Dissertation

Physikalische und chemische
Wechselwirkungen in Gelatine-
Methacryloyl-Losungen und deren
Vernetzung zu Hydrogelen als
Tragerstruktur fur Gelenkknorpel-
Aquivalente

vorgelegt von

Lisa Rebers






Physikalische und chemische Wechselwirkungen in
Gelatine-Methacryloyl-Losungen und deren Vernetzung zu
Hydrogelen als Tragerstruktur fir Gelenkknorpel-

Aquivalente

Von der Fakultidt Energie-, Verfahrens- und Biotechnik
der Universitat Stuttgart zur Erlangung
der Wiirde eines Doktors der Naturwissenschaften (Dr. rer. nat.)

genehmigte kumulative Abhandlung

Vorgelegt von
Lisa Rebers geb. Sewald

aus Hameln
Hauptberichter: Prof. Dr. Giinter E. M. Tovar
Mitberichterin: Prof. Dr. Christina Wege

Tag der miindlichen Priifung:

11.05.2021

Institut fiir Grenzflachenverfahrenstechnik und Plasmatechnologie IGVP der

Universitat Stuttgart 2021






Gebe alles, was ich hab' fiir alles, was ich will

Ich will 'ne ganze Menge, also geb' ich ganz schon viel



Danksagung

Mit der Fertigstellung dieser Arbeit endet eine besondere Zeit fir mich. Ich mochte mich bei allen
bedanken, die mich auf dieser Reise begleitet und unterstiitzt haben, ob fiir einen Umweg, eine Pause

oder eine gemeinsame Etappe.
Mein besonderer Dank gilt...

...meinem Betreuer und Doktorvater Prof. Dr. Giinter E. M. Tovar. Vielen Dank fir deine Unterstiitzung
von Beginn meiner Promotion Uber meine Elternzeit bis zum Ende meiner Arbeit. Durch dein

Vertrauen und deine Anleitung hast du mir die Freiheit gegeben, eigene Ideen zu entwickeln.

...Dr. Alexander Southan und Dr. Kirsten Borchers, meinen fachlichen Betreuern. Vielen Dank fur die
vielen woéchentlichen Besprechungen in denen ihr mir gezeigt habt, wie man die richtigen Fragen
stellt. IThr habt mich immer unterstiitzt und mich zu einer Wissenschaftlerin gemacht. Ich habe viel

von euch gelernt.
...Prof. Dr. Christina Wege fiir die Ubernahme des Zweitgutachtens.
...der Evonik Stiftung fir die Finanzierung meines Promotions-Stipendiums.

...Dr. Michaela Miiller, Dr. Thomas Schiestel und Jun.-Prof. Dr. Peter Loskill fir den Zugang zu euren

Laboren und Geraten.

...den Gruppen Chemisch-Physikalische Grenzflaichen, Partikuldre Systeme und Formulierungen,
MicroOrganolLab und der Abteilung Grenzflichentechnologie und Materialwissenschaft fiir die

Zusammenarbeit und die angenehme Arbeitsatmosphare.

...meiner Freundin und Kollegin Silke Keller. Vielen Dank fiir deine Unterstitzung und Hilfsbereitschaft,

besonders wahrend des letzten Jahres, das beste Biro und deine Freundschaft.

..meinen Kolleginnen Melanie Dettling, Veronika Schénhaar, Sarah Schmidt, Regina Buck, Lisa
Prestel, Ann-Sophie Schwemmle, Dr. Kirsten Borchers und meinen Kollegen Dr. Achim Weber und
Dr. Alexander Southan, die mit mir an der chemischen Biopolymer-Modifizierung gearbeitet haben

und mich mit Synthesen unterstitzt haben.

...“meinen Studentinnen und Studenten” Lisa Bohler, Tobias Granse, Annina Hahn, Dominik Walz,
Robin Stei, Gabriele Vacun, Lea Pfriender und Sophia Regett fiir eure Unterstitzung im Labor und
die Moglichkeit euch auf einem Teil eurer akademischen Ausbildung begleiten zu dirfen. Ich habe

von und durch jeden von euch viel gelernt.



...meinen Doktoranden-Kolleginnen und -Kollegen, aus denen Freunde wurden. Silke Keller, Dr. Isabel
Jesswein, Tobias Go6tz, Dr. Julia Marzi, Aline Zbinden und Dr. Benjamin Riegger, ihr ward die Quelle

anregender (wissenschaftlicher) Diskussionen und habt Spal in meinen Arbeitsalltag gebracht.

..“meine Co-Autorinnen und Co-Autoren” fir die konstruktive Zusammenarbeit: Dr. Alexander
Southan, Dr. Kirsten Borchers, Tobias Gotz, Raffael Reichsdllner, Dr. Stefan Baudis, Dr. Eva Hoch,
Sandra Stier, Veronika Schonhaar, Dr. Christiane ClaaBen, Dr. Marc H. ClaaRen, Dr. Vincent
Truffault, Sophia Regett, Tobias Granse, Dominik Walz und Prof. Dr. Giinter E. M. Tovar. Darlber
hinaus moéchte ich allen Mitarbeiterinnen und Mitarbeitern des Fraunhofer IGBs und IGVPs der

Universitat Stuttgart danken, die zu den Publikationen beigetragen haben.

...den Kasefreunden fiir eure Freundschaft und gemeinsamen Erlebnisse wahrend dieser Zeit. Das

gleiche gilt fir Seli, Bena und Lutz, deren Freundschaft keine Entfernung kennt.

...meinen Eltern und meinen Geschwistern, ihr habt mich zu der gemacht, die ich bin, unterstiitzt mich

in allen meinen Vorhaben und gebt mir die Sicherheit aufgefangen zu werden.

...meiner Familie. Lauritz, vielen Dank fir deine bedingungslose Liebe und Unterstitzung und fir unser

groRtes Geschenk Hannes. |hr vervollstandigt mich.



Inhaltsverzeichnis

DANKSABUNEG ..ttt e e e e e e et e e e e e e e et e e e e e e e e ———eeeeeeea e atttaaeeeeeaaaartaraeeeeeeannrrtaeeaeeaaann |
1. Zusammenfassung UNA ADSTIACt......ceiiiiieieiiiiieeciieeectee et e e erae e s e ate e e e s are e e e sbaeeeenaseeeeenseas 1
1.1 ZUSAMIMENTASSUNE .ceiiiiiiiiiiiieeee e e eeeeirtee e e e e e eeeeirreeeeeeeesstbaaeeeeeeeesasabssaeeseeesassssaseeseeesasssrereeesenans 1
1.2 Y o1 o - ot AT TSP P TP POV PR 5

B =310 1T AU Yo =SSR 9
2.1 GIEBNKKNOIPEL ...ttt s e e e et e e e s e bt e e e eenteeeesantaeeeeseneeeenraneesnes 9
2.1.1 Struktur und Zusammensetzung des Gelenkknorpels .......cccccceeecieeeiecieeecccee e, 9
2.1.2 Behandlungstherapien von Gelenkknorpeldefekten .........cccoccveeiiiiiiinciiiiiieeece, 12
213 Gelatine-Methacryloyl-Hydrogele als Tragermaterial fir das Gelenkknorpel-Tissue
o ] T=T=3 4 [ o 14
2.14 Zonales Gelenkknorpel-Tissue ENGiNEEring............ccccvueeecveeeeeciieeeeciieeeesieeeeeianeeeevenns 16

2.2 LCT= ) 1= PP PSPPSR 19
2.2.1 Ursprung und Herstellung von Gelating.......cccueeeieiieiiiciiee et 19
2.2.2 Physikalische Gelierung von Gelating .........cooeviiicciiiiiiii i 21
2.2.3 Standardcharakterisierung von Gelating ...........uuveeeiiiiiiciiieee e 23

2.3 Gelatine-MEthaCrYlOY.........oee e e e e s e e e eaaa e e e e aaaeeean 26
2.3.1 Synthese und Charakterisierung von Gelatine-Methacryloyl ........c.cccceoeeeiiiiviieeeiiennn, 26
2.3.2 Chemisch vernetzte Gelatine-Methacryloyl-Hydrogele........ccccovviiriveiiiniec v, 29
233 Sequenziell vernetzte Gelatine-Methacryloyl-Hydrogele .........cccooveeeiiieecciiieeeec s 32

3. Ziel und Hypothesen der ArDEIT .........coociiiiiiiiiee ettt et e e e ste e e e erte e e e e aaeaeenes 35
3.1 Ziel AEI ATDEIT ...ttt s 35
3.2 [ LY7o o1 4 =Ty =Y o PP 35

4. Synthese und physikochemische Charakterisierung von Gelatine-Methacryloyl-L6sungen und -

[ V70 [0 ==Y 1T o ISR 38
4.0 Erklarung meiner selbststandigen LEISTUNG ......oovvvviiei it 38

4.1 Beyond the Modification Degree: Impact of Raw Material on Physicochemical Properties of

Gelatin Type A and Type B Methacryloyls..... ..ttt e e e e anrre e e e e 39
41.1 FAN o1 i - Tor A PP UPP USRI 40



4.1.2 INEFOAUCTION. ...ttt et sr e e n e n e ne e 40
4.1.3 EXPerimental SECLION ......oiiiiiiiiicie e e s 41
414 RESUIES @Nd DiSCUSSION ..cuvvieriiiieiiiesitee sttt sttt e s e e eme e e saneeeneeenee 44
4.1.5 CONCIUSION .ttt ettt b e b e s bt e she e saeesatesabesabeeabeebeebeenbeens 54
4.1.6 ACKNOWIEAZEMENTS ....eviiieciiiee et et e e et e e e s tre e e e sabe e e esaabeeeennsaeeas 54
4.1.7 SUPPOIEING INFOrMatioN......ciiiiiiee e st re e e sareeeeea 55
5. Sequenzielle Vernetzung von Gelatine-Methacryloyl-Hydrogelen.........cccovveeeeiicccciieee e, 65
5.0 Erklarung meiner selbststandigen LeISTUNG .....ccccvveeiiiiiii i 65
5.0.1 Manuskript mit dem Titel “Physical Interactions Strengthen Chemical Gelatin

1Y =g Lo Tol 4] L)V B =] K USSP 65
5.0.2 Manuskript mit dem Titel , Differentiation of Physical and Chemical Cross-Linking in
Gelatin Methacryloyl Hydrogels™ ......... ettt e e e cree e e e e e e st rae e e e e e e e nnraees 66
5.1 Physical Interactions Strengthen Chemical Gelatin Methacryloyl Gels ..........ccccceeeevicivinnennn. 67
5.1.1 ADSTIACE .t sh e s e 68
5.1.2 Ta] oo [T ot o] o FOR PSSP 68
5.1.3 RESUILS @Nd DiSCUSSION .cuvvieiiieiiiiesiteesiee sttt ettt et e s e e sne e e sabe e s bt e smeeesareesneeeanee 70
5.1.4 CONCIUSION 1t st be e e s e e sar e e sreneseneenns 77
5.1.5 Materials and MethodS ........cocuiiiiiiieiiee et 77
5.1.6 ACKNOWIEAZEMENTS ....viiieiiieee et e e e e e e e s tae e e e saeae e e e nareesensaees 81
5.1.7 SUPPOIEING INFOrMAatioN......coi i e ert e e e ebreeeeans 83
5.2 Differentiation of Physical and Chemical Cross-Linking in Gelatin Methacryloyl Hydrogels . 84
5.21 Y o1y o - ot AP PP TSR PR 85
5.2.2 INEFOAUCTION. ...ttt s e s 85
5.2.3 o= T s 1T ] = | SUPP 87
5.24 RESUILS @Nd DISCUSSION .cuuviiiiieeiiiieiiiesiieestee ettt e st e e site e st e sbt e e sabe e sabeesbeeesabeesabeeennes 91
5.25 CONCIUSION ettt sttt s re e e st esabe e s reeesseeesareeeneeas 102
5.2.6 ACKNOWIEBAZEMENTS ... . e e e s e s e e e e e e s e anarrees 103
5.2.7 AULhOT CONEIIDULIONS ..ttt 103
5.2.8 U o 11 =PRI 103



5.2.9 COMPELING INTEIESTS covviiei it e e e e e e et e e e e e eeaeaeanes 103

5.2.10  Supplementary INformation ........ccooeiiiiiiiie e 104

6. Gelatine-Methacryloyl-Hydrogele mit einem Glykosaminoglykan-Gradienten als Biomaterial fir
das zonale Gelenkknorpel-TisSUe ENGINEEIING ............ccccueeeieciueeeeiiieeeeciee e et e esereeeessae e e e ssaeeseaaeee s 108
6.0 Erklarung meiner selbststandigen LeiStUNG ...c..evveeiiiiiiiiiee e 108

8.

9.

6.1 Biomimetic Hydrogel Compositions and Zonal Structured Hydrogels for Reconstruction of

Zonal Articular Cartilage STrUCTUIE ..o .uiiee ettt e e s e e e e s breeesannaeeean 110
6.1.1 FA o1y - Lot AT UPTRTRRPPRN 111
6.1.2 INEFOAUCTION ...eiiiiicee e et s s 111
6.1.3 Materials and MeThOdS .........cociiiiieiieiee e e e 113
6.1.4 RESUIES ettt ettt s bt e ab e st esabe e e bee e sabeesabeeebeeenabeesbeesbeeens 119
6.1.5 DISCUSSION ..ttt st e e e st e e s e e e s e e e s amne e e e snreeesanreeesannneeenan 125
6.1.6 CONCIUSION 1.t st s s e sre e s ameeesaneesaee 132
6.1.7 ACKNOWIEAZEMENTS ..ot e et e e e st ae e e seate e e e sbteeeeenbaeeaenes 132
6.1.8 SUPPOIEING INFOrMAatioN .....cuiie i e e 134
DISKUSSION ...ttt ettt ettt ettt e se e et e st e st e st e e eut e e sabeesabeeebe e e sabeeebeeesaseesabeesbeeesnreesareeeas 141

7.1 [ V70T 1 a1y Y00 SRR 141

7.2 [ V7014 V=T Y U 144

7.3 HYPOTNESE 3ottt ettt e e e et e e e e e e e e tbbbaeeeeeeesntsbaeeeeeeeesstraaeeeeeeenensnrenes 147
Yol a1 (11 o] =T U] V== T PSP 150
AUSDIICK ettt et e s e e s b et e bt e e sab e s b e b e e e sareesreeeanee 152
Y] 0 = oV -SSR Wl

I.I. Erklarung Gber die Eigenstandigkeit der DiSSertation........cccccveeeeeciiieeeciiee e e VI

LTIV L= oY i £l o d Tl o TU T o =C=T o TSR VIl
L.IIL1. Veroffentlichungen in peer-reviewed Fachzeitschriften ........cccocoveviviiiiiiiciiiiccee e, Vi
LILIL Vortrage auf FAChKONTErENZEN ......ooviii it rrre e e e e e e IX
LIIL1I. Poster-Prasentationen auf Fachkonferenzen..........occooeeieiiinienienienieeeeee e X
FiN o oY o [T oY =4 V=T =1 ol o 1o 13U Xl

TabelleNVEIZEICHNIS e e s XX



V.

Literaturverzeichnis

Vi



1. Zusammenfassung und Abstract

1.1 Zusammenfassung

Der Gelenkknorpel ist ein einfach wirkendes Gewebe, da er weder Blutgefdfle noch Nerven enthalt und
nur aus Knorpelzellen (Chondrozyten) und extrazelluldrer Matrix (EZM) besteht. Doch dieser Schein
trigt, denn der Gelenkknorpel ist zonal strukturiert und somit komplex aufgebaut. Obwohl bekannt ist,
dass diese zonale Strukturierung essenziell fir die Materialeigenschaften des Knorpels ist, wird sie
bisher kaum bei der Behandlung von Knorpeldefekten beriicksichtigt. Daher besteht erheblicher
Forschungsbedarf, um durch Adaption Biopolymer-basierten Biomaterialien Methoden zur Erstellung

zonal strukturierter Knorpel-Aquivalente zu erarbeiten.

Die Verwendung von Biopolymer-basierten Biomaterialien fiir das Gelenkknorpel-Tissue-Engineering
hat den Vorteil, dass diese Materialien beispielsweise Zell-Erkennungssequenzen beinhalten und die
Biopolymere an sich biokompatibel sind. Das Biopolymer Gelatine wird durch Hydrolyse aus Kollagen-
Proteinen gewonnen. Gelatine-Hydrogele werden als Biomaterial untersucht, da ihr kollagener
Ursprung und der hohe Wasseranteil der extrazellularen Matrix (EZM) dhneln. Biomaterialen mussen
jedoch bei Kérpertemperaturen von etwa 37 °C stabil sein, weshalb rein physikalisch gelierte Gelatine-
Hydrogele nicht geeignet sind. Neben der Moéglichkeit Gelatine chemisch zu vernetzten, beispielsweise
durch Enzyme oder Carbodiimide, werden methacryloylierte Gelatine (GM)-Derivate untersucht, die
chemisch vernetzbare C=C-Doppelbindungen enthalten. Die GM-Polymere kénnen radikalisch,
beispielsweise in Anwesenheit eines Photoinitiators und durch die Bestrahlung mit UV-Licht, kovalent
vernetzt werden. Eine im Rahmen dieser Arbeit durchgefiihrte Literaturrecherche zeigte jedoch, dass
oft nur wenige oder keine Angaben zu dem bei der GM-Synthese verwendeten Gelatine-Rohmaterial
gemacht werden. Da sich die Eigenschaften von Gelatinen durch deren Herstellungsprozess
unterscheiden, wurde in dieser Arbeit zunachst der Einfluss des Rohmaterials auf die Eigenschaften der

GM sowie GM-Lésungen und —Hydrogele untersucht.

In dieser Arbeit wurden flinf verschiedene GM-Derivate aus Gelatine Typ A (Ga) und Gelatine Typ B (Gg)
mit unterschiedlicher Standardviskositat (Ga 2.8 mPa s, Gg 4.5 mPa s) und nahezu identischem Bloom-
Wert (Ga 233 g Bloom, Gg 232 g Bloom) in Aminosduren-Zusammensetzung, Modifizierungsgrad,
isoelektrischen Punkt, hydrodynamischen Radius, Viskositdt, Gelier- und Schmelzpunkt sowie
Quellbarkeit und Speichermoduln der jeweiligen Hydrogele verglichen. Die Gelatine-Derivate wurden
entsprechend des eingesetzten molaren Uberschuss bezogen auf den Aminogruppen-Gehalt der
Gelatine bezeichnet, beispielsweise wurde fiir GM2 ein zweifacher Uberschuss an

Methacrysdureanhydrid verwendet und fiir GM2A8 zusitzlich ein achtfacher Uberschuss an



Essigsaureanhydrid. Es konnte gezeigt werden, dass die Modifizierungsgrade der Ga- und Gg
vergleichbar waren und mit der eingesetzten Menge an Methacrylsdure- und Essigsaureanhydrid
zunahm (Methacryloylierungsgrad: GM2 ~0,3 mmol g?, GM10 ~1,0 mmol g?; Acetylierungsgrad:
GM2A8 ~0,25 mmolg?!, GMS5A5 ~0,38 mmolg?) und alle untersuchten Eigenschaften vom

Modifizierungsgrad der GMs abhangig waren.

Im Gegensatz dazu wurden in der dynamischen Viskositat sowie bei den Speichermoduln der Hydrogele
der niedrig-modifizierten Derivate GM2 und GMS5 signifikante Unterschiede zwischen beiden den GMs
der zwei untersuchten Gelatine-Typen gefunden (Viskositat: GaM2 0,0062 Pa's, GgM2 0,0105 Pas,
GaM5 0,0036 Pa's, GgM5 0,0047 Pa s; Speichermodul: bspw. GAM2 5 kPa, GsM2 ~14 kPa). Diese wurden
auf die unterschiedlichen Werte der Standardviskositdt der Rohmaterialien zuriickgefiihrt, wobei die
verwendete Gelatine Typ B eine hdhere Standardviskositdt hatte und die entsprechenden Derivate
auch eine héhere Viskositat und hohere Speichermoduln zeigten. Diese Ergebnisse verdeutlichten, dass
die Angaben zum verwendeten Gelatine-Rohmaterial in jeder Studie vollstindig angegeben und

mindestens der Modifizierungsgrad quantitativ bestimmt werden sollte.

Um GM-Hydrogele weiter zu verfestigen und somit ihre Eignung als Biomaterial fir das Gelenkknorpel-
Tissue-Engineering zu erhdhen, wurde die sequenzielle Vernetzung von GM, bei der die GM-
Hydrogelvorlauferlosungen vor der chemischen Vernetzung gekiihlt werden, untersucht. Bei der
sequenziellen Vernetzung werden. Es war bekannt, dass dadurch bereits der Kompressions-, Speicher-
und Elastizitatsmodul der GM-Hydrogele erhéht wurde. Im Rahmen dieser Arbeit wurde Uberpriift, ob
die sequenzielle Vernetzung von Hydrogelvorlduferlésung, fiir die bisher keine Gelierung zwischen
10 °C und 40 °C festgestellt wurde, mit hoheren Druckspannungen belastet werden kdnnen als rein

chemisch vernetzte GM-Hydrogele.

Die Untersuchung zeigte, dass auch die Druckfestigkeit von offensichtlich nicht-gelierenden
Hydrogelvorlauferlosungen durch die sequenzielle Vernetzung erhdht wurde: Die rein chemisch
vernetzten GM-Hydrogele versagten bei einer Druckspannung von ~570 kPa (GM2), ~460 kPa (GM10)
und ~90 kPa in den seitlich begrenzten Messungen und die sequenziell vernetzten GM-Hydrogele bei
~2650 kPa (GM2), ~800 kPa (GM10) und ~420 kPa (GM2AS8). AuBerdem wurden fiir alle untersuchten
10 Gew.-% GM-Hydrogelvorlauferlésungen Gelpunkte wahrend des Kiihlprozesses der sequenziellen
Vernetzung detektiert. Die GM2-Hydrogelvorlauferlésung gelierte nach 3 min Kiihlung auf 21 °C, die
GM10-Hydrogelvorlauferlésung nach 20 min Kihlung auf 21 °C und 4 min Kihlung auf 4 °C und die
GM2A8-Hydrogelvorlauferlosung nach 20 min Kiihlung auf 21°C und 18 min Kihlung auf 4 °C.
Allerdings war die Speichermoduln der physikalischen GM10- und GM2A8-Hydrogele sehr gering
(GM10 ~2100 Pa, GM2A8 ~50 Pa) verglichen mit dem der gelierten GM2-Hydrogele (10600 Pa).

AuBerdem gelierte nur eine der drei untersuchten GM2A8-Hydrogelvorldauferlosung.



Anschlieend wurde einerseits die Ausbildung hierarchischer Strukturen wie Tripel-Helices mit Hilfe
von Circulardichroismus (CD)-Spektroskopie und dynamischer Differenzkalorimetrie (DSC) wahrend der
Kihlung der Hydrogelvorlauferldsungen zur Herstellung sequenzieller GM-Hydrogele untersucht
wurde. AulRerdem wurde der C=C-Doppelbindungsumsatz wahrend der chemischen Vernetzung
gemessen. Diese Untersuchungen zeigten, dass es in allen Hydrogelvorlauferlésungen zu einer
Konformationsdanderung der GM kam. Fir GM2 und GM2A8 wurden im CD-Spektrum anhand einer
negativen Bande bei ~200 nm und einer positiven Bande bei ~220 nm Tripel-Helices nachgewiesen. Flr
GM10 wurden Hinweise auf die rechtsgangige Poly-Prolin I-Konformation (negative Bande bei
~238 nm) gefunden. AuRerdem wurden mittels DSC eine Renaturierung der physikalischen
Wechselwirkungen der unmodifizierten Gelatine von 71 % fir GM2, 4% fir GM2A8 und keine

Renaturierung fir GM10 gezeigt.

Kollegen an der Universitat Wien untersuchten durch Echtzeit-Nahinfrarot-Spektroskopie-
Photorheologie (RT-NIR-Photorheology) den Doppelbindungsumsatz wahrend der chemischen
Vernetzung von sequenziellen und rein chemischen GM-Hydrogelen. Es wurde gezeigt, dass die
sequenzielle Vernetzung zu einem geringeren Doppelbindungsumsatz in den resultierenden
Hydrogelen (58 % (GM2), 62% (GM2A8) und 81% (GM10) der zur Verfligung stehenden
Doppelbindungen) fiihrte als die rein chemische Vernetzung (86 % (GM2), 76 % (GM2A8) und 93 %
(GM10) der zur Verfiigung stehenden Doppelbindungen). Damit konnte gezeigt werden, dass der
verfestigende Effekt der sequenziellen GM-Vernetzung auf die Konformationsdanderung der GM-
Polymere wahrend der Kiihlung vor dem chemischen Vernetzen und der damit einhergehenden
Ordnung zurlickgefiihrt werden konnte und nicht wie bisher vermutet auf einen hoheren

Doppelbindungsumsatz in den sequenziell vernetzten GM-Hydrogelen.

Die sequenziell vernetzten GM-Hydrogele wurden anschlieRend fiir deren Eignung als Geriststruktur
im zonalen Gelenkknorpel-Tissue-Engineering untersucht. Mithilfe einer dreiteiligen Hydrogelform
konnten Hydrogele aus drei aufeinandergestapelten Zusammensetzungen dargestellt werden. Es
wurden biomimetische Hydrogelzusammensetzungen aus GM, methacryloylierter Hyaluronsaure und
methacryloyliertem Chondroitinsulfat untersucht und damit ein GM-basiertes Hydrogel mit einem

biomimetischen Glykosaminoglykan-Gradienten erzeugt.

Die GM-basierten Hydrogele wurden auf deren Eignung als Biomaterial Gberpriift, wobei gezeigt wurde,
dass der Herstellungsprozess der physikalisch gelierten und chemisch vernetzten sequenziellen GM-
Hydrogele fir Chondrozyten zytokompatibel war. Die Vitalitat der in den GM-Hydrogelen verkapselten
Chondrozyten nach bis zu 2 h Kihlung bei 4 °C war von der Vitalitdt von Chondrozyten, die ohne
vorangegangene Kihlung in Hydrogelen verkapselt wurden, relativ nicht unterscheidbar (p>0.05). Die
Hydrogele waren dariliber hinaus teilweise bis vollstandig innerhalb von sechs Wochen durch

Kollagenase degradierbar: GM-Hydrogele waren nach 21 d vollstandig abgebaut, von GM+CSM-
3



Hydrogele verblieben nach 42d ~50% des Gelgehalts, von GM+HAM-Hydrogelen ~75 %, von
GM+HAM+CSM-Hydrogelen ~70% und ~50 % von den zonalen Hydrogelen. Alle untersuchten

Hydrogele wurden nicht von der eingesetzten Hyaluronidase degradiert.

Dariber hinaus wurden Relaxationsversuche unter Kompression mit den Hydrogelen durchgefiihrt. Fiir
GM-Hydrogele wurde ein initialer Elastizitaitsmodul (Ej») von 291,5 kPa und ein Elastizitatsmodul im
Equilibrium (Ee,) von 207,7 kPa gemessen, fir GM+CSM 234,2 kPa (Ein) und 177,4 kPa (E.,), fir
GM+HAM 148,7 kPa (Ein) und 109,8 kPa (Eeg), fiir GM+HAM+CSM 258,6 kPa (Ein) und 195,1 kPa (Eeq)
und fiir die zonalen Hydrogele 229,7 kPa (Ein) und 166,5 kPa (E.q). Diese Elastizitdtsmoduln waren die
hochsten bisher berichteten E-Moduln von GM-basierten Hydrogelen. In zonalen und reinen GM-
Hydrogelen verkapselte Chondrozyten synthetisierten liber vier Wochen Knorpel-spezifische EZM,
sodass von einer Redifferenzierung der Zellen ausgegangen wurde. Die untersuchten zonalen
Hydrogele kénnten somit als Scaffold fir das Gelenkknorpel-Tissue Engineering weiter untersucht

werden.



