all
polymers including the non-modified PDMAm. After 48 h, the most functional polymer
against biofilms (5%-GlcNAc-4EG) and most other tested polymers showed only minor
reductions in cell viability, within the range of biological systems. Only the GlcNAc-
containing polymer with a diethylene glycol linker and the tetraethylene glycol octyl linker
showed decreases in cell viability after 48 h (32% and 37%, respectively).

Furthermore, images of the cells grown directly on the polymer coatings were taken,
as shown in Figure 8. Morphology of the cells grown directly on the coatings (Figure 8A–E)
is altered compared to the uncoated cell culture dish (Figure 8F). It can be observed that
the cell morphology is more spheroid like, which implies a lesser adhesion. Due to the
experimental conditions, where the coatings were washed after 24 or 48 h incubation prior
to addition of fresh media with MTT, an adequate adherence of the cells to the coatings
should be given or else the cells would have been washed away in these steps. Thereby,
it can be concluded that the L-929 Fibroblasts show adherent behavior to the coatings,
albeit lower than on standard cell culture plates. According to ISO 10993:5—evaluation
of cytotoxicity of biomaterials, growth inhibition of >30% compared with an untreated
control is considered indicative of cytotoxicity [80]. No polymers, except the GlcNAc-
2EG and GlcNAc-4EG-octyl polymers showed greater growth inhibition than 30%, and
therefore, all polymers except the GlcNAc-2EG and GlcNAc-4EG-octyl polymers can be
considered noncytotoxic.
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Figure 7. Cytotoxicity determination according to ISO 10993-5. (A) Cell viability measured with MTT assay after 72 h of
incubation with 100% and 25% extracts; 6% DMSO was used as positive control for cytotoxicity. In both cases, no cytotoxicity
was observed for the antimicrobial 5%-GlcNAc-4EG polymer. (B) Cell viability in direct contact test after 24 and 48 h,
determined by MTT assay. The main functional polymer, 5%-GlcNAc-4EG, showed no more than a 20% decrease in cell
viability by the direct contact test.

 

Figure 8. L-929 mouse fibroblasts grown on the coatings for 48 h. (A) GlcNAc-2EG-PDMAm,
(B) GlcNAc-4EG-PDMAm, (C) 10%-GlcNAc-4EG-PDMAm, (D) GlcNAc-6EG-PDMAm, (E) PDMAm,
(F) untreated cell culture dish. Morphology is altered to some extent, but cell viability is still given as
shown via MTT test in Figure 7, in which the shown polymers show no more than 20% reduction in
cell viability, so no cytotoxicity can be assumed.
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4. Conclusions
In summary, we demonstrated the successful synthesis of functionalized PDMAm

hydrogel networks, suitable for polymer surface coating via UV-induced C–H insertion
reaction. Stable coatings were obtained using benzophenone crosslinker chemistry. A
proper sterility of the surface after UV treatment for crosslinking was shown by the absence
of bacterial growth in sterile medium. The functionalized coatings showed antimicrobial
and antibiofilm properties, leading to a significant reduction of microbial biofilm formation
on the coated surface, for both Gram-positive (S. aureus) and Gram-negative (E. coli)
bacteria. We showed up to a 1.2 log decrease in colony-forming units of the clinically
relevant pathogen MRSA on surfaces treated with polymer coating. Non-cytotoxicity and
biocompatibility toward fibroblast cells, evaluated according to ISO 10993-5 standards, was
maintained. Overall, this work describes an interesting approach for decreasing bacterial
adhesion to surfaces by selective functionalization with antiadhesive and antimicrobial
molecules, preventing bacterial colonization and contamination of wound dressings or
surgical implants. The use of such coatings can not only prevent many surgically induced
infections or the formation of biofilms in chronic wounds but also help to accelerate wound
healing by favoring fibroblasts.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pharmaceutics13101647/s1. Figure S1: Brightfield images after crystal violet staining of
biofilm formation on polymer coatings. Figure S2: Fluorescent images after Live/Dead staining of E.
coli and MRSA in the high-nutrition environment after 24 h of cultivation. Figure S3: Fluorescent
images after Live/Dead staining of E. coli and MRSA in the high-nutrition environment after 48 h
of cultivation. Figure S4: Fluorescent images after Live/Dead staining of E. coli and MRSA in the
high-nutrition environment after 72 h of cultivation.
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Figure S1. Brightfield images after crystal violet staining of biofilm formation on polymer coatings. 
PDMAm corresponds to the unmodified acrylate coating. Images were taken with 100× magnifica-
tion using the microscope Observer.Z1 (Zeiss, Germany) after 24, 48 and 72 h of cultivation. Scale 
bar measures 0.1 mm. 
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Figure S2. Fluorescent images after Live/Dead staining of E. coli and MRSA in the high-nutrition 
environment after 24 h of cultivation. PDMAm corresponds to the unmodified acrylate coating. 
Images were taken with 100× magnification using the microscope Observer.Z1 (Zeiss, Germany). 
Scale bar measures 0.1 mm. 
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Figure S3. Fluorescent images after Live/Dead staining of E. coli and MRSA in the high-nutrition 
environment after 48 hours of cultivation. PDMAm corresponds to the unmodified acrylate coating. 
Images were taken with 100x magnification using the microscope Observer.Z1 (Zeiss, Germany). 
Scale bar measures 0.1 mm. 
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Figure S4. Fluorescent images after Live/Dead staining of E. coli and MRSA in the high-nutrition 
environment after 72 h of cultivation. PDMAm corresponds to the unmodified acrylate coating. Im-
ages were taken with 100× magnification using the microscope Observer.Z1 (Zeiss, Germany). Scale 
bar measures 0.1 mm. 
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Abstract 
Chitosan derivatives substituted with benzophenone groups that can be cross-linked by ultra-

violet light were synthesized as coatings for PEEK substrates used in the construction of lum-

bar cages. The IC90 values of the benzophenone-modified chitosan polymers in solution before 

crosslinking were in the same range as those reported for native chitosan. The resulting hy-

drogel surface after crosslinking exhibited excellent antimicrobial properties and was highly 

effective (up to 5 log-fold) against clinically relevant strains of methicillin-resistant S. aureus 

and E. coli. As a result, the coated surface also significantly reduced biofilm formation. The 

coatings show good biocompatibility with numerous cell lines as well as low levels of cytotoxi-

city (ISO 10993-5) and pyrogenicity (ISO 10993-11). The coatings also exhibited strong anti-

oxidant properties toward formed hydroxyl radicals in an in-vitro Fenton reaction. Overall, sub-

stitution of chitosan with benzophenone residues is an interesting and important approach to 

the functionalization of materials used for medical implants that are prone to microbial contam-

ination and mechanical failure. Biocompatible antimicrobial coatings might also be employed 

in photopatterning methods used in the design of medical devices. 
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a b s t r a c t

Chitosan derivatives substituted with benzophenone groups that can be cross-linked by ultraviolet light
were synthesized as coatings for PEEK substrates used in the construction of lumbar cages. The IC90
values of the benzophenone-modified chitosan polymers in solution before crosslinking were in the
same range as those reported for native chitosan. The resulting hydrogel surface after crosslinking
exhibited excellent antimicrobial properties and was highly effective (up to 5 log-fold) against clinically
relevant strains of methicillin-resistant S. aureus and E. coli. As a result, the coated surface also signifi-
cantly reduced biofilm formation. The coatings show good biocompatibility with numerous cell lines as
well as low levels of cytotoxicity (ISO 10993e5) and pyrogenicity (ISO 10993e11). The coatings also
exhibited strong antioxidant properties toward formed hydroxyl radicals in an in-vitro Fenton reaction.
Overall, substitution of chitosan with benzophenone residues is an interesting and important approach
to the functionalization of materials used for medical implants that are prone to microbial contamination
and mechanical failure. Biocompatible antimicrobial coatings might also be employed in photopatterning
methods used in the design of medical devices.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Chitosan is the deacetylated derivative of chitin that exhibits
antimicrobial properties due to the positive charge of the amino
groups of its constituent glucosamines. Due to this cationic prop-
erties, chitosan is able to disrupt the outer and inner bacterial cell
membrane [1e4], via interactions of its polycationic properties
with the negatively charged phosphocholine groups of the bacterial
cell wall as suggested by the Shai-Matsuzaki-Huang (SMH) model

of the behavior of cationic antimicrobial peptides in solution,
leading to the antimicrobial properties of chitosan as well [5,6]. This
is backed by a publication from Li et al., 2010, who investigated
E. coli after chitosan treatment under an electron microscope,
finding partly cell lysis and dissolved cell membranes of E. coli [7].
Another publication, analyzing an experimental chitosan coating,
showed cell lysis and cytosol leakage of S. epidermis on the sub-
strate [8]. As second potential mechanism, chitosan has been pro-
posed to bind DNA inside the bacterial cytosol, inhibiting mRNA
synthesis and therefore, inhibiting microbial growth and biofilm
formation. This ability also follows the electrostatic interaction
model, proposed by the SMH model, but refers to shorter chained
chitosan molecules, which are able to penetrate the cell wall. A
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study on E. coli using fluorescein-modified chitosan, analyzed with
a confocal laser microscope, shows an accumulation of chitosan
inside the bacteria [9]. A third proposed mechanism of chitosan is
based on its metal chelating ability [10]. Through this chelating
ability free Ca2þ andMg2þ cations, present in the bacterial cell wall,
are bound, leading to decreased enzyme activity in the cell wall
and,therefore, inhibition and disruption of bacterial growth
[1,11e14]. In all cases, the bacteria are disturbed in their meta-
bolism upon contact with the coated chitosan surface and, there-
fore, ultimately killed and unable to biofilm formation.

Due to these unique antimicrobial properties, several publica-
tions describe the use of chitosan for its antimicrobial properties in
medicine-related applications. For example, thiolated mucoadhe-
sive chitosan fibers prevent the growth of bacteria that cause dental
caries while exhibiting no cytotoxicity against relevant cell lines
[15]. Similarly, chitosan limits the formation of biofilms of Actino-
bacillus pleuromoniae [16]. Findings reported in another recent
publication revealed that the introduction of chitosan N-halamine
conjugates in hemostaticwound dressings resulted in a onemillion-
fold reduction in the extent of microbial contamination [17]. Other
applications for chitosan that have been widely described in the
literature include bone tissue engineering [18-20], stem cell
encapsulation [21e23], and wound dressings [24,25]. Unmodified
chitosan has only limited solubility in both aqueous and organic
solvents andexhibits comparativelypoormechanical properties and
heat resistance. Thus, the use of chitosan as an antimicrobial coating
formedical implants remains limited. However, the aforementioned
studies revealed that chitosan may serve as an attractive substrate
for specific functionalization designed to improve its properties and
use on implant surfaces prone to microbial infection.

Benzophenone is a UV-responsive crosslinker, described in
several publications over the last 30 years regarding photo-
patterning, including the generation of surface-anchored benzo-
phenone hydrogels that promote cell adhesion [26e28] and
micropatterning for analytical purposes [28e31] as well as for the
design of antimicrobial and anti-adhesive surfaces [26,32e35]. We
recently published a description of the synthesis of a
benzophenone-acrylamide hydrogel in which N-acetyl glucos-
amine units were connected by various oligoethylene glycol chains.
This hydrogel was used successfully to prevent microbial growth
and biofilm formation when used as a coating for polyethylene
terephthalate glycol (PETG) coverslips [36]. The mechanism of the
underlying crosslinking reaction has been extensively reviewed
[37-40]. Briefly, by activation through photons, benzophenone
forms a highly reactive triplet radical via n-p* or p-p* transition,
while the exact orbital transition depends on the wavelength [41].
This transition of a nonbonding n orbital of the oxygen into the p*-
LUMO of the carbonyl group leads to a biradicaloid state of the
benzophenone. The then formed electrophilic ketyl radical can
abstract a hydrogen atom from a nearby substrate or polymer chain,
leading to two alkyl radicals, undergoing recombination, and
therefore, crosslinking [42]. The kinetics of such CeH crosslinking
reactions, leading to surface-anchored polymer networks and their
surface-bond gelling kinetics, have also been described by Rühe
et al. 2016, showing unique, non-linear kinetics of the crosslinking
reaction inside the coating hydrogel network [43].