1.2 Abstract

Articular cartilage appears simple since it contains neither blood vessels nor nerves and consists
only of cartilage cells (chondrocytes) and extracellular matrix (ECM). However, this appearance is
deceptive, because articular cartilage is zonally structured. This zonal structuring has hardly been
considered in the treatment of cartilage defects up to now, although it is known to be essential for the
material properties of cartilage. There is, therefore, a considerable need for research to develop
methods for creating zonally structured cartilage equivalents by adapting biopolymer-based

biomaterials.

An advantage of biopolymer-based biomaterials is that they e.g. contain cell recognition sequences
and that the biopolymers themselves are biocompatible. The biopolymer gelatin is obtained by
hydrolysis of collagen proteins. Gelatin hydrogels are investigated as biomaterials because their
collagen origin and high water content is similar to the extracellular matrix (ECM). However,
biomaterials must be stable at body temperature of about 37 °C, which is why purely physically gelled
gelatin hydrogels are not suitable for the application as biomaterial. Thus, chemical cross-linking of
gelatin is necessary. Besides chemical cross-linking of gelatin by enzymes or carbodiimides,
methacryloylated gelatin (GM) derivatives are investigated which contain chemical cross-linkable C=C
double bonds. The GM polymers can be covalently cross-linked by radicals, for example in the presence
of a photoinitiator irradiated by UV light. However, a literature research, as part of this work, carried
out that often little or even no information is given about the gelatin raw material used in GM synthesis.
Since the properties of gelatin differ due to their production process, this thesis investigated firstly the

impact of the raw material on the properties of GM as well as GM solutions and hydrogels.

Five different GM derivatives of gelatin type A (Ga) and gelatin type B (Gg) with different standard
viscosities (Ga 2.8 mPas, Gg 4.5 mPas) and almost identical Bloom values (Ga 233 g Bloom, Gg
232 g Bloom) were compared regarding their amino acid compositions, degree of modification,
isoelectric point, hydrodynamic radius, viscosity, gelling and melting point as well as swellability and
storage modules of the respective hydrogels. The gelatin derivatives were designated according to the
molar excess used in relation to the amino group content of the gelatin. For example, a twofold excess
of methacrylic anhydride was used for GM2 and an additional eightfold excess of acetic anhydride for
GM2AS8. It could be shown that the degrees of modification of the Ga and Gg derivatives were
comparable and increased with used amount of methacrylic and acetic anhydride (degree of
methacryloylation: GM2 ~0.3 mmolg?, GM10 ~1.0 mmolg?; degree of acetylation: GM2AS8
~0.25 mmol g, GM5A5 ~0.38 mmol g?). and all investigated properties depended on the degree of
modification of the GMs.



In contrast to this, significant differences between both gelatin types were found in the standard
viscosity as well as in the storage modules of the hydrogels of the low-modified derivatives GM2 and
GMS5 (viscosity: GaM2 0.0062 Pa's, GgM2 0.0105 Pa's, GaM5 0.0036 Pa's, GgM5 0.0047 Pa s; storage
modulus: e.g. GaM2 5 kPa, GgM2 ~14 kPa). These differences were attributed to the differences in the
standard viscosity of the raw materials, whereby the used gelatin type B had a higher standard viscosity
and the corresponding derivatives showed a higher viscosity and higher storage modules. These results
pointed out that the details of the gelatin raw material used should be given completely in each study

and that at least the degree of modification should be determined quantitatively.

In order to further solidify GM hydrogels and thus increase their suitability as biomaterial for joint
cartilage tissue engineering, sequential GM cross-linking, whereby , GM hydrogel precursor solutions
are cooled prior to chemical crosslinking, was investigated. In sequential cross-linking. It was known
that this leads to an increase in the mechanical properties of the GM hydrogels. In the context of this
work, it was examined whether the sequential crosslinking of hydrogel precursor solutions for which
no gelation between 10 °C and 40 °C has been detected so far, can be loaded with higher compressive

stresses than purely chemically cross-linked GM hydrogels.

The investigation showed that the compressive strength of obviously non-gelling hydrogel
precursor solutions was also increased by sequential cross-linking: The purely chemically cross-linked
GM hydrogels failed in the laterally limited measurements at a compressive stress of ~570 kPa (GM2),
~460 kPa (GM10) und ~90 kPa in the confined measurements and the sequentially cross-linked GM-
hydrogels at ~2650 kPa (GM2), ~800 kPa (GM10) und ~420 kPa (GM2AS8). In addition, gelation were
detected during the cooling process of sequential crosslinking for all investigated 10 wt-% GM hydrogel
precursor solutions. The GM2 hydrogel precursor solution gelled after 3 min cooling to 21 °C, the GM10
hydrogel precursor solution after 20 min cooling to 21 °C and 4 min cooling to 4 °C and the GM2A8
hydrogel precursor solution after 20 min cooling to 21 °C and 18 min cooling to 4 °C. However, the
storage moduli of the physical GM10 and GM2A8 hydrogels were very low (GM10 ~2100 Pa, GM2AS8
~50 Pa) compared to the gelled GM2 hydrogels (10600 Pa). Furthermore, only one of the three

investigated GM2A8 hydrogel precursor solutions gelled.

Subsequently, on the one hand the formation of hierarchical structures such as triple helices using
circular dichroism (CD) spectroscopy and dynamic differential calorimetry (DSC) during cooling of the
hydrogel precursor solutions, on the other hand, the double bond conversion during chemical cross-
linking. These investigations showed that there was a conformational change of GM in all hydrogel
precursor solutions. For GM2 and GM2AS, triple helices were detected in the CD spectrum with a
negative band at ~200 nm and a positive band at ~220 nm. For GM10, indications of the right-handed

poly-proline | conformation (negative band at ~238 nm) were found. Furthermore, a renaturation of



the physical interactions of the unmodified gelatin of 71 % for GM2, 4 % for GM2A8 and no renaturation
for GM10 was shown by DSC.

Colleagues at the University of Vienna used real-time near-infrared spectroscopy photorheology
(RT-NIR photorheology) to investigate the double bond conversion during the chemical crosslinking of
sequential and purely chemical GM hydrogels. It was shown that sequential crosslinking of the available
double bonds) lead to a lower double bond turnover in the resulting hydrogels (58 % (GM2), 62 %
(GM2AS8) and 81 % (GM10) than purely chemical crosslinking (86 % (GM2), 76 % (GM2A8) and 93 %
(GM10) of the available double bonds). Thus, it could be shown that the solidifying effect of sequential
GM crosslinking could be attributed to the conformational change of the GM polymers during cooling
prior to chemical crosslinking and the associated order and not, as previously assumed, to a higher

double bond conversion in the sequentially cross-linked GM hydrogels.

The sequentially cross-linked GM hydrogels were then investigated for their suitability as
scaffolding structure in zonal articular cartilage tissue engineering. Using a three-part hydrogel form,
hydrogels from three compositions stacked on top of each other could be visualized. Biomimetic
hydrogel compositions consisting of GM, methacryloylated hyaluronic acid and methacryloylated
chondroitin sulfate were investigated to generate a GM-based hydrogel with a biomimetic

glycosaminoglycan gradient.

The GM-based hydrogels were tested for their suitability as biomaterial. It was shown that the
manufacturing process of the physically gelled and chemically cross-linked sequential GM hydrogels
was cytocompatible for chondrocytes. The vitality of the chondrocytes encapsulated in the GM
hydrogels after up to 2 h cooling at 4 °C was relatively indistinguishable from the vitality of
chondrocytes encapsulated in hydrogels without prior cooling (p>0.05). Furthermore, the hydrogels
were partially to completely degradable by collagenase within six weeks: GM hydrogels were
completely degraded after 21 d, for GM+CSM hydrogels ~50 % of the gel content remained after 42 d,
for GM+HAM hydrogels ~75 %, for GM+HAM+CSM hydrogels ~70 % and ~50 % for the zonal hydrogels.

All investigated hydrogels were not degraded by the hyaluronidase used.

Furthermore, relaxation experiments under compression with the hydrogels were performed. For
GM hydrogels, an initial elastic modulus (Ein) of 291.5 kPa and an elastic modulus in the equilibrium
(Eeq) of 207.7 kPa were measured, for GM+CSM 234.2 kPa (Ein) and 177.4 kPa (E.q), for GM+HAM
148.7 kPa (Einj) and 109.8 kPa (E.,), for GM+HAM+CSM 258.6 kPa (En) and 195.1 kPa (Ee,) and for the
zonal hydrogels 229.7 kPa (Ei») and 166.5 kPa (Ee,). These elastic moduli were the highest moduli of
elasticity of GM-based hydrogels reported so far. Chondrocytes encapsulated in zonal and pure GM

hydrogels synthesized cartilage-specific ECM over four weeks, so that a redifferentiation of the cells



was assumed. The zonal hydrogels studied could thus be further investigated as scaffolds for articular

cartilage tissue engineering.



2. Einleitung

2.1 Gelenkknorpel

Der Gelenkknorpel ist ein Teil des Bewegungsapparats und bedeckt die kndchernen Bestandteile der
Gelenke. Er wird somit durch Druck- und Scherbelastung beansprucht. Das Knorpelgewebe wird
allgemein in drei Subtypen unterteilt den hyalinen, elastischen und Faserknorpel. Der Gelenkknorpel
gehort zum hyalinen Knorpel, in dem das am haufigsten vertretene Kollagen das Kollagen Typ Il ist. Alle
Knorpel-Subtypen sind frei von Gefdllen und Nerven, was deren limitierte Selbstheilungskapazitat
bedingt. Im Folgenden wird die komplexe Struktur und Zusammensetzung des Gelenkknorpels sowie
Strategien und Materialien fiir die Erzeugung von Knorpelgewebe-Aquivalenten zur Behandlung von

Knorpeldefekten beschrieben.

2.1.1 Struktur und Zusammensetzung des Gelenkknorpels

Die Zusammensetzung und Struktur des Gelenkknorpels ermdglicht ein reibungsfreies Gleiten der
Gelenkbestandteile und absorbiert und verteilt die auftretenden Lasten gleichmaRig auf den
darunterliegenden Knochen. [1, 2] Der Gelenkknorpel besteht aus den Knorpelzellen (Chondrozyten),
die in die extrazelluldre Matrix (EZM) eingebettet sind, und dem im Gewebe eingelagerten Wasser. Die

EZM wird von den Chondrozyten auf- und umgebaut. [3]

Zonel |#

Zonell

Zonelll

Tidemark ———

Zone IV

Subchondraler
Knochen

Abbildung 1: Zonale Struktur des Gelenkknorpels. Der nicht-kalzifizierte Knorpel wird von der Gelenkoberflache Richtung
Knochen in die Zonen |, Il und Il unterteilt. Die Zone Ill wird durch die Tidemark von Zone IV getrennt, die wiederum an den
subchondralen Knochen anschlieRt. Nachdruck mit Genehmigung von Springer Nature: Springer-Verlag, Knorpelregeneration
und Knorpelersatz, M. Rudert und C. J. Wirth, © 1998. [4]
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Der Gelenkknorpel ist in den folgenden Eigenschaften zonal strukturiert (siehe Abbildung 1): EZM-
Zusammensetzung, Chondrozyten-Morphologie sowie -Organisation [3] und Kollagen-Organisation [5].
Der nicht-kalzifizierte Knorpel wird von der Gelenkoberflache Richtung Knochen in Zone |, Zone Il und
Zone |l unterteilt, die auch als Tangentialfaserzone, Ubergangszone und Radiirzone bezeichnet
werden. [2, 4] Der kalzifizierte Knorpel (Zone 1V) schlie8t an den subchondralen Knochen an und wird

durch die Tidemark von Zone Il getrennt.

Kollagen Typ Il ist der Hauptbestandteil der Biopolymere der EZM des Gelenkknorpels [2], dies
entspricht 10-30 Gew.-% des Nassgewichts [6]. Der hohe Kollagen-Anteil verleiht dem Gelenkknorpel-
Gewebe seine Zug- und Scherfestigkeit [6]. Neben Kollagen Typ II, das 90-95 % der Kollagene im Knorpel
ausmacht [4], kommen die Typen VI, IX, X und Xl in der Gelenkknorpel-EZM vor [7]. Knorpel-typische
Kollagen-Fibrillen bestehen aus Kollagen TypIl, IX und XI und strukturellen Makromolekilen [8].
Chondrozyten synthetisieren primare Fibrillen, die dann im extrazellularen Raum zu Knorpel-Fibrillen
fusionieren. Im Vergleich zu Kollagen Typ I-Fibrillen, die einen Durchmesser von 50 nm-100 nm
haben [9], sind Kollagen Typ lI-Fibrillen mit einem Durchmesser von 10 nm-20 nm [10] deutlich diinner.
AulRerdem bindet Kollagen Typ Il 50-100 % mehr Wasser als Kollagen Typ | [11] und besitzt mehr
Hydroxylysin-gebundene Zucker, die wahrscheinlich mit Proteoglykanen interagieren [12]. Diese
Kollagen Typ lI-Fibrillen sind tiber den Knorpelquerschnitt arkadenartig angeordnet, siehe Abbildung
2. [5] In Zone Il verlaufen die Fibrillen senkrecht und in Zone | parallel zur Gelenkoberflache. Dariiber
hinaus spalten sich die Fibrillen in Zone I in ihre primaren Fibrillen auf. Der Kollagengehalt ist tiber alle

Zonen konstant.

Arkaden-Modell von Benninghoff

Zone |
\; ; ;; ;; ;; ; ; ; ;; ;; Zone |
Z

/I—’r tymr

Abbildung 2: Arkaden-Modell der Kollagen-Organisation im Gelenkknorpel von Benninghoff [5]. Nachdruck mit Genehmigung
von Elsevier: Elsevier Ltd., Stresses in the local collagen network of articular cartilage: a poroviscoelastic fibril-reinforced finite
element study, W. Wilson et al., © 2004. [13] Anmerkung: Die Beschriftungen in der Abbildung wurden Ubersetzt und die
Bezeichnung der Zonen verdndert.

Zone Il

[

Am zweit-haufigsten kommen Proteoglykane in der Knorpel-EZM vor und machen 3-10 Gew.-% des
Nassgewichts aus [6]. Der Gehalt an Proteoglykanen nimmt von Zone | zu Zone Il zu [4]. Proteoglykane

sind Proteine, die prost-translational mit Glykosaminoglykanen (GAGs) modifiziert werden. [14] Die
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GAGs Chondroitinsulfat (CS), Heparansulfat und Keratansulfat kommen an Proteoglykanen gebunden
vor. GAGs sind lineare Kohlenhydrat-Polymere mit unterschiedlich zusammengesetzten spezifischen

Disaccharid-Einheiten.

Das Proteoglykan Aggrecan kommt hauptsachlich im Knorpel vor und besteht aus einem zentralen,
langen Kernprotein und daran gebundene CS und Keratansulfate. Die GAG-Ketten machen etwa
90 Gew.-% des Aggrecans aus [3, 15]. Das Aggrecan hat einen Flaschenblirsten-artigen Aufbau und wird
wiederum Uber das Link-Protein nicht-kovalent an dem GAG Hyaluronsidure (HA) gebunden. [4, 14]
Dadurch entstehen groRe Aggregate, die bis zu 100 Proteoglykane beinhalten. [3, 4] Diese Aggregate
sind so groR, dass sie im Kollagennetzwerk der Knorpel-EZM immobilisiert werden, siehe Abbildung 3.
Zusatzlich werden Kollagen- und Proteoglykannetzwerk durch kleine Proteoglykane und Glykoproteine
miteinander verbunden. [14] Die hohe Dichte an negativ geladenen Gruppen der GAGs zieht Kationen
und Wasser an und fiihrt dadurch zu einem inneren hydrostatischen Druck. Dieser hydrostatische Druck

verleiht dem Knorpelgewebe seine Druckfestigkeit [16].

Hyaluronsaure

Abbildung 3: Extrazellulare Matrix des Knorpelgewebes. Die Proteoglykan-Aggregate sind im Kollagennetzwerk immobilisiert.
Die Aggregate bestehen aus einer Hyaluronsdure, an die Uber das Link-Protein Proteoglykane gebunden sind. Diese
Proteoglykane haben einen Flaschenbirsten-artige Struktur und bestehen aus einem zentralen Kernprotein, an das
Glykosaminoglykane gebunden sind. Nachdruck mit Genehmigung von Springer Nature: Springer-Verlag, Knorpelregeneration
und Knorpelersatz, M. Rudert und C. J. Wirth, © 1998. [4]

Der hohe Wassergehalt ist auerdem essentiell fir die Versorgung der Chondrozyten. [3] Denn die
Versorgung der Chondrozyten erfolgt aufgrund der Avaskularitdt des Knorpelgewebes (iber Diffusion
der niedermolekularen Nahrstoffe, beispielsweise Sauerstoff und Glukose, aus der
GelenkflUssigkeit. [17] Andere hochmolekulare Stoffe wie Serumalbumin werden Uber die

FlUssigkeitsbewegung wahrend der Belastung durch das Gewebe transportiert.

Die Dichte an gewebespezifischen Zellen im Knorpel ist im Vergleich zu anderen Geweben, wie
beispielsweise dem Epithelgewebe, niedrig. Es wurde geschatzt, dass die Chondrozyten nur etwa
10 Gew.-% des Knorpelgewebes ausmachen. [6] AuBerdem unterscheidet sich die Verteilung der
Chondrozyten in den drei Zonen des Gelenkknorpels, wobei die hochste Dichte in Zone |l und die

geringste Dichte in Zone lll zu finden ist. Dieser inverse Zusammenhang zwischen Zelldichte und
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Knorpeltiefe kann durch die Avaskularitdt des Gewebes erklart werden: Die Versorgung mit Nahrstoffen
durch Diffusion limitiert die Zellzahl besonders in den tiefen Zonen (Zone Il und Zone lll). AuBerdem
unterscheiden sich die Chondrozyten in den drei Zonen hinsichtlich ihrer Morphologie und Organisation
(siehe Abbildung 1) [3, 4]: In Zonel liegen die Chondrozyten langlich, einzeln und parallel zur
Gelenkoberflache vor. In Zone Il zeigen die Chondrozyten eine rundliche Morphologie und sind zufallig
verteilt und in Zonelll haben sie eine spharische Morphologie und sind saulenartig
aufeinandergestapelt. Auerdem wurden unterschiedliche Protein-Expressionen der Chondrozyten in
den drei Zonen nachgewiesen, sodass von zonal unterschiedlichen Chondrozyten-Phanotypen
gesprochen wird. Beispielsweise wird in Zone | Proteoglykan 4 (auch bekannt als superficial zone
protein, SZP) [18] und Clusterin [19] exprimiert, in Zone Il und Zone Il hingegen cartilage oligomeric

matrix protein [20] und cartilage intermediate layer protein [21].

2.1.2 Behandlungstherapien von Gelenkknorpeldefekten

Knorpelschaden werden durch degenerative Krankheiten wie Arthrose oder Traumata verursacht und
flihren zu Gelenkschmerzen. Diese Gelenkschmerzen sind weltweit eine der haufigsten Ursachen fir
die Einschrankung der Lebensqualitat der Betroffenen im Alltag [22]. In einer Befragung des Robert
Koch-Instituts aus dem Jahr 2017 litten 29,3 % aller befragten Frauen und 24,4 % der befragten Manner
an akuten, also im Laufe des letzten Tages versplrten, Gelenkschmerzen [23]. Aufgrund der bereits
erlauterten Avaskularitdat des Knorpels ist dessen Selbstheilungskapazitat stark limitiert. [24] Deshalb
werden Knorpeldefekte oft mit chirurgisch rekonstruktiven, Gelenk-erhaltenen Therapien (Stimulation
des Knochenmarks, osteochondrale Transplantation, (Matrix-assoziierte) autologe Chondrozyten
Transplantation (ACT))) behandelt, oder durch den teilweisen oder vollstandigen Ersatz des Gelenks mit
einer Endoprothese therapiert. Die Haltbarkeit eines solchen Gelenkersatzes ist allerdings zeitlich

begrenzt, sodass vor dem Ersatz mogliche regenerative Therapien eingesetzt werden.

Das Prinzip der autologen Chondrozyten Transplantation ist in Abbildung 4 dargestellt und wird im
Folgenden erldutert. Dem Patienten wird in einer ersten Operation ein gesundes Stiick Knorpel
entnommen. [25] Dieses Knorpelstiick wird dann enzymatisch verdaut um die Chondrozyten zu
isolieren. Dabei werden einige hunderttausend Chondrozyten erhalten, die anschlieRend in
Zellkulturschalen zweidimensional kultiviert werden um die Zellen zu expandieren, bis etwa zehn
Millionen Zellen zur Verfligung stehen. Diese Chondrozyten werden in eine Suspension lberfiihrt und
in einer zweiten Operation direkt in den Knorpeldefekt injiziert. Der beflllte Defekt wird dann mit

Knochenhaut der Tibia verschlossen.

Wahrend der Expansionskultivierung dedifferenzieren die Chondrozyten, das heil3t sie verlieren ihre

gewebespezifischen Eigenschaften. Diese Dedifferenzierung ist notwendig, damit die Chondrozyten
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sich teilen. Jedoch verlieren die Knorpelzellen durch die Dedifferenzierung ihren differenzierten
Zustand, was an ihrer veranderten Morphologie und Genexpression zu erkennen ist: Wahrend die
Chondrozyten im Knorpel spharisch vorliegen, zeigen sie nach der Dedifferenzierung eine elongierte
Morphologie, die der Morphologie von Fibroblasten dhnelt. [26] Diese Morphologie wird durch die
Aktin-Myosin-Fibrillenbindel aufrechterhalten, die im differenzierten Zustand der Chondrozyten nicht
nachweisbar sind. Des Weiteren exprimieren die Knorpelzellen Kollagen Typ | anstatt Kollagen
Typ Il. [27] Kollagen Typ | ist typisch flir Faserknorpel, allerdings nicht fiir Gelenkknorpel. Somit werden
bei der ACT dedifferenzierte Knorpelzellen in den Defekt injiziert. [28] Dies ist wahrscheinlich der

Ursprung fiir den haufig entwickelten Faserknorpel nach einer ACT-Behandlung in den Defekten.

=2
e - il Enzymatischer
% & Verdau
I e
2D-E ions- s
. Knochenhaut ol

Kultivierung

Abbildung 4: Prinzip der autologen Chondrozyten Transplantation. Auerhalb der Knorpelldasion wird ein Stiick gesunder
Knorpel entnommen und enzymatisch verdaut um die Chondrozyten zu isolieren. Die Chondrozyten werden zur Expansion
zweidimensional kultiviert. Nach der Expansion wird eine Chondrozyten-Suspension in die Lasion injiziert und mit einem Stlick
Knochenhaut verschlossen. Nachdruck mit Genehmigung von Elsevier: Elsevier Ltd., An educational review of cartilage repair:
precepts & practice — myths & misconceptions — progress & prospects, E. B. Hunziker et al., © 2015. [25] Anmerkung: Die
Beschriftungen in der Abbildung wurden Ubersetzt.

Es wurde gezeigt, dass die dreidimensionale Kultivierung von dedifferenzierten Chondrozyten zu deren
Redifferenzierung fihrt [29, 30]. Deshalb wurde die ACT zur Matrix-assoziierten ACT (MACT)
weiterentwickelt, bei der zuerst eine Geriststruktur aus Kollagen mit den dedifferenzierten
Chondrozyten besiedelt wird, die dann anschlieBRend in den Defekt implantiert wird [31]. Das
Behandlungsprinzip der MACT leitet in das Prinzip des Gelenkknorpel-Tissue Engineerings (TE) Uber,

das sich noch im Forschungsstadium befindet und im folgenden Kapitel erldutert wird.
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2.1.3 Gelatine-Methacryloyl-Hydrogele als Tragermaterial fiir das Gelenkknorpel-

Tissue Engineering

Beim Gelenkknorpel-TE werden den Patienten, dhnlich wie bei der MACT, Chondrozyten entnommen,
diese zweidimensional vermehrt, auf eine Tragerstruktur (Scaffold) gesdt und dem Patienten in den
Knorpeldefekt implantiert [32]. Dabei gelten Hydrogele als vielversprechende Biomaterialien fiir den
Einsatz als Tragerstruktur. [32] Ein Hydrogel wird als ein nicht-flissiges kolloidales (Polymer)Netzwerk
definiert, das durch kovalente chemische Vernetzung oder physikalische Aggregation der
Polymerketten entsteht und mit Wasser durchdrungen ist. [33] Fir das Gelenkknorpel-TE werden
Hydrogele aus Biopolymeren, die einen natirlichen Ursprung haben, und aus synthetischen Polymeren
untersucht. Dabei hat die Verwendung von Biopolymeren, die in der natirlichen Knorpel-EZM
vorkommen, den Vorteil, dass sie das Zellverhalten (beispielsweise Migration und Proliferation)

regulieren kénnen.

Eine Strategie im Knorpel-TE ist es den Scaffold so zu gestalten, dass er dem Knorpelgewebe moglichst
dhnlich ist. Da die EZM des Knorpels hauptsachlich aus Kollagen Typ Il besteht, wird Kollagen als
Biomaterial fir Scaffolds untersucht. Allerdings ist die Verarbeitung von Kollagen aufwendig, sodass
haufig auf dessen Hydrolysat Gelatine zuriickgegriffen wird. Denn im Gegensatz zu Kollagen ist Gelatine
bei neutralem pH wasserloslich, die Hydrogele schrumpfen nicht und durch Abklhlen wassriger
Gelatine-Lésungen bilden sich physikalische Hydrogele (siehe2.2). Gelatine kann von Kollagenasen
degradiert werden, da sie die entsprechenden Matrix-Metalloproteasen Erkennungssequenzen
besitzt [34] und enthalt Arginin-Glycin-Asparaginsdure (RGD)-Peptid, an das Zellen Integrin-vermittelt
adhérieren konnen [35]. Gelatine wird zwar aus Kollagen Typ I-reichen Geweben wie Knochen und Haut

gewonnen, allerdings wird sie trotzdem als erste Naherung als Scaffold fir das Knorpel-TE untersucht.

Physikalische Gelatine-Hydrogele sind jedoch nicht fiir die Anwendung als Geruststruktur im TE
geeignet, da sie oberhalb von etwa 30 °C schmelzen und somit bei Kérpertemperatur flissig waren
(vergleiche Kapitel 2.2.2). Deshalb ist eine kovalente, chemische Vernetzung der Gelatine-Molekiile
notwendig um Hydrogele darzustellen, die als Scaffold bei physiologischen Bedingungen geeignet sind.
Da die Gelatine selbst funktionelle Gruppen in den Seitenketten ihrer Aminosauren tragt, kénnen diese
Gruppen auch zur Vernetzung genutzt werden. Beispielsweise vernetzten Carbodiimide die
Carboxylgruppen von Asparagin- und Glutaminsdure mit den Aminogruppen von Lysin und
Hydroxylysin, wodurch eine Amid-Bindung entsteht [36, 37]. AuBRerdem kdnnen Enzyme verwendet
werden, um chemisch vernetzte Gelatine-Hydrogele herzustellen [38-40]. Diese
Vernetzungsreaktionen sind allerdings schwer zu kontrollieren, weshalb es schwierig ist,

Materialeigenschaften mit diesen Methoden gezielt einzustellen und zu verandern.
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Eine weitere Moglichkeit ist es andere chemisch vernetzbare Gruppen in die Gelatine einzubringen, die
dann durch einen externen Stimulus vernetzt werden kénnen, wodurch Materialeigenschaften
eingestellt werden konnen. Das am haufigsten fiir das TE verwendete, chemisch-modifizierte Gelatine-
Derivat ist Gelatine-Methacryloyl (GM). Typischer Weise werden wahrend der chemischen
Modifizierung die Amino- und Hydroxylgruppen der Gelatine mit Methacrylsaureanhydrid zu
Methacrylamiden und Methacrylaten umgesetzt. Diese Methacryloylgruppen kénnen dann radikalisch
polymerisiert werden, daflir wird meist ein Photoinitiator und ultraviolettes (UV) Licht verwendet.
Dieses Vorgehen wurde vor etwa 25 Jahren von Nazarova et al. publiziert [41], jedoch wird vor allem
die Publikation von Van den Bulcke et al. aus dem Jahr 2000 zitiert [42]. Diese Publikationen sind die
Grundlage fur die Untersuchung von GM als Biomaterial. Die Herstellung und Charakterisierung von
GM-L6sungen und -Hydrogelen wird in Kapitel 2.3 ausfiihrlich dargestellt. Literaturlbersichten wurden
zur Anwendung von GM-Hydrogelen im TE allgemein von Yue et al. [35]und im Speziellen fir das

Gelenkknorpel-TE von Sun et al. [43] aufgestellt.

Die Arbeitsgruppe um Dietmar W. Hutmacher und Travis J. Klein an der Universitat von Queensland
untersucht und entwickelt GM-basierte Hydrogele fiir das Gelenkknorpel-TE [44-53]. Der Fokus der
Forschung dieser Arbeitsgruppe liegt auf Hydrogelen aus GM und methacryloylierter Hyaluronsaure
(HAM). Sie haben beobachtet, dass Hybrid-Hydrogele aus GM und HAM die spharische Morphologie
der Chondrozyten beginstigen und diese Zellen mehr Kollagen Typll als Kollagen Typ |
exprimierten. [52] Der Kompressionsmodul der GM-Hydrogele mit HAM war hoher als der von reinen
GM-Hydrogelen und wurde zusatzlich durch die neu synthetisierte EZM der Chondrozyten verstarkt,
sodass nach acht Wochen ein Kompressionsmodul von etwa 150 kPa vorlag. In dieser Studie wurden
auch Hydrogele aus GM, HAM und methacryloyliertem Chondroitinsulfat untersucht. Diese hatten

vergleichbare Eigenschaften wie die GM-HAM-Hydrogele.

In einer anschlieBenden Studie untersuchte die Gruppe von Hutmacher und Klein Hydrogele aus GM
und HAM mit einem Gesamtpolymergehalt von 10 Gew.-%, wobei der Anteil an HAM von 0-2 Gew.-%
variierte. [46] Wahrend die Kompressionsmoduln aller GM-HAM-Hydrogele nach einem Tag ahnlich
waren (~50-60 kPa), wurde nach acht Wochen Kultivierung ein signifikanter Einfluss des HAM-Gehalts
auf die mechanischen Eigenschaften der Hydrogele (Kompressionsmodul, Gleichgewichtsmodul,
Dynamischer Modul und Bruchfestigkeit) festgestellt. Dabei nahmen die untersuchten mechanischen
Eigenschaften mit der HAM-Konzentration der Hydrogele zu. AuRerdem war die von den verkapselten
Chondrozyten sekretierte EZM in GM-HAM-Hydrogelen gleichméaRiger verteilt als in reinen GM-
Hydrogelen. Der Gehalt an GAGs, die durch die verkapselten Chondrozyten sekretieren wurden, aller
untersuchten Hydrogel-Zusammensetzungen war jedoch nicht unterscheidbar und korrelierte damit

nicht mit den mechanischen Eigenschaften. Deshalb wurde die Hypothese aufgestellt, dass die
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gleichmaligere EZM-Verteilung in GM-HAM-Hydrogelen zu héheren Kompressions-, Gleichgewichts-

und dynamischen Moduln sowie zur erhéhten Bruchfestigkeit fihrte.

In einer der jingsten Publikationen aus der Gruppe von Klein und Hutmacher wurde der Einfluss des
fir die GM-Synthese eingesetzten Gelatine-Typs (vergleiche 2.2.1) und des verwendeten
Photoinitiators auf die Redifferenzierung von dedifferenzierten Chondrozyten untersucht. [51]
Gelatine Typ B, im Vergleich zu Gelatine Typ A, stellten sich als Rohmaterial fir die GM-Synthese in
Kombination mit Irgacure 2959 (0,25Gew.-%) , im Vergleich zu Lithium Phenyl-2,4,6-
trimethylbenzoylphosphinat (LAP, 0,15 Gew.-%), als Photoinitiator zum Vernetzen der Hydrogele als
besonders geeignet heraus um dedifferenzierte Knorpelzellen zu redifferenzieren. Die mRNA-
Expression von COL2A1 (Gen, das a-1-Typ-lI-Kollagen codiert) in mit Irgacure 2959 vernetzten
Hydrogelen war signifikant hoher als in mit gleicher UV-Dosis und LAP vernetzten Hydrogelen. Diese
Studien verdeutlichen, dass methacryloylierte Derivate von Gelatine, Hyaluronsaure und
Chondroitinsulfat geeignet sind, um mechanisch belastbare Hydrogele darzustellen. AuRerdem kénnen
dedifferenzierte Chondrozyten in den Hydrogelen kultivieren werden und redifferenzieren, sodass
Knorpel-typische EZM in den Hydrogelen nachgewiesen werden kann. AuRerdem wird der Bedarf an
systematischer Charakterisierung von GM und GM-Hydrogelen um deren Anwendung im TE in der

Zukunft zu verwirklichen aufgezeigt.

2.1.4 Zonales Gelenkknorpel-Tissue Engineering

Das anfangliche Ziel des Gelenkknorpel-TE war es, ein homogenes Gewebe zu erzeugen, das die
Eigenschaften des gesamten Knorpels wiederspiegelt [54, 55]. Dabei wird jedoch die zonale Struktur,
die wie bereits in Kapitel 2.1.1 erldutert, essenziell fir die Eigenschaften und der Funktion des
Gelenkknorpels ist, vernachlassigt. Deshalb wird im zonalen Gelenkknorpel-TE versucht die zonale
Strukturierung des Knorpels zu imitieren. Die Ansatze des zonalen Gelenkknorpel-TE kénnen in vier
Herangehensweisen unterteilt werden [44], siehe Abbildung 5: Scaffold- und Matrix-freie, Matrix-

basierte, Scaffold-basierte und Hybride-Ansatze.

In allen Herangehensweisen bis auf den Scaffold-basierten Ansatz werden typischerweise zonale
Chondrozyten-Phdnotypen verwendet. Die Isolierung der zonalen Chondrozyten-Phanotypen ist
aufwendig und ineffektiv, da nur solche Teilstlicke des Knorpels genutzt werden, die man sicher einer
Zone des Gelenkknorpels zuordnen kann.[56] Die anderen Knorpelstiicke werden verworfen,
vergleiche Abbildung 6. Deshalb wurden in einigen Studien bereits statt drei zonalen Phanotypen nur
zwei verwendet, wobei die Chondrozyten aus Zone Il und Zone lll als Mischpopulation verwendet
wurden [57]. Im Folgenden werden Beispiele fiir die vier Ansdtze des zonalen Gelenkknorpel-TE

erldutert.
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Abbildung 5: Strategien des zonalen Gelenkknorpel-Tissue Engineerings. A Bei der Scaffold- und Matrix-freien Strategie
werden die Chondrozyten aus den Zonen |, Il und Il getrennt und ohne Scaffold verwendet, und produzieren ihre eigene
Matrix. B Bei der Matrix-basierten Strategie werden Hydrogele aufeinander geschichtet die jeweils einen zonalen
Chondrozyten Phanotyp der Zonen I-lll beinhalten. C Im Scaffold-basierten Ansatz wird eine Mischpopulation aus
Chondrozyten der Zonen I-1ll auf eine zonal strukturierte Geruststruktur gesat. D Fur den Hybrid-Ansatz wird mit zellhaltigen
Materialien mittels additiver Fertigungsverfahren eine zonale Struktur aufgebaut. Nachdruck mit Genehmigung von Mary Ann
Liebert: Mary Ann Liebert, Inc., Tissue Engineering of Articular Cartilage with Biomimetic Zones, T. J. Klein et al., © 2009. [44]
Anmerkung: Die Beschriftungen in der Abbildung wurden tbersetzt und die Bezeichnung der Zonen verandert.

Die Scaffold- und Matrix-freie Herangehensweise soll die ontogenetische Entwicklung des Knorpels
nachahmen, indem Chondrozyten aus unterschiedlichen Zonen des Gelenkknorpels, Stamm- oder
Vorlauferzellen ohne 3D-Tragermaterial aufeinander kultiviert werden. [44] Eine weitere Studie von
Klein et al. kann dieser Strategie zur Erzeugung zonal strukturierten Gelenkknorpel-Aquivalenten
zugeordnet werden. [57] In dieser Studie wurden Chondrozyten aus Zone | und eine Mischpopulation
aus Zone Il und Il zunachst separat in Alginat expandiert, anschliefend das Alginat entfernt und die
zwei Zellpopulationen ohne zuséatzliche Matrix in hoher Dichte aufeinander kultiviert (S/M-Konstrukt).
Zum Vergleich wurden auBerdem Hohe-Dichte-Kulturen durchgefiihrt, die nur aus Chondrozyten aus
Zone | (S-Konstrukt) bzw. Zone lI/1ll (M-Konstrukt) bestanden. Alle Konstrukte wurden zwei Wochen
lang kultiviert und anschlieBend unter anderem in Bezug auf ihren GAG- und Kollagen-Gehalt sowie der
Expression von SZP untersucht. Es wurde gezeigt, dass die M-Konstrukte den hochsten GAG- und
Kollagen-Gehalt hatten, wahrend die Gehalte von S- und S/M-Konstrukten nicht unterscheidbar waren.
Jedoch konnte in den S/M-Konstrukten eine Strukturierung in der GAG-Farbung beobachtet werden.
Die Farbung war flur den Bereich der Zellen aus Zone lI/1ll im Vergleich zu dem Bereich der Zellen aus
Zone | starker. Das SZP wurde an der Oberflache aller Konstrukte starker nachgewiesen als im Inneren
der Konstrukte. In den S/M-Konstrukten konnte jedoch zusatzlich noch ein Verlauf in der SZP-
Expression nachgewiesen werden: Von der Oberflache zu den Zellen aus den Zonen II/Ill nahm die

Expression ab. Solch ein Gradient wurde fiir die anderen Konstrukte nicht beobachtet.
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Abbildung 6: Praparation von Knorpelgewebe flr die Isolierung der zonalen Phdnotypen aus Zone |, Il und Ill (A). Nur die
oberen, mittleren und unteren 10 % des Knorpels wurden fiir die Isolierung verwendet (B). Nachdruck mit Genehmigung von
Elsevier: Elsevier Ltd., Experimental Model for Cartilage Tissue Engineering to Regenerate the Zonal Organization of Articular
Cartilage, T.-K. Kim et al., © 2003. [56]

In der Matrix-basierten Strategie zur Herstellung zonal strukturierter Biomaterialien fir das
Gelenkknorpel-TE werden Hydrogele einer Zusammensetzung, die zonale Chondrozyten-Phanotypen
beinhalten, aufeinander geschichtet vernetzt [44], siehe Abbildung 5-B. Ein Beispiel fir diese Strategie
ist die Studie von Kim et al., in der zonale Chondrozyten-Phanotypen zusammen mit mesenchymalen
Stammzellen (MSC) in Hydrogelen aus HAM verkapselt und aufeinandergeschichtet wurden. [55] Es
wurde gezeigt, dass die Zellen lber eine Dauer von 16 Wochen vital waren und Kollagen Typ I,
Chondroitinsulfat und Proteoglykane akkumuliert wurden. Allerdings war die Synthese von diesen EZM-
Bestandteilen an den Randern des dreidimensionalen Konstrukts héher als in der Mitte des Konstrukts.
Diese unterschiedliche EZM-Akkumulation wurde durch eine nicht-ausreichende Versorgung mit
Nahrstoffen und mangelndem Abtransport von Abfallstoffen begriindet. Deshalb wurde fiir eine
bessere Versorgung der Zellen durch Diffusion ein Kanal mittig in das Hydrogel eingesetzt. Dies
resultierte in einer gleichmaRigen Akkumulation von Kollagen Typ Il und Chondroitinsulfat im gesamten
drei-lagigen Hydrogel. Jedoch wurde dadurch die EZM-Synthese insgesamt nicht erhéht und der
Elastizitatsmodul blieb gleich (~150 kPa nach 8 Wochen Kultivierung und ~600 kPa nach 16 Wochen

Kultivierung).

In der Scaffold-basierten Strategie fir den Aufbau von zonal strukturierten Gelenkknorpel-
Aquivalenten wird die Geriiststruktur genutzt, um mechanische Festigkeit und eine Organisation
vorzugeben [58]. Camarero-Espinosa et al. untersuchten ein drei-lagiges Gerist aus Polylactid und
Cellulose-Nanokristallen, um die Kollagen-Orientierung im nativen Gelenkknorpel zu imitieren. [59] Die
Geriststruktur  wurde durch thermisch induzierte Phasenseparation mit anschlieRender
Gefriertrocknung hergestellt und dann mit Chondrozyten besiedelt. Uber die Dauer der vierwdchigen
Kultivierung wurde eine Zunahme an Kollagen in der Geruststruktur nachgewiesen. Allerdings wurde
mehr Kollagen Typ | als Kollagen Typ Il von den Chondrozyten sekretiert, was sich auch in der lang
gestreckten Morphologie der Zellen widerspiegelte und einen Hinweis auf einen dedifferenzierten

Zustand der Zellen gibt. Somit konnte wahrend des untersuchten Zeitraums im verwendeten 3D-GerUst
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keine Redifferenzierung der dedifferenzierten Chondrozyten erreicht werden und es gab keinen

offensichtlichen Einfluss der zonal unterschiedlichen Struktur des Geriists auf das Zellverhalten.

In der vierten Strategie, der Hybrid-Strategie (siehe Abbildung 5-D), wird das Bioprinting eingesetzt,
um zonale Chondrozyten-Phanotypen und das Biomaterial ortsaufgelost abzulegen und so heterogene
Knorpelgewebe-Aquivalente aufzubauen [44]. Cohen et al. entwickelten ein Bioprinting-Verfahren und
untersuchten dessen Eignung fiir die Herstellung von strukturierten Gelenkknorpel-Aquivalenten. [60]
Es wurde gezeigt, dass das Fertigungsverfahren geeignet war, um in Alginat verkapselte Chondrozyten
zytokompatibel und steril zu prozessieren. Dariiber hinaus konnten zwei Alginat-Komponenten zu
einem Konstrukt verarbeitet werden, sodass die Moglichkeit des Aufbaus von heterogenen Materialien
demonstriert wurde. Die erzeugten Zell-Matrix-Konstrukte waren iber 20 Wochen formstabil und die

Chondrozyten synthetisierten GAGs.

Der Einsatz von zonalen Chondrozyten Phanotypen ist aufwendig und zeigte bisher keine eindeutigen
Vorteile, deshalb wird die Verwendung dieser Subpopulationen kritisch diskutiert [48]. Die Beispiele fiir
die verfolgten Strategien im zonalen Gelenkknorpel-TE zeigen, dass die Entwicklung der
Geruststrukturen komplex ist. AuBerdem wurde bisher nur in Einzelfdllen ein Einfluss der zonalen

Struktur auf die EZM-Sekretion der verkapselten Chondrozyten beobachtet.

2.2 Gelatine

Arthur Veis definierte Gelatine mit dem folgenden Wortlaut: "Gelatine ist das wasserl6sliche Produkt
der Auflésung, Desorganisation und des Abbaus von [...] wasserunloslichen Kollagenfasern" [61]. Um
Gelatine und ihre Eigenschaften einordnen und verstehen zu kdnnen, ist es somit wichtig zunachst
dessen Ursprungsprotein Kollagen zu betrachten. Im Folgenden werden der Aufbau von Kollagen Typ |,
aus dem Gelatine hergestellt wird, die verschiedenen Herstellungsprozesse von Gelatine aus Kollagen,

die physikalische Gelierung und die Standardcharakterisierung von Gelatine beschrieben.

2.2.1 Ursprung und Herstellung von Gelatine

Die Klasse der Kollagene ist die am haufigsten auftretende Proteinklasse in Geweben [61, 62]. Bis heute
sind 28 Kollagen-Typen bekannt [63]. Kollagen Typ | kommt in nahezu allen Geweben vor, vor allem in
Sehnen, Knochen und Haut. [64] Kollagen Typ Il kommt fast ausschlielRlich im Knorpel vor und der
Kollagen Typ llI-Gehalt sinkt mit dem Alter der Haut. Die anderen Kollagen-Typen kommen nur in
geringen Mengen vor und sind meist gewebespezifisch. Die molekulare Struktur von Kollagen ist
komplex und besteht aus einer Primar-, Sekundar-, Tertiar- und Quartarstruktur [64, 65]. Im Folgenden
wird die molekulare Struktur von Kollagen Typ | beschrieben, da Gelatine typischerweise aus Knochen
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oder Haut gewonnen wird und in diesen Geweben hauptsachlich Kollagen Typ | vorkommt. Im Vergleich
zu Kollagen Typ Il haben die Kollagen Typ I-Fibrillen einen groReren Durchmesser und binden weniger

Wasser [9-11].

Die Primarstruktur von Kollagen Typ | besteht aus zwei Polypeptidkette, die als a-Ketten bezeichnet
werden. [64] Jede a-Kette besteht aus 334 sich wiederholenden Einheiten (Glycin-X-Y), wobei Prolin
und Hydroxyprolin am haufigsten an der X-Position stehen, und hat ein Molekulargewicht von etwa
100 kDa [64, 65]. Die Drehung der Sekundarstruktur entsteht durch die in der Primarstruktur
abwechselnden neutralen und polaren Aminosauren-Sequenzen [62], sowie Prolin und Hydroxyprolin,
die die Rotation der Polypeptidkette begrenzen. Dadurch ist die a-Kette linksgangig, wobei drei
Aminosauren eine Drehung bilden [64]. Ramachandran und Kartha beschrieben als erste die
rechtsgangige Tertidrstruktur, auch Superhelix oder Tropokollagen genannt, als drei umeinander
gedrehte a-Ketten [66-68]. Im Fall von Kollagen Typ | handelt es sich um ein Heterotrimer, das aus zwei
a-1-Ketten und einer a-2-Kette besteht. Vier bis acht dieser Superhelices stapeln sich aufeinander und
bilden so die Kollagen-Fibrillen, die Quartarstruktur von Kollagen. [64, 65] Diese Struktur wird zusatzlich
durch kovalente Bindungen stabilisiert und verstarkt [64]. Kollagen denaturiert zwischen 37 °C und
40 °C in zwei Schritten [69]: Zuerst wird die Tertidrstruktur aufgebrochen und als zweites die
Verstrickung der Sekundarstrukturen gel6st. Die Denaturierung von Kollagen hangt von dem pH und
der Salzkonzentration der verwendeten Losung sowie den verwendeten Denaturierungsreagenzien

ab [62].

Gelatine wird hauptsachlich aus tierischen Knochen und Hauten gewonnen, die reich an Kollagen Typ |
sind. Dabei werden an den Herstellungsprozess von Gelatine vier Anforderungen gestellt [62]: (1)
Verunreinigungen missen entfernt werden. (2) Kollagen-Fragmente mit einer geeigneten GrofRle
mussen durch Aufschluss der Quervernetzungen und/oder kovalenten Bindungen entstehen. (3) Die
Gelierkraft der resultierenden Gelatine muss erhalten bleiben. (4) Stabilisierende
Wasserstoffbriickenbindungen missen aufgelost werden um die Kollagen-Fragmente wasserloslich zu
machen. Es gibt zwei Herstellungsprozesse, die kommerziell angewendet werden: Die saure und die
alkalische (auch als “Liming” bekannt) Behandlung. Diese Prozesse werden in zwei Schritten
durchgefiihrt. [64] Der erste Schritt wird Konditionierungsprozess genannt, dabei werden die kovalente
Querverbindungen im Kollagen teilweise zerstort. In dem zweiten, sogenannten Extraktionsprozess
wird die Gelatine durch thermische Hydrolyse ausgeschmolzen. In dem gesamten Prozess kdnnen die
Dauer und die Temperatur als Variablen verdndert werden. Die Hydrolyse wahrend des
Konditionierungsprozesses kann chemisch oder durch Enzyme durchgefiihrt werden, wobei Enzyme
nicht kommerziell eingesetzt werden. Der saure Konditionierungsprozess fiihrt zu Gelatine Typ A (Ga)

und der alkalische zu Gelatine Typ B (Gsg). Diese zwei Gelatine-Typen Ga und Gg unterscheiden sich in
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ihrer ~ Aminosduren-Zusammensetzung, ihrem isoelektrischen  Punkt (IEP) und ihrer

Molekulargewichtsverteilung.

Der saure Gelatine-Herstellungsprozess hat den Vorteil, dass er verhaltnismaRig kurz (10 h-48 h) und
somit auch verhaltnismaRig glinstig ist [62]. Jedoch kann dieser Herstellungsprozess nur fiir Gewebe
verwendet werden, die weniger stark vernetzt sind wie z. B. Haut und junger oder demineralisierter
Knochen. [61, 62] Fir den sauren Konditionierungsprozess wird das Rohmaterial, also das tierische
Gewebe, gewaschen und anschlieend in verdiinnter, wassriger Sdure eingeweicht. Das Gewebe wird
solange in der verdiinnten Saure getrankt, bis es den maximalen Quellgrad erreicht. AnschlieBend wird
das konditionierte Rohmaterial gewaschen, bis der pH der Waschlosung hoher als vier ist und kann

dann fir die thermische Extraktion weiterverwendet werden.

Bei dem alkalischen Konditionieren wird das gewaschene Rohmaterial in hydratisiertem Kalk (2-5 %)
getrankt. [62] Typischerweise werden Natriumhydroxid oder Natriumkarbonat fir das sogenannte
Scharfen verwendet, um den Prozess zu katalysieren. Ohne dieses Scharfen wiirde der
Konditionierungsprozess drei bis zehn Monate dauern [61], mit dem Scharfen dauert es nur acht bis
zwolf Wochen [62]. Wahrend dieser Zeit wird die Losung geriihrt und die Temperatur unterhalb von
20 °C gehalten. AuBerdem wird wahrend der alkalischen Konditionierung Ammoniak von den Glutamin-
und Asparagin-Resten des Kollagens freigesetzt, was zu deren Umsetzung zu Glutamin- und
Asparaginsaure fihrt [61, 62, 64]. Nach dem Konditionierungsprozess wird das Rohmaterial zunachst
gewaschen, bis das Waschwasser einen pH-Wert von neun bis zehn besitzt und danach in einer
Saureldsung und schliefllich in destilliertem Wasser gewaschen [61, 62]. Nach diesem Waschvorgang

kann das Rohmaterial extrahiert werden.

Die Aminosauren-Zusammensetzung hangt vom urspriinglichen Kollagen und der Art der Gelatine-
Herstellung ab [62]. Da die Aminosduren-Zusammensetzung in den Kollagenen der Sdugetiere nahezu
konstant ist [62], beeinflusst der Konditionierungsprozess die Gelatine-Materialeigenschaften am

starksten, wie es bereits von Ames im Jahr 1952 beschrieben wurde [70].

2.2.2 Physikalische Gelierung von Gelatine

Die bekannteste Eigenschaft von Gelatine-Loésungen ist die Fahigkeit zu gelieren. Obwohl die
physikalische Gelierung einfach erscheint, handelt es sich um einen komplexen Vorgang, der bis heute
nicht vollstandig verstanden wurde. Im Folgenden wir die Konformation von Gelatine-Molekiilen in

wassrigen Losungen und physikalischen Gelen sowie der reversible Gelierprozess beschrieben.

Typischerweise wird Gelatine bei Temperaturen um 50 °C in Wasser gel6st. Diese wassrigen Gelatine-

Losungen haben bei Temperaturen oberhalb von 40 °C einen Newtonschen Charakter [61]. Die

21



Konformation von Gelatine in wassrigen Losungen wurde beispielsweise mittels Circulardichroismus
(CD)-Spektroskopie untersucht [71-74]. Die CD-Spektren von wassrigen Gelatine-Lésungen sind denen
von sauren, wassrigen Kollagen-Losungen dhnlich: Bei etwa 200 nm wurde eine charakteristische
negative Bande beobachtet. Diese negative Bande wurde der ungeordneten Polypeptid-Kette (poly-L-

Lysin) zugeordnet [71].

Wenn wassrige Gelatine-Losungen unter 40 °C gekiihlt werden erhoht sich ihre Viskositdat und die
Losung verhalt sich nicht langer wie ein Newtonsches Fluid. [61] Wahrend des Kiihlens verdandert sich
die Konformation der Gelatine in wassrigen Losungen. In CD-spektroskopischen Untersuchungen der
Konformationsanderung wahrend des Kiihlens wurde gezeigt, dass die negative Bande bei 200 nm
ausgepragter wird und eine positive Bande bei 220 nm auftritt [72, 73]. Diese Charakteristika waren
mit denen von gekihlten Kollagen-Losung vergleichbar, wobei die Banden der CD-Spektren von
Kollagen ausgepragter waren als die von Gelatine [71, 73]. AuRerdem wurde eine negative Bande bei
238 nm detektiert, die nur bei der Kihlung von Gelatine-Lésungen auftrat[74]. Es wurde
geschlussfolgert, dass die Kihlung von Gelatine-Losungen zu einer teilweisen Regeneration des CD-
Spektrums von Kollagen fiihrt, wobei die positive Bande bei 220 nm die Tripel-Helices reprasentiert, in
der die einzelnen Helices eine linksgdngige Poly-Prolin-lI-Helix(-trans)-Konformation haben [73]. Die
Gelatine-spezifische negative Bande bei 238 nm korrelierte mit der positiven Bande bei 220 nm [74]: Je
starker die positive Bande ausgepragt war, desto weniger stark war die negative Bande ausgepragt und
anders herum. Wetzel et al. ordneten die negative Bande bei 238 nm den einzelnen Helices mit einer
stabilen Poly-Prolin-I(-cis)-Konformation zu [74], denn es wurde gezeigt, dass die Einzel-Helices in der
Poly-Prolin-I-Konformation stabiler als in der Poly-Prolin-lI-Konformation sind [75]. Folglich geht die
Regeneration der Triple-Helix wahrend der Kiihlung von Gelatine-L6sungen mit einer cis-trans-

Umwandlung der einzelnen Helices einher und ist ein bestimmender Schritt der Proteinfaltung [76].

Die Viskositdt der Gelatine-Losung steigt wahrend der Kihlung bis sich, aufgrund der
Konformationsanderungen bei der sich aus Einzel-Helices Tripel-Helices bilden, ein physikalisches
Hydrogel ausbildet [77]. Die Gelierung von Gelatine-Losungen durch Kihlen wird als ein mehrphasiger
Prozess verstanden [61, 62, 78-80]. Das derzeitige Verstandnis der Gelierung basiert auf Studien von
Djabourov, Leblond and Papon [78, 79] sowie Bohidar und Jena [80]. Djabourov, Leblond und Papon
zeigten, dass der bestimmende Prozess wahrend der Gelierung die Konformationsanderung der
Gelatine-Molekiile ist. [78] Zuerst bildet sich ein lockeres Netzwerk, wobei es entlang jedes einzelnen
Gelatine-Molekiils zu mehreren Helix-Keimbildungen kommt. Diese Helices aggregieren dann zu enger
verstrickten Tripel-Helices, wobei ein Gelatine-Molekil noch in mehreren Triple-Helices verstrickt ist.
Die Entstehung dieses lockeren Netzwerks wurde mit dem ersten schnellen Wachstum an Tripel-Helices
wahrend der Gelierung korreliert, das in CD-spektroskopischen und dynamischen Differenzkalorimetrie

(DSC)- [81] sowie in Ultraschall-Absorptions-Untersuchungen gezeigt wurde [82]. AnschlieRend werden
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in einem langsameren Prozess neue Helices ausgebildet. [78] Dabei re-arrangieren sich die Helices in
eine finale Gleichgewichts-Konfiguration mit unabhangigen Tripel-Helices, dhnlich wie natives Tropo-

Kollagen in wassrigen Losungen.