Functionalization of glycosidic polymers with benzophenone has
been described primarily for the design of UV-protective scaffolds. For
example, Heo et al. [44] described the modification of pullulan with
benzophenone that exhibited UV-absorption properties while main-
taining good biocompatibility, thereby suggesting its use in the for-
mulations of sunscreens [38]. Similarly, Morimoto et al. [38] described
the synthesis of UV-absorbing phenolic chitosan derivatives with
formaldehyde in a Mannich reaction [37]. Likewise, Hong et al. [45]
described the antimicrobial activity of benzophenone-modified

cotton; in this case, benzophenone functioned as an antimicrobial
agent after UV irradiation and radical activation [45].

Polyether ether ketone (PEEK) is a high-performance thermo-
plastic, showing similar mechanical properties like the Ti6Al4V ti-
tanium alloy which is commonly used in medical applications [46]
and displaying properties similar to human bone [47]. It is not
cytotoxic, nor does it degrade or leach ions into the surrounding
tissue [48]. Given these properties, it has been used for
manufacturing of a variety of medical implants, for example, spinal
cages [49e52], endoprotheses for hip replacement [53e55], or im-
plants for cranial reconstructions [56,57] which can also be manu-
factured in a 3D printing process [58e61]. Given its otherwise bio-
inert surface, tissue integration and osseointegration of PEEK is
still an issue of concern, leading to the need of proper surface
functionalization of PEEK implants [62]. Therefore, multiple ap-
proaches for surface functionalization have been described, for
example, deposition of inorganic substrates via atomic layer depo-
sition (ALD) [63]. Newer works aim at further improving the me-
chanical properties of PEEK, for example by blending with other
polymers and incorporation of carbon fibers [64] or calcium hy-
droxyapatite together with graphene [65]. A newer approach
focusses on polydopamine coating on PEEK, able to complex Ca2þ

ions in order to improve biocompatibility and bone mineralisation
on the PEEK surface [66]. Since the PEEK consists of a diphenyl ke-
tone group, similar to those present in benzophenone, this func-
tional group is able to undergo the same radical generation
mechanismvia the n-p* transition induced by UV light as usedwith
benzophenone, [67]. Further, it been employed as radical starter for
grafting-on approaches of polymer brushes using free radical poly-
merization [68,69] and ATRP [70,71], to mention a few examples.

While the antimicrobial properties of benzophenone-modified
polysaccharides have been studied extensively, to the best of our
best knowledge, there are no publications that describe
benzophenone-mediated, covalent surface anchoring of chitosan to
polymeric surfaces, especially PEEK, in order to exhibit its antimi-
crobial action on a real-world material used for medical implants
and devices. In this study, we describe the successful synthesis of
benzophenone-modified chitosan derivatives with varying degrees
of substitution. We herein report the successful surface function-
alization of PEEK with these chitosan derivatives including chem-
ical and physical surface characterization. We also examine their
antimicrobial activities, their biocompatibility according to ISO
10993e5, and their pyrogenicity as well as potentially anti-
inflammatory properties.

2. Experimental

2.1. Synthesis of chitosan derivatives

Chitosan (molecular weight 100,000e300,000 g/mol, Sigma
Aldrich, Germany) was dissolved in 1% (v/v) CH3COOH in ddH2O. A
mixture of 4-benzoyl-benzoic acid in tetrahydrofuran (THF,
100 mg/mL) was added, followed by 1-ethyl-3-(3-dimethyl-ami-
nopropyl)carbodiimide (EDC, 1 eq) was added and the mixture was
then stirred at room temperature for 60 h. Derivatized chitosanwas
precipitated in 5-fold excess of acetone, the precipitate filtered, and
re-precipitated two more times. The resulting material was dis-
solved in 100 mL ddH2O and dialyzed 5 times against an excess of
1 mM hydrochloric acid. After lyophilization, the benzophenone-
substituted chitosan derivatives were obtained as a white powder.

2.2. UV/vis and nuclear magnetic resonance (NMR) measurements

Benzophenone-substituted chitosan derivatives were dissolved
to 5 mg/mL in 1 mM HCl. The UV/Vis absorbance (220e600 nm) of
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various dilutions was measured in a Perkin Elmer Lambda
XLS þ photometer. Absorption at 263 nm was used to determine
the degree of functionalization, which was calculated from a
standard curve of 4-benzoyl-benzoic acid dissolved in ethanol, cf.
Fig. S1 in SupplementaryMaterial. Degree of substitution is given as
the ratio between determined benzophenone concentration in the
measured solutions and total polymer amount. NMR measure-
ments were performed in 1 mM deuterium chloride (DCl) in D2O in
a Varian Unity 500 NMR spectrometer. Chemical shifts are reported
in parts permillion relative to the solvent signal (D2O). Signals were
assigned by first-order analysis.

2.3. Coating formation

To generate polyether ether ketone (PEEK) sample coatings, a
rod of PEEK polymer (2 m length, 25 mm diameter, Schmidtþ Bartl
GmbH, Villingen-Schwenningen, Germany) was cut into 2 mm
chips using a lathe; the cut edges were deburred, and a smooth
surface was obtained by grinding with a lathe. The PEEK chips were
washed extensively with acetone, ethyl acetate, ethanol and water
in an ultrasonic bath. After drying of the chips, a 100 mL sterile-
filtered solution of the benzophenone-chitosan derivatives dis-
solved in 1 mM HCl to a concentration of 10 mg/mL was added to
cover the entire surface of the PEEK chip. The PEEK chip immersed
in solution was permitted to dry overnight in a sterile cabinet to
prevent dust contamination and then subjected to crosslinking
with UV-light (254 nm, 3 J/cm2) using a UV-crosslinker (Analy-
tikJena UVP Crosslinker 254 nm). After washing 2 times with excess
1 mM HCl and ddH2O, the chips were vacuum-dried for 16 h and
then used directly in the following experiments.

For cell culture dishes, a sterile-filtered solution of the
benzophenone-chitosan derivatives in 1 mM HCl (10 mg/mL for
625 mg/cm2, 5 mg/mL for 312 mg/cm2, and 1 mg/mL for 62.5 mg/cm2)
was added at 20 mL per well for 96-well plates or 60 mL per well for
24-well plates. The plate was permitted to dry overnight under a
sterile cabinet to prevent contamination andwhen then subjected to
crosslinkingwith UV light (254 nm, 3 J/cm2) as described above. The
plates were washed two times with 1mMHCl and oncewith ddH2O
(200 mL per well for 96-well plates or 1 mL per well for 24-well
plates). The plates were then dried to generate the final coatings
that were evaluated in cell culture and microbiology experiments.

2.4. Physicochemical surface characterization

Infrared (IR) spectra of the coated PEEK chips were obtained
using a PerkinElmer Spotlight 200 FT-IR microscope that was
attached to a PerkinElmer Frontier FT-IR spectrometer unit. A blank
PEEK chip was used as background. Difference spectra between
coated and uncoated PEEK chips were recorded to eliminate
interference from PEEK signals. Microscopic images were collected
using the FT-IR microscope in illumination mode and are shown
without any further processing. Scanning electron microscope
(SEM) images were taken at a 40" tilted angle using an XL-30 SEM
(Philips, Amsterdam, Netherlands) operating at 10 kV. Samples
were dried in a vacuum chamber, followed by coating with a 5 nm
thick Au/Pd layer (SC7620 sputter coater, Quorum, Laughton, UK).
X-ray photoelectron spectroscopy (XPS) was carried out using a
Physical Instruments Quantera SXM (Physical Instruments, Chan-
hassen, MN, USA) equipped with a monochromatic Al Ka
(1486.6 eV) X-ray source. X-ray beam had a diameter of 200 mm at
50 W, area of investigation was a square of 1.4 # 1.4 mm. SEM
coupled energy dispersive X-ray spectroscopy (SEM-EDS) was car-
ried out using a Phenom XL (Thermo Fisher Scientific, USA)
equipped with BDS, SED, and EDS detectors (15 kW of acceleration
voltages under high vacuum level). The sample was coated with

carbon prior to analysis and a copper wire was used for electrical
conduction between the sample and the manifold. The acquisition
data are present in the figures acquired with the instrument.
Atomic force microscope (AFM) images were recorded using a
CoreAFM (Nanosurf, Liestal, Switzerland) equipped with a
TAP150GD-G tip (BudgetSensors, Sofia, Bulgaria, tip radius <10 nm)
in tapping mode. Coating roughness on PEEK was measured with
an Alphastep 500 surface profiler (KLA Tencor) using a tip with
12.5 mm radius and a force of 61 mg. Profiles with a length of
1000 mmwere obtained with a scanning speed of 50 mm/s. Coating
thickness was determined by measuring the surface profile with
1000 mm length over a border of the coating to uncoated PEEK and
calculated by the difference in surface levels.

2.5. Biocompatibility studies

2.5.1. Cell culture
L-929 mouse fibroblasts were obtained from Dr. Oliver Podlech

(CleanControlling GmbH, Emmingen-Liptingen, Germany) and
cultured in low-glucose Dulbecco's Modified Eagle Medium
(DMEM), containing 10% (v/v) fetal calf serum (FCS), 1% penicillin-
streptomycin (10,000 U/mL) and 1% (v/v) L-glutamine. Human
umbilical vein endothelial cells (HUVECs, neonatal, pooled) were
obtained from Sigma Aldrich, Germany, and cultured in endothelial
cell growth medium (Sigma Aldrich, Germany). Saos-2 human
osteogenic sarcoma cells (Sigma Aldrich, Germany, DSMZ No. ACC
243) were cultured in McCoy's 5a medium supplemented with 10%
(v/v) FCS, 2 mM L-glutamine, and 1% penicillin-streptomycin
(10,000 U/mL). Mono Mac-6 monocytes (Sigma Aldrich, Germany,
DSMZ No. ACC 124) were maintained in RPMI-1640 (Sigma Aldrich,
Germany) supplemented with 10% (v/v) FCS, 1 mM sodium pyru-
vate, 10 mg/mL human insulin (Sigma Aldrich, Germany) and 1%
penicillin-streptomycin (10,000 U/mL). All cell lines used in these
studies were maintained in a humidified atmosphere supple-
mented with 5% CO2 at 37 "C in a tissue culture incubator (CB series
C150, Binder, Tuttlingen, Germany).

2.5.2. Cytotoxicity testing: extracts
Cytotoxicity testing of polymer extracts was performed accord-

ing to United States Pharmacopeia (USP) standards as previously
described [36,72]. Polymer extracts were obtained by coating the
wells of a 24-well plate with final polymers (Fig. 1) followed by the
addition of 317 mL cell culture media identified as suitable for the
cell line to be evaluated. After incubation for 24 h at 37 "C in a
humidified atmosphere, 100 mL of each polymer extract was added
to cells grown to adherence overnight (100,000 cells/mL). Medium
supplemented with 6% (v/v) DMSO was used as a positive control.
After 72 h, the medium was removed from each well and replaced
with 110 mL freshmedia supplemented with 10% of a 10 mM 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) so-
lution in phosphate-buffered saline (PBS), followed by 4 h incuba-
tion at 37 "C and 5% CO2 in a humidified atmosphere. in the
incubator. The formed formazan crystals were solubilized with
100 mL 10% sodium dodecyl sulfate (SDS; w/v) in 10 mM HCl fol-
lowed by incubation at 37 "C and 5% CO2 in an H2O-saturated at-
mosphere. Absorbance measurements (570 nm) obtained using a
Tecan Infinite M200 microplate reader provide a measurement of
cell viability in response to each extract; this value was calculated
from the ratio/percentage of the average absorbance measured in
triplicate wells of extract-treated versus non-treated cells. Standard
deviations for each of the triplicate samples are shown as error bars.