Die temperaturabhdngige Gelierung von wassrigen Gelatine-Lésungen zu physikalischen Hydrogelen
und deren Schmelzen, das wieder in wassrigen Gelatine-Losungen resultiert, kann durch viele
Methoden beobachtet werden. Eine Moglichkeit, die Gelier- und Schmelztemperatur von Gelatine-
Losungen zu bestimmen, ist die temperaturabhingige Messung von Speicher- und Verlustmodul (G’,
G”’) mit einem Rheometer. [64, 83] Dabei entspricht die Temperatur am Schnittpunkt von G’ und G”
der Schmelztemperatur der Heizkurven (G’=G”) und die Geliertemperatur dem Schnittpunkt der
Kdhlkurven (G”=G’). Es muss beachtet werden, dass die beobachteten Gelier- und
Schmelztemperaturen von der Gelatine-Losung (Konzentration, Gelatine, Loésungsmittel) sowie den
Messeinstellungen (Kihl-/Heizrate, Amplitude, Frequenz) abhingt. Eine andere Methode ist die
Messung der Enthalpie wahrend des Kiihlens und Heizens der Gelatine-Losung mittels DSC [80, 81, 84].
Wie bereits beschrieben kommt es wahrend des Gelierens einer wassrigen Gelatine-Lésung zur
Ausbildung von Tripel-Helix-Bereichen, die einen kristallinen Charakter besitzen. Da kristalline
Substanzen einen Schmelzpunkt (T,,) in DSC-Messungen zeigen, kann diese Methode genutzt werden,
um die Umwandlung der Triple-Helices in Polypeptidketten zu bestimmen und die Anderung der
Enthalpie zu quantifizieren. Der Schmelzpunkt zeichnet sich durch eine sprunghafte endotherme

Anderung der Enthalpie aus, die mit der Denaturierung der Tripel-Helices assoziiert wird [85, 86].

Die physikalische Gelierung von Gelatine wird durch unterschiedliche Faktoren beeinflusst. Dabei spielt
besonders die vorangegangene Temperaturbehandlung (thermal history) eine besondere Rolle. Ein
Beispiel dafiir ist die Hysterese von Gelatinelésungen: Schmelz- und Geliertemperatur sind nicht
deckungsgleich, da der Schmelzvorgang mehr Energie benotigt. AuRerdem nimmt die Stabilitat der
physikalischen Gele mit der Dauer der Kiihlung unterhalb des Schmelzpunktes zu [71, 73, 81]. Der pH
und die in der Losung vorliegende lonen beeinflussen zusatzlich die Konformationsanderungen der
Gelatine und somit der Gelierung [71, 73]. Beispielsweise hemmen Calciumchlorid und Natriumchlorid
die Regeneration von Tripel-Helices [73]. Ein weiterer Faktor ist das Molekulargewicht [72] und der

Extraktionsprozess [74] der verwendeten Gelatine.

2.2.3 Standardcharakterisierung von Gelatine

Gelatine wird industriell in vielen Anwendungen eingesetzt, beispielsweise in der
Lebensmittelindustrie, Photographie und Pharmazie. [62] Da Gelatine ein Biopolymer ist, das aus
Kollagen gewonnen wird, sind die Materialeigenschaften abhdngig von dessen Ursprung und

Herstellungsprozess. Deshalb ist es wichtig die physikalischen Eigenschaften von Gelatine-L6sungen
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und Gelatine-Gelen zu charakterisieren, um die Reproduzierbarkeit des finalen Produkts zu garantieren.
Dies gilt besonders fiir die potenzielle Anwendung im TE. Die Standardcharakterisierung zur
Untersuchung von Gelatine wurden in der ersten Halfte des 20. Jahrhunderts etabliert. Im Folgenden
werden Standard-Viskositdt, Bloom Wert (stellvertretend fiir die Gel-Festigkeit), isoelektrischer Punkt

(IEP) sowie Methoden fir deren experimentelle Bestimmung beschrieben.

Die Gel-Festigkeit der physikalischen Hydrogele war die erste Gelatine-Eigenschaft, die standardmaRig
untersucht wurde [62]. Die Methode zur Untersuchung der Gel-Festigkeit, die von Oscar T. Bloom im
Jahr 1925 entwickelt und patentiert wurde, ist noch heute der geltende Standard. [87] Die Methode
beinhaltet eine standardisierte Herstellung einer Gelatine-Losung sowie ein standardisiertes Kiihlen der
Losungen zur physikalischen Gelierung [62]: 7.5 g Gelatine werden mit 105 mL destilliertem Wasser in
einer Bloom-Flasche (59 = 1 mm Durchmesser) vermischt und in einem Wasserbad auf 65 °C erwarmt,
bis sich die Gelatine l6st. AnschlieBend wird die Losung in einem 10 °C kaltem Wasserbad fir 17 h
gekihlt und anschliefend die Gelstarke des physikalischen Hydrogels mit dem von Oscar T. Bloom
entwickelten Gelometer gemessen. Wahrend dieser Messung wird ein Stempel mit einem Durchmesser
von 0,5 Zoll (das entspricht 1,27 cm) in das physikalische Hydrogel gedriickt. Das Gewicht, das
notwendig ist, um die Oberflaiche des Gels um 4 mm zu komprimieren wird gemessen und ist das
Ergebnis der Gel-Festigkeits-Messung und wird in “g Bloom” oder “Bloom” angegeben. Kommerzielle
Gelatinen sind in einem Bereich zwischen 50 g Bloom und 300 g Bloom erhéltlich, wobei ein héherer
Bloom-Wert eine hohere Gel-Festigkeit reprasentiert. [64] AuBerdem gelieren und schmelzen
physikalische Hydrogele aus Gelatinen mit einem hohen Bloom-Wert bei hoheren Temperaturen und

gelieren schneller als Gelatinen mit einem niedrigem Bloom-Wert.

Die Standard-Viskositat von Gelatine ist die zweit-wichtigste Eigenschaft von Gelatine. [62, 64] Fiir die
Bestimmung der Viskositat wird eine Gelatine-Losung auf die gleiche Art wie fir die Messung des
Bloom-Wertes hergestellt und nach dem Losen auf 60 °C temperiert. [64] AuRerdem wird eine
kalibrierte Pipette, die sogenannte Bloom-Pipette, im Einklang mit DIN 53 260 verwendet [88]. Das
Ergebnis der Auslaufzeit von 100 mL Gelatine-Lésung aus der Bloom-Pipette mit einer geeichten
Kapillare wird in mPa s ausgedriickt [64]. Grundsatzlich hdngt die Viskositat von Gelatine-Losungen von
der Gelatine-Konzentration, dem Losungsmittel, den enthaltenen Salzen, dem pH-Wert und der
Temperatur ab. [62] Je hoher die Gelatine-Konzentration der Losung ist, desto weniger Einfluss haben
die anderen Faktoren. Dies wird durch die Annaherung deutlich, dass die Viskositdt von Gelatine-
Losungen eine exponentielle Funktion der Gelatine-Konzentration ist. Die Viskositdt konzentrierter
Gelatine-L6sungen wird ausschlieBlich durch die hydrodynamischen Interaktionen zwischen den
Gelatine-Molekilen bestimmt, da eine hodhere Konzentration die Molekile raumlich naher
zusammenbringt. AuBerdem wurde eine Korrelation zwischen der Viskositat und dem Anteil an

hochmolekularen Komponenten der Gelatine beobachtet, wobei eine héhere Viskositdat mit einem
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hohen Anteil hochmolekularer Komponenten einhergeht [64]. Darliber hinaus wurde gezeigt, dass die

Viskositdt von Gelatine-Lésungen am IEP der verwendeten Gelatine am geringsten ist [62].

Die Definition des IEPs lautet “der pH-Wert, bei dem die elektrische Nettoladung einer Elementarentitat
null ist” [33]. Der IEP ist ein entscheidendes Charakteristikum von Proteinen, welche aus positiv und
negativ geladenen Aminosduren bestehen und deshalb Polyampholyte sind. Die Ladung der
Aminosauren entsteht durch deren saure oder basische funktionelle Gruppen. Der IEP von Gelatine ist
fir deren Anwendung, beispielsweise in der Pharmazie, entscheidend. Der IEP wird durch eine
chromatographische lonen-Austausch-Methode bestimmt, die von Janus, Kenchington und Ward im
Jahr 1951 entwickelt wurde. [89] Bei dieser Methode werden Mischbettt-lonen-Austauscher-Harze
verwendet, um eine Gelatine-Losung bei 30 °C zu deionisieren. Der pH-Wert der deionisierten Gelatine-
Losung entspricht dem isoionischen Punkt der Gelatine, welcher nahezu identisch mit deren IEP ist.
Andere Methoden zur IEP-Bestimmung sind beispielsweise die isoelektrische Fokussierung oder pH-
abhdngige Messungen der Tribung der Losung [90]. Wenn die Aminosauren-Zusammensetzung
bekannt ist, kann der IEP auch abgeschatzt werden [91]. Im Fall von Gelatine ist der Herstellungsprozess
fiir den IEP entscheidend. [61, 62, 64, 70] Wie bereits beschrieben wurde, wird wahrend der alkalischen
Konditionierung Ammoniak aus Glutamin und Asparagin frei, sodass sie zu Glutamin- und
Asparaginsdure werden. Diese Zunahme an Carboxyl-Gruppen in der Gelatine fiihrt zu einem
reduzierten IEP von Gg (IEP bei pH 5-6) verglichen mit G4 und deren Ursprungs-Protein Kollagen (IEP bei
pH 8-10).

Die Molekulargewichtsverteilung von Gelatine ist ebenfalls abhdngig von der Art des
Herstellungsprozesses, und somit vom Gelatine-Typen, sowie der Intensitdit des
Herstellungsprozesses. [61, 64] Gelatine ist das Produkt der Kollagen-Hydrolyse und besteht somit aus
Polypeptid-Ketten mit unterschiedlichen Langen. Allerdings ist dieser hydrolytische Abbau von Kollagen
wahrend des Gelatine-Herstellungsprozesses nicht rein zufdllig. Typischerweise  wird
GrolRenausschluss-Chromatographie  verwendet, um die Molekulargewichtsverteilung zu
untersuchen. [64] Dabei wird das Polymer in einem definierten Losemittel geldst. Diese Lésung wird
dann in eine Chromatographie-Saule mit einem definierten PorengrofRengradienten injiziert. Bei
Polyampholyten wie Gelatine muss deren IEP und die Ladung der verwendeten Saule beachtet werden.
Das Polymer durchlauft die Saule in Abhangigkeit von seinem Molekulargewicht, wobei kleine Polymere
mehr mit der Saule interagieren als groRe Polymere und deshalb langere Retentionszeiten haben. Das
mittlere Molekulargewicht von Ga (70-90 kDa [61]) ist dhnlich zu der Primérstruktur von Kollagen Typ |
(~100 kDa [64]), wohingegen das mittlere Molekulargewicht von Gg niedriger ist (50-70 kDa [62]). Nach
Schrieber und Garais entspricht die Fraktion mit einem Molekulargewicht von ~100 kDa den a-Ketten,

die fur die Gelierkraft entscheidend sind und die Fraktion mit ~200-400 kDa den Ketten die die
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Viskositat bestimmen [64] Gg besitzt mehr a-Ketten als Ga und G hat eine breitere

Molekulargewichtsverteilung als Gs.

Es gibt mehr Standardcharakterisierungen fiir Gelatine als die hier beschriebenen, zum Beispiel
Wassergehalt, Leitfahigkeit, Gehalt an anorganischen Komponenten und der pH [64]. Bei der
Verwendung von Gelatine muss beachtet werden, dass sich einige Materialeigenschaften gegenseitig
beeinflussen. Deshalb muss die Herstellung von Gelatine-Losungen und —Hydrogelen genau und
gewissenhaft durchgefiihrt werden. Darliber hinaus missen Gelatine-Typ, verwendete Konzentration,
thermische Geschichte und pH der Lésungen und der verwendeten Puffer fiir jede Untersuchung

angegeben werden um aussagekraftige Ergebnisse zu kommunizieren.

2.3 Gelatine-Methacryloyl

Gelatine-Methacryloyl (GM) wird seit der Publikation von Van den Bulcke et al. im Jahr 2000 [42] als
Biomaterial untersucht. GM besitzt wie das Rohmaterial Gelatine noch Erkennungssequenzen, um von
Matrix-Metalloproteasen, wie beispielsweise den Kollagenasen, degradiert werden zu kénnen [34]. Des
Weiteren enthadlt GM das Arginin-Glycin-Asparaginsaure (RGD)-Peptid, an das Zellen Integrin-vermittelt
adharieren konnen [35]. Es wurde gezeigt, mechanische Signale tGiber RGD-abhangige Integrine von
Chondrozyten aufgenommen werden [92]. Im Folgenden wird die Synthese und Charakterisierung von
GM und deren Vernetzung zu Hydrogelen erldutert.Synthese und Charakterisierung von

Gelatine-Methacryloyl

Wahrend der GM-Synthese werden sowohl Amino- als auch Hydroxylgruppen, typischerweise mit
Methacrylsdureanhydrid, umgesetzt. [93] Dabei ist die Reaktivitdit von Aminogruppen wahrend der
Methacryloylierung hoher als die von Hydroxylgruppen [50, 94]. Obwohl in der Veréffentlichung von

(u

Nazarova et al. [41] GM bereits als ,,Methacryloyl Derivat“ bezeichnet wurde, wurde GM nach der
Publikation von Van den Bulcke et al. [42] als , Gelatine-Methacrylamid” benannt. Diese Benennung
wurde dann erneut zu ,Gelatine Methacryloyl” gedndert, sodass Methacrylamide und Methacrylate in

der Benennung bericksichtigt werden.

Um den Stand der Wissenschaft zu Synthese und Charakterisierung von GM darzustellen, wurde eine
Literaturrecherche durchgefiihrt, bei der alle Publikationen beriicksichtigt wurden, in denen die
Publikation von Van den Bulcke et al. [42] zitiert ist, GM synthetisiert wurde und die vor Juni 2019
publiziert wurden. Ausgeschlossen von dieser Literaturrecherche wurden die Publikationen, die im
Rahmen dieser Dissertation veroffentlicht wurden ([95-97]). Aus diesen 223 Publikationen [35, 42, 45-
47,49-53, 94, 98-309], in denen 231 Synthese-Vorgehen beschrieben werden, wurden die Angaben zur

Synthese und der Charakterisierung von GM gesammelt und im Folgenden dargestellt. In Abbildung 7
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ist die Anzahl der beriicksichtigten Publikationen, in denen GM synthetisiert wurde, von 2000 bis Juni
2019 kumulativ aufgetragen. Von 2000 bis einschlieBlich 2010 wurden nur 11 Publikationen
veroffentlicht, das entspricht 5 % aller berticksichtigten Veroffentlichungen. Zwischen 2011 und 2016
wurden insgesamt 79 Publikationen veroffentlicht (30 %) und somit 144 (65 %) zwischen 2016 und Juni
2019. Diese Entwicklung verdeutlicht, dass GM als (Bio)-Material zunehmend an Bedeutung gewinnt

und als solches untersucht wird.
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Abbildung 7: Kumulative Darstellung der Publikationen, die zwischen 2000 und Juni 2019 veroffentlicht, GM synthetisiert
wurde und die Publikation von Van den Bulcke et al. [42] zitiert wurde [35, 42, 45-47, 49-53, 94, 98-309].

Der Herstellungsprozess der Gelatine bestimmt, wie in Kapitel 2.2 bereits erlautert, den Gelatine-Typ
und weitere Eigenschaften. Jedoch wurden in den tiberpriiften Publikationen meist nur wenige, bis hin
zu gar keinen Angaben zu der verwendeten Gelatine gemacht. Der prozentuale Anteil an Publikationen,
die die jeweiligen Angaben machten, ist im Folgenden in Klammern angegeben: Hersteller (86 %),
Gelatine-Typ (77 %), tierischer Ursprung (71 %), Bloom Wert (42 %), IEP (7 %), Aminogruppen-Gehalt
(2 %) und Standard-Viskositat (1 %). Nur in der Publikation von Van den Bulcke et al. wurden alle

Materialeigenschaften genannt [42].

In Tabelle 1 ist aufgeschliisselt, welche unterschiedlichen Gelatine-Typen und tierischen Urspriinge der
Gelatine in den betrachteten Veroffentlichungen verwendet wurden. Am haufigsten (53,2 %) wurde Ga
verwendet, wdhrend Gg nur in 23,4% aller GM-Synthesen verwendet wurde. In 23,4% der
beschriebenen GM-Synthesen wurde der Gelatine-Typ nicht genannt. Als tierischer Ursprung wurde am
haufigsten Gelatine porciner Herkunft verwendet (48,5 %), gefolgt von boviner Herkunft (19,0 %) und
Gelatine aus Fisch (2,6 %). Eine GM-Synthese wurde mit rekombinanter Gelatine beschrieben [100] und

in 29,4 % der Veroffentlichungen wurde keine Angabe zum tierischen Ursprung gemacht.
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Tabelle 1: Gegebene Information Uber Gelatine-Typ und tierischen Ursprung der fiir die GM-Synthese verwendeten Gelatine
von 2000 bis Juni 2019 publizierten Studien, in denen GM synthetisiert wurde und in denen die Publikation von Van den Bulcke
et al. [42] zitiert wurde [35, 42, 45-47, 49-53, 94, 98-309]. In den berticksichtigten 223 Veroffentlichungen wurden 231 GM-
Synthesen beschrieben.

Gelatine-Typ Tierischer Ursprung Anzahl Studien = Anzahl Studien
absolut relativ

Typ A Porcine Haut 93 40,3%
Porcin 3 1,3%
Bovine Haut 2 0,9%
Keine Spezifizierung 25 10,8%

Typ B Bovine Haut 23 10,0%
Bovine Knochen 9 3,9%
Bovin 6 2,6%
Porcine Haut 4 1,7%
Keine Spezifizierung 12 52%

Keine Spezifizierung | Bovin 1 0,4%
Bovine Haut 3 1,3%
Kalt-l6slich, porciner Ursprung 1 0,4%
Kaltwasserfisch-Haut 5 2,2%
Fisch 1 0,4%
Porcine Haut 11 4,8%
Rekombinant 1 0,4%
Keine Spezifizierung 31 13,4%

Fiir die GM-Synthese wurden Gelatinen mit Bloom-Werten zwischen 70-300 Bloom verwendet, wobei
die meisten Gelatinen einen Bloom-Wert von 300 besaBen (23,8 %) [49, 50, 98,102, 104, 106, 118, 122,
127, 131, 134, 135, 140, 143, 146, 166, 169, 170, 173, 175, 179, 180, 182, 185, 186, 188, 189, 202, 208-
213, 215, 220, 225, 227, 229, 235, 242, 244, 249, 254, 259, 264, 273, 278, 279, 281-283, 288, 291, 293]
und nur zwei Synthesen wurden mit einer Gelatine mit einem Bloom-Wert, der geringer als 130 war,
durchgefiihrt [232, 234]. In den Gbrigen GM-Synthesen wurden Gelatinen mit Bloom-Werten zwischen
160 und 260 Bloom (38 %) verwendet [42, 94, 99, 101, 103, 110-112, 120, 124, 125, 132, 136, 148, 151,
157, 160, 162, 163, 177, 184, 194, 196, 198, 221, 231, 233, 265, 268, 271, 275, 294, 295, 300, 301, 305,
309, 310]. Die Standardviskositdt der verwendeten Gelatinen wurde nur in zwei Publikationen
angegeben und lag bei 4,88 mPas[42, 112]. In vier Publikationen wurde dariiber hinaus der
Aminogruppen-Gehalt experimentell bestimmt, dieser lag typischerweise zwischen 0,3 und 0,4 mmol g
1142, 94, 124], nur ein Aminogruppen-Gehalt lag mit 0,075 mmol g auRerhalb dieses Bereichs [184].
In vielen Veréffentlichungen wurde der Aminogruppen-Gehalt von 0,35 mmol g, der von Van den

Bulcke et al. [42] publiziert wurde, zitiert.
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Die GM-Synthese-Durchfiihrung in allen Publikationen ist sehr &hnlich. Das Rohmaterial wird
typischerweise in destilliertem Wasser oder phosphatgepufferter Salzlosung geldst. AnschlieRend wird
Methacrylsdaureanhydrid hinzugegeben und bei Temperaturen zwischen 37 °C und 60 °C fir 1-6 h oder
in Einzelfdllen 12-72 h [140, 142, 144, 230, 256, 265] geriihrt. In einigen Studien wurde der pH-Wert
der Losung wahrend dieser Zeit nachjustiert, sodass der pH der Losung neutral oder leicht basisch
war [94, 100, 108, 120, 123-125, 177, 189, 221, 229, 242, 299]. AnschlieRend wird die Reaktionslésung
fiir 1-7 d gegen destilliertes Wasser bei max. 50 °C dialysiert, um das Nebenprodukt Methacrylsdure zu

entfernen. Die Losung wird gefriergetrocknet und bei Raumtemperatur, 4 °C oder -20 °C gelagert.

Der Aminogruppen-Gehalt des Rohmaterials fiir die GM-Synthese ist insofern interessant, dass lange
davon ausgegangen wurde, dass nur die Aminogruppen wahrend der Methacryloylierung umgesetzt
werden. Deshalb wurde der Methacryloylierungsgrad (englisch degree of methacryloylation, DM)
relativ als Anteil der modifizierten Aminogruppen angegeben. Die noch zuganglichen Aminogruppen
wurden beispielsweise mit dem Trinitrobenzolsulfonsdure (TNBS)-Assay nach Habeeb
quantifiziert [311], oder durch das reduzierte Signal der e-Methylengruppen der Lysine im *H-NMR-
Spektrum bei ~2,8-2,95 ppm. Inzwischen wurden neue Methoden zur Quantifizierung des DMs
entwickelt, die auch die Methacrylate beriicksichtigen und ein differenzieren von Methacrylamid- und
Methacrylat-Gruppen ermoglichen [50, 94]. Obwohl diese Methoden zur Verfligung standen, haben
nur drei Veroffentlichungen diese angewendet, um den DM zu bestimmen [94, 271, 295]. Weitere vier
Veréffentlichungen nutzen andere Methoden, um den DM in mmol g Gelatine und nicht bezogen auf
den Aminogruppen-Gehalt angeben zu kénnen [175, 242, 281, 294]. In 118 Studien (48 %) wurde der
DM als substituierte Aminogruppen in % angegeben und in allen Ubrigen 107 der Uberpriiften

Publikationen wurde kein DM angegeben, das entspricht 45 %.

Auch alle anderen Standard-Methoden zur Charakterisierungen von Gelatine wurden bisher bei der
Charakterisierung von GM vernachladssigt. Wenige Autoren bestimmten die Viskositat von GM-
Losungen in Abhangigkeit von der Polymerkonzentration und der Temperatur und ermittelten so auch
Gel- und Schmelzpunkt der Losungen [42, 120, 125, 146, 298]. Auch die Molekulargewichtsverteilung
der GM wurde nur in sechs Publikationen untersucht [100, 124, 154, 208, 255, 303]. Der IEP von GMs
wurde bisher beispielsweise nicht untersucht. Die vollstandige Charakterisierung der GM-Derivate ist
jedoch notwendig, um Ergebnisse vergleichen zu kénnen und die systematische und kontrollierte

Anwendung von GM als Biomaterial zu ermdoglichen.

2.3.2 Chemisch vernetzte Gelatine-Methacryloyl-Hydrogele

Wahrend der GM-Synthese werden Methacryloyl-Gruppen in die Gelatine eingebracht. Diese

Methacryloyl-Gruppen besitzen C=C-Doppelbindungen, die dann durch einen Radikalstarter
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polymerisiert werden koénnen. Durch Polymerisierung der C=C-Doppelbindungen werden die GM-
Molekile kovalent miteinander vernetzt. Diese chemische Vernetzung der GM-Molekiile fihrt zu
einem Polymernetzwerk, sodass sich die GM-Losung verfestigt und ein Hydrogel entsteht. Die
Verwendung von Photoinitiatoren fur die Vernetzung von GM hat die Vorteile, dass die Vernetzung
zeitlich und rdumlich gesteuert werden kann. [312] Dariber hinaus hat der Einsatz von Photoinitiatoren
Vorteile bei der Verkapselung von Zellen, da die Vernetzung schnell und ohne hohe Temperaturen oder

extreme pH-Wert-Anderungen verlauft.
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Abbildung 8: Oben: Chemische Struktur und Spaltung der zwei Photoinitiatoren 1-[4-2(Hydroxyethoxy)-phenyl]-2-hydroxy-2-
methyl-1-propanon (12959) und Lithiumphenyl-2,4,6-trimethylbenzoylphosphinat (LAP). Unten: Molare Absorption der
Photoinitiatoren (durchgezogene Linie) und deren Spaltungsprodukten (gestrichelte Linie). Nachdruck mit Genehmigung von
Elsevier:  Elsevier Ltd., Photoinitiated polymerization of PEG-diacrylate  with lithium  phenyl-2,4,6-
trimethylbenzoylphosphinate: polymerization rate and cytocompatibility, B. D. Fairbanks et al., © 2009. [313] Anmerkung: Die
Beschriftungen in der Abbildung wurden lbersetzt.

Fir die radikalische Vernetzung von zellhaltigen Hydrogelen wird typischerweise 1-[4-
2(Hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propanon (12959) als Photoinitiator verwendet [313].
Die Strukturformel und der Zerfall von 12959 ist in Abbildung 8 dargestellt. Der 12959 wird fiir die
Zellverkapselung verwendet, da er in Konzentrationen bis max. 2 Gew.-% wasserloslich ist [314]. Wie

an dem Absorptionsspektrum von 12959 zu sehen ist (Abbildung 8, unten links), ist der molare
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Extinktionskoeffizient fiir Wellenlangen groRer 350 nm jedoch sehr gering bzw. gleich null. Da Proteine
und Desoxyribonukleinsduren bei 280 nm bzw. 260 nm Strahlung absorbieren, werden fir die
Verkapselung von Zellen moglichst langere Wellenlangen um 365 nm eingesetzt, um phototoxische
oder mutagene Effekte zu vermeiden [315-317]. Die Vernetzung von zellhaltigen GM-Hydrogelen mit
12959 bei 365 nm ist somit relativ ineffizient, weshalb verhaltnismaRig hohe 12959-Konzentrationen
und lange UV-Bestrahlungen fiir die Vernetzung von GM zu Hydrogelen notwendig sind, die wiederum

zytotoxisch sein kdnnen.

Ein anderer, bisher weniger haufig eingesetzter Photoinitiator fiir die Vernetzung von zellhaltigen GM-
Hydrogelen ist Lithiumphenyl-2,4,6-trimethylbenzoylphosphinat (LAP). Die Synthese sowie die
Wasserloslichkeit bis 8,5 Gew.-% von LAP wurde von Majima et al. publiziert [318]. In Abbildung 8 ist
die chemische Struktur und der Zerfall von LAP sowie das Absorptionsspektrum dargestellt. LAP hat bei
365 nm einen molaren Extinktionskoeffizienten von etwa 175 M*cm™. In einer Studie, die die
Vernetzung von Polyethylenglycol-Diacrylat mit 12959 und LAP verglich, konnten Fairbanks et al. zeigen,
dass die Vernetzung mit LAP deutlich effizienter war als die Vernetzung mit 12959. [313] LAP vernetzte
die Hydrogele in weniger als einem Zehntel der Zeit, die bei der Vernetzung mit 12959 benétigt wurde.
Bei der Vernetzung mit LAP bei 405 nm konnten auRerdem UV-Strahlung und Initiator-Konzentration
reduziert werden. Aullerdem konnte die Zytokompatibilitdit des LAPs fiir die Verkapselung von
Fibroblasten gezeigt werden. Andere Studien wiesen die Zytokompatibilitdt von LAP fir die
Verkapselung von Adipozyten [319] und aus Fettgewebe gewonnen Stammzellen [320] in GM-

Hydrogelen nach.