2.5.3. Cytotoxicity testing: contact
Cytotoxicity testing based on contact with the polymer was

performed as described in our previous publication [36]. A 100 mL
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cell suspension containing 100,000 cells/mL was added to a coated
96-well plate which was then incubated for 24 or 72 h. Themedium
was removed from each well and replaced with 110 mL of fresh
medium containing 10% of a 10 mM MTT solution in PBS. The cells
were then incubated for 4 h in an incubator. This was followed by
the addition of 100 mL of a 10% SDS solution in 10 mM HCl and
another incubation for 4 h in an incubator. Absorbance (570 nm)
was then measured using a Tecan Infinite M200 pro microplate
reader. Cell viability was calculated as mean absorbance measured
inwells containing polymer coatings versus uncoated control wells.
Each measurement was performed in triplicate with error bars
indicating standard deviation.

2.5.4. Interleukin (IL)-6 ELISA
Mono Mac-6 cells were used for quantitative evaluation of IL-6

expression. A 200 mL suspension containing 200,000 cells/mL was
aliquoted into wells of a polymer-coated 96-well plate, followed by
a 16 h incubation either with or without lipopolysaccharide (LPS,
500 ng/mL). Cells in uncoated wells treated with LPS (500 ng/mL)
and untreated cells served as positive and negative controls,
respectively. After 16 h incubation, the cells were collected by
centrifugation (300 g, 5 min at room temperature). Levels of
immunoreactive IL-6 were assessed in 100 mL samples of the
resulting supernatant by ELISA according to the manufacturer's

instructions (PeproTech Human IL-6 Standard ABTS ELISA Devel-
opment Kit). Absorbance after reaction quenching was measured at
450 nm using a Tecan Infinite M200 microplate reader. The IL-6
concentration in each biological replicate was calculated using
mean values from three triplicate wells. Error bars are used to
indicate standard deviation.

2.5.5. Expression of IL-1b, IL-8, and IL-10
One million Mono Mac-6 cells in 2 mL of medium were seeded

inwells of a 12-well plate coatedwith final benzophenone-chitosan
polymers and incubated for 16 h. LPS (500 ng/mL) was used as a
positive control for cytokine expression. The cells were collected by
centrifugation at 350g for 5 min at 4 "C. The cell pellets were
washed with 1 mL PBS and collected again by centrifugation. RNA
was extracted from the cell pellet using the MACHEREY-NAGEL
NucleoSpin® RNA Plus Kit according to the manufacturer's in-
structions. From the extracted RNA, 1 mg of each sample was con-
verted into cDNA using the Thermo Scientific RevertAid First Strand
cDNA Synthesis Kit according to the manufacturer's instructions.
GAPDH was used as the reference gene. Quantitative gene expres-
sion analysis was performed in triplicate experiments using the
Roche Light LightCycler® 480 II with Roche SYBR Green I mix ac-
cording to the manufacturer's instructions. Data shown are the
calculated ratios of interleukin RNA to GADPH. Error bars are used
to indicate standard deviation over three triplicates.

Fig. 1. Synthesis (A) and degree of substitution (ds) (D) of the chitosan derivatives. The degree of substitution determined calculated by stoichiometry matches that determined by
UV/vis spectroscopy (B). The 1H NMR spectrum confirms that the reaction between chitosan and 4-benzoyl-benzoic acid is chemoselective and results in substitution at the amino
group only (C).
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Primer sequences include
IL-1b fwd: 5‘-GAAGATGCTGGTTC-3‘
IL-1b rev: 5‘-TCCCATGTGTCGAAGAAGATAG-3‘
IL-8 fwd: 5‘-GAGCACTCCATAAGGCACAAA-3‘
IL-8 rev: 5‘-ATGGTTCCTTCCGGTGGT-3‘
IL-10 fwd: 5’-CATAAATTAGAGGTCTCCAAAATCG-3‘
IL-10 rev: 5’-AAGGGGCTGGGTCAGCTAT-3‘
GAPDH fwd: 5’-CTCTGCTCCTCCTGTTCGAC-3’
GAPDH rev: 50-CAATACGACCAAATCCGTTGAC-3’

2.6. Microbiology

2.6.1. Bacterial cell culture
Methicillin-resistant Staphylococcus aureus (MRSA, DSM 28766)

and Escherichia coli (K12, DSM 498) were used in the antimicrobial
assays. Glycerol stocks of these bacterial strains were stored
at $80 "C. A new overnight culture was initiated for each experi-
ment. Bacteria were incubated (Minitron, Infors HT, Bottmingen,
Switzerland) at 37 "C with aeration (rotation at 100 rpm) in
lysogeny broth (LB) medium. All bacterial suspensions were pre-
pared in LB medium.

2.6.2. Antibacterial assay for the evaluation of polymer coatings
A modified version of the direct contact method based on ISO

22196 and Skytta et al. was used to evaluate the antibacterial
properties of the polymer coatings [73,74]. Briefly, 200 mL of bac-
terial suspension a concentration of 5 # 103 cells/mL was added to
each well of a coated 96-well plate. A well without polymer
treatment was used for reference. The plate was sealed with par-
afilm to reduce evaporation and incubated for 24 h at 37 "C in a
humidified incubator. The bacterial cell suspension was removed,
and the wells were washed twice with 200 mL of sterile PBS.
Adherent bacteria that remained in direct contact with the coating
were removed with 200 mL of soybean casein digest lecithin poly-
sorbate broth (SCDLP); the suspension was mixed thoroughly and
transferred to a new 96-well plate. In addition, serial dilution of a
suspension with 104 cells/well in SCDLP was added to the plate
layout for the calculation of a calibration curve to determine the
absolute reduction in bacterial count. After all empty wells were
filled with sterile PBS, the plate was sealed with parafilm and
placed in a Tecan Infinite M200 microplate reader that was pre-
heated to 37 "C. Optical density at 600 nm was measured every
20 min over the next 16 h. The first derivative of the maximum rate
of growth shown in each curve was calculated using GraphPad
Prism 8 (San Diego, CA, USA). The live bacteria count was then
determined from the calibration curve (Fig. S5) and logarithmic
reductions were determined compared to results from the un-
treated well.

2.6.3. Bacteriostatic assay
The bacteriostatic impact of the chitosan polymers before

crosslinking was evaluated according to a modified version of the
assay described by Skytta et al. [73]. Briefly, 20 mL of polymer so-
lution (concentrations including 10 mg/mL, 5 mg/mL, 1 mg/mL,
500 mg/mL, 100 mg/mL, 50 mg/mL, 10 mg/mL, 100 ng/mL, and 1 ng/
mL) dissolved in 1 mM HCl, or 20 mL of 1 mM HCl as vehicle control
were added to 180 mL of a bacterial suspension containing
5 # 104 cells/ml in a 96-well plate. In addition, serial dilution of 104

cells/well in LB media was added to the plate layout as a negative
control. After all empty wells were filled with sterile PBS, the plate
was sealed with parafilm and placed in a Tecan Infinite M200
microplate reader that was preheated to 37 "C. Optical density at
600 nm was measured every 20 min over the next 16 h.

The area under the growth curves between the two thresholds
was calculated using GraphPad Prism 8; the lower threshold was

defined as the baseline and the upper threshold was defined as the
endpoint of the exponential growth phase. The areas under the
growth curves for each samplewere compared to those observed in
suspensions exposed to vehicle control to determine relative bac-
terial growth. The inhibitory concentration (IC90) value was calcu-
lated from these findings.

2.6.4. Crystal violet assay for biofilm assessment
Staining with crystal violet was performed to quantify biofilm

formation as described previously [36]. Briefly, an overnight bac-
terial culture was diluted in LB medium to a concentration of
3 # 105 cells/ml. These suspensions were added to each well in a
96-well plate after the coating was washed twice with
200 mL sterile PBS. All empty wells were filled with 200 mL sterile
PBS to prevent samples from drying out. The plate was then sealed
with parafilm and incubated for 24 or 72 h at 37 "C in a humidified
incubator without shaking. The medium was then carefully
removed, and the samples were washed three times with
200 mL sterile PBS, with care taken to avoid detaching any biofilm
that may have formed. This was followed by fixationwith 200 mL of
absolute EtOH. EtOH was then aspirated, and the samples were
dried for 10 min in a sterile hood. Biofilms were then stained for
2 min in 200 mL of a 0.1% (w/v) crystal violet solution in PBS. The
staining solutionwas removed, and samples werewashed six times
with 200 mL sterile PBS to remove excess dye. The samples were
then dried overnight to avoid dilution errors and the dye was then
released from the bacteria by adding 100 mL of absolute EtOH. The
crystal violet-containing solution was transferred to a new well
after 10 min incubation at room temperature and was quantified by
measuring the absorbance at 595 nm in a microplate reader.

2.6.5. Live/dead staining
Live/Dead Staining was performed according to the manufac-

turer's instructions of the live/dead staining kit (PromoCell GmbH,
Heidelberg, Germany). Briefly, polymer coatings were crosslinked
in a 96-well plate andwashed three times with 200 mL sterile PBS to
remove residues. The sterile PBS was removed and coatings were
inoculated with 200 mL of overnight bacterial culture (E.coli or
MRSA) diluted to 3 # 105 cells/ml with LB medium. Samples were
incubated for 24 h at 37 "C in a humidified incubator without
shaking. For staining, medium was carefully removed and samples
were washed three times with 200 mL sterile 150 mMNaCl solution
and stainedwith an appropriatemixture of DMAO (ex/em 490/540)
and EthD-III.

(ex/em 530/630) for 15min at room temperature protected from
light. Images were takenwith the fluorescent microscope Observer.
Z1 (Carl Zeiss AG, Oberkochen, Germany) and processed with ZEN
blue edition (Version 3.4, Carl Zeiss AG, Oberkochen, Germany). The
membrane-permeable DNA dye DMAO stains all cells (live and
dead), while the membraneimpermeable DNA dye EthD-III stains
only dead cells with damaged cell membranes.

3. Results and discussion

3.1. Synthesis

The reaction of chitosan with 4-benzoyl-benzoic acid in pres-
ence of EDC in the ratios shown in Fig. 1D results in the corre-
sponding, substituted benzophenone-chitosan (BP-CS) derivatives
(Fig. 1A). The degree of substitution at the chitosan glucosamine
moiety was determined by UV/vis spectroscopy using a calibration
curve of 4-benzoyl-benzoic acid dissolved in EtOH. The UV/vis
spectrum of the benzophenone group shows a strong absorbance
peak at 263 nm. The degree of chitosan substitution determined by
UV/vis spectroscopy (Fig. 1B) approximately matches the values
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that were calculated theoretically. Thus, the degree of chitosan
functionalization could be determined stoichiometrically and is
shown in Fig. 1D.

To determine whether substitution occurred at one of the hy-
droxyl groups or was limited to the free amino groups, we per-
formed NMR measurements of the most highly substituted
chitosan derivative (100%-BP-CS) in 1 mM DCl in D2O (Fig. 1C). The
aromatic region of the spectrum includes nine aromatic protons of
the benzophenone group in two doublets (at 7.9 ppm and 7.7 ppm)
and two triplets (at 7.6 ppm and 7.5 ppm). The spectrum also in-
cludes an amide signal at 8.3 ppm that is detected in an integral
ratio that matches the benzophenone protons. Collectively, these
results indicate that the benzophenone modification of chitosan
occurs chemoselectively, as this moiety is linked to the amino but
not the free hydroxyl groups. These findings confirm the structure
of the benzophenone-chitosan amide derivative shown in Fig. 1A.