Zur Herstellung von GM-Hydrogelen werden meist wadssrige Losungen mit einem GM-Gehalt von
5-20 Gew.-% verwendet [100, 104, 120]. Die Hydrogelvorlauferlésung beinhaltet typischerweise 0,05-
0,10 Gew.-% 12959 [102, 119, 127] und ist zwischen 37 °C und 60 °C warm [45, 131, 138, 140]. Die zur
Vernetzung eingesetzten Wellenlangen, Intensitat sowie die Vernetzungsdauer variieren zwischen 276-
515 nm [106, 109, 137, 150], 2,6-17,5 mW cm™[42, 52, 121, 140, 143] und 5 s-120 min [46, 52, 101,
107, 109, 135]. Leider wird die Vernetzung der GM-Hydrogele meist nur unzureichend erlautert, sodass
die aufgefiihrten Angaben oft nicht gemacht werden. Deshalb war auch kein Vergleich der

verwendeten UV-Dosen moglich.

Auch die mechanische Charakterisierung der erzeugten GM-Hydrogele wird oft vernachlassigt. Es wird
haufig der Speichermodul G’ oder der Kompressionsmodul untersucht, wobei Speichermoduln von
0,09-133 kPa [100, 102, 120, 154] und Kompressionsmoduln von 1-180 kPa [45, 127, 141, 297, 298]
berichtet wurden. Betrachtet man die Anwendung von GM-Hydrogelen als Scaffold im TE ist die
mechanische Charakterisierung essenziell, um diese als Einflussfaktor auf das Zellverhalten zu

bericksichtigen. Deshalb gilt auch fir die GM-Hydrogele, dass deren vollstindige Charakterisierung
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notwendig ist, um Ergebnisse vergleichen zu kdnnen und somit die Anwendung von GM-Hydrogelen als

Biomaterial zu ermdglichen.

2.3.3 Sequenziell vernetzte Gelatine-Methacryloyl-Hydrogele

Neben der rein chemischen Vernetzung, bei der die GM-Molekiile Gber die Polymerisierung der C=C-
Doppelbindungen vernetzt werden, wurde die sequenzielle Vernetzung von GM-Hydrogelen
untersucht. Wahrend der sequenziellen Vernetzung werden die Hydrogelvorlauferlosung zunachst
abgekihlt, sodass ein physikalisches Hydrogel entsteht und anschlieffend chemisch vernetzt. Durch die
sequenzielle Vernetzung wurde der Kompressionsmodul [45, 302], Speichermodul [303] und
Elastizitatsmodul [298] im Vergleich zu rein chemisch vernetzten GM-Hydrogelen erhéht. Durch diese
Verfestigung gelten sequenziell vernetzte GM-Hydrogele als besonders geeignet fir den Einsatz als

GeruUststruktur fur das Tissue Engineering von lasttragenden Geweben.

Die erste Studie, die physikalisch gelierte und anschlieBend chemisch vernetzte GM-Hydrogele verglich,
war die Studie von Schuurman et al. im Jahr 2013. [45] Es wurden GM-Hydrogele mit 10 Gew.-% und
20 Gew.-% GM (DM: 75+9 % der potenziell vorhandenen Aminogruppen) hergestellt, wobei die
Hydrogelvorlauferlosungen entweder bei 37 °C, oder nach einer 15-minitigen Kihlung auf 25 °C
chemisch vernetzt wurden. Wahrend dieser Kiihlung gelierten die GM-Hydrogelvorlduferlésungen und
bildeten physikalische Hydrogele, die dann chemisch vernetzt wurden. Es konnte gezeigt werden, dass
das sequenzielle Vernetzen der Hydrogelvorlauferlésung den Kompressionsmodul der resultierenden
Hydrogele signifikant steigerte: Der Kompressionsmodul der rein chemischen Hydrogele lag bei ~30 kPa
(10 Gew.-%) bzw. ~175 kPa (20 Gew.-%) und der der sequenziellen Hydrogele bei ~55 kPa (10 Gew.-%)
und ~270 kPa (20 Gew.-%). Diese Verfestigung wurde auf die wahrend der physikalischen Gelierung
ausgebildeten Tripel-Helices zuriickgefiihrt. Der Kompressionsmodul wurde somit durch das
sequenzielle Vernetzen um mehr als das eineinhalbfache gesteigert und war unabhangig von der
Temperatur wahrend des Messens. Damit wurde gezeigt, dass die thermo-responsiven Eigenschaften
der GM durch die chemische Vernetzung verloren gingen. Das wies darauf hin, dass die Polymerketten
in der Form fixiert werden, in der sie chemisch vernetzt werden, entweder zufillig oder in einer
hierarchischen Konformation und dass die Ausbildung von hierarchisch organisierten Helices die

Druckstabilitat steigert.

In einer spateren Studie von Bartnikowski et al. im Jahr 2015 wurde unter anderem der Einfluss
unterschiedlicher Kihlprotokolle vor der chemischen Vernetzung auf den Elastizitditsmodul
untersucht. [298] Die Hydrogelvorlauferlosungen (10 Gew.-% GM, DM: 76,2 % der potenziell
vorhandenen Aminogruppen) wurden entweder bei 37 °C chemisch vernetzt, nach 20 min Kiihlung bei

Raumtemperatur oder nach 10 min Kiihlung bei 4 °C. Der ermittelte Elastizitdtsmodul der rein chemisch
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vernetzten Hydrogele war 74 kPa. Der Elastizititsmodul der mit zwei unterschiedlichen
Kihlprotokollen hergestellten physikalisch gelierten und anschlieBend chemisch vernetzten GM-
Hydrogele war nicht unterscheidbar, aber signifikant héher als der der rein chemisch vernetzten GM-
Hydrogele (104 kPa). Dieser Effekt wurde wie zuvor von Schuurman et al. [45] auf die Ausbildung von
Tertidrstrukturen wahrend des Kihlprozesses zurtickgefiihrt. Dariiber hinaus wurden Vorteile der
sequenziellen Vernetzung von GM-Hydrogelen fiir die Verkapselung von Zellen formuliert [298]: Durch
die physikalische Gelierung kénnen Zellen gleichmaRiger im Hydrogel verteilt werden, da sie aufgrund
der Gelierung nicht absinken kénnen, sondern an der jeweiligen Stelle fixiert werden. AuRerdem wird
der Einfluss der Kiihlung wahrend der UV-Vernetzung der auftritt, falls die UV-Bestrahlungskammern

nicht temperiert werden, auf die Eigenschaften der GM-Hydrogele minimiert.

Rizwan et al. benannten sequenzielle GM-Hydrogele in ihrer Ver6ffentlichung von 2016 als erste als
»sequenzielle” Hydrogele. [302] Es wurden durch die Vernetzung der Hydrogelvorlauferlosung bei 37 °C
rein chemische GM-Hydrogele (10 Gew.-%, 20 Gew.-% und 30 Gew.-%, DM: 39 % der potenziell
vorhandenen Aminogruppen) hergestellt und sequenzielle GM-Hydrogele, die vor der chemischen
Vernetzung flr eine Stunde bei 4 °C gekiihlt wurden. Der Kompressionsmodul der sequenziellen
Hydrogele war wiederum signifikant hoher als der der rein chemischen GM-Hydrogele und nahm mit
der verwendeten GM-Konzentration zu: Die Moduln der rein chemischen Hydrogele lagen bei ~7 kPa
(10 Gew.-%), ~35 kPa (20 Gew.-%), ~50 kPa (30 Gew.-%) und die der sequenziellen Hydrogele bei
~28 kPa (10 Gew.-%), ~100 kPa (20 Gew.-%) und ~228 kPa (30 Gew.-%). Darliber hinaus wurde die
Mikrostruktur der Hydrogele mittels Rasterelektronenmikroskopie untersucht und gezeigt, dass
sequenzielle Hydrogele im getrockneten Zustand kleinere durchschnittliche Porendurchmesser
besalen und homogener strukturiert waren. AuBerdem wurden unterschiedlich hergestellten GM-
Hydrogele mittels Fourier-Transform-Infrarotspektroskopie (FTIR) untersucht und gezeigt, dass nur fir
rein chemisch vernetzte GM-Hydrogele eine Schulter bei 1634 cm™ beobachtet wurde, was auf C=C-
Doppelbindungen hinweist. Deshalb wurde geschlussfolgert, dass die sequenzielle Vernetzung zu
einem hoheren C=C-Doppelbindungsumsatz fihrte und somit zu einer effizienteren chemischen
Vernetzung, was neben der Moglichkeit der Stabilisierung durch Helix-Bildung die festeren Hydrogele
erklaren konnte. Mittels Circulardichroismus (CD)-Spektroskopie wurde dann durch eine positive Bande
bei ~220 nm nachgewiesen, dass die verwendeten GM-L6sungen bei 4 °C, wie ihr Rohmaterial, Tripel-
Helices ausbilden. [302] Deshalb wurde die Verfestigung der GM-Hydrogele durch die sequenzielle
Vernetzung auf die Ausbildung von Tripel-Helices zuriickgefiihrt, die moglicherweise zu einem hdheren
C=C-Doppelbindungsumsatz und einer hoheren Homogenitat fihrte. AuBerdem wurden durch Rizwan
et al. die Ergebnisse von Bartnikowski et al. [298] bestatigt, dass die mechanischen Eigenschaften der

Hydrogele temperaturunabhangig waren.
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Van Hoorick et al. untersuchten 2018 erstmals den Einfluss der sequenziellen Vernetzung auf GM-
Hydrogele aus GMs mit einem hohen DM, indem neben den primdren Aminen auch die
Hydroxylgruppen der Carbonsauren methacryloyliert wurden. [303] Es wurden Hydrogele aus GM mit
einem DM von 0,37 mmol g* (97 % Umsetzung der Aminogruppen, gel-MOD) und 0,99 mmol g* (gel-
MOD-AEMA) verglichen. Dynamische-Differenzkalorimetrie-Messungen zeigten, dass gel-MOD noch
~95 % aller physikalischen Interaktionen des Rohmaterials eingehen konnte, wobei gel-MOD-AEMA nur
noch ~30 % ausbilden konnte und die Geliertemperatur mit zunehmendem DM abnahm. Die chemische
Vernetzung wurde in situ anhand des Speichermoduls gemessen und gezeigt, dass bei der sequenziellen
Vernetzung der Speichermodul zundchst wahrend der Kiihlung zunimmt und dann starker wahrend der
chemischen Vernetzung. Die resultierenden Speichermoduln zeigten erneut, dass sequenzielle GM-

Hydrogele signifikant héhere Speichermoduln besalen als rein chemische GM-Hydrogele.

Die dargestellten Studien zeigten, dass die zuerst physikalisch gelierten und anschlieRend chemisch
vernetzten GM-Hydrogele hohere Speicher- und Kompressionsmoduln besaflen als rein chemisch
vernetzte GM-Hydrogele. Mithilfe von CD-Spektroskopie und dynamischer Differenzkalorimetrie
konnte gezeigt werden, dass es wahrend der Kiihlung zur physikalischen Wechselwirkungen in GM-
Losungen kommt die zu Tripel-Helices und zur Gelierung der Losung fiihren. Es wird vermutet, dass die
physikalische Gelierung dazu fiihrt, dass sich vernetzbare Methacryloyl-Gruppen akkumulieren und es
so bei der chemischen Vernetzung zu einem effizienteren C=C-Doppelbindungsumsatz kommt als bei
der Vernetzung von ungekihlten GM-L6sungen. Diese Hypothese wird bisher jedoch nur durch die
Ergebnisse der qualitativen FTIR-Messung von Rizwan et al. [302] untermauert. Auch das physikalische
Netzwerk, das wahrend der Kihlung ausgebildet wird, scheint zur Verfestigung der sequenziellen

Hydrogele beizutragen, da sich dadurch die Vernetzungsdichte erh6ht.

Um die Mechanismen hinter der Verfestigung durch die sequenzielle Vernetzung von GM-Hydrogelen
wurde aufzukldren, sollte der Einfluss der physikalischen Gelierung und chemischen Vernetzung
differenziert werden. Dafiir konnten hoch-modifizierte GM-Derivate verwendet werden, die einen sehr
niedrigen Gelpunkt haben. Dadurch kénnte auch Uberprift werden, ob die sequenzielle Vernetzung
auch Hydrogele aus diesen hoch-modifizierten GM-Derivaten (Methacryloylierung von Amino- und
Hydroxylgruppen) verfestigt werden. AuBerdem ware fir die Erforschung von GM-Hydrogelen als
Biomaterialien interessant, den Gehalt an nicht-vernetzten C=C-Doppelbindungen zu kennen, somit ist

eine quantitative Analyse der chemischen Vernetzung erstrebenswert.
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3. Ziel und Hypothesen der Arbeit

3.1 Ziel der Arbeit

Das Ziel dieser Arbeit war es, Gelatine-Methacryloyl (GM) und deren Vernetzung zu Hydrogelen fiir die
potenzielle Anwendung im Tissue Engineering systematisch zu charakterisieren und ein proof-of-
concept eines GM-basierten zonalen Gelenkknorpel-Aquivalent zu erbringen. Hierfiir sollte zunichst
der Einfluss des fiir die GM-Synthese verwendeten Gelatine-Typs auf die resultierenden Eigenschaften
der GM, ihrer Losungen und Hydrogele untersucht werden. Anschlieend wurde die sequenzielle
Vernetzung, bei der die Hydrogelvorlauferlésungen vor der chemischen Vernetzung gekihlt werden,
untersucht, da sie zur Verfestigung von GM-Hydrogelen fihrt und deshalb besonders geeignet zu sein
scheint, um zellhaltige Hydrogele als Scaffold fiir das Gelenkknorpel-Tissue-Engineering aufzubauen.
Mithilfe der sequenziellen Vernetzung sollte ein zonales Hydrogel mit einem biomimetischen
Glykosaminoglykan-Gradienten zytokompatibel dargestellt werden. Die Eignung des zonalen Hydrogels
als Scaffold fir das Gelenkknorpel-Tissue-Engineering sollte anhand der Redifferenzierung

dedifferenzierter, im Hydrogel verkapselter, Chondrozyten gezeigt werden.

Dieser Dissertation unterliegen wissenschaftliche Fragen, die als Hypothesen formuliert wurden. Diese
drei Hypothesen werden im Folgenden erldutert. AnschlieRend werden die Ergebnisse zu den
Untersuchungen der Hypothesen in den Kapiteln 4, 5 und 6 dargestellt und diskutiert. Des Weiteren
werden die Ergebnisse im Zusammenhang in Kapitel 7 zusammenfassend diskutiert. Die Arbeit wird von

den Schlussfolgerungen und dem Ausblick (Kapitel 0 und 9) abgeschlossen.

3.2 Hypothesen

Hypothese 1

In der Biomaterialforschung wird die Anwendung von GM umfassend untersucht, beispielsweise als
Biotinte fir das Bioprinting und als Geruststruktur fiir kinstliche Gewebe. Jedoch wird der Einfluss des
verwendeten Gelatine-Rohmaterials bisher ignoriert, sodass in einigen Publikationen keine Angaben

zum Gelatine-Typen oder zum Hersteller gemacht werden. Die folgende Hypothese wurde aufgestellt:

Die Wahl des Gelatine-Rohmaterials und der Modifizierungsgrad beeinflussen die physikochemischen

Eigenschaften von Gelatine Methacryloyl und den resultierenden Hydrogelen.

In diesem Kontext wurden funf Gelatine-Methacryloyl (-Acetyl)-Derivate mit Gelatine Typ A und

Gelatine Typ B mit dem gleichen Vorgehen synthetisiert. Die Derivate wurden charakterisiert und
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verglichen, wobei der Methacryloylierungsgrad, Acetylierungsgrad, Viskositdt, Gelier- und
Schmelztemperatur, isoelektrischer Punkt, hydrodynamischer Radius sowie Speicher- und
Verlustmodul der resultierenden Hydrogele untersucht wurden. Diese Studie wurde in der peer-
reviewed Fachzeitschrift Macromolecular Bioscience mit dem Titel “Beyond the Modification Degree:
Impact of Raw Material on Physicochemical Properties of Gelatin Type A and Type B Methacryloyls”

veroffentlicht [96].

Hypothese 2

Die sequenzielle Vernetzung von GM-Hydrogelvorlauferlosungen fiihrt zu einer Verfestigung der GM-
Hydrogele im Vergleich zu rein chemisch vernetzten GM-Hydrogelen. Bei dieser Strategie wird vor der
chemischen Vernetzung die physikalische Gelierung der GM-Hydrogelvorlauferlésung herbeigefiihrt,
siehe 2.3.3. Es gab bisher erst eine Studie, in der sequenzielle Hydrogele mit GM-Derivaten, die einen
hohen Methacryloylierungsgrad (0.99 mmol g) besaRen, hergestellt und untersucht wurden [303].
Diese Hydrogele wurden zwar durch die sequenzielle Vernetzung verfestigt, zeigten aber auch einen
Gelpunkt bei ~28 °C. AuRerdem ist die Beteiligung der chemischen Vernetzung und physikalischen

Gelierung an der Verfestigung der sequenziellen Hydrogele noch ungeklart.

Die sequenzielle Vernetzung von hoch-modifizierten GM(A) Derivaten, fiir die kein Gelpunkt oberhalb
von 10 °C gemessen wurde, verfestigt die resultierenden Hydrogele im Vergleich zu rein chemisch
vernetzten Hydrogelen nicht. Die Beteiligung der chemischen Vernetzung und physikalischen

Gelierung an der Verfestigung der sequenziellen Hydrogele kann differenziert werden.

Es wurden Kompressionsversuche an rein chemisch und sequenziell vernetzten GM(A)-Hydrogelen aus
GM(A)-Derivaten mit hohem Modifizierungsgrad durchgefiihrt. Darliber hinaus wurde der
physikalische Gelierprozess wahrend des verwendeten Kiihlprotokolls vor der chemischen Vernetzung
untersucht. Diese Untersuchung wurde in der peer-reviewed Fachzeitschrift gels mit dem Titel ,, Physical

Interactions Strengthen Chemical Gelatin Methacryloyl Gels” veroffentlicht [95].

AnschlieBend wurde zusammen mit Kollegen der Technischen Universitit Wien der
Doppelbindungsumsatz (englisch double bond conversion, DBC) wahrend der Vernetzung der GM(A)-
Hydrogelvorlauferlosungen mittels Echtzeit-Nahinfrarot-Spektroskopie-Photorheologie untersucht.
AulRerdem wurde die physikalische Gelierung wahrend des Kiihlens vor der chemischen Vernetzung
mittels Circulardichroismus-Spektroskopie und dynamischer Differenzkalorimetrie untersucht. Diese
Studie wurde mit dem Titel , Differentiation of physical and chemical cross-linking in gelatin

methacryloyl hydrogels” der peer-reviewed Fachzeitschrift scientific reports veroffentlicht [321].
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Hypothese 3

Sequenzielle GM-Hydrogele sind durch ihre Verfestigung, im Vergleich zu rein chemischen GM-
Hydrogelen, besonders fiir die Anwendung als Scaffold im Gelenkknorpel-Tissue-Engineering geeignet.
Jedoch sind extrazellulare Matrix (EZM) und Chondrozyten auf mehreren Ebenen zonal strukturiert. Die

folgende Hypothese wurde Uberpriift:

Ein zonal strukturiertes GM-basiertes, sequenziell vernetztes Hydrogel aus drei unterschiedlichen

Zusammensetzungen ist als Scaffold fiir das Gelenkknorpel-Tissue-Engineering geeignet.

Um der physiologischen Belastung des Gelenkknorpels nahezukommen, wurden die untersuchten,
sequenziellem, GM-basierten Hydrogele im Hinblick auf ihr Relaxationsverhalten unter Kompression
untersucht. Auferdem wurde die Zytokompatibilitit der sequenziellen Hydrogel-Vernetzung
untersucht. Die Bioaktivitdit der GM-basierten Hydrogele wurde anhand der enzymatischen
Degradation und Redifferenzierung dedifferenzierter Chondrozyten tberprift. Die Ergebnisse sind fiir

die Veroffentlichung in einer peer-reviewed Fachzeitschrift vorbereitet.
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4. Synthese und physikochemische Charakterisierung von

Gelatine-Methacryloyl-Losungen und -Hydrogelen

Die Ergebnisse und die Diskussion zu Hypothese 1 sind als Manuskript mit dem Titel “Beyond the
Modification Degree: Impact of Raw Material on Physicochemical Properties of Gelatin Type A and
Type B Methacryloyls” dargestellt. Dieses Manuskript wurde in der peer-reviewed Fachzeitschrift
Macromolecular Bioscience verdéffentlicht. Darlber hinaus wird die Hypothese 1l im Kapitel 7.1

zusammenfassend diskutiert.

Hinweis: Das Layout des Manuskripts wurde an das Layout der Abhandlung angepasst. Diese

Uberarbeitungen haben den Inhalt der Veréffentlichung nicht verdndert.

4.0 Erklarung meiner selbststandigen Leistung

Ich habe die Studie zum gréRten Teil eigenstdndig konzipiert und ihre wissenschaftliche Methodik
ausgearbeitet. AulRerdem habe ich den GrofSteil der praktischen Arbeiten durchgefihrt, dies

beinhaltete konkret:

Die Synthese von 15 der 36 verwendeten GM(A) Derivate (GaM2 (2 von 3), GgM2 (4 von 5),

GgM5 (2 von 4), GgM10 (2 von 4), GgM2A8 (3 von 5), GgM5A5 (2 von 4)). Die Synthese der

anderen GM(A)-Derivate erfolgte unter meiner Anleitung (4 Synthesen), sowie durch erfahrene

Kollegen (10 Synthesen) und die Co-Autorin Christiane ClaaRen (7 Synthesen).

- Die rheologischen Messungen zur Bestimmung der dynamischen Viskositdt sowie die Gelier-
und Schmelztemperatur von 10 Gew.-% GM(A)-Lésungen erhoben.

- Die Herstellung aller Hydrogele sowie die rheologische Messung deren Speichermoduln und
der gravimetrischen Bestimmung deren Quellbarkeit.

- Die 30 von 40 Messung des isoelektrischen Punktes (GaM2 (3 von 3), GaM5 (3 von 3), GaM10

(3 von 3), GaM2A8 (3 von 3), GAM5AS5 (3 von 3), Gg (1 von 3), GgM2 (3 von 5), GgM5, GgM10 (2

von 4), GgM2A8 (3 von 4), GgM5A5 (3 von 3). Alle anderen Messungen (10 von 40) des

isoelektrischen Punktes wurde unter meiner Anleitung durchgefihrt.

Alle erhobenen Daten, bis auf die der NMR-Spektroskopie und der Aminosauren-Analyse, wurden von
mir ausgewertet. Der weitaus groRte Teil des peer-reviewed Fachartikels wurde von mir geschrieben,
konkret habe ich den Original-Entwurf des Manuskripts konzipiert und geschrieben und federfiihrend

die Anderungsvorschlage meiner Co-Autoren harmonisiert und eingearbeitet.
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4.1.1 Abstract

Gelatin methacryloyl (acetyl) (GM(A)) is increasingly investigated for various applications in life
sciences and medicine, for example, drug release or tissue engineering. Gelatin type A and type B are
utilized for GaM(A) and GgM(A) preparation, but the impact of gelatin raw material on modification
reaction and resulting polymer properties is rather unknown so far. Therefore, the degrees of
modification (DMA) and physicochemical properties of five GAM(A) and GgM(A) derivatives are
compared: The degrees of methacryloylation (0.32—-0.98 mmol g™!) are indistinguishable for GAM(A)
and GgM(A) as are the sol-gel temperatures. Isoelectric points, solution viscosities, and hydrodynamic
radii which are distinct for Ga and Gg, converge with increasing DMA. Interestingly, differences are
measured for the storage moduli and equilibrium degrees of swelling of respective Ga and Gg derivative-
based hydrogels, in spite of their comparable DMA. This underlines the importance of GM(A)

characterization beyond the modification degree.

4.1.2 Introduction

Gelatin is considered to be a highly suitable base material for biomaterials due to its inherent
biocompatibility and bioactivity. [47, 309] Gelatin is produced by denaturation and disintegration of
collagen type I. Many extracellular matrix-mimicking properties such as the Arg-Gly-Asp (RGD) motif,
mediating cell attachment [35], and other motifs sensitive for biodegradation via matrix
metalloproteinases [34] are preserved during hydrolysis, making gelatin a frequently investigated

candidate for scaffolds in regenerative medicine. [64, 322, 323]

A common strategy to obtain gelatin hydrogels, which are stable under physiological conditions, is
the functionalization of gelatin with methacryl groups (gelatin methacryloyl, GM) and its subsequent
photo-induced cross-linking reaction as originally introduced by van den Bulcke et al. [42] in 2000. The
GM preserves many beneficial properties of gelatin and additionally offers the possibility to tailor
material properties of cross-linked GM hydrogels by adjusting the degree of methacryloylation (DM) of
GM. [42, 120, 125] Additional modification of gelatin with inert acetyl functions (GMA) has been
introduced by our group to tune viscosity and gelation of aqueous GM solutions independently from
its cross-linking potential. [125] Formulations of GM(A) with adjusted properties are also increasingly
used for sophisticated fabrication techniques such as inkjet-printing [125], robotic dispensing [93, 320,
324, 325], fused deposition modeling [163], or two-photon polymerization [108, 303]. Differences in
mechanical properties of resulting GM hydrogels and tissue-specific additives are utilized to emulate
most diverse tissues such as bone [304, 320], cartilage [177, 301], adipose tissue [319], cardiac
tissue [326], and as matrix for formation of capillary structures [305]. GM hydrogels with different

cross-linking densities were also utilized for drug delivery applications [299, 327].
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There are two general processes leading to gelatin: An acidic conditioning process applied for
weakly interconnected collagen, for example, pig skin, results in gelatin type A (Ga), whereas gelatin
type B (Gg) is obtained by an alkaline conditioning process of densely interconnected collagen, for
example, from bovine bone. [322] The difference in the production process of Ga and Gg causes a
difference in amino acid composition: Asparagine and glutamine from collagen are converted to
aspartic acid and glutamic acid for Gg, whereas they are preserved in Ga. [64] Therefore, Ga (isoelectric
point (IEP) =8 to 9 [64]) and Gg (IEP = 4.8 to 5.5 [64]) are oppositely charged at physiological pH. G and
Gg were used to prepare GaM [49, 106, 109, 121, 122, 296, 306] or GgM [42, 105, 163, 177, 303, 328,
329] derivatives. However, in spite of the fact that the two different processes of hydrolysis affect the
gelatin raw materials’ properties, it was not studied so far if and to what extent the used raw Ga or Gg
material defines the properties of the prepared GMs. To the best of our knowledge, the only study
addressing this point was published by Lee et al. [300], who investigated GaM and GgM for bioink
application and observed a higher DM of GgM compared to GaM and higher storage moduli of resulting

hydrogels as well.

In this study, we prepared a set of five GM(A)s from Ga and Gg, using different molar excesses of
methacrylic anhydride (MAAnh) and acetic anhydride (AcAnh). We determined the resulting DMs,
degrees of acetylation (DA), total degrees of modification (DMA), and properties of GM(A) solutions
and cross-linked hydrogels. Besides determination of viscosities, gelation and melting points of GM(A)
solutions, we were particularly interested in the molecular weight distribution and IEP of GM(A)s,
storage modulus, and swelling of cross-linked hydrogels. Based on the results, we hypothesized that
standard viscosity, amino acid composition, and Bloom value of the raw gelatin affect material

properties of GM(A)s, even if the degree and type of modification are comparable.

4.1.3 Experimental Section

Materials

The following materials were purchased from Sigma-Aldrich (Germany): AcAnh, disodium hydrogen
phosphate (Na;HPQO,), Dulbecco’s phosphate buffered saline with MgCl, and CaCl, (PBS+), and MAAnh.
Sodium 3-trimethylsilyl-propionate-2,2,3,3-d4 (TMSP) and mixed-bed ion exchanger Amberlite IRN150
were bought from Merck (Germany). Other reagents were purchased from the following sources (given
in parentheses): Deuterium oxide (D,0) (Deutero; Germany), Ga (MedellaPro, pig skin North America,
233 g Bloom, viscosity: 2.8 mPa s, Gelita, Germany), Gg (Limed, bovine bone, 232 g Bloom, viscosity:
4.5 mPa s, Gelita, Germany), Whatman filter paper (grade 589/1, VWR, Germany). Dialysis membranes

(molecular weight cutoff: 12-14 kDa) were purchased from Medicell International Ltd. (UK). The radical
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photoinitiator 1-[4-(2-hydroxyethoxy)phenyl]-2-hydroxy-2-methyl-1-propan-1-one (Irgacure 2959) was
a kind gift from Bodo Moéller Chemie GmbH (Germany).