3.2. Surface functionalization

PEEK is a ductile polymer with mechanical properties that are
similar to those of human bone [47]. This compound is not cytotoxic
nor does it degrade or leach ions into the surrounding tissue [48].
Given these properties, it has been used to generate a variety of
medical implants, for example, spinal cages [49-52] and endo-
prostheses for hip replacement [53e55]. Given its otherwise bio-
inert surface, multiple approaches for surface functionalization
have been described, for example, deposition of inorganic sub-
strates via atomic layer deposition (ALD) [63]. Here, the BP-CS
containing solutions were solvent-cast on PEEK chips, used as a
model substrate for PEEK implants, followed by UV-crosslinking at
254 nm, washing, and drying in vacuo. The surfaces of the solvent-
cast coatings were then further investigated by XPS, SEM-EDS and
IR spectroscopy.

Recorded XPS spectra of 100%-BP-CS and 30%-BP-CS coatings are
shown in Fig. 2A. In general, the presence of oxygen, nitrogen and
carbon could be confirmed. Al, Si, S and Cl could be detected in
traces <1% (for determined atom ratios cf. Fig. S2). Due to the high
presence of nitrogen in the measured coating areas, the successful
coating with chitosan could be confirmed. The element ratios of
carbon, nitrogen and oxygen in the 100%-BP-CS coating were also
determined using SEM-EDS (cf. Fig. S3) and match the values
determined via XRD within deviations of 3%, thus showing
consistent data over different methods applied.

The C1s signals between 290 and 282 eV show the presence of
CeC, CeH, C¼C, CeO, CeN and C¼O bonds. The ratio in C¼O bonds,
which is present in non-crosslinked benzophenone, matches the
ratio 3:1 between 100%-BP-CS and 30%-BP-CS, and, therefore, is in
accordance with the measurements of the degree of substitution,
where 100% and 30% benzophenone content could be determined in
the coatings. The relatively high difference in CeO bonds between
100%-BP-CS and 30%-BP-CS also shows successful crosslinking, since
the content of CeO and CeN resulting from chitosan itself is con-
stant, while the benzophenones carbonyl is converted into a bir-
adicaloid triplet state, followed by hydrogen abstraction from a
neighboring CeH bond and formation of a hydroxy ketyl radical,
which undergoes recombination into a CeC bond while a hydroxy
group is left as residue [37]. Therefore, the content of hydroxyl
groups, as shown in 100%-BP-CS C1s and 30%-BP-CS C1s graphs
(Fig. 2A), also differs to a certain factor, which indicates successful
crosslinking of the benzophenone photophore through the CeH
insertion reaction. Further, it is an additional confirmation of the
degrees of substitution as determined on the chitosan polymers.

Microscopic images (200x magnification) of the coatings are
shown in Fig. S4. The coarse structure of the PEEK substrate (final
panel) caused by milling while cutting PEEK into slices on a lathe

includes circular, groove-like structures of approximately 40 mm
thickness. Coatings 100%-BP-CS, 50%-BP-CS, 12%-BP-CS, and 7%-BP-
CS applied to the PEEK substrate cover these structures; by contrast,
the groove-like structures remain in evidence in PEEK substrates
coated with 30%-BP-CS polymer.

IR spectra of those microscopically analyzed areas are shown in
Fig. 2B. The IR spectrum of the coating is generally characterized by
dominant CeH bands at 2929 cm$1 and 2881 cm$1 as well as the
OeH band detected at 3284 cm$1 which are the result of glycosidic
carbon backbone CeH stretching vibrations and the free glycosidic
hydroxyl groups, respectively. These measurements are consistent
with literature reports of bands associated with the parent chito-
san molecule [75]. Of these, the most dominant bands are those
associated with the glycosidic hydroxyl groups at 3284 cm$1;
these are also detected in compound 30%-BP-CS, which was not
visible microscopically as noted above. Collectively, these results
lead us to conclude that all five coatings were formed appropri-
ately upon UV-crosslinking of the benzophenone group with the
PEEK substrate.

3.3. Surface topology

The surface topology of the coatings formed on the PEEK sub-
strate was examined further using AFM and SEM measurements
for the formed nanoscale surface topology. SEM images of the
surfaces with each of the five coatings are shown in Fig. 3A.
Coatings 100%-BP-CS, 50%-BP-CS, and 12%-BP-CS appear as coarse,
sponge-like structures with pore diameters of ~2 mm (100%-BP-CS
and 50%-BP-CS) and ~4e5 mm (12%-BP-CS). Coatings 30%-BP-CS
and 7%-BP-CS appear relatively flat with lamellar-like structures.
The uncoated PEEK substrate is also relatively flat; the 40 mm
grooves cannot be detected at this resolution. The surface topology
of the PEEK substrate measured by AFM reveals grooves of ~40 mm
within the borders of resolution (Fig. 3B). The sponge-like struc-
tures associated with coatings 100%-BP-CS, 12%-BP-CS, and (to
some extent) 50%-BP-CS can also be detected by this method. By
contrast, coatings 30%-BP-CS and 7%-BP-CS appear as flat surfaces
with underlying grooves that can be attributed to the PEEK
substrate.

The surface thickness has been determined using a surface
profiler, measuring over a formed edge of the polymer coating.
Measured values are shown in Table 1. Overall, a surface thickness
ranging between 1 and 4 mm was obtained for the coatings using
the solvent casting method. The standard derivatives determined
by triplicate measurements of the thickness approximately match
the determined values for surface roughness, where Ra is the
arithmetic average of the profile heigh deviations and Rq the
quadratic average of profile heigh deviations.

Differences in the topology, resulting in either sponge-like
structures or relatively flat surfaces, could be caused by differences
in the degree of substitution, resulting in different solubilities in the
used solvent (1 mM HCl). Chitosan itself is insoluble in water or
1 mM HCl, therefore, the reaction with 4-benzoylbenzoic acid was
carried out in 1% CH3COOH. The solubility in 1mMHCl is, therefore,
caused by the conversion of the amine into the amide functionality
(cf. Fig.1), which still leads to different solubilities through different
amide-amine ratios. Solubility differences in solvent casting have
been shown to influence the formation of topologyusing the solvent
casting method and leading to inconsistencies [76]. Furthermore,
the same crosslinking conditions of 3 J/cm2UV-light of 254 nmwere
applied to all coatings with different benzophenone content; we,
therefore, expected differences in coating topology as shown in the
SEM and AFM images. Nevertheless, the surface thickness is rela-
tively constant in the range of 1e4 mmover all coatings aswell as the
determined surface roughness is.
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3.4. Cytotoxicity

Cytotoxicity of the synthesized coatings was determined in ex-
periments targeting the L-929mouse embryonal fibroblast cell line,
human umbilical vein endothelial cells (HUVECs), Saos-2 osteo-
sarcoma cell line, and Mono Mac-6 monocytes. Both extract and
direct contact methods were used according to ISO 10993e5
[72,77,78]. Growth inhibition of L-929 cells in response to all extract
dilutions was comparatively low (Fig. 4A). By contrast, these same
dilutions (except for 30%-BP-CS) promote somewhat more sub-
stantial growth inhibition of the HUVEC cell line (Fig. 4B). Overall,
little to no growth inhibition was observed in response to the 30%
substituted chitosan derivative (30%-BP-CS). More substantial

growth inhibition of both L-929 cells and HUVECs was observed
in response to functionalized chitosan derivatives with both
higher as well lower benzophenone content.

Direct contact cytotoxicity tests were performed that targeted
HUVECs as well as the L929, Saos-2, and Mono Mac-6 cell lines
(Fig. 4CeF). The results of these cytotoxicity tests were similar to
one another. Similar to the extract tests, the 30% benzophenone-
substituted chitosan derivative was minimally cytotoxic in direct
contact assays targeting both HUVECs and L929 cells. Among our
other results, inhibition of Saos-2 cell growth was enhanced after
72 h of contact with all chitosan derivatives evaluated; inhibition in
response to compound 30%-BP-CS increased from <0% at 24 h to
40% at this time point (Fig. 4E). By contrast, the proliferation of

Fig. 2. XPS spectra of 100%-BP-CS and 30%-BP-CS coating on PEEK after crosslinking with UV light at 254 nm. The presence of nitrogen confirms the presence of chitosan on the
coating, furthermore, the presence of C¼O bonds in spectra C1s for both coatings confirm the presence of benzophenone through non-reacted residues (A). IR spectra of the material
(B). The most dominant peaks in IR spectra are the glycosidic OeH bounds at 3284 cm$1, followed by the glycosidic CeH stretching vibrations at both 2929 cm$1 and 2881 cm$1.
These spectra match those obtained for chitosan in this region [75] and indicate successful crosslinking of this material on the surface of the PEEK chip.
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Mono Mac-6 cells remained constant, with slightly less inhibition
observed in response to coatings 12%-BP-CS and 7%-BP-CS (Fig. 4F).

Benzophenone derivatives of N-acetyl glucosamine and short-
chain chitooligosaccharides have been characterized as matrix
metallopeptidase (MMP) inhibitors with potent activity against
cancer cells [79] with potential utility as adjuvant anti-cancer
therapy [80]. The activity of these compounds against sarcoma-
type cells may explain some of the growth inhibition and
decreased cell viability observed in cytotoxicity assays performed in
this study. The doubling time of the Saos-2 sarcoma cell line is 40 h
[81]. Thus, the growth inhibition of this cell type is observed most

prominently at the 72 h time point, most notably in experiments
performed with coating 30%-BP-CS. Downregulation of MMP2 and
MMP-9 has also been linked to diminished angiogenesis and
reduced migration of human endothelial cells [82]; these findings
may explain the decreased viability observed in HUVEC cultures at
24 and 72 h. Results from previous studies suggest that chitosan
may form polyelectrolyte complexes in culture medium that
sequester growth factors provided by FCS and that this will ulti-
mately result in decreased fibroblast proliferation. In literature, this
effect was not observed in cell cultures that were not supplemented
with FCS [83]. In the current study, exposure to the 30% substituted
chitosan derivative 30%-BP-CS results in the retention of ~70% of the
original proliferative activity relative to untreated cells at both 24
and 72 h in all cell lines evaluated. Thus, derivative 30%-BP-CS has
been identified as non-cytotoxic. Interestingly, the 30%-BP-CS chi-
tosan derivative is also most effective at inhibiting the growth and
viability of both E. Coli and S. aureus bacterial strains.

3.5. Anti-inflammatory potential

The pyrogenicity of the coating surface and/or the presence of
potential pyrogenic residues or contaminants was elucidated by a

Fig. 3. SEM images (A) and AFM measurements (B) of the coatings, applied to the PEEK substrate (final panel).

Table 1
Surface thickness and surface roughness of the BP-CS coatings determined using a
surface profiler.

Sample Surface
thickness [mm]

Surface roughness
Ra [nm]

Surface roughness
Rq [nm]

100%-BP-CS 2.15 ± 0.13 456.1 509.2
50%-BP-CS 1.46 ± 0.41 615.5 739.5
30%-BP-CS 1.51 ± 0.48 287.2 334.4
12%-BP-CS 3.75 ± 0.60 271.6 339.7
7%-BP-CS 2.12 ± 0.98 323.3 398.6
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monocyte activation test using the Mono Mac-6 cell line and an
enzyme-linked immunosorbent assay (ELISA) for quantitative
detection of IL-6 secretion [84,85]. An approximately two-fold in-
crease in IL-6 was detected in the medium of cultures grown in
wells with 625 mg/cm2 of 100%-BPCS, 50%-BP-CS, 12%-BP-CS and
7%-BP-CS coatings compared to negative controls (Fig. 5A, left). By
contrast, no increase in IL-6 levels was detected in wells coated
with 30%-BP-CS derivative. No significant increases in IL-6 release

were observed over control levels in cultures grown inwells coated
with lower concentrations of these chitosan derivatives. Thus, all
coatings can be considered non-pyrogenic when used at concen-
trations at or below 312.5 mg/cm2; 30%-BP-CS derivative is non-
pyrogenic at concentrations as high as 625 mg/cm2. We also eval-
uated the expression of genes encoding the cytokines IL-1b, IL-8,
and IL-10 in monocytes that were cultivated for 16 h in coated
wells. We detected no significant increase in IL-1b expression in

Fig. 4. Cytotoxicity at 24 and 72 h associated with exposure to extracts of BP-CS coatings in L-929 cells and HUVECs with 6% DMSO as positive control (A, B). Cytotoxicity at 24 and
72 h associated with direct contact of L-929, HUVECs, Saos-2, and Mono Mac-6 with BP-CS coatings (CeF). Error bars are given as standard derivation of triplicates each. In (G) L-929
mouse fibroblasts growing on the coated surface at 72 h before the addition of the MTT reagent. Cytotoxicity is observed in response to contact with polymers 100%-BP-CS, 50%-BP-
CS, 12%-BP-CS, and 7%-BP-CS. By contrast, relatively little cytotoxicity is observed in response to contact with polymer 30%-BP-CS. This result was confirmed by the cell viability test
evaluated quantitatively in (C); the images shown are at 10x magnification.