Synthesis of Gelatin Derivatives

GM was prepared as previously described [94] and the procedure was the same for Ga and Gg. GM
derivatives were prepared with twofold (GM2), fivefold (GM5), and tenfold (GM10) molar excess of
MAAnNh with respect to a nominal amino group content of 0.35 mmol g* (described by van den Bulcke
et al. [42]). Twofold functionalized GMA derivatives were prepared with a twofold molar excess of
MAAnNh and an eightfold molar excess of AcAnh (GM2A8) or a fivefold molar excess of MAAnh and
AcAnh (GM5AGS), respectively.

NMR Spectroscopy of Gelatin Derivatives

NMR samples were prepared by dissolving =15 mg biopolymer in 600 pL D,O with TMSP as internal
standard (1 mgmL™). The DM was determined from H-NMR spectra from a Bruker Avance 500
spectrometer (500 MHz, room temperature), the DA was quantified from *H-13C-HSQC (heteronuclear
single quantum coherence)-spectra from a Bruker Avance-Ill spectrometer (800 Hz, 37 °C) as reported

previously by our group[94]. The DMA was calculated by summing up DM and DA.
Dynamic Viscosity and Gelation of Gelatin (Derivative) Solutions

A Physica Modular Compact MCR301 rheometer from Anton Paar (Germany) equipped with cone-
plate system (d = 40 mm) was used for investigation of the dynamic viscosity of 10 % (w/w) solutions
of (chemically modified) gelatin in PBS+, pH 7.4 at constant shear. The gained values were averaged
from 2.5 min lasting measurements (50 s, 37 °C, 3 s per measuring point). The gelation temperature
Tger and melting temperature Ty of gelatin (derivatives) were analyzed by determination of. storage
modulus G’ and loss modulus G” of solutions (10 % w/w) or the respective gels between 10 and 40 °C
at a fixed cooling/heating rate (1 °C min™), amplitude (5 %), and frequency (1 s™%). Tye was determined
from the cooling curve and Ty from the heating curve at G’= G”. Since usually the temperature where
G’ = G” is not measured exactly, the first temperature where G’ > G” (cooling curve, Tg) or G' < G”

(heating curve, Tmerr) was used.
Determination of the Isoelectric Point

IEP determination of gelatin with the use of a mixed bed deionization was introduced by Janus et
al. [89] in 1951. This method was modified for the investigation of gelatin derivatives as follows: Ga and
Gg as well as their derivatives were dissolved in ultrapure water (5 % w/v) at 60 °C (Ga and Gg) or 40 °C
(GM(A)) and shaking. Afterward, 2 g mixed bed ion exchanger Amberlite IRN150 was added to the
solution and shaken at 60 or 40 °C, respectively, for additional 30 min. The pH and conductivity of

filtered gelatin (derivative) solutions were measured at 30 °C. Deionization of gelatin was assumed in
42



the case of a conductivity <50 pS cm™. In the case of conductivity >50 uS cm™, the treatment was
repeated at altered ratio of resin and gelatin using 4 g mixed bed ion exchanger or a 2.5 % (w/v) gelatin
solution. As the isoionic and isoelectric points of gelatin are equal if deionized in this way, the pH of the

deionized gelatin solution was equivalent to its IEP [89].

The hypothetic IEPs of gelatin (derivatives) were also calculated using the ExPASY Proteomics tools
site as described before. [91, 330] We used the amino acid analysis results (see Table S 1, 4.1.7
Supporting Information) and corrected the data for Ga regarding the asparagine and glutamine content
with data from reference [64]. The amino acid composition was changed for IEP calculation of gelatin
derivatives such that lysine and hydroxylysine were replaced by glycine to simulate the proposed

derivatization of all amino groups.
Size Exclusion Chromatography

The hydrodynamic radii of Ga and Gg as well as their derivatives were investigated using size
exclusion chromatography (SEC). We used the “1260 Infinity GPC-SEC Analysis System” (Agilent
Technologies, USA) equipped with refractive index detector and the “Suprema Linear S” column (PSS,
Germany) with a nominal separation range of 10%-10° Da. Measurements (1 mg mL™ sample
concentration, 50 pL injection volume, 0.5 mL min! flow rate) were performed at 40 °Cwith 11.88 g L™

Na;HPO, (pH =9.2) as eluent.
Preparation of Hydrogels

Hydrogels with initial protein concentrations of 10 % (w/w) were prepared by photo-initiated
radical cross-linking as described by our group before [120]. Briefly, GM(A) was dissolved in PBS+
containing 0.05 % Irgacure 2959 with regard to biopolymer content, poured into a cylindrical cast (1 x
30 mm), and covered by a quartz glass pane. Samples were cured by exposure to UVA light

(+18.2 mW cm™2) for 2.5 min.
Equilibrium Degree of Swelling of Hydrogels

The following procedure was used to investigate the equilibrium degree of swelling (EDS): Hydrogel
samples were washed immediately after cross-linking in 10 mL ultrapure water (37 °C) for at least 5 h,
while water was changed every hour. Afterward the gels were swollen in PBS+ at 37 °C overnight. The
swollen gels were weighed [w(swollen)], vacuum-dried, and weighed again [w(dried)]. The EDS was

calculated in percentage utilizing Equation 1.

w(swollen)—w(dried)

EDS = w(dried)

x 100 % (1)

Hydrogel cylinders with 8 mm diameter were punched out of the swollen hydrogels and were used
for further experiments.
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Rheological Characterization of Hydrogels

The viscoelastic properties of the cross-linked, washed, and swollen hydrogels were characterized
by modifying a procedure given by Hoch et al. [120]. The oscillatory dynamic measurements were
performed with a Physica Modular Compact MCR301 Rheometer from Anton Paar (Germany) using a
parallel-plate model (8 mm, 37 °C, 0.32 N load). Oscillatory strain amplitude sweeps (0.01% <y <

100 %) were performed at 1 s™! to establish the range of linear viscoelasticity (G’.vzr).
Statistical Analysis

A two-side Student t-test was used for statistical analysis. Statistical significance was considered
for p-values<0.05, significance levels were marked as follows: *p<0.05; **p<0.01; ***p<0.001.
Presented data show the mean + standard deviation of at least three independently repeated

experiments using three different batches of each gelatin derivative.

4.1.4 Results and Discussion

Methacryloylation and Acetylation Degree of G and Gg Derivatives

We prepared five derivatives of Ga and Gg, whereby both gelatin raw materials had nearly identical
Bloom values (Ga:233 g Bloom, Gg: 232 g Bloom), but different standard viscosities given by the
manufacturer as 2.8 mPa s (Ga) and 4.5 mPa s (Gg). The two gelatin raw materials were reacted with
various amounts of MAAnh to obtain cross-linkable derivatives with different degrees of
methacryloylation (GM2, GM5, and GM10), or with MAAnh and AcAnh to obtain cross-linkable
derivatives and simultaneously mask amino- and hydroxyl-functions and thus reduce physical
interaction of gelatin through insertion of inert acetyl functions (GM2A8 and GM5A5). We applied
standardized molar excesses of the anhydrides, whereby the numbers in our nomenclature denote the
used excess in relation to a nominal amino group content per gram gelatin (0.35 mmol g™) as reported

by van den Bulcke et al. [42].

We characterized the Ga and Gg raw material by amino acid analysis (methods and results are given
in Table S 1, 4.1.7 Supporting Information). It was shown recently by 2D-NMR [94] and liquid
chromatography tandem-mass spectrometry (LC-MS/MS) [50] that besides amino acids bearing amino
groups also hydroxyl group containing amino acids were chemically modified during GM(A) synthesis.
The amount of amino group containing amino acids (lysine and hydroxylysine, Ga: 0.33 mmol g2, Gg:
0.31 mmol g?) and of hydroxyl group containing amino acids (serine, threonine, tyrosine,
hydroxyproline, and hydroxylysine, Ga: 1.47 mmol g%, Gg: 1.50 mmol g) was almost the same for the

used G, and Gg.

44



We then used 'H-NMR with TMSP as an internal standard to quantify the DM and 'H-3C-HSQC-
NMR in combination with the TMSP method to quantify the DA according to a method previously
introduced by our group [94]. The general appearance of the H-NMR spectra of G derivatives and Gg
derivatives was very similar, spectra of Gg and its derivatives are shown in Figure S 1 (4.1.7 Supporting
Information): Methacryloyl groups gave signals at 5.0-6.5 ppm and 1.9 ppm, and acetyl groups an
additional signal at 2.1 ppm; both signals intensities increased with increasing amounts of applied
MAAnNh and AcAnh. The e-methylene group signal of lysine (2.8—-2.95 ppm) was absent in the spectra of
all derivatives indicating that the amount of remaining free lysine after modification was below the

detection threshold.
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Figure 1 A) DM, broken down to methacrylate (filled bars) and methacrylamide (criss-crossed upper bars) in mmol g™ of Ga
and Gg derivatives determined by integration of 'H-NMR-spectra with the TMSP-method.[37] The particular DMs were
indistinguishable for G, and Gg. The DM increased with the molar excess of MAAnh used. B) DMA in mmol g™* for derivatives
prepared with tenfold excess of anhydride, broken down to methacryloyl and acetyl modification. All corresponding values
and statistical analysis results of two-sided Student t-tests are given in Table S 3 and Table S 3, 4.1.7 Supporting Information.
The data for G derivatives were published in ref. [37] before.

The results of DM calculations broken down into methacrylamide and methacrylate content
are shown in Figure 1-A (all corresponding values see Table S 2, 4.1.7 Supporting Information), the DMA
divided into methacryloylation and acetylation are shown in Figure 1-B. The degrees of modification
(DM, DA, and DMA) of each comparable pair of GA and GB derivative (GAM2/GBM2, GAM5/GBMS5,
GAM10/GBM10, GAM2A8/GBM2A8, GAM5A5/GBM5A5) were not significantly different in any case.
This meets with the expectation according to the very similar amounts of reactive amino and hydroxyl

group of the raw materials.

The DM increased significantly for both gelatin raw materials from =0.32 mmol g™* (GM2) to ~0.98
mmol g}(GM10) with increasing molar excess of MAAnh applied, consistent with previous
reports.[9,10,28,37] The same was true for the DA: The DA of GM2AS8 (0.4 mmol g) was significantly
higher than the DA of GM5A5 (=0.25 mmol g™1), consistent with our previous study [94]. The DMs of
GM and GMA prepared with the same amount of MAAnh (GM2/GM2A8 or GM5/GM5A5) were

comparable for both types of gelatin, thus also consistent with data shown before for GA[94]. The
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methacrylamide amount remained almost constant in all gelatin derivatives, while the amount of
methacrylate groups rose with increasing excess of MAAnh. This observation was in good agreement
to the absence of the lysine signal in all gelatin derivatives spectra and particularly reflects the elevated
reactivity of amino functions compared to hydroxyl functions, as described before [50, 94]. The trend
of declining DMA with increasing ratio of AcAnh for all derivatives that were reacted with a tenfold
excess of anhydride (GM10, GM5A5, GM2AS8) can be attributed to elevated hydrolysis sensitivity of
AcAnh compared to MAANnh and thus less available anhydride in the course of the modification reaction

when AcAnh was applied instead of MAANh.

Our results are generally in accordance with results reported by Lee et al. [300], who also compared
the DM of Ga and Gg methacryloyls: Their highest feed ratio of 0.1 mL MAAnh per 1g gelatin
corresponded roughly to our twofold molar excess (GM2). Like us, they observed a nearly quantitative
conversion of amino groups and no difference in the DM between Ga and Gg derivatives at this feed
ratio of MAANnh. In addition, the authors investigated G, and Gg methacyloyls with lower feed ratios of
MAAnNh and found higher DMs for GgM compared to GaM. In summary, this suggests that differences
in the physicochemical nature of the raw material (e.g., IEPs) do influence the reaction kinetics in the
initial stages of methacrylamide formation, while distinctions are leveled out after quantitative

conversion of amino functions and thus at higher degrees of modification as investigated in this study.
Isoelectric Points of Ga, Gg, and Their Derivatives

The IEP is defined as “the pH value at which the net electric charge of an elementary entity is
zero.”[33] It is a characteristic of ampholytes-like proteins. The different IEPs of unmodified G and Gg
have been shown to affect the release of proteins out of gelatin-based hydrogels substantially due to
electrostatic interactions between protein and hydrogel [310, 331]. However, no IEPs were reported
for modified gelatins in recent reports, for example, on controlled release applications [299, 327, 332].
Due to the reaction of free amino groups upon reaction with anhydrides, it can be expected that the
IEPs of GAM(A) and GgM(A) derivatives decrease upon modification. The IEP can be determined for
example by isoelectric focusing gel electrophoresis [90] or estimation of turbidity with respect to the
solution pH [90, 333]. In this study the IEP was determined according to the deionization method
described by Janus et al. [89] Additional to experimental determination of the IEP, we theoretically

estimated the IEPs of Ga, Gg, and derivatives using the EXPASY Proteomics tools site [91].

The results of experimental IEP determination are shown in Figure 2. As illustrated in Figure 2-A,
gelatin derivatives precipitated during the deionization process, indicating the method as appropriate,
since the solubility of the elementary entity is minimal at its IEP. Ga (IEP = 8.8) and Gg (IEP = 4.9) showed
the well-known difference in IEP due to the conditioning processes of gelatin [64]. As shown in Figure

2-B IEPs of gelatin derivatives were significantly lower compared to their corresponding unmodified
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raw materials and IEPs of respective Ga (=4.5) and Gg (=4.1) derivatives were significantly different

(p<0.01).
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Figure 2: A) Solutions of deionized gelatin derivatives. Gelatin derivatives precipitated following the deionization process. B)
IEP of Ga (8.8), Gg (4.9), and derivatives GAM(A) (=4.5), GgM(A) (=4.1). The IEP of modified gelatins were different compared
to the respective unmodified gelatin. Additionally, the IEPs of G4 derivatives were higher compared to the corresponding Gg
derivatives. Significant differences were calculated using a two-sided Student t-test, and significance levels were marked as
follows: **p<0.01, ***p<0.001.

The experimental results could be roughly predicted by calculated IEP values for the raw materials,
yielding 9.1 for Ga and pH 4.7 for Gg. Theoretical estimation of the IEP of GM(A)s was achieved by
replacement of lysine and hydroxylysine by glycine according to the nearly quantitative conversion of
amino groups due to chemical modification and resulted in 4.7 for Ga derivatives and 4.2 for Gg
derivatives. Theoretical and experimental results reflect the elevated amount of carboxyl functions in
Gg compared to Ga: During modification reactions the basic amino groups, which contribute to the
positive charges, were consumed while the acidic carboxyl groups, which contribute to negative charge
are not converted. The reaction of anhydrides with hydroxyl groups could be neglected because only
charged amino acids influence the IEP. Thus, the general decrease of IEPs toward acidic pH upon
modification met with the expectation. This shift was less pronounced for Gg because an excess of
negative charges existed already before modification[64]. The elevated content in acidic side chains in
Gg compared to Ga at equal amounts of remaining alkaline amino acids (histidine, arginine) also
accounts for the persistent difference of IEPs between GaM(A) and GgM(A) after conversion of free

amino groups.

In this study, we investigated GM(A) derivatives with rather high DM with almost complete
conversion of free amino functions. Notably, such derivatives were all negatively charged at
physiological pH, whether made from Ga or Gg raw material. Theoretical estimation predicts that
GaM(A) derivatives will be positively charged at pH 7.4 only up to a conversion of 10 % of free amino
functions (Figure S 2, 4.1.7 Supporting Information). The resulting IEP after derivatization of gelatins
should thus be considered, explicitly when the polymer charge is crucial, for example in drug delivery

systems, for stabilization of emulsions [64], or when impact of charges has to be expected such as in
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cell culture. Viscosity [334] and gelation time [335] of gelatins are also correlated with and are lowest
at the IEP. Therefore, we investigated see gelation behaviour and 3.5 dynamic viscosity at pH 7.4 in this

study, and thus from afar the IEPs of the various derivatives.
Hydrodynamic Radii of G4 and Gg and Their Derivatives

We used SEC to investigate the hydrodynamic radii of Ga and Gg and their derivatives after
chemical modification. The pH of the aqueous solutions was adjusted to 9.2 and thus all samples were
negatively charged. The elugram of unmodified Gg showed a shoulder at higher elution volumes and
therefore at lower hydrodynamic radii, which was not visible for G, (Figure 3). This initial difference
probably reflects the differences in molecular weight distribution of Ga compared to Gg[64]. The
elugram shapes of the derivatives of both types of gelatin were very similar. With increasing degree of
modification, the curves shifted toward higher elution volumes and the double-functionalized GMA
derivatives (GM2A8 and GM5AS5) were eluted even later than GM10 for both types of gelatin. In
general, Ga derivatives were eluted at slightly higher elution volumes than Gg derivatives while the
effect became less pronounced with increasing degree of modification (Figure S 3, 4.1.7 Supporting

Information).
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Figure 3: A) SEC elugrams of Ga and its derivatives B) as well as of Gg and its derivatives. GMs were eluted at higher elution
volumes compared to the raw materials. Increasing DMs lead to increasing elution volumes. GMAs were eluted at even higher
elution volumes, which further increased with the DA. Elution volumes smaller than 7.5 mL and greater than 10.5 mL were
outside the separation range of the used SEC column.

The shift of elugrams with increasing DM was recently observed for GgM derivatives by van Hoorick
et al. as well [303]. They associated the increase in elution volume with hydrolytic degradation during
their synthesis procedure. However, since SEC measurements provide no direct information on the
molecular weight of GM(A)s due to the lack of a calibration reference, we tend to a different
interpretation of the data. The macromolecules are separated according to their hydrodynamic radii,
but due to the mild reaction conditions applied and dialysis at room temperature, we assume no direct
evidence for pronounced hydrolysis in this study. [64, 336] In addition, the magnitude of shift was
distinct for various derivatives, whereas the reaction conditions (and thus potential hydrolysis) were
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equal in all syntheses. Instead, we suggest that the delayed elution times with increasing DM and DA
could be ascribed to an alteration of chain conformation in aqueous solution. The reduction of charged
groups and proton acceptors and donors is expected to strongly affect the formation of secondary,
tertiary, and supramolecular structures of the protein, that is, f-chains and helical structures which are
stabilized via hydrogen bonds [337], and can thus result in smaller hydrodynamic radii after

modification.

The elution of double-functionalized GMAs later than GM10 could be due to fact that acetyl groups
have a smaller size compared to methacryloyl groups what in turn might have additionally reduced the
hydrodynamic radii of GMAs compared to GMs. Conformational changes in GM(A) derivatives toward
smaller hydrodynamic radii just like decreasing molecular weight are expected to also affect dynamic
viscosity and gelation temperatures (Figure 4, Table 1) due to reduced intermolecular interactions and

significantly decreased contact areas of adjacent polymer chains.
Melting and Gelling Temperatures of G, Gg, and Their Derivatives

Physical gel formation is characteristic for aqueous gelatin solutions. [64] Upon cooling, they
solidify at a certain gelation temperature Ty, whereas upon heating they liquefy at a certain melting
temperature Tper, also denoted as sol-gel- or gel-sol-point. In order to assess the impact of modification
on gelation of aqueous solutions (10 % (w/w)) of various Ga and Gg derivatives, the solutions were
characterized by temperature-dependent oscillatory rheology at pH 7.4. Tyeand Tpei: were determined
at the equilibrium of G’and G”in the cooling curve or heating curve, respectively. Such curves are never
congruent since the melting process is at a higher energy level and thus they show a hysteresis. The
values for Tgerand Tmere for all Ga and Gg derivatives are listed in Table 1, the corresponding cooling and

heating curves are shown in Figure S 4 and Figure S 5, 4.1.7 Supporting Information).

Tger Was approximately 5 °C below Tper for all samples, which is commonly denoted to be the
standard correlation between the two transition temperatures. [64] This trend was not impaired
through modification. Both transition temperatures significantly decreased upon modification (p<0.01
for GM2 and p<0.001 for GM5) and no gel formation at all was detected for highly modified derivatives
GMS5AS5, GM2A8, and GM10 in the investigated temperature range between 10 and 40 °C.

Again, we assign the reduction in gel forming properties to the integration of methacryloyl and
acetyl residues along the gelatin chains. Masking of amino and hydroxyl functions, steric hindrance, or

reduced molecular radii may be involved.

Tger as Well as Tyer Were indistinguishable for the investigated unmodified Ga and Gg and the
respective derivatives thereof. This result suggested that the sol-gel points of gelatin might rather be

represented by the Bloom value (which was equal for both gelatin raw materials Ga: 233, Gg: 232), than
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by the standard viscosity (which was different for both raw materials Ga: 2.8 mPa's; Gg: 4.5 mPa s),
however, various investigations showed that it is not possible to define simple relationships between
such empirical features of gelatins due to the immense complexity of the interactions of influencing
conditions [338]. Therefore, these characteristic numbers have to be determined for each specific

material.

Table 1: Gelation temperatures (Tge) and melting temperatures (Tmer) of solutions (10 % w/w, pH 7.4) of unmodified Ga, Gs
and derivatives thereof. Ty and Tperr of the raw materials decreased after chemical modification. No Ty and Tper: could be
determined (CND) for derivatives with high degrees of modification (GM10, GM5A5, GM2A8) above 10 °C GM10. No significant
differences between sol-gel points of Ga and Gg as well as their respective derivatives were detected.

gelatin . I
derivative dynamic viscosity in Pa s
Ga 0.0103 + 0.0003
GaM2 0.0062 + 0.0022
GaM5 0.0036 + 0.0007
GaM10 0.0030 + 0.0002
GaM5A5 0.0024 + 0.0002
GaM2A8 0.0030 + 0.0007
Gs 0.0222 + 0.0000
GgM2 0.0105 + 0.0009
GsM5 0.0047 + 0.0004
GeM10 0.0037 + 0.0014
GeM5A5 0.0025 + 0.0002
GeM2A8 0.0029 + 0.0000

Gelatin solutions with different sol-gel points or no Ty can be convenient for different processes.
Highly modified derivatives should be chosen if solution properties need to be mostly independent
from the surrounding temperature, or low viscosity is required, for example, for drop-on-demand
techniques like inkjet printing [125] (see further discussion below). If gelling of GM(A)s is desired, for

example for strengthening of chemical networks [302], low modified GMs should be used.
Dynamic Viscosity of Solutions of Ga, Gg, and Their Derivatives

The viscosity of gelatin solution is primarily defined by the manufacturing process of gelatin[64].
We investigated the effect of raw material and chemical modification on the dynamic viscosity of GM(A)
solutions (10 % w/w) using rotational rheology (Figure 4; corresponding values are provided in Table S
4 and Table S 5, 4.1.7 Supporting Information). Measurements were taken above Ty at 37 °Cin PBS+

atpH 7.4.

The dynamic viscosity of solutions of unmodified Gg was 0.022 Pas and significantly higher
(p<0.001) compared to solutions of unmodified Ga, which was 0.010 Pa s. This trend was in accordance

with the viscosity specifications given by the manufacturer (Ga: 0.0028 Pa's, Gg: 0.0045 Pa s) which
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were determined at standard conditions using a calibrated pipette and 6.67 % gelatin solutions at

60 °C [64].

Obviously, the viscous properties of the solutions changed in correlation with the degree of
modification. The dynamic viscosity of the gelatin derivatives decreased with increasing DMA for both,
Ga and Gg derivatives, as observed before [120, 125]. The lowest dynamic viscosities (=0.003 Pa s) were
observed for GMs with high DMA (GM10, GM5A5, and GM2A8) and at such high degrees of
modification significant differences between G and Gg derivatives were no longer existent (p>0.05). At
lower degrees of modification (GM2, GM5), the dynamic viscosities of Gg derivatives were still higher
than the respective Gu derivatives (p<0.05). The reason for viscosity decrease was presumably found in
the progression of chemical masking of amino acid side chains leading to reduced hydrophilic
interactions between polymer chains. In addition we propose that the viscosity is also reduced due to
stronger compaction of the molecules at higher DM(A)s as suggested with regard to the decrease in

hydrodynamic radii and consequently less intermolecular interactions.

|-G EoMs [ GM5AS
0.03 (™ oMz EEGM10 GM2A8

*
®
P

=)
=)
]
|

0.01 —

dynamic viscosity in Pa s

0.00

Gy Gy

Figure 4: Dynamic viscosity of 10 % (w/w) Ga and Gg (derivative) solutions determined at 50s™, pH 7.4, and 37 °C. All
corresponding values are entitled in Table S 4, 4.1.7 Supporting Information. The viscosity of unmodified Gg was significantly
higher compared to unmodified Ga. This was also true for relatively low methacryloylated derivatives GM2 and GMS5.
Viscosities of highly modified derivatives GM10, GM5A5, and GM2A8 were indistinguishable. Significant differences were
determined using a two-sided Student t-test, and significance levels were marked as follows: *p<0.05; ***p<0.001.

The control of viscosity by the total degree of modification DM(A) at given flexibility of cross-linking
capacity by the ratio of methacryloyl and acetyl functions is of interest with regard to handling of gelatin
solutions. For example, for electrospinning viscosities in the range of 0.3-0.7 Pa s are preferred [339],
drop-on-demand techniques, i.e. inkjet printing, can process maximum viscosities of 0.01 Pa s [340],
and dispensing of stable structures requires viscosities above 0.03 Pas [341]. According to their
viscosity, the solutions of all gelatin derivatives theoretically were within the inkjet printable range at
37 °C, in contrast to solutions of unmodified Gg. Yet, we observed before that in fact only such highly
modified derivatives qualified for inkjet printing, that possessed sufficiently low viscosities also at
25 °C [125], because accelerated evaporation resulted in clogging of the nozzles at 37 °C. Based on the

double-functionalization technique (control of the ratio of methacryloyl and acetyl functions), such
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derivatives can also be provided with various amounts of cross-linkable functions per gram

polymer [125].

From the results on IEP mentioned above, hydrodynamic radius, and viscosity of dissolved gelatin
derivatives we derive the hypothesis that in general the impact of the raw material properties
decreases with increasing degree of modification. However, it is important to note that differences
remain for some parameters even at high modification levels, that is, higher hydrodynamic radii, and

lower IEPs for Gg derivatives.
Storage modulus and Equilibrium Degree of Swelling of Cross-Linked Hydrogels

We compared the storage modulus in the linear viscoelastic range (G’iver) as well as the EDS for
radically cross-linked hydrogels from Ga and Gg derivatives to further complete the material
characterizations (Figure 5, Table S 6, Table S 7, 4.1.7 Supporting Information). G’iver was
indistinguishable for respective Ga and Gg derivatives with high levels of modification (GM10, GM2A8,
GM5AS), but higher G’ver was found for low modified Gg derivatives (GsM2, GgM5) than for Ga
derivatives (GaM2,GaM5) (Figure 5-A, p<0.01). Additionally, G’,ver of gelatins with lower levels of
modification (GM2, GM5) were generally much higher than that of their complements with higher
levels of modification (GM2A8, GM5A5), although the amount of cross-linkable groups was very similar.
In fact, there was no significant difference of G’vez determined between GM2, GM5, and GM10

although the DM significantly increased.