M. Borgolte, O. Riester, I. Quint et al. Materials Today Chemistry 26 (2022) 101176

9



Mono Mac 6 cells cultured with derivatives 100%-, 50%-, 30%- and
12%-BP-CS, compared to the LPS-positive control [63]. A similar
pattern was observed for IL-8; this might be related to findings
indicating that IL-8 expression is induced by exogenous IL-1b in
monocytes [86]. The lowest level of IL-8 expressionwas detected in
cells culturedwith 30%-BP-CS derivative; expression levels increase
from 50%_BP-CS to 100%-BP-CS and from 12%-BP-CS, reaching a
maximum in the presence of 7%-BP-CS, approaching the levels
observed in response to the LPS positive control. Expression of the
anti-inflammatory cytokine, IL-10 increases in a similar pattern,
which may represent its capacity to modulate the responses of the
proinflammatory cytokines IL-1b, IL-6, and IL-8. Interestingly, the
expression of IL-10 is more prominent in response to 100%-BP-CS
derivative than 7%-BP-CS; the 100%-BP-CS derivative also elicits
comparatively lower levels of both IL-6 and IL-8. Overall, we can

conclude that the 30%-BP-CS coating is non-inflammatory, while
the 100%-BP-CS coating exhibits anti-inflammatory properties as
described above.

LPS induces oxidative stress via the production of reactive ox-
ygen species (ROS) in both monocytes and macrophages. LPS-
mediated monocyte activation also leads to the synthesis and
release of proinflammatory cytokines, including IL-1b, followed by
IL-6 and IL-8, which are cytokines that stimulate local inflammation
[87-89]. Chitosan has characterized antioxidative properties and is
capable of quenching hydroxyl- and superoxide radicals in solution
[90]. Chitosan also exhibits anti-inflammatory properties including
its capacity to limit the expression of cyclooxygenase (COX)-2
[91e93]. We tested the radical scavenging potential of each coating
and examined their capacity to suppress monocyte-mediated IL-6
release in response to 500 ng/mL LPS. ROS is generated in biological

Fig. 5. Secreted IL-6 from Mono Mac-6 monocytes (A) detected in the medium by ELISA at 16 h both with (left) and without (right) stimulation with 500 ng/mL LPS together with
LPS and vehicle control (VC) alone. IL-6 levels are twice as high in LPS-stimulated monocytes exposed to 625 mg/cm2 coatings compared to vehicle control (VC). By contrast, IL-6
levels remain at baseline in cell cultures exposed to lower coating concentrations. IL-6 levels remained at baseline in all cultures exposed to coating 30%-BP-CS. Expression of IL-1b,
IL-8, and IL-10 genes (B) determined by qPCR after 16 h cultivation on a benzophenone-substituted chitosan-coated microtiter plate (625 mg/cm2). Expression of all three cytokine
genes remained at or near baseline in cultures exposed to polymer 30%-BP-CS. (C) Radical (OH$) quenching mediated by benzophenone-substituted chitosan polymers in solution
compared to unmodified chitosan (left) and as coatings on microtiter plates.
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systems mainly via the Fenton reaction [94]. Thus, we performed
this reaction in an ex vivo as described by Li et al. [90] that utilized
photometric measurements of Safranin O degradation mediated by
hydroxyl radicals [90]. We found that compound 30%-BP-CS was
most effective at radical quenching; exposure to polymers of this
compound in solution resulted in a 3-fold increase in OH-
quenching compared to the negative control (Fig. 5C). Interest-
ingly, the effectiveness of coating 30%-BP-CS exceeds that of chi-
tosan alone by a factor of 1.5, also compared to the negative control.
However, these anti-oxidant activities were not detected when
compound 30%-BP-CSwas evaluated as a coating. Furthermore, and
despite their capacity for radical quenching, none of the coatings
had an impact on monocytes-mediated IL-6 secretion compared to
the responses of unstimulated monocytes alone (see Fig. 5A, right).

In conclusion, we found that exposure to coating 30%-BP-CS
resulted in no increase in proinflammatory cytokine release; this
coating also had a negligible effect on modulating the responses of
LPS-stimulated monocytes. Monocyte viability remained at or near
100% after 24 or 72 h in a contact with this coating. Based on these
results, we identify coating 30%-BP-CS as both inert and biocom-
patible in experiments performed in relevant ex vivo settings.

3.6. Antimicrobial properties

The antibacterial properties of soluble chitosan are well-
characterized. Among these findings, Li et al. [95] reported that

chitosan at ~0.1% (w/v) resulted in >80% inhibition of several bac-
terial strains. In this study, we tested our compounds within a
general range of concentrations to determine the 90% inhibitory
concentration (IC90) based on the results of growth curves of E. coli
and MRSA (Fig. S3). Our findings revealed that all five BP-CS de-
rivatives retained their antibacterial properties when evaluated in
solution (Fig. 6C and D). The IC90s determined for benzophenone
chitosan derivatives targeting E. coli were 75, 74, 72, 59, and 63 mg/
mL, respectively; IC90s determined for chitosan derivatives targeting
MRSA were 66, 86, 82, 64, and 63 mg/mL, respectively. These
calculated IC90 values are comparable to the minimum inhibitory
concentrations previously reported for non-functionalized chitosan
against E. coli (50 mg/mL) and MRSA (100 mg/mL) [96]. Interestingly,
although benzophenone is considered toxic to bacteria [97], higher
IC90 values were observed for compounds with higher benzophe-
none content. The reduced impact associated with more extensive
substitution may be explained by reductions in the number of free
amino groups contributing to the overall cationic charge of the
polymer. Of note, according to the SMHmodel, cationic charge is the
critical feature underlying chitosan-mediated antimicrobial activity
[5,6]. Thus, our results suggest that the impact of the loss of cationic
charge may exceed the potential for increased toxicity associated
with an increase in the benzophenone content. This net effect may
result in an overall reduction of its antibacterial properties.

We then examined the antibacterial properties of coatings
prepared from the dissolved chitosan derivatives after UV-

Fig. 6. Antimicrobial activity of benzophenone-substituted chitosan coatings and solubilized chitosan derivatives. Shown are reductions in the number of viable E. coli (A) and MRSA
(B) that are adherent to coatings relative to the untreated surface of a tissue culture plate. The impact of solubilized chitosan derivatives at various concentrations on the growth of
E. coli (C) and MRSA (D) and the calculated IC90 values. (E) Biofilms of E. coli and MRSA at 24 and 72 h were evaluated by crystal violet staining. All values represent means ± standard
deviations; n ¼ 3.
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crosslinking. Polymer coatings were prepared at mass-to-surface
ratios of 625, 312.5, and 62.5 mg/cm2. Our results revealed a net
reduction in antibacterial efficacy of all coatings that paralleled the
decreases in mass-to-surface ratios (Figs. S2, 6A, and 6B).

Maximum antibacterial activity was observed for coating of
30%-BP-CS applied at 625 mg/cm2. Direct contact with this coating
(30% benzophenone) resulted in an approximately 5-log reduction
of viable E. coli or MRSA. Compounds with higher (100%-BP-CS and
50%-BP-CS) and lower (12%-BP-CS and 7%-BP-CS) benzophenone
contents were not as effective at limiting bacterial viability (Fig. 6A
and B). These results indicate that the antibacterial activity of the
cross-linked compound in the form of a coating may be more
effective than the individual components in solution. In the case of
benzophenone derivatives, crosslinking is critical to ensure a uni-
form and functional coating.

We also examined biofilm formation on the polymer coatings at
24 and 72 h by crystal violet (CV) staining (Fig. 6E) and Live/Dead
staining (Fig. 7). These observations confirmed the results of pre-
vious experiments as they revealed that coating 30%-BP-CS was
more effective than the other four benzophenone-substituted
coatings evaluated. Coating 30%-BP-CS was the only derivative
that promoted a reduction in the level of CV stained E. coli biofilm
between the 24 and 72 h time points, to a point at which it was
nearly undetectable. Similar results were obtained in experiments
targeting MRSA. However, it is also worth noting that no increases
in biofilm formation were observed by CV staining between 24 and
72 h for MRSA in experiments performed with the four additional
coatings; experiments performed with coatings 12%-BP-CS and 7%-
BP-CS revealed reductions in the amounts of CV stained MRSA
biofilms during this time interval. Live/dead staining confirmed
that, after 24 h, there was considerably less biofilm on coating 3c

and almost all cells still present were stained as dead. In contrast,
the other coatings had developed biofilms, albeit with a higher
percentage of dead cells compared to the untreated control.
Collectively, the results suggest that these compounds are more
effective against biofilms generated by Gram-positive bacteria such
as MRSA compared to Gram-negative bacteria, such as E. coli.

4. Conclusion

In this study, our findings document the successful functional-
ization of the free amino groups of chitosan with benzophenone
moieties. The degree of functionalization obtained approximately
matched the stoichiometrically-calculated ratios. Chemoselective
functionalization of the free amino groups via amide formationwas
confirmed by NMR spectroscopy. Coatings prepared from 30%
functionalized derivative, named 30%-BP-CS, were the most effec-
tive of the group against the bacterial pathogens MRSA and E. coli,
which were used as clinically relevant microbial strains in antimi-
crobial testing. The 30%-BP-CS derivative also exhibited the least
cytotoxicity when evaluated in cultures of L-929 fibroblasts,
HUVECs, Saos-2 osteoblasts, and Mono Mac-6 monocytes using ISO
10993e5 testing methodology for cytotoxicity assessment. No
inflammationwas observed in response to the 30%-BP-CS coating in
the pyrogen test performed as per ISO 10993e11. Thus, the 30%-BP-
CS coating can be considered biologically inert. Interestingly, this
30% functionalized chitosan shows the optimum properties with
respect to antimicrobial action and biocompatibility under the UV-
crosslinking conditions applied. Different levels of benzophenone
substitution (both higher and lower) lead to reduced biocompati-
bility, a greater potential for inflammation, and diminished anti-
microbial activity. This may relate at least in part to differences in

Fig. 7. Representative microscopic images of Live/Dead stained E. coli (A) and MRSA (B) after 24 h incubation on the corresponding polymer-coated or untreated surface of a 96-well
cell culture plate. Magnification is 200x; scale bar measures 0.1 mm.
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crosslinking efficiency under the applied conditions (3 J/cm2,
254 nm), leading to different amounts of uncrosslinked benzo-
phenone residues, which have been shown in the XPS spectra
(Fig. 2A). The appropriate combination of these factors may lead to
the thinnest possible coating and a smoother surface byminimizing
pore formation and the concentration of benzophenone residues
that remain uncrosslinked. Previous studies have suggested that
the smoothness of the surface is a critical determinant of the
biocompatibility and inflammatory potential of biomedical im-
plants [98]. The XPS and IR spectra (Fig. 2) and AFM and SEM
measurements (Fig. 3) support this conclusion; these studies
revealed that the 30%-BP-CS coating exhibited a relatively smooth
surface with no visible pores or sponge-like structures that may
promote cell adhesion and inflammation. However, the surface
roughness of the 30%-BP-CS coating is slightly higher than the
roughness of the 12%-BP-CS coating. This property might also
explain the limited capacity for OH-radical quenching (Fig. 4);
coatings prepared from 30%-BP-CS derivative display compara-
tively less active surface area for radical quenching. This can explain
the relatively bioinert properties of this coating despite the fact that
IC90 of the polymers were within range of those exhibited by the
other compounds when they were all examined in solution. How-
ever, when applied as a coating, their capacity for growth inhibition
differed significantly (Fig. 5). While the exactly optimized param-
eters for crosslinking conditions and surface properties of the
coatings still need more adjustment, overall, our study presents an
interesting chemical approach that can be used to generate
chitosan-derived coatings for implant materials that are biocom-
patible, non-inflammatory, and antimicrobial with potential for use
in photopatterning applications.
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1. Synthesis 

1.1 Calibration curve of 4-benzoyl-benzoic acid in EtOH 

 

Figure S1. Full spectrum (left) and calibration curve with corresponding formula calculated with maxima at 263 nm of 4-benzoyl-benzoic acid in EtOH, used for 
calculation of the degree of substitution of the benzophenone-chitosan derivatives. 
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2. Surface characterization 

2.1 XPS surface characterization  

 
Figure S2. XPS spectra of 100%-BP-CS and 33%-BP-CS coating, together with calculated ratios of the atoms in the coating. 
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2.2 SEM-EDS surface characterization 

 
Figure S3. SEM-EDS surface characterization of the 100%-BP-CS coating and the corresponding atomic concentrations. Area of measurement is marked in the 
SEM image. 

  

Element Atomic

conc.

Weight

conc.

Oxide 

Symbol

Stoich wt

conc.

O 58.54 % 64.38 %

C 31.75 % 26.21 %

N 9.64 % 9.28 %

Si 0.06 % 0.12 % SiO2 0.74 %
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3. Surface topology 

3.1 Microscopic images (200 x magnification) of the coatings 

 
Figure S4. Microscopic images of the coatings, taken with 200x magnification using the PerkinElmer IR Microscope. The shown areas were used for IR 
measurements of the coating.  
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4. Microbiology 

4.1 Antibacterial assay for the evaluation of coatings 

Figure S5. Calibration curves of Escherichia coli (A) and Staphylococcus aureus (C) for the correlation between the logarithmic colony forming units (CFU) and 
the time needed to reach the growth curve´s maximum of the first derivative. The calculated first derivatives for Escherichia coli (B) and Staphylococcus aureus 
(D). 
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4.2 Bacteriostatic Assay 

 
Figure S6. Growth curves of alive bacteria after 24 h incubation in direct contact with polymer coatings. Three different concentrations were used in the casting 
process: 625 µg/cm² (A, B), 312.5 µg/cm² (C, D) and 62.5 µg/cm² (E, F). They were tested with bacterial solution of Staphylococcus aureus (B, D, F) and 
Escherichia coli (A, C, E). 
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Figure S7. Growth curves of Escherichia coli (A - E) and Staphylococcus aureus (F - J) treated with various concentrations of the chitosan derivatives solubilized 
in 1 mM HCl. 
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Abstract: Kynurenine is a tryptophan metabolite linked to several inflammatory processes including
transplant failure, a significant challenge in transplant medicine. The detection of small molecules
such as kynurenine, however, is often complex and time consuming. Herein, we report the successful
synthesis of a fluorescently labelled kynurenine derivative, showing proper fluorescence and anti-
kynurenine antibody binding behavior in a magnetic bead immunoassay (MIA). The fluorescent
kynurenine–rhodamine B conjugate shows a KD-value of 5.9 µM as well as IC50 values of 4.0 µM in
PBS and 10.2 µM in saliva. We thus introduce a rapid test for kynurenine as a potential biomarker for
kidney transplant failure.

Keywords: transplant failure; transplant medicine; biomarkers; fluorescent probes; fluorescence;
kynurenine; amino acids; rapid testing

1. Introduction

Kynurenine is a metabolite of the tryptophan degradation pathway linked to several
inflammatory, metabolic, oncogenic [1] as well as psychiatric disorders [2,3]. While some
tryptophan is metabolized to serotonin [4], 95% of the dietary tryptophan is metabolized
to the kynurenine pathway (KP) via the enzyme class of indolamine-2,3-dioxygenases
(IDOs) [5–7], followed by a cascade of degradation enzymes with quinolinic acid as the final
product [8]. The activity of the IDO enzymes is regulated through immunological factors
such as pathogenic microorganisms and LPS [9–11], inflammatory cytokines [12,13], or IL-1
and TNF-↵ [14]. Elevated kynurenine levels also downregulate immune activation and
convey anti-inflammatory activity [15–18], demonstrating a feedback-loop-like behavior.

The link between inflammatory response and elevated kynurenine levels in serum
via upregulation of IDO by pro-inflammatory factors renders kynurenine an interesting
biomarker for clinically relevant inflammatory processes. Upregulated IDO and, therefore,
elevated kynurenine levels of 3.9 ± 2.1 µM in serum have been found in the case of
chronic kidney disease (CKD) in patients in the pre-dialysis stage. Values increase along
with CKD severity up to 5.6 ± 2.3 µM because of chronic inflammation during CKD
progression [19–22]. Elevated kynurenine levels are related not only to CKD but also to
inflammatory processes after kidney transplantation; they are inversely correlated with
kidney function [23,24]. In a study from 2007 by Buczko et al., plasma and saliva kynurenine
levels from uremic patients were compared, showing reproducible results and correlations
among saliva and serum kynurenine levels [25]. Due to this correlation in serum and saliva
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kynurenine found by Buczko et al. [25] and the association with inflammation and IDO
expression both in kidney failure during chronic kidney disease and kidney transplant
rejection [22,26,27], and due to the findings that kynurenine is discussed as a biomarker for
renal allograft failure in the literature [28,29], here, we focus on kynurenine determined
from saliva as a potential biomarker for kidney transplant rejection. In patients with
transplant rejection, L-kynurenine levels of 17.4 ± 8.4 µM for serum and 4.6 ± 1.6 µM for
saliva were measured, compared to control groups with serum levels of 2.7 ± 0.4 µM and
0.7 ± 0.4 µM in saliva [23,25,28–30].

Apart from transplant failure, elevated kynurenine levels have also been linked to
titanium dental implants and to bone-osseointegration processes [31], as well as to the
implantation of a left ventricular assist device, showing that kynurenine as a metabolite is
linked to implant failure as well [32].

Most approaches in clinical trials to quantifying kynurenine from different tissues
are focused on LC-MS [33–35] or GC-MS [36] methods, displaying clinical impracticabil-
ity and delayed diagnosis. Apart from these, Ungor et al., 2019, presented fluorescent
gold nanoclusters able to detect kynurenine in physiological concentrations in PBS with
a quenching mechanism [37]. Another approach is the usage of fluorescently labelled
kynurenine derivatives, as shown by Klockow et al., 2013, who labelled kynurenine with
a coumarin aldehyde scaffold, showing fluorescence while undergoing a shift in pH [38].
Other approaches for potential rapid testing, using the kynurenine pathway for diagnosis,
focus on quantifying the IDO activity instead of measuring kynurenine directly [39].

To date and due to the small size of the kynurenine molecule, no fluorescently labelled
kynurenine derivatives bound to an anti-kynurenine antibody are described in the litera-
ture. Likewise, there is no functional bioassay based on antibody binding of kynurenine
described in the literature. Herein, we report the synthesis of a fluorescent, rhodamine
B-labelled kynurenine derivative and demonstrate its binding ability to an anti-kynurenine
antibody. We demonstrate that this denotes a promising approach for the development of a
competitive kynurenine antibody-binding assay and ultimately a kynurenine rapid test
from saliva and possibly other body fluids.

2. Materials and Methods

2.1. General Experimental
TLC was carried out on Silica Gel 60 F254 (Merck, layer thickness 0.2 mm) with

detection by UV light (254 nm) or by charring with 1% KMnO4 in 1N NaOH. Flash column
chromatography (FC) was performed on M&N Silica Gel 60 (0.063–0.200 mm). 1H NMR and
13C NMR spectra were recorded on a Bruker Avance I 200 (200 MHz), Bruker Avance II 400
(400 MHz, both Bruker, Billerica, MA, USA), or Varian Unity 500 (500 MHz) spectrometer
(Varian Inc., Palo Alto, CA, USA). Chemical shifts are reported in parts per million relative
to solvent signals (CDCl3: �H = 7.26 ppm, �C = 77.0 ppm; DMSO-d6: �H = 2.49 ppm,
�C = 39.7 ppm). Signals were assigned by first-order analysis and assignments were
supported where feasible by 2-dimensional 1H, 1H and 1H, 13C correlation spectroscopy.
Coupling constants are reported in hertz. UV/vis spectra were recorded on a PerkinElmer
Lambda XLS+ UV/vis spectrometer (PerkinElmer, Waltham, MA, USA) in a 10.00 mm QS
quartz cuvette. Fluorescence was recorded on a Tecan Infinite M200 multiplate reader in
commercially available 96-well multitier plates. Chemicals and reagents were purchased
from Acros Organics, Alfa Aesar, Sigma-Aldrich, Carl Roth, Carbolution or ABCR and
were used without further purification.

2.2. Synthesis of Kynurenine–Rhodamine B Conjugates
2.2.1. [6-Diethylamino-9-(2-prop-2-ynyloxycarbonyl-phenyl)-xanthen-3-ylidene]-diethyl-
ammonium; Chloride 1

Rhodamine B (10 g, 20.9 mmol, 1 eq) was dissolved in dry CH2Cl2 (250 mL) under N2
atmosphere. EDC (4.4 g, 22.99 mmol, 1.1 eq) and DMAP (0.51 g, 4.18 mmol, 0.2 eq) were
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added, and the mixture obtained was stirred for 15 min at room temperature. After the
addition of propargyl alcohol (1.33 mL, 22.99 mmol, 1.1 eq) and after stirring overnight at
room temperature, the mixture was washed 2x with 1M HCl (250 mL) and 1x with brine
(250 mL). Drying the organic layer over Na2SO4 and evaporating the solvent yielded the
crude product. Purification via flash column chromatography (CH2Cl2: MeOH 9:1) gave
the final product: violet powder (6.08 g, 56%).

1H-NMR (CDCl3, 400 MHz): 8.66 (d, J = 7.9 Hz, 1 H, Ar-H), 7.88 (t, J = 7.6 Hz, 1 H,
Ar-H), 7.78 (t, J = 7.7 Hz, 1 H, Ar-H), 7.38 (d, J = 7.6 Hz, 1 H, Ar-H), 7.09 (d, J = 9.4 Hz,
Ar-H, 1 H), 6.95 (d, J = 9.6 Hz, Ar-H, 1 H), 6.88 (s, Ar-H, 1 H), 4.65 (d, J = 1.3 Hz, CH2, 2 H),
3.68 (q, J = 7.1, CH2, 8 H), 2.46 (s, CH, 1 H), 1.36 (t, J = 7.1, CH3, 12 H).

13C-NMR (DMSO, 50 MHz): 164.4 (C(=O)O), 157.6 (Ar-C), 155.6 (Ar-C), 134.0 (Ar-C),
133.8 (Ar-C), 131.3 (Ar-C), 131.3 (Ar-C), 131.0 (Ar-C), 129.3 (Ar-C), 115.1 (Ar-C), 113.4 (Ar-C),
107.4 (Ar-C), 96.4 (Ar-C), 78.5 (C), 77.8 (CH), 53.3 (CH2), 45.8 (CH2), 12.9 (CH3).