We assign the high storage moduli of GM2 and GMS5 to synergistic effects of physical interaction
(e.g., helix formation) and chemical cross-linking. Other authors have also described the observation
that GM hydrogel stiffness was increased when physical gelation was allowed prior to chemical cross-
linking of GMs. [17,54,58,59] In our study, GM2 and GM5 were able to form physical gels, while GM10,
GM2A8, and GM5A5 were not, due to high level of modification. Therefore, in the former case the
chemical cross-linking most probably locked the gel structure when triple helices had already
developed, while in the latter case, the material was not able to form helices and was linked as random
polymer chains. Due to chemical cross-linking, the physical gel structure is fixed and thus, temperature-
dependent melting was assumed to be impeded. Indeed, we measured storage moduli of GM2-based
hydrogels at 4 °C (below Tmer) and at 37 °C (above Tner) and found no difference in the storage moduli
(Table S 7, 4.1.7 Supporting Information). Studies of Schuurman et al. [45] and Rizwan et al. [302] also
showed that the mechanical stiffness was not temperature-dependent, when physical gels were fixed

by chemical cross-linking.
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Figure 5: A) G’y (at 37 °C) and B) EDS of GM(A) hydrogels prepared from 10 % (w/w) solutions. G’,yez of GM-hydrogels were
higher compared to GMA hydrogels with identical DM, and GgM hydrogels had higher G’ivez than GaM hydrogels. All
corresponding values and statistical analysis results of two-sided Student t-tests are given in and Table S 7, 4.1.7 Supporting
Information). EDSs of hydrogels were approximately the same for all derivatives (700-800 %), except for GM2A8 which
possessed significantly higher EDS and significant differences between Ga and Gg. Significant differences were calculated using
a two-sided Student t-test, and significance levels were marked as follows: **p<0.01; ***p<0.001.

The indistinguishability of mechanical stiffness of GM2, GM5, and GM10 hydrogels (10 % w/w) for
both raw materials is also in accordance with the concept of superposition of physical and chemical
cross-linking within GM gels with low DM. Although the chemical cross-linking density increased with
increasing amounts of cross-linkable methacrylic functions (compare G’.ver of the derivatives GM2AS,
GMS5AS5, GM10), stabilization of the gel structure through physical interaction obviously compensated
the reduced chemical cross-linking in the derivatives with lower DM (GM2, GM5). Considering physical
interactions, it seems also sensible to expect stronger gels in the case of low modified Gg derivatives
than in the case of low modified Ga derivatives, as was indeed observed for GgM2, GgM5 compared

with GaM2, GaM5, because Gg exhibited higher viscosities.

Nevertheless, other studies on GM derivatives from lower to similar DMs than in this study, found
that the mechanical stiffness of GM hydrogels increased in direct correlation with the DM. [42, 300] In
conclusion, we suggest that physical and chemical cross-linking complement each other in gels that are
capable of both such as GM2 and GMS5, and that an optimum can be achieved in terms of elastic gel
stiffness, which can be predicted to be in the range of GM2 or GelMa2.2 as introduced in ref. [300].
Both derivatives were generated by similar MAANnh concentrations, and the G’;ver of both materials has

been determined accordingly to be in the range of 10 kPa (10 % gels) in the respective study.

Finally, it is interesting to note the EDS (Figure 5-B): Typically, the EDS is negatively correlated with
the mechanical stiffness of hydrogels and consequently, higher EDS was expected for GaM than for GgM
and comparable results for GMA derivatives. In contrast, the EDS of GaAM and GgM were
indistinguishable, and GsMA gels took up more water than GaMA. We consider the difference in
chemical composition, namely the higher amount of acidic groups present in Gg than in Ga due to the

extraction process, to cause the unexpected higher swelling capability of Gg derivatives.
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4.1.5 Conclusion

Gelatins are available from various sources and the extraction processes yield materials with
various qualities, for example, in terms of IEP, viscosity, and gel strength. We raised the question how
such primary properties still affect cross-linkable derivatives after chemical modification, since such
materials are increasingly used with a view to medical application and thus comprehensive knowledge
and control of material properties are required. We used one Ga and one Gg with equal gel strengths
and different viscosities. The applied modification protocol resulted in full conversion of all accessible
amino functions and raising conversion of hydroxyl functions of the gelatin. We revealed that at such
high levels of modification, the degrees of modification (DM, DA, DMA) were indistinguishable for all
respective G, and Gg derivatives. Importantly, in spite of this apparent equality, differences associated
with distinct physicochemical properties of the raw materials remained detectable in Ga- and Gg-based
derivatives for almost all investigated parameters, that is, IEP, hydrodynamic radius, viscosity, G’ ves,

and EDS of resulting hydrogels, although variances leveled out with increasing DM(A).
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4.1.7 Supporting Information

Table S 1: Amino acid composition of non-modified G and Gg. The results from the amino acid analysis and information given
in [64] were used to perform the theoretical IEP estimation for G (Source: Encyclopedia of Polymer Science and Engineering,
Volume 3, p. 488-513 (1987). Copyright Wiley & Sons. Reproduced with permission from John Wiley & Sons Ltd. Data taken
from [64]: “Gelatin Handbook: Theory and Industrial Practice” Reinhard Schrieber, Herbert Gareis, ISBN: 978-3-527-31548-2.
Reproduced with permission.)

Gelatin Type A Gelatin Type B

\I/‘;tli';itFGrAfe] Determined Values \I/‘;tli';itFGrAfe] Determined Values
Aminoacid  tecues)  reddued 9T Bieg  reddueg MOl
aspartic acid 29 30* 0.286* 46 45 0.427
asparagine 16 16** 0.158** - - -
threonine 18 15 0.144 18 16 0.154
serine 35 34 0.328 33 32 0.306
glutamic acid 48 49* 0.469* 72 74 0.701
glutamine 25 25** 0.245** 0 - -
glycine 330 343 3.314 335 341 3.248
alanine 112 107 1.037 117 116 1.104
cysteine - - - - - -
valine 26 21 0.206 22 21 0.201
methionine 3.6 6 0.060 3.9 5 0.05
isoleucine 10 10 0.094 11 12 0.111
leucine 24 23 0.223 24.3 25 0.238
tyrosine 2.6 3 0.033 1.2 1 0.010
phenylalanine 14 13 0.126 14 12 0.116
histidine 4 5 0.048 4.2 4 0.038
lysine 27 27 0.259 28 27 0.253
hydroxylysine 6.4 7 0.066 4.3 6 0.061
arginine 49 50 0.483 48 48 0.462
proline 132 122 1.180 124 113 1.075
hydroxyproline 91 93 0.902 93 102 0.971

*values are calculated as the difference of the amino acid analysis and the values for the corresponding
amides from reference [64]

**values from reference [64] were used

Amino acid analysis of Ga and Gg
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The University of Hohenheim, Germany, performed the amino acid analysis of Ga and Gg
according to the European Commission (EC) Regulation No 152/2009 Il F. The results of this analysis
are shown in Table S 1. In short, hydrochloric acid was used to hydrolyze gelatin and the resulting amino
acids were separated via ion chromatography. These separated amino acids were converted in a post-
column derivatization using ninhydrin and were detected using a photometric detector. Amino acids

standards were used for quantification.

L L7
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g L7

GyM3

GzM10 | “ |
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Gy M35AS | dl |
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e

Figure S 1: 'H-NMR of Gg and its derivatives. Acrylic protons of methacryl groups were highlighted light grey, non-modified
lysine residues criss-crossed light grey, methyl protons of acetyl groups criss-crossed dark grey and methyl protons of
methacryl groups dark grey.
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Table S 2: Degree of methacryloylation (DM) of G4 and Gg derivatives in mmol g split up in methacrylamide and methacrylate.

Gelatin derivative DM [mmol g]

methacrylamide  methacrylate

Table S 3: Entitled differences of degree of methacryloylation (DM) of Ga and Gg derivatives. Significances are tagged as

GaM2 0.29+0.01 0.05+0.01
GaM5 0.34+0.01 0.28 +0.03
GaM10 0.36 £0.01 0.60 +0.06
GaM5A5 0.34+£0.02 0.30+0.04
GaM2A8 0.31+0.01 0.07 £0.02
GsM2 0.28+£0.01 0.04+0.01
GsM5 0.34+0.01 0.30+0.04
GsM10 0.34+0.01 0.67 £0.02
GeM5A5 0.32+0.01 0.34+0.03
GsM2A8 0.31+0.01 0.07+0.01

follows: ¥*=p<0.05, **=p<0.01, ***=p<0.001, n. s. = not significant.

GaM2
GaM5
GaM10
GaM5A5
GaM2A8
GeM2
GgM5
GsM10
GsMbAS5
GeM2A8
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Figure S 2: Calculated isoelectric points of Ga regarding different degrees of derivatization of amino groups (method see main
manuscript).
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Table S 4: Dynamic viscosity of G and Gg derivatives” solutions (10 % (w/w) in PBS) in Pa s.

Gelatin derivative

Dynamic viscosity [Pa s]

Ga
GaM2
GaM5
GaM10
GaM5A5
GaM2A8
Gs
GsM2
GsM5
GeM10
GeM5A5
GeM2A8

0.0103 £ 0.0003
0.0062 + 0.0022
0.0036 + 0.0007
0.0030 + 0.0002
0.0024 + 0.0002
0.0030 + 0.0007
0.0222 + 0.0000
0.0105 + 0.0009
0.0047 + 0.0004
0.0037 £ 0.0014
0.0025 + 0.0002
0.0029 + 0.0000

Table S 5: Entitled differences of viscosity of 10 % (w/w) solutions. Significances are tagged as follows: *=p<0.05, **=p<0.01,
***¥=p<0.001, n. s. = not significant.

GaM2

GaM5 GaM10 GaM5A5 GaM2A8 GgM2 GgM5 GgeM10 GgM5A5

GsM2A8

GaM2
GaM5
GaM10
GaM5A5
GaM2A8
GsM2
GsM5
GsM10
GsM5AS5
GsM2A8

* *k*k

*k*k

*k*k

*k*k *k*k

62



Table S 6: Storage modulus in the linear viscoelastic range (G’,ver in kPa) and equilibrium degree of swelling (EDS in % of the
polymer dry mass applied) of GM(A) hydrogels (10 % (w/w)).

Gelatin derivative G'Lver [kPa] EDS [%]
GaM2 6.92+2.14 709.9 £ 96.9
GaM5 8.10+1.45 682.2 +14.2
GaM10 10.21 £1.85 664.5+£22.3
GaMb5AS5 5.01+1.11 691.1 £35.6
GaM2AS8 1.35+£0.37 955.3+67.3
GgM2 14.40 £ 3.29 743.5 £ 28,7
GgM5 14.15+£1.54 669.5 £ 8.7
GgM10 12.60+£1.48 704.7 £24.6
GgM5A5 5.99 + 0.50 790.1£15.6
GsM2A8 1.22 £0.19 1303.3 £ 42.7

Table S 7: Entitled differences of G’.ver of hydrogels from utilized gelatin derivatives. Significances are tagged as follows:

*=p<0.05, **=p<0.01, ***=p<0.001, n. s. = not significant.

GaM2
GaM5
GaM10
GaM5A5
GaM2A8
GsM2
GsM5
GsM10
GsM5A5
GsM2A8
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Table S 8: Entitled differences of EDS of hydrogels from utilized gelatin derivatives. Significances are tagged as follows:
*=p<0.05, **=p<0.01, ***=p<0.001, n. s. = not significant.

GaM2 GaM5 GaM10 GaM5A5 GaM2A8 GsM2 GsM5 GgM10 GsM5A5 GsM2AS8

GaM2 n.s. n.s. *x n.s.

GaM5 n.s. * n.s.

**

GaM10 n.s.

**k

GaM5A5 n.s. n.s.

GaM2A8 xx * *k
GsM2 n.s. * Hekk
GeM5 n.s. Hokk Hokk
GsM10 *x .
GsM5A5 Hox * Hokk Hok -
GsM2A8 ok ok wkk Hokk .
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5. Sequenzielle Vernetzung von Gelatine-Methacryloyl-

Hydrogelen

Die Ergebnisse und die Diskussion zu Hypothese 2 werden in diesem Kapitel dargestellt. Die
Untersuchungen zu Hypothese 2.1 sind als Manuskript mit dem Titel “Physical Interactions Strengthen
Chemical Gelatin Methacryloyl Gels” dargestellt. Dieses Manuskript wurde in der peer-reviewed
Fachzeitschrift gels veroffentlicht. Die Studie zu Hypothese 2.2 ist als Manuskript mit dem Titel
,Differentiation of Physical and Chemical Cross-Linking in Gelatin Methacryloyl Hydrogels”
wiedergegeben. Dieses Manuskript wurde in der peer-reviewed Fachzeitschrift Scientific Reports

veroffentlicht. Die Hypothese 2 wird im Kapitel 7.2 zusammenfassend diskutiert.

5.0 Erklarung meiner selbststandigen Leistung

5.0.1 Manuskript mit dem Titel “Physical Interactions Strengthen Chemical Gelatin
Methacryloyl Gels”

Ich habe die Studie zum gréBten Teil eigenstdndig konzipiert und ihre wissenschaftliche Methodik
ausgearbeitet. AuRerdem habe ich den GroRteil der praktischen Arbeiten durchgefiihrt oder angeleitet,

dies beinhaltete konkret:

- Die Synthese von 5 der 9 verwendeten GM(A)-Derivate (GM2 (2 von 3), GM2AS8 (3 von 3)). Die
Synthesen der anderen 4 GM(A)-Derivate erfolgten unter meiner Anleitung.

- Die quantitative Bestimmung des Methacryloylierungsgrades aller GM(A)-Synthesen.

- Die Temperatur-abhangigen rheologischen Messungen zur Bestimmung des Gelierpunktes.

- Die Herstellung aller Hydrogele sowie deren Charakterisierung mithilfe von
Kompressionsversuchen wurden unter meiner Anleitung von Tobias Granse im Rahmen seiner

von mir betreuten Masterarbeit durchgefiihrt.

Alle erhobenen Daten wurden von mir ausgewertet. Der weitaus grofite Teil des peer-reviewed
Fachartikels wurde von mir geschrieben, konkret habe ich den Original-Entwurf des Manuskripts
konzipiert und geschrieben und federfilhrend die Anderungsvorschlige meiner Co-Autoren

harmonisiert und eingearbeitet.
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5.0.2 Manuskript mit dem Titel ,Differentiation of Physical and Chemical Cross-
Linking in Gelatin Methacryloyl Hydrogels"“

Ich habe die Studie zum groBten Teil eigenstdndig konzipiert und ihre wissenschaftliche Methodik
ausgearbeitet. AuBerdem habe ich den GroRteil der praktischen Arbeiten durchgefiihrt oder angeleitet,

dies beinhaltete konkret:

- Die Synthese von 6 der 9 verwendeten GM(A)-Derivate (GM2 (3 von 3), GM10 (3 von 3)). Die
Synthesen der anderen 3 GM(A)-Derivate erfolgten unter meiner Anleitung.

- Die quantitative Bestimmung des Methacryloylierungsgrades aller GM(A)-Synthesen.

- Die Anleitung der dynamischen Differenzkalorimetrie- und Circulardichroismus-Spektroskopie-
Messungen. Die Messungen wurden von Sophia Regett nach einem von mir vorgegebenen

Methodik durchgefiihrt.

Alle erhobenen Daten der dynamischen Differenzkalorimetrie-Messungen und der
Circularidchroismus-Spektroskopie wurden von mir ausgewertet. Der weitaus grofSte Teil des peer-
reviewed Fachartikels wurde von mir geschrieben, konkret habe ich den Original-Entwurf des
Manuskripts konzipiert und geschrieben und federfithrend die Anderungsvorschldge meiner Co-

Autoren harmonisiert und eingearbeitet.
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5.1.1 Abstract

Chemically cross-linkable gelatin methacryloyl (GM) derivatives are getting increasing attention
regarding biomedical applications. Thus, thorough investigations are needed to achieve full
understanding and control of the physico-chemical behavior of these promising biomaterials. We
previously introduced gelatin methacryloyl acetyl (GMA) derivatives, which can be used to control
physical network formation (solution viscosity, sol-gel transition) independently from chemical cross-
linking by variation of the methacryloyl-to-acetyl ratio. It is known that temperature dependent
physical network formation significantly influences the mechanical properties of chemically cross-
linked GM hydrogels. We investigated the temperature sensitivity of GM derivatives with different
degrees of modification (GM2, GM10), or similar degrees of modification but different methacryloyl
contents (GM10, GM2AS8). Rheological analysis showed that the low modified GM2 forms strong
physical gels upon cooling while GM10 and GM2A8 form soft or no gels. Yet, compression testing
revealed that all photo cross-linked GM(A) hydrogels were stronger if cooling was applied during
hydrogel preparation. We suggest that the hydrophobic methacryloyl and acetyl residues disturb triple
helix formation with increasing degree of modification, but additionally form hydrophobic structures,

which facilitate chemical cross-linking.

5.1.2 Introduction

Gelatin is a collagen-derived biopolymer forming physical hydrogels due to the occurrence of
secondary and tertiary structures and triple helix formation [322]. Physical gelling of the gelatin
solutions is temperature dependent: Upon cooling, solutions gel at the gelation temperature and
liguefy at the melting temperature [64]. Due to their inherent biocompatibility and bioactivity, gelatin-
based hydrogels are frequently investigated for medical applications. For this purpose, hydrogels
usually must be mechanically stable at body temperature, e.g., for drug release or tissue
engineering [331, 342], which is not fulfilled by physical gelatin hydrogels. Hence, thermally stable
covalent cross-links are needed in gelatin hydrogels. This can be achieved for example with the use of
carbodiimides, such as 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) [310] for cross-linking of
unmodified gelatin, or by chemical modification of gelatin with cross-linkable groups such as
methacryloyl groups, resulting in gelatin methacryloyl (GM, also known as GelMA) as originally

introduced by van den Bulcke et al. [42].

GM is a gelatin derivative, which is widely investigated in the field of regenerative medicine [35,
93]. It is usually synthesized by the reaction of methacrylic anhydride (MAAnh) with amino and hydroxyl
functions of gelatin [50, 94]. The molar ratio of the reactive groups of gelatin and applied MAAnh excess

during synthesis adjusts the content of methacryloyl groups in the resulting GM [42, 94, 96, 120]. The
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resulting methacrylamide and methacrylate functions can be radically cross-linked by application of a
radical initiator. Typically, a photo-initiator (e.g., Irgacure 2959, or lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP, Li-TPO-L)) is added and cross-linking is induced by UVA-irradiation.

Increasing the degree of modification of gelatin generally results in a decrease of the physical
interactions between the macromolecules [96, 125, 302, 303] and thus results e.g., in lower solution
viscosities and lower sol-gel transition temperatures. In our group, we provide GM derivatives with
various, well defined amounts of reactive methacryloyl functions (e.g., GM2, GM5, GM10).
Furthermore, we developed GM derivatives with additional acetyl functions, which are not reactive
(GMA, e.g., GM2AS8, GM5AS5). The suffixes denote the molar excess of MAAnh or acetic anhydrate
(AcAnh) which was applied during modification reaction, with regard to the amount of free amino
groups in gelatin [42, 94, 96, 120, 125]. Thereby, it is possible to tune the chemical cross-linking
potential, tunable by the degree of methacryloylation (DM), and the physical interaction potential,

tunable by the total degree of modification, independently from each other.

Gelatin derivatives with a high degree of modification, e.g., generated by application of high
amounts of MAAnh or AcAnh (GM10, GM2A8, GM5A5) [94, 96, 125], or by additional modification of
the carboxylic functions of gelatin [303], show no physical gel formation at room temperature. These
low viscous and non-gelling gelatin derivatives were described to be well suited for special 3D

structuring methods such as inkjet-printing[125] and two photon polymerization [108, 303].

On the other hand, the total degree of modification also influences the mechanical properties
of chemically cross-linked GM hydrogels beyond the degree of methacryloylation: We observed
recently that the storage moduli (G’) of chemically cross-linked GM hydrogels with low degrees of
modification were unexpectedly high [96]. In particular, there was no difference detected between G’
of chemically cross-linked GM2, GM5, and GM10 hydrogels. In contrast, G’ increased as expected with
increasing DM, if the total degree of modification was kept constantly high, as it is the case for GM2AS,
GMS5AS and GM10. Based on these rheological data we assumed that GM2 and GM5 hydrogels were
additionally stabilized by physical network formation due to their lower degree of modification
compared to GM10, GM2A8, and GM5AS. These findings are supported by other studies, which took
advantage of the physical gelling ability of GM hydrogel precursor solutions [45, 302, 303]: In these
studies, compression moduli or storage moduli of GM hydrogels were increased dramatically, if physical
network formation was first initiated by cooling of the GM solutions and UV-initiated chemical cross-
linking was done afterwards. Similar effects were described for hydrogels out of unmodified gelatin

that were cross-linked with enzymes [343-345] or a chemical cross-linker [346, 347].

However, it is unknown thus far whether adequate thermal protocols can also be used to

strengthen GM(A) hydrogels with high degrees of modification such as GM10 or GM2A8 which show
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no sol-gel transition above 10 °C due to strongly reduced physical interactions. In this study, we applied
a cooling protocol to GM2, GM10 and GM2A8 hydrogel precursor solutions prior to chemical cross-
linking and tested the compressive strength of resulting hydrogels. Since rheological data of GM(A)
hydrogels are already heavily published, we chose compression testing as material characterization
method. An advantage of this method is the possibility to apply higher stresses to the material
compared to rheology. Thus, we developed an experimental set-up to determine the material response

to compression at 37 Cin a swollen state.

5.1.3 Results and Discussion

In this study, we used GMs with different chemical modification degrees: GM2, GM10, and
GM2A8, see Figure 6. These derivatives were chosen because GM2 and GM2A8 have similar DMs (see
Figure 6), but different total degrees of modification due to the acetylation of GM2A8 while GM10 and

GM2A8 have similar total degrees of modification, but different DMs.

GM2 GM10 GM2AS

DM: 0.31+0.06 mmol g DM: 0.82+0.03 mmeol g DM: 0.40+0.03 mmol g
Physical gelation = 10°C No physical gelation = 10°C DMA: 0.77+0.03 mmol g [11]

No physical gelation = 10°C

Figure 6: Schematic presentation of different gelatin derivatives used in this study. The suffix denotes the molar excess of
anhydrides (MAAnh and AcAnh) used during synthesis procedure. Methacryloyl groups are marked green and acetyl groups
blue. Furthermore, the degree of methacryloylation (DM), the total degree of modification (DMA, i.e., DM + degree of
acetylation) and the capability to form physical gels [96] are given.

Furthermore, two hydrogel preparation procedures were compared: Immediate chemical

cross-linking of hydrogel precursor solutions after dissolution of the respective gelatin derivative at
37 °C (denoted with a “-" in this study) and chemical cross-linking after cooling (20 min at 21 °C followed

by 40 min at 4 °C) of the hydrogel precursor solution (denoted with a “+” in this study, also called
sequential cross-linking in the literature). The chemical cross-linking was induced by 365 nm irradiation
of the GM(A) solutions in alumina molds covered with quartz glass in presence of LAP as photo-initiator.
All hydrogel precursor solutions were liquid in the molds when the photo-induced cross-linking was
started immediately after transferring the warm solutions to the pre-warmed molds (-). GM2A8 were

still liquid, when cross-linking was initiated after cooling during the sequential cross-linking procedure
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(+), as occasionally indicated by floating air bubbles. GM2 formed physical gels during the sequential

cross-linking procedure.
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Figure 7: Stress-strain diagrams of gelatin methacryloyl acetyl (GM(A)) hydrogels made without (-) (A,B) and with cooling (C,D)
cross-linking and measured in confined (A,C) and unconfined (B,D) set-up. The utilized the gels to different extents; therefore
we determined the respective deformation and added it to the measured strains, which shifted the curves to the right to the
corrected, effectively applied overall strains, resulting in different initial strains for the various specimens. Material failure
resulted in complete drop of stress in the unconfined set-up (B,D). In the confined set-up the first drop of stress was
interpreted to indicate material failure and curves are only displayed up to the corresponding strain (A,C).

After chemical cross-linking, all hydrogels were tested in compression tests using a custom-
made set-up for the measurement of hydrogels in a physiological setting (swollen state, phosphate
buffered saline (PBS+), 37 °C), either in a confined or unconfined mode. Representative stress-strain

diagrams for both measurement set-ups are shown in Figure 7.

The stress-strain curves of all hydrogels were generally of a comparable shape, regardless of
the hydrogel preparation procedure and the measurement set-up: The hydrogels showed relatively low
stress responses at low strains, resulting in low slopes. The slopes generally increased upon increasing
deformation indicating strain stiffening of the hydrogels until material failure. Similar behavior has been
described for hydrogels before [348, 349]. It has to be noted that the pre-load of 0.2 N, which was
applied to avoid artefacts due to incomplete contact of the indenter with the specimens, resulted in
relevant deformations especially of the softer hydrogels. This initial compression was taken into

account and added to the strains applied during the measurement (see Figure 7). The compressive
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strains at break (g5) and the respective compressive stresses at break (o,) were extracted from such

corrected stress-strain curves (Figure 8, Table 2).
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Figure 8: Compressive strains at break (g,) measured in the confined (A) or unconfined (B) set-up and the respective
compressive stresses at break (o) (C,D). Hydrogels were prepared with (+) or without (-) cooling. The 25% and 75t percentiles
of all specimen determine the boxes. The whiskers mark the inner fence (1.5-fold interquartile range). Data points beyond the
inner fence are outliers and shown as black diamonds. The line in the box represents the median and the center of the square
the mean. Significant differences are marked as follows: **p<0.01, ***p<0.001.

Hydrogels are not able to extend laterally in the confined measuring set-up. Therefore, the
effective vertical strains were generally smaller compared to the unconfined set-up, in particular the
compressive strains at break (g5). Correspondingly, the stress and in particular the compressive strength
at break (o) was greater in the confined set-up than in the unconfined set-up. Furthermore, the relative
impact of cooling on &, and o, was also different in the confined and unconfined measurement set-ups
(e.g., 05(GM2(+))/0b(GM2(-))=4.6 in the confined measurement, or g,(GM2(+))/0,(GM2(-)=2.2 in the
unconfined measurement; 0,(GM10(+))/0»(GM10(-))=1.8 in the confined measurement, or
0,(GM10(+))/05(GM10(-))=1.6 in the unconfined measurement). This makes it obvious that data from
the confined and unconfined measurements must not be mixed up for comparison, not even for

relative correlation. Consequently, standardized procedures for hydrogel characterization are required
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in order to enable generation and publication of comprehensive and informative data sets which can

then be compared across laboratory borders.

Table 2: Compressive strain at break (&) and the respective compressive stresses at break (a,) of GM(A) hydrogels measured
in a confined or an unconfined setting. Each GM(A) hydrogel was investigated without cooling (-) and with cooling (+) before
chemical cross-linking.

confined unconfined
gelatin derivative
oy [kPa] &p [%] op kPa] &p [%]

- 570.6 + 31.6 14.0+04 358.6+117.4 65.4+4.0
GM2

+ 2647.7+429 92+21 805.8 +96.3 489 +0.6

- 4572 +249 8.7+0.6 159.4 +45.7 485+2.8
GM10

+ 801.4+67.5 92+1.1 251.6 +59.2 448 +2.6

- 91.0+ 8.6 13.7+0.9 473 £ 8.6 62.1+1.4
GM2AS8

+ 4233 +56.6 9.5+0.7 180.9 + 21.7 57.1+1.5

Firstly, we consider the hydrogels which were prepared without cooling: €, of GM2AS8(-) was
significantly higher than that of GM10(-), and simultaneously g, of GM2A8(-) was lower than that of
GM10(-), as it was expected due to the differences in the DM. In contrast, the compressive properties
of GM2(-) were exceptional. GM2(-) gels were as compressible as GM2AS8(-) gels, but simultaneously
the compressive strength at break of GM2(-) was higher than GM2A8(-) and even higher than GM10(-).
This confirmed our prior observations from rheological characterizations, that GM2A8 hydrogels had a
lower G’ compared to GM10 hydrogels, and that G’ of GM2(-) hydrogels were also significantly higher
compared to GM10 and GM2A8 hydrogels [96].

The lower storage modulus G’ and compressive strength o, of GM10(-) and GM2ASg(-)
compared to GM2(-) can be assigned to the known effect that elevated degrees of modification restrain
the ability of GM materials to form triple helices[125, 303]. It can be derived from the presented data
that it was mainly the different amounts of chemical bonds of GM2A8(-) and GM10(-) which defined
the compressive strengths of such hydrogels, while physical network formation additionally
contributed to strengthening of GM2(-). This was the case, although none of the hydrogel precursor
solutions was cooled below the gelation temperature T, but all were cross-linked in the liquid state.
Obviously, some beneficial presorting of the GM2 took place, although gelling was not visually

observed.