2.2.2. 4-(2-Amino-phenyl)-2-tert-butoxycarbonylamino-4-oxo-butyric Acid 2

NH2 protection of kynurenine was carried out by Boc-chemistry following Schotten–
Baumann conditions: kynurenine (500 mg, 2.4 mmol, 1 eq) was dissolved in a water/THF
1:1 mixture containing NaOH (288 mg, 7.2 mmol, 3 eq). After the solution turned clear,
Boc2O (1.55 mL, 7.2 mmol, 3 eq) was added dropwise at 0 �C, and the reaction was
monitored by TLC. Complete conversion was observed after 90 min. Acidification using
10% HCl, followed by 3 extractions with ethyl acetate, drying of the organic layer and evap-
oration of the solvent yielded the crude product: a yellowish oil. Column chromatography
(ethyl acetate) yielded the pure product: a yellowish powder (327.7 mg, 44%).

1H-NMR (400 MHz, CDCl3): 7.73 (d, J = 8.0 Hz, 1H- Ar-H), 7.34 (t, J = 7.6 Hz, 1H,
Ar-H), 6.83–6.72 (m, 2H, Ar-H), 5.64 (d, J = 8.7 Hz, 1H, CH), 4.67 (ddd, J = 12.8, 8.5, 4.3 Hz,
1H, CH), 3.80–3.69 (m, 2H, CH2), 3.53 (dd, J = 18.0, 3.8 Hz, 1H, CH), 1.45 (s, 9H, 3x CH3).

13C-NMR (100 MHz, CDCl3): 199.54 (Ar-C(=O)), 172.43 (C(C=O)OH), 155.68 (Boc-
C(=O)), 149.45 (Ar-C), 134.96 (Ar-C), 131.08 (Ar-C), 125.83 (Ar-C), 118.10 (Ar-C), 116.73 (Ar-C),
69.98 (Boc-tert-C), 52.60 (CH), 41.47 (CH2), 28.34 (CH3).

2.2.3. [3-(2-Amino-phenyl)-1-(2-{2-[2-(2-azido-ethoxy)-ethoxy]-ethoxy}-ethylcarbamo-yl)-
3-oxo-propyl]-carbamic Acid Tert-Butyl Ester 3

Boc-protected kynurenine 1 (318.9 mg, 1.03 mmol, 1 eq) and the corresponding azido-
linker (248.68 mg, 1.14 mmol, 1.1 eq) were dissolved in CH2Cl2 (50 mL). EDC (197.45 mg,
1.03 mmol, 1 eq) and DMAP (25.17 mg, 0.206 mmol, 0.2 eq) were added, and the mixture
was stirred at room temperature for 48 h. Washing 3⇥ with 2 M NaOH (80 mL) followed
by washing with brine (80 mL), drying over Na2SO4 and evaporation yielded the crude
product. Column chromatography (ethyl acetate) yielded the pure product: an orange
solid, which was used directly in the next step without further analysis (175.11 mg, 33%).

2.2.4. (9-{2-[1-(2-{2-[4-(2-Amino-phenyl)-2-tert-butoxycarbonylamino-4-oxo-
butyrylamino]-ethoxy}-ethyl)-1H-[1,2,3]triazol-4-ylmethoxycarbonyl]-phenyl}-6-
diethylamino-xanthen-3-ylidene)-diethyl-ammonium Salt 4

Azido functionalized Boc-L-Kynurenine 3 (166 mg, 326.6 µmol, 1 eq) and propar-
gyl rhodamine B 1 (169 mg, 326.6 µmol, 1 eq) were dissolved in 30 mL of a mixture of
CH2Cl2/MeOH/H2O 10:10:3. After adding an aqueous CuSO4 solution (262 µL, 0.5 M,
130.64 µmol, 0.4 eq), TBTA (18 mg, 32.66 µmol, 0.1 eq) and Na ascorbate (142 mg, 718.52 µmol,
2.2 eq), the mixture was heated to 60 �C for 16 h. After cooling down, 20 mL of ddH2O
was added and the mixture was extracted 3 times with 50 mL CH2Cl2, followed by drying
over Na2SO4 and evaporation of the solvent. The pure product was obtained after column
chromatography (CH2Cl2/MeOH 3:1) as a pink powder (302.5 mg, 90%).

1H-NMR (DMSO, 500 MHz): 8.20 (dd, J = 7.9, 1.0 Hz, 1H, Ar-H), 7.91–7.85 (m, 3H,
Ar-H), 7.83–7.79 (m, 2H, Ar-H), 7.47 (dd, J = 7.6, 0.8 Hz, 1H, Ar-H), 7.08–7.00 (m, 2H,
Ar-H), 6.97–6.90 (m, 5H, Ar-H), 5.04 (s, 2H, Ar-CH2), 4.65 (d, J = 2.4 Hz, 1H, CH2), 4.44 (t,
J = 5.2 Hz, 2H, Triazol-CH2), 3.74 (t, J = 5.2 Hz, 2H, O-CH2), 3.63 (dd, J = 13.9, 6.7 Hz, 8H, 4x
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RhB-CH2), 3.48–3.45 (m, 2H, O-CH2), 3.44–3.40 (m, 6H, 3⇥ O-CH2), 3.30 (t, J = 6.4 Hz, 2H,
O-CH2), 3.00 (dd, J = 12.0, 6.0 Hz, 2H, CH2), 1.33 (s, 9H, 3⇥ Boc-CH3), 1.20 (t, J = 6.7 Hz,
12H, 4x RhB-CH3).

13C-NMR (DMSO, 125 MHz): 198.9 (Ar-C(=O), 172.1 (C(=O)-NH), 164.9 (C(=O)-O),
157.8 (Ar-H), 157.5 (Boc-C(=O)), 156.0 (Ar-C), 155.6 (Ar-C), 155.5 (Ar-C), 141.04 (Triazol-
Ar-C), 134.6 (Ar-C), 133.9 (Ar-C), 133.8 (Ar-C), 133.7 (Ar-C), 131.3 (Ar-C), 131.2 (Ar-C),
131.0 (Ar-C), 130.9 (Ar-C), 129.6 (Ar-C), 129.2 (Ar-C), 125.3 (Triazol-Ar-C), 115.0 (Ar-C),
114.9 (Ar-C), 114.8 (Ar-C), 113.3 (Ar-C), 96.3 (Ar-C), 78.4 (tert.-C), 78.0 (NH(Boc)-CH),
77.8 (O-CH2), 70.1 (O-CH2), 70.0 (O-CH2), 69.9 (O-CH2), 69.6 (O-CH2), 69.3 (O-CH2),
68.0 (O-CH2), 58.6 (Ar-CH2), 53.2 (RhB-CH2), 49.8 (Ar-CH2), 45.8 (N-CH2), 28.7 (Boc-CH3),
12.9 (RhB-CH3).

2.2.5. (9-{2-[1-(2-{2-[2-Amino-4-(2-amino-phenyl)-4-oxo-butyrylamino]-ethoxy}-ethyl)-
1H-[1,2,3]triazol-4-ylmethoxycarbonyl]-phenyl}-6-diethylamino-xanthen-3-ylidene)-
diethyl-ammonium Salt 5

Boc-deprotection of rhodamine B–kynurenin conjugate 4 was carried out by dissolving
conjugate 4 in 6 mL of CH2Cl2 containing 25% trifluoroacetic acid. After stirring at room
temperature for 1 h, the solution was precipitated in 50 mL ice cold Et2O and centrifuged
for 5 min at 4 �C and max speed. The precipitate was dissolved in ddH2O and lyophilized.
Purification by HPLC yielded the pure product: a pink solid (60.5 mg, 26%).

1H-NMR (DMSO, 500 MHz): 8.20 (dd, J = 8.0, 1.4, 1H, Ar-H), 8.11 (s, 1H, C(=O)NH),
7.93–7.84 (m, 3H, Ar-H), 7.85–7.78 (m, 2H, Ar-H), 7.47 (dd, J = 7.7, 1.4, 1H, Ar-H),
7.05–6.99 (m, 3H, Ar-H), 6.97–6.89 (m, 5H, Ar-H), 5.05 (d, J = 4.4, 3H, Ar-CH2 + CH),
4.47–4.41 (m, 2H, Ar-CH2), 3.75 (t, J = 5.2, 2H, O-CH2), 3.63 (q, J = 6.9, 8H, RhB-CH2),
3.54 (d, J = 5.6, 2H, O-CH2), 3.50–3.42 (m, 8H, O-CH2), 2.92 (q, J = 5.6, 2H, O-CH2), 1.20 (t,
J = 7.0, 12H, RhB-CH3).

13C-NMR (DMSO, 125 MHz): 197.3 (Ar-C(=O)), 168.8 (C(=O)-NH), 164.9 (C(=O)-O),
158.2 (Ar-C), 157.9 (Ar-C), 157.5 (Ar-C), 155.5 (Ar-C), 141.1 (Triazol-Ar-C), 133.2 (Ar-C),
133.7 (Ar-C), 131.2 (Ar-C), 130.9 (Ar-C), 129.6 (Ar-C), 125.3 (Triazol-Ar-C), 117.5 (Ar-C),
114.9 (Ar-C), 113.3 (Ar-C), 96.3 (Ar-C), 70.1 (O-CH2), 70.0 (O-CH2), 69.9 (O-CH2),
69.0 (O-CH2), 67.1 (O-CH2), 58.6 (Ar-CH2), 49.8 (Ar-CH2), 45.7 N-CH2), 12.87 (CH3).

2.2.6. (6-Diethylamino-9-{2-[1-(2-{2-[2-(2-hydroxy-ethoxy)-ethoxy]-ethoxy}-ethyl)-1H-
[1,2,3]tr-iazol-4-ylmethoxycarbonyl]-phenyl}-xanthen-3-ylidene)-diethyl-ammonium Salt 6

Propargyl rhodamine B 1 (100 mg, 193.4 µmol, 1 eq) and azidotetraethylene glycol
(42.4 mg, 193.4 µmol, 1 eq, synthesized according to the literature [40]) were dissolved in
25 mL of a mixture of CH2Cl2/MeOH/H2O 10:10:3. A solution of CuSO4 in H2O (0.5 M,
15.5 µL, 7.74 µmol, 0.04 eq) was added, TBTA (1 mg, 1.93 µmol, 0.01 eq) and Na ascorbate
(8.4 mg, 42.6 µmol, 0.22 eq) were added, and the mixture was heated to 60 �C. The reaction
was monitored by TLC. After 16 h, the mixture was left to cool down, followed by the
addition of 25 mL of ddH2O. Extraction with 50 mL of CH2Cl2 3 times, followed by drying
over Na2SO4, gave the crude product. Column chromatography (CH2Cl2/MeOH 3:1) gave
the pure product: a pink oil (135.8 mg, 95%).

1H-NMR (DMSO, 500 MHz): 8.22 (d, J = 8.0 Hz, 1H, Ar-H), 7.89 (t, J = 5.2 Hz, 2H,
Ar-H), 7.82 (t, J = 7.9 Hz, 1H, Ar-H), 7.48 (d, J = 7.5 Hz, 1H, Ar-H), 7.04 (dd, J = 9.5, 2.2 Hz,
2H, Ar-H), 6.96 (s, 1H, Ar-H), 6.95–6.92 (m, 3H, Ar-H), 5.06 (s, 2H, Ar-CH2), 4.56 (s, 1H,
OH), 4.45 (t, J = 5.2 Hz, 2H, O-CH2), 3.76 (t, J = 5.2 Hz, 2H, O-CH2), 3.65 (q, J = 6.8 Hz, 8H,
CH2), 3.49 (dd, J = 5.6, 3.1 Hz, 2H, O-CH2), 3.46–3.41 (m, 6H, O-CH2), 3.37–3.34 (m, 2H,
O-CH2), 1.22 (t, J = 6.8 Hz, 12H, CH3).

13C-NMR (DMSO, 125 MHz): 164.88 (C(=O)), 157.88 (Ar-H), 157.53 (Ar-H), 155.53 (Ar-H),
141.05 (Ar-H), 133.71 (Ar-H), 131.24 (Ar-H), 130.93 (Ar-H), 129.67 (Ar-H), 125.36 (Ar-
H), 114.94 (Ar-H), 113.32 (Ar-H), 96.29 (Ar-H), 72.75 (CH2), 70.21 (CH2), 70.17 (CH2),
70.05 (CH2), 69.97 (CH2), 69.01 (CH2), 66.81 (CH2), 60.63 (CH2), 58.63 (CH2), 49.77 (CH2),
45.76 (CH2), 12.89 (CH3).
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2.3. Magnetic Bead Immunoassay (MIA)
2.3.1. Antibody Biotinylation

A total of 1 µL of a 6 mg/mL Biotin-NHS solution (NHS-dPEG®12-biotin, Sigma
Aldrich, Taufkirchen, Germany) was added to 100 µL of an anti-kynurenine antibody
(monoclonal Mouse IgG1a k chain anti-kynurenine antibody, clone 3D4-F2, ImmuSmol
SAS, 0.5 mg/mL). The mixture was incubated for 50 min at room temperature with gentle
shaking. Excess Biotin-NHS was removed using a VivaSpin 500 centrifugal concentrator
with 10 kDa MWCO (Sigma Aldrich).

2.3.2. Bead Preparation
For bead activation, 50 µL of magnetic beads (Dynabeads™ MyOne™ Streptavidin C1

magnetic beads 10 mg/mL, Thermo Fisher Scientific, Schwerte, Germany) was diluted to
1 mg/mL with 450 µL of PBS and pelleted on a magnetic rack for 2 min. The supernatant
was discarded, and the beads were washed three times with 500 µL PBS. After the last
washing step, 20 µL of the supernatant was replaced with 20 µL biotinylated antibody
(0.5 mg/mL). The mixture was incubated for 30 min at RT under gentle shaking. The
reaction was blocked by washing the beads three times with PBS containing 1.5% BSA and
0.5% Tween-20. The final concentration was 20 µg of antibody per 1 mg of beads.

2.3.3. Immunoassay Conjugate Binding
For 3 h at RT, 0–100 µM rhodamine B–kynurenine conjugate 5 or rhodamine B-PEG-

Linker 6 was incubated with 50 µL of antibody-conjugated magnetic beads and 50 µL of PBS
(1:3 dilution). The beads were pelleted on a magnetic rack, and the unbound rhodamine
B in the supernatant was quantified in a 96-well-plate with a fluorescence measurement
of 100 µL of supernatant at 561 nm excitation and 592 nm emission, using a Tecan Infinite
M200 multiplate reader. A standard curve of rhodamine B fluorescence intensity between 0
and 100 µM diluted 1:3 in PBS was used for the calculation of bead-bound conjugate 5 or 6.

2.3.4. Competition between Rhodamine B–Kynurenine Conjugate and Native Kynurenine
Fifty microliters of antibody coupled beads was incubated with 50 µL of 12 µM

rhodamine B-kynurenine conjugate 5 and 50 µL of spiked PBS or artificial saliva (Sigma
Aldrich, SAE0149) containing 0–250 µM native L-kynurenine for 3 h at RT on a hula shaker
(1:3 dilution). Beads were pelleted on a magnet and fluorescence intensity of unbound
rhodamine B–kynurenine conjugate 5 in 100 µL supernatant was measured in a Tecan
Infinite M200 multiplate reader at 561 nm excitation and 592 nm emission. Bead-bound
L-kynurenine was indirectly calculated by calculating the amount of displaced rhodamine
B–kynurenine conjugate 5. Therefore, the fluorescence intensity of bound rhodamine
B–kynurenine conjugate 5 without L-kynurenine was subtracted from the fluorescence
intensity of samples with different L-kynurenine concentrations.

3. Results and Discussion

3.1. Synthesis of Fluorescent Kynurenine Conjugates
Chemical synthesis of the fluorescent L-kynurenine–rhodamine B conjugate was car-

ried out as shown in Figure 1. First, commercial rhodamine B was reacted with propargyl
alcohol to the corresponding rhodamine B propargyl ester 1 using Steglich esterification by
EDC and DMAP, which was used as the fluorescent probe for click-conjugates 5 and 6.
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Figure 1. Route of synthesis for the fluorescent labelled kynurenine probe. Rhodamine B was reacted
with propargyl alcohol to rhodamine B propargyl ester 1, which was reacted with an azido tetraethy-
lene glycol linker to afford 6 or with azido-kynurenine to yield product 5. Reaction conditions:
(a) EDC, DMAP, CH2Cl2, RT, overnight; (b) NaOH, H2O/THF 1:1, RT, 90 min; (c) EDC, DMAP,
CH2Cl2, RT, 48 h; (d) 1, CuSO4, TBTA, Na ascorbate, H2O/MeOH/CH2Cl2 10:10:3, 16 h; and
(e) CH2Cl2/TFA 4:1, RT, 1 h.

For the azido tetraethylene glycol L-kynurenine derivative 3, Boc-protection of the
primary amine of kynurenine was carried out to obtain product 2, followed by attaching an
amino-azido-tetraethylene glycol linker, synthesized according to a published protocol [41]
yielding the azido-4EG-L-kynurenine derivative 3. Click reaction of 3 with 1 gave product 4,
followed by Boc-deprotection to the fluorescent kynurenine probe 5. To study the effect of
the linker as well as the rhodamine B moiety on antibody binding, rhodamine B clickamer 6

containing only a tetraethylene glycol linker [40] was prepared, following the same reaction
conditions as for product 4.

3.2. Spectral Properties
To determine emission and absorption maxima for the synthesized rhodamine B click-

conjugates, UV/vis spectra of the compounds were recorded in ddH2O (cf. Figure 2). The
absorption maximum of rhodamine B is at 554 nm [42] while the absorption maxima of the
rhodamine B conjugates 5 and 6, containing a benzoic ester instead of a free benzoic acid at
the rhodamine’s benzoic acid residue, is slightly shifted to 560 nm. Emission maxima were
determined to be at 586 nm for the L-Kyn-4EG-RhB probe 5, while the 4EG-RhB clickamer



Diagnostics 2022, 12, 1380 7 of 11

6 shows an emission maximum of 584 nm, indicating suitable absorption and emission
properties for immunoassays.
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Figure 2. Absorption (A,C) and fluorescence (B,D) spectra of compounds 5 and 6, measured in
ddH2O. Absorption maxima of compounds 5 and 6 are shifted slightly to 560 nm in the comparison
at 554 nm for native rhodamine B [42]. Fluorescence maxima are 586 nm.

3.3. Magnetic Bead Immunoassay (MIA)
To determine the antibody binding capabilities of the synthesized fluorescent

L-kynurenine conjugate, we elucidated the antibody binding capability of fluorescent
conjugates 5 and 6 as well as their competitive binding capability by using magnetic bead-
bound anti-kynurenine antibodies, followed by incubation with the fluorescent conjugates
and the subsequent fluorescence measurements of unbound conjugate in the supernatant.
The tetraethylene glycol rhodamine B clickamer 6 was used as a negative control to exclude
unspecific interactions between the rhodamine B or the tetraethylene glycol linker with
the antibody. Antibody binding data are shown in Figure 3. As the magnetic beads are
suspended in solution, the surface coated with antibodies is effectively increased, leading
to increased assay sensitivity and favorable binding kinetics and, therefore, more accurate
data on competition between fluorescent probe 5 and native L-kynurenine.

To this end, antibodies were bound to magnetic beads in 1 µm diameter, followed by
incubation with the target compounds, pelleted via magnet and the fluorescence measured
in the supernatant. In the competitive assay, 0–83 µM L-kynurenine was incubated together
with either 4 µM RhB-4EG-L-Kyn conjugate 5, followed by a pelleting of the beads and the
measurement of the fluorescence in the supernatant. The binding curves of 5 and 6 as well
as the competitive binding curve are shown in Figures 3 and 4.
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Figure 3. Binding assay of L-Kyn-4EG-RhB conjugate 5 and 4EG-RhB control 6 with antibody-coated
magnetic beads (A) Concentration in micromole per liter and (B) logarithmic analyte concentration.
Binding of the conjugate 5 to the antibody is significantly stronger than binding of the 4EG-RhB
control 6. A specific binding of the conjugate to the antibody is concluded.
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Figure 4. Competitive antibody binding assay in magnetic bead assay of the L-kynurenine–rhodamine
B conjugate 5 against native L-kynurenine in (A) PBS and (B) artificial saliva. Fluorescence of the
solution increases with increasing L-kynurenine concentration, meaning native kynurenine competes
in antibody binding against the kynurenine conjugate.

With increasing concentration of the fluorescent L-kynurenine conjugate 5, the mea-
sured fluorescence in the supernatant decreases since more fluorescent conjugates bind to
the antibody. Figure 3A shows the difference in fluorescence intensity between
L-kynurenine conjugate 5 and 4EG-RhB clickamer 6 with and without incubation with
the bead-bound antibodies. In higher concentrations, the 4EG-RhB clickamer 6 binding
affinity also increases, probably due to unspecific interactions between either the linker
or the rhodamine B residue. Apart from this, the difference in measured fluorescence
for the L-kynurenine conjugate 5 is significantly stronger, showing a KD-value of 5.9 µM,
and therefore, unspecific interactions between the 4EG-RhB clickamer 6 and the magnetic
bead-bound antibody can be neglected.

As shown in Figure 4, the competitive binding assay shows a proper increase in
fluorescence along with increasing concentrations of native L-kynurenine in both PBS
and artificial saliva. Increasing fluorescence levels are caused by the displacement of the
fluorescent conjugate through native kynurenine. The IC50 values of this competition were
calculated to be 4.0 µM in PBS and 10.2 µM in saliva. As expected, the IC50 value in saliva
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is higher than in PBS due to interfering components such as enzymes and proteins in
saliva samples.

4. Conclusions

We successfully synthesized a fluorescent kynurenine conjugate based on rhodamine
B with unique antibody binding properties, a promising component of a future rapid diag-
nostic test for kynurenine, a metabolite with a clinically relevant marker for the diagnosis
of distinct diseases. Spectral properties of the products were elucidated, showing only
a slight shift of 6 nm in the fluorescence emission maximum when compared to native
rhodamine B. The antibody binding was investigated, and the magnetic bead assay showed
a good sensitivity with a KD-value of 5.9 µM for the L-kynurenine conjugate 5 and IC50
values of 4.0 µM in PBS and 10.2 µM in saliva for the competitive assay. Since an increase
in kynurenine levels in saliva to 4.6 ± 1.6 µM under pathological conditions, compared to
0.7 ± 0.4 µM in the healthy subject, are observed [30], it thus is possible to detect metabolite
changes with statistical significance by using repeated measurements. This allows for the
detection of transplant rejection in a clinical setting subject to validation in clinical trials.
In addition, this approach offers the possibility of using other body fluids such as blood
serum, where kynurenine levels are much higher with 17.4 ± 8.4 µM for serum compared
to 4.6 ± 1.6 µM for saliva [30], even though the influence of matrix proteins and other
metabolites from serum would have to be investigated in more detail for this to obtain
reliable measurements. Since the current standard methods for kynurenine detection are
based on liquid chromatography, they are not practical for routine diagnostics; likewise,
no clinically applied functional bioassay based on antibody binding of kynurenine exists.
Together, our investigations provide a promising approach towards future rapid tests for
kynurenine. Here, we introduced a microbead competitive assay allowing for the determi-
nation of L-kynurenine metabolites directly from saliva, thus avoiding the use of invasive
procedures and expensive equipment.
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