As a consequence, we wondered whether cooling of the hydrogel precursor solutions could
also induce strengthening of hydrogels made of highly modified GM(A)s, which do not show gel

transition above 10 °C. Therefore, we used a cooling procedure (20 min at 21 °C followed by 40 min at
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4 °C) prior to chemical cross-linking to impose temperature-dependent physical interactions. The
results are shown in Figure 7 and Figure 8 graphically. The measured o, and &, are given in Table 2 for
an easier access. The compressibility of all (+) hydrogels was significantly reduced by cooling, i.e.,
hydrogels were less compressible (Figure 8-A, B, p<0.01; except for GM10 hydrogels measured in the
confined set-up where €, remained unchanged). Simultaneously, the o, values increased significantly

for all (+) hydrogels (p<0.01, Figure 8-C, D).

This was expected for GM2(+) gels, because GM2 solutions obviously formed physical hydrogels
upon cooling. Physical gelling has been correlated with triple helix formation of gelatin and GM
derivatives in several studies [45, 302, 303]. It was suggested that these quaternary structures are then
fixed by covalent cross-links such that both, physical and chemical networks contribute to the elastic
stability of the hydrogel and temperature-related melting was hindered [45, 96, 302]. It is discussed
that the helices could act as templates for a more effective cross-linking of the C=C double bonds of
gelatin methacryloyl. Indeed, unreacted C=C double bonds were still detectable by Fourier transform
infrared spectroscopy of GM gels that were UV-cured at 37 °C, but not in gels made from the same

material after incubation at 4 °C to allow physical gelling before UV-curing [302].

Additionally, the presented results in this study show that strengthening by cooling was also
effective in GM2A8(+) and GM10(+) hydrogels with high degrees of modification. This was rather
unexpected, as we proofed in earlier studies that physical interactions are strongly reduced in GM2A8
and GM10 solutions, resulting e.g., in decreased viscosity and absent physical gelation for temperatures
above 10 °C[96]. Therefore, we further investigated GM2, GM10, and GM2A8 hydrogel precursor
solutions rheologically during the thermal protocol in order to learn more about the gelation process
during cooling (Table 3, and Figure S 6, 5.1.7 Supporting Information ). GM2 solutions gelled (i.e.,
G’ > G”) after 3 min at 21 °C as expected. Additionally, we detected G’ > G” for GM10 solutions after
approx. 4 min at 4 °C. GM2A8 solutions showed gelling just for one out of three batches after 18 min
at 4 °C, while no gelling was observed at all during 40 min at 4 °C for two out of three batches. At the
end of the thermal protocol G’ of physical GM2 gels was the highest (10,633+514 Pa, n=3), G’ of GM10
gels was lower (211241264 Pa, n=3) than that, and G’ of gelled GM2A8 was extremely low (24 Pa, n=1).

The ratio of G”” and G’ (loss factors tan(6), see Table 3) of the cooled solutions accentuate the
G’ data: tan(6) of GM2AS8 (0.165, single measurement) was higher than tan(6) of GM10 (~0.013) and
GM2 (~0.008). The approx. 100 times higher G’ than G” points out that GM2 and GM10 both formed
networks with elastic properties, although the physical GM2 gels were much stronger than physical
GM10 gels, as revealed by the absolute values of G’. Physical GM2A8 gels showed a rather viscous
behavior. This was confirmed by the fact, that just one out of three measured hydrogel precursor

solutions showed a gelation point.

74



Table 3: Rheological analysis of GM(A) solutions (10% (w/w)) during cooling (20 min 21°C + 40 min 4°C). Gelation was
determined when the storage modulus G” became larger than the loss modulus G** (G’>G”). Furthermore, the storage moduli
of the physical hydrogels measured at the end of the thermal protocol (after 60 min), before chemical cross-linking, is given
(G’). The loss factor of physical hydrogels is determined as ratio of G""and G’ (tan §).

GM2 (n=3) GM10 (n=3) GM2AS8*
G =G 3 min/21°C 20 min/21°C + 4 min/4°C 20 min/21°C + 18 min/4°C
G’ [Pa] 10633 + 514 2112 + 1264 48
tan(d)
(G"'IG’) 0.008 + 0.000 0.013 +0.003 0.165

* To be noted: A gelation point G’ > G”” was singularly detected for one batch out of three, the
other two solutions showed no sign of gelling, therefore no standard deviations were
determined.

If the formation of strong physical GM2(+) gels was due to the formation of triple-helical
regions, conversely, the low or very low G’ suggested reduced or no helix formation in GM10(+) and
GM2A8(+) solutions. In native triple helices 30 amino acids per strand are associated in one triple helix
turn [350]. We calculated the theoretical mean distance between two methacryloyl- or acetyl-modified
amino acids in the GM(A) derivatives as the reciprocal of the total degree of modification (see Table S
9, 5.1.7 Supporting Information). We assumed an average molecular weight of amino acids (based on
the amino acid composition of the raw material published in [96]) of 122 g mol? to calculate the
theoretical number of amino acids between two chemical modifications. According to this estimation,
one chemically modified amino acid occurs statistically every 26 amino acids in GM2, while in GM10
and GM2A8 one modification occurs every 10 amino acids. Thus, theoretically in GM2 one amino acid
per triple helix turn is chemically modified, while in GM10 and GM2A8 there are three modified amino
acid per triple helix turn. In fact, GM2 is mainly modified at lysine residues [94, 96]. Regarding the lysine
distribution in the triple-helical region of the collagen-chain (bovine collagen type |, according to
Uniprot database), 83 % of lysines in this region are separated by more than 30 other (not lysine) amino
acids. Thus, it seems plausible, that triple-helix formation and thus significant stiffening of the gels can
occur in GM2 solutions, but not in GM10 and GM2AS8 solutions, since in GM10 and GM2AS8 other

hydroxyl containing amino acids are modified additionally.

In this context we want to consider additional factors which could be responsible for the
strengthening of the GM10(+) and GM2A8(+) hydrogel network besides the assembly of triple helices,
i.e., re-arrangement of GM(A) polymer chains by hydrophobic interactions of methacryloyl and acetyl
groups. Methacryloyl and acetyl groups are rather hydrophobic and might form hydrophobic domains
in an aqueous environment. Thereby, a polymer network with few open loops might form and the

hydrophobic methacryloyl groups might be oriented in favor of higher conversions during chemical
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cross-linking. Cooling would help to stabilize such hydrophobic domains and consequently the density
of elastically active chemical cross-links would be enhanced compared to solutions that are cross-linked
at higher temperatures. In this way, the insertion of methacryloyl and acetyl groups might have a

structure-forming effect apart from hindering the formation of triple-helices.

Indeed, we observed before that the hydrodynamic radius of gelatin derivatives decreased with
increasing degrees of modification [96]. We assigned this to the masking of the hydroxyl groups of
hydoxyproline in the amino acid sequence by insertion of hydrophobic methacryloyl or acetyl-residues.
The resulting loss of hydrogen bindings can be expected to de-stabilize the native, elongated-helix
conformation of single collagen or gelatin molecules, and to promote the (more globular) random coil
conformations with shielded hydrophobic domains to exclude water. The hydrodynamic radius was
even smaller in derivatives with higher acetyl portions, possibly because less volume was needed by
acetyl than by methacryloyl-groups [96]. We hypothesize an impact of the type and size of the inserted
methacryloyl and acetyl functions: Finally, such differences in the hydrodynamic radius might influence
the degree of entanglement of GM(A) molecules and account for the unexpected rheological difference

of GM10 and GM2AS8 (Table 3) in spite of the very similar degrees of modification of the two derivatives.

To summarize, we suggest that hydrophobic interactions contribute to the formation of dense
protein domains and by that to physical networks in gelatin methacryloyl hydrogels. Cooling stabilizes
such hydrophobic domains and thus radical cross-linking of the methacryloyl groups becomes more
effective resulting in stronger hydrogels at lower temperatures. In gelatin derivatives with low degrees
of modification the formation of triple helices occurs in parallel to formation of hydrophobic domains.
Thus, the resulting hydrogels are stronger than hydrogels based on gelatin derivatives with a high
degree of modification, where hydrophobic domains are the dominant structure while formation of

stiff triple helical regions is hindered.

This hypothesis is supported by significant differences in the temperature sensitivity of cross-
linked GM(A) hydrogels and hydrogels which are generated by chemical cross-linking of unmodified
gelatin with a chemical cross-linker [346] or enzymatically [343]: Other authors [45, 302] and
ourselves [96] have observed that the mechanical properties of chemically cross-linked GM(A)
hydrogels were not temperature-dependent, no matter whether they had been cross-linked in the
gelled or in the liquid state. The compression tests in this study were conducted at 37 °C. Although this
is above the melting temperature for all GM(A)s [96], the mechanical differences between gels that had
been cross-linked in the liquid state or the (quasi-)gelled state were conserved: The interactions that
additionally strengthened the hydrogels were not lost upon heating. This indicates that in the
macromolecular network of chemically cross-linked GM(A) hydrogels triple helices and other physical
interactions neither form nor melt. In contrast, authors who performed cross-linking of unmodified

gelatin hydrogels with bis(vinylsulfonyl)methane [346, 347] observed temperature-sensitivity of the
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hydrogels: Helices were reversibly formed by a temperature switch after the chemical cross-linking
reaction had been stopped. The same was observed for enzyme catalyzed cross-linking of gelatin with
transglutaminase. We postulate that the superimposed hydrophobic structure, which is then fixed by
covalent cross-linking, might be the reason for the distinct temperature stability of GM gels, which is
not fully achieved by chemical cross-linking of unmodified gelatin. Consequently, the hydrophobic
nature of the inserted methacryloyl-functions and acetyl-functions enables formation of gelatin

hydrogels with elevated strength.

5.1.4 Conclusion

The compressive strength of chemically cross-linked gelatin methacryloyl gels can be increased
by cooling whether physical gel formation is visually observed or not. This indicated that temperature
dependent physical interactions can be used to strengthen cross-linked GM(A) hydrogels, e.g.,
hydrophobic interactions in the case of highly modified gelatin derivatives. On the other hand, it also
emphasizes the need to tightly control the thermal history of GM(A) solutions even if physical gelation
is not an obvious issue. Furthermore, quaternary structures based on hydrophobic interactions may
facilitate the radical cross-linking of GM(A) and result in hydrogels, which are temperature independent
and stable at 37 °C, other than enzymatic or chemical cross-linking of unmodified gelatin. This can make

a relevant difference regarding possible biomedical application.

5.1.5 Materials and Methods

Materials

The following materials were purchased from Sigma Aldrich (Darmstadt, Germany): Acetic
anhydride (AcAnh), sodium hydrogen phosphate (Na;HPQ,), Dulbecco’s phosphate buffered saline with
MgCl, and CaCl, (PBS+), methacrylic anhydride (MAAnh) as well as sodium hydroxide (NaOH). Sodium
3-trimethylsilyl-propionate-2,2,3,3-d4 (TMSP) was bought from Merck (Darmstadt, Germany). Other
reagents were purchased from the following sources (given in parentheses): Deuterium oxide (D20)
(Deutero; Kastellaun, Germany), Gelatin (type B, Limed, bovine bone, 232 Bloom, standard
viscosity=4.5 mPa s; Gelita; Eberbach, Germany). Dialysis membranes (MWCO 12 kDa—14 kDa) were
purchased from Medicell International Ltd. (London, UK). The photoinitiator lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP, also known as Li-TPO-L, TMPPL) was synthesized according to
Fairbanks et al.[313]. *H-NMR spectroscopy (500 MHz, D,0, d) proofed adequate shifts and integrals,
i.e., 7.74 (m, 2 H), 7.56 (m, 1 H), 7.46 (m, 2 H), 6.87 (s, 2 H), 2.22 (s, 3 H), 2.04 (s, 6 H).
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Synthesis of Gelatin Methacryloyl (M2, GM10) and Gelatin Methacryloyl Acetyl (GM2A8)

Gelatin methacryloyl (GM) was prepared as previously described [94]. In short, gelatin (25.01 g)
was dissolved in deionized water (250 mL) at 37 °C and its pH was adjusted to 7.3 with the use of an
automatic titration device. Within 30 min 2.70 g/13.49 g of MAAnh were added, which corresponds to
a two-fold (GM2) or ten-fold (GM10) molar excess relative to an amino group content of gelatin
(0.35 mmol g* [6]). In case of GM2AS8 synthesis, after 2 h of methacryloylation reaction 7.15 g of acetic
anhydride (AcAnh) were added dropwise within 30 min, resulting in an eight-fold (GM2A8) molar excess
relative to the content of amino-groups of gelatin [42]. The reaction mixture was stirred vigorously for
5h in total, keeping its pH constantly between 7.0 and 7.4. The reaction mixture was filtrated
subsequently and its pH was adjusted to 9.5. After leaving the mixture at 4 °C for 2 days, the solution
was dialyzed for 4 days against deionized water at room temperature. Afterwards, the pH was adjusted
to 8.5 and the solution was freeze-dried. The degree of methacryloylation (DM) was determined using
'H-NMR spectroscopy as described by ClaaRen et al. [94]. The mean and the standard deviation of the

three syntheses of each derivative used in this study are given in Figure 6.
Preparation of GM(A) Hydrogels

Hydrogels with initial GM(A) concentration of 10 % (w/w) were prepared either by immediate
photo-initiated radical cross-linking or by cooling of the precursor solution and subsequent chemical
cross-linking. In detail, GM(A) was dissolved in PBS+ containing 0.2 % (w/w) LAP with regard to
biopolymer content for 2 h at 37 °C. Afterwards, the solution was poured into a cylindrical mold (25 mm
diameter, 5 mm depth) and covered by a quartz glass pane. If physical gelation of hydrogel precursor
solution was desired, the mold was left at 21 °C for 20 min and afterwards for 40 min at 4 °C. Then,
chemical cross-linking was done by exposure to UVA light (approx. 365 nm, 18.2 mW cm™) for 2.5 min.
If physical gelation was not desired, the hydrogel precursor solution was cured immediately after
pouring into the mold. After curing, the quartz glass pane was removed and the cross-linked hydrogels
were taken out of the mold. Hydrogels were washed for 5 h in PBS+ at 37 °C, exchanging the PBS+ every

hour. Afterwards, the hydrogels were swollen in PBS+ for 19 h at 37 °C.
Measurement Set-Up for Hydrogel Compression Testing

We used the material testing machine Allround-Line Z005 equipped with a 2.5 kN Xforce HP
load cell (Zwick, Ulm, Germany) for compression testing of GM(A) hydrogels. The appropriate software
“testXpert II” was utilized for execution of the measurements and analysis of the data. Furthermore, a
measurement set-up was established to enable measurement of hydrogels at 37 °C in a swollen state
(Figure 9): A measuring chamber made from polyether ether ketone (PEEK) was used with an inflow

and outflow. A hose pump pumped PBS+ through the measuring chamber in a closed circuit. The PBS+

78



was warmed to 37 °C on a stirrer/hotplate, which was controlled by a temperature sensor in the

chamber.

temperature regulation

: measuring
g chamber
L

PBS+ reservoir

stirrer/hot plate

hose pump

Figure 9: Experimental set-up for compression tests of hydrogels in a swollen state at 37 °C. The measuring chamber was
flushed with 37 °C warm PBS+ throughout the measurements. The PBS+ was warmed on a magnetic stirrer/hotplate and
pumped in a closed circuit through the measuring chamber by the hose pump.

To ensure PBS+ exchange within the measuring chamber without uncontrolled movement of
the hydrogel we constructed a perforated inlet with a platform, see Figure 10-B, C. The hydrogels were
placed on that platform for measurements and were covered completely with PBS+. We constructed
an adapter for the Z005 tool holder of the testing machine and a measuring head with a diameter of
15 mm, see Figure 10-A. The adapter was fixed at the Z005 tool holder using four M5 screws. The
measuring head was screwed into the adapter by its M8 thread. A M3 grub screw was used to cinch

the screwed measuring head.
Compression Testing of GM(A) Hydrogels

Cylindrical hydrogel samples (¢ 8 mm) were punched out of the washed and swollen hydrogel
in quadruplicates for compression testing. Samples were stored in 37 °C warm PBS+ until the
measurement. The geometry of the hydrogel samples is crucial for the output data, since for calculation
a perfect cylindrical sample shape is assumed. Therefore, the height of every sample before

compression testing was determined with a caliper.

Failure testing of hydrogels was performed at 37 °C in a swollen state using a pre-load of 0.2 N
and 0.5%s! as test speed. For unconfined measurements, the hydrogel was placed into the
measurement chamber without any lateral limitation and a measuring head with a diameter of 15 mm
was used. A compression chamber with a filter disk as bottom and a standard indenter with a diameter
of 8 mm were utilized for confined measurements.
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For the measurements, the hydrogel sample was placed in the middle of the inlet platform and
the measuring head was positioned 5.5 mm above the inlet of the measuring chamber. After 4 min
waiting in this position, the measuring head sloped with 0.1 mm s to the hydrogel sample until a pre-
load of 0.2 N was achieved. After reaching this pre-load, the height of the test specimens was recorded
(ho2n) and the measurement started automatically with a constant strain rate of 0.5 % s* relative to

the initial test specimen’s height until destruction.

(d) (e) (1)

Figure 10: Technical drawing of the measurement components for unconfined (a—c) and confined (d—f) measurements: (a/d)
Self-designed measuring head for the material testing machine Z005, consisting of an adapter and the measuring head. The
diameter was 15 mm (a) and 8 mm (d). (b/e) Technical drawing of the inlet of the measuring chamber. Due to the perforation
of the inlet the exchange of the PBS+ surrounding the hydrogel was ensured. For confined testing a chamber with a filter disk
ensuring PBS+ exchange was utilized. (c/f) Transverse section of the measuring chamber.

Data Analysis of Compression Testing

The stress—strain relationship resulting out of compression testing was analyzed. Since
hydrogels have a progressive stress—strain relationship like elastomers, the compression strength and
compressive stress at break were the same and we named it g,. The compressive strain at break or
compressive Strain at compressive strength is named &, in this study. We programmed the software
“testXpert II” to register the compressive strength at break (a;eg) and the compressive strain at break
(e;eg) in confined measurements automatically after a strength drop of 50 kPa. In unconfined
measurements the maximum registered stress was defined to be oy, the corresponding compressive

strain was defined to be £, .
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Furthermore, we recognized a significantly reduced height (hon) for soft gels at the chosen
pre-load of 0.2 N. Consequently, we had to correct the registered values for the compressive strains at
break ezeg, because the machine regarded ho;n as reference height instead of the original heights of
the gels ho. We measured the original heights of hydrogels (hy) manually with a caliper. The corrected
values for € were then calculated using Equation 2. Specifically, the height at break h, was determined

as the measured height at a;eg. The corrected &, was calculated using Equation 3.

e =25 100% (2)
ho
&y = 2" % 100 % (3)

ho
Temperature Depending Rheological Measurements

A Physica Modular Compact MCR301 rheometer from Anton Paar (Ostfildern, Germany)
equipped with cone-plate system (d=40 mm) was used to investigate G’ and G” of the hydrogel
precursor solutions as a function of temperature. G’and G’ were determined at a fixed amplitude (5 %)

and frequency (1 s?).

To reproduce the utilized gelation procedure, we performed the following temperature
changes during rheological measurements: The 37 °C warm hydrogel precursor solution was put into
the measuring gap and the measurement was started. The first 5 min the temperature was 37 °C,
afterwards the bottom plate of the rheometer was cooled to 21 °C for 20 min followed by a further
cooling to 4 °C for 40 min. Ty was determined from the cooling curve G’=G”. Since usually the
temperature where G’=G” is not measured exactly, the first temperature where G’>G” (cooling curve,

Tgel) Was used.
Statistics and Box-Plots

The presented data include hydrogels out of three independent synthesis per gelatin derivative.
Furthermore, we did compression testing on quadruples of each hydrogel. For statistical analysis, a t-
test was utilized. We chose modified box-plots for data presentation. The boxes represent 75 % of the
data; the line within the box marks the mean and the square the median. Whiskers tag the 1.5-fold

interquartile range, statistical outliers are represented as hash outside the whiskers.
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5.1.7 Supporting Information

Table S 9: Degree of modification of gelatin derivatives. The mean distance of two chemically modified amino acids was
calculated as the reciprocal of the degree of modification. The amount of amino acids between the two chemically modified
amino acids was estimated assuming an average molecular weight of amino acids of 122 g mol™ calculated out of the amino
acid composition of the used gelatin type B (composition can be found in ref. [96]).

Degree of Mean distance between two Mean number of amino
Modification chemical modified amino  acids between two chemical
[mmol g1] acids [g mol] modified amino acids
GM2 0.31 3158 26
GM10 0.82 1194 10
GM2AS8 0.77 1271 10
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Figure S 6: Rheological evaluation of GM(A) gelling behavior during the chosen thermal protocol: (A) Storage moduli (G’) and
(B) loss moduli (G”’). Note the interruption of the y-axis the associated change of scales. Due to this interruption the curves of
GM10 and GM2A8 both end at 200 Pa and start again at 800 Pa.
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5.2.1 Abstract

Gelatin methacryloyl (GM) hydrogels have been investigated for almost 20 years, especially for
biomedical applications. Recently, strengthening effects of sequential cross-linking procedure, whereby
GM hydrogel precursor solutions are cooled before chemical cross-linking, were reported. It was
hypothesized that physical and enhanced chemical cross-linking of the GM hydrogels contribute to the
observed strengthening effects. However, a detailed investigation is missing so far. In this contribution,
we aimed to reveal the impact of physical and chemical cross-linking on strengthening of sequentially
cross-linked GM and gelatin methacryloyl acetyl (GMA) hydrogels. We investigated physical and
chemical cross-linking of three different GM(A) derivatives (GM10, GM2A8 and GM2), which provided
systematically varied ratios of side-group modifications. GM10 contained the highest
methacryloylation degree (DM), reducing its ability to cross-link physically. GM2 had the lowest DM
and showed physical cross-linking. The total modification degree, determining the physical crosslinking
ability, of GM2A8 was comparable to that of GM10, but the chemical cross-linking ability was
comparable to GM2. At first, we measured the double bond conversion (DBC) kinetics during chemical
GM(A) cross-linking quantitatively in real-time via near infrared spectroscopy-photorheology and
showed that the DBC decreased due to sequential cross-linking. Furthermore, results of circular
dichroism spectroscopy and differential scanning calorimetry indicated gelation and conformation
changes, which increased storage moduli of all GM(A) hydrogels due to sequential cross-linking. The
data suggested that the total cross-link density determines hydrogel stiffness, regardless of the physical

or chemical nature of the cross-links.

5.2.2 Introduction

Gelatin methacryloyl (GM, GelMA) hydrogels are considered as promising biomaterials. They are
commonly investigated for biomedical applications such as scaffolds for tissue engineering or drug
delivery [35, 351]. Properties of GM solutions, e.g. viscosity and temperature of physical gelation, as
well as characteristics of the cross-linked hydrogels, e.g. water content and mechanical properties, can
be tuned by rather simple experimental adjustments: commonly accepted methods include varying the
GM concentration and/or the degree of methacryloylation (DM) before cross-linking [42, 96, 120],
adjusting the irradiation dose used during photo-cross-linking, or combining other (photo-cross-
linkable) materials with GM [351]. These approaches focus mainly on the ability of GM to form chemical
cross-links and neglect the physical interactions of gelatin molecules, which are less pronounced after
methacryloylation than in unmodified gelatin, but can still be sufficient to form physical cross-links and

gels, respectively.
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Several studies investigated in how far the formation of both, physical and chemical cross-links, in
GM hydrogels can act synergistically to improve mechanical properties. To this end, a sequential cross-
linking procedure of GM hydrogels was applied by several authors, which increased the maximum
strength [95], compressive modulus [45, 302], storage modulus [303, 352] and E-modulus
distinctly [298]. During this sequential cross-linking procedure, the hydrogel precursor solutions were
held at rather low temperatures, e.g. 4 °C, and were chemically cross-linked afterwards. The observed
strengthening effect was usually not temperature-dependent after chemical cross-linking [45, 95, 302,
303] — in contrast to gelatin hydrogels chemically cross-linked with bis(vinylsulfonyl)methane [346,
347]. However, a recent study suggests that the former must not always be the case [353]. The impact
of the sequential cross-linking procedure on the mechanical properties is plausible because it increases

the total cross-link density in GM-hydrogels [45, 95, 302, 303, 353].

It must be assumed that the underlying effects differ depending on the degree of modification of
the GM. In GMs with a low DM, approx. 0.3 mmol g, complete modification of accessible amino groups
of the raw material occurs, but little to no modification of hydroxyl groups (e.g. GM2 [94, 96]). Such
derivatives form physical hydrogels above 10 °C upon cooling similar to unmodified gelatin [96]. This
indicates that effective physical cross-linking can take place, presumably by the formation of triple

helices, in spite of the methacryloylation [45, 95, 302, 303, 353].

In contrast to this, solutions prepared from GMs with much higher DMs, e.g. 0.8 mmol g*[95] or
0.99 mmol g [303], are unable to form obvious hydrogels at temperatures above 10 °C [95, 303].
Therefore, it can be hypothesized that physical cross-linking is largely suppressed by the modification
of amino and hydroxyl groups. In this case, the strengthening effect might be due to a more efficient
chemical cross-linking of methacryloyl functions due to closer packaging of GM coils [302, 303] or the
formation of hydrophobic methacryloyl domains induced by the initial cooling step [95]. Thus, the
chemical cross-linking would result in a higher double bound conversion (DBC) while cross-linking of

physical gels would rather reduce the DBC comparatively.

Rizwan et al. did Fourier transform infrared spectroscopy with solely chemically cross-linked and
sequentially cross-linked GM hydrogels and found first qualitative indications of a higher DBC in
sequentially cross-linked GM hydrogels [302]. Van Vlierberghe et al. introduced a method using high-
resolution magic angle spinning (HR-MAS) NMR spectroscopy to investigate the final DBC and found
DBCs lower than 40 % [354]. Billiet et al. used the same method and implicated a non-linear relationship
between qualitative methods, such as swelling measurements, and quantitative methods predicating

cross-linking efficiencies [124].

In this study, we aimed to shed further light into the participation of physical and chemical cross-

links on the mechanical properties of GM hydrogels prepared either by the sequential cross-linking
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procedure or the classical cross-linking procedure omitting the initial cooling step. Therefore, we used
three different GM derivatives for hydrogel preparation, which differed in their ability to form either
chemical or physical cross-links: (1) GM2, a GM derivative with a relatively low DM of 0.29 mmol g*,
thus with a low density of chemically cross-linkable groups, but a high physical cross-linking potential.
(2) GM2AS8, a methacryloylated and acetylated gelatin (GMA) derivative with a DM of 0.36 mmol g
which was comparable to GM2, but with the low physical cross-linking potential due to the high total
degree of modification. (3) GM10, a GM derivative with a DM of 0.95 mmol g}, thus also having a low

tendency to form physical cross-links but with a high density of chemically cross-linkable groups.

By real time-near infrared spectroscopy combined with photorheology, we aimed to measure the
DBC and gelation kinetics during cooling and during the photo-induced cross-linking reaction of
methacryloyl functions of GM in situ for the first time. Both cross-linking methods, either the classical
method at 37 °C or sequential cross-linking including an initial cooling step, were in the focus of this
investigation. Additionally, the formation of hierarchical structures such as triple helices at cross-linking
conditions were investigated qualitatively by circular dichroism spectroscopy and quantitatively by

differential scanning calorimetry.

Putting the data on chemical and physical cross-linking into context, we hope to contribute to

understanding the processes underlying the formation of GM hydrogels.

5.2.3 Experimental

Materials

Acetic anhydride (AcAnh), Dulbecco’s phosphate buffered saline with MgCl, and CaCl, (PBS),
methacrylic anhydride (MAAnh) as well as sodium hydroxide (NaOH) were purchased from Sigma
Aldrich (Darmstadt, Germany). Sodium 3-trimethylsilyl-propionate-2,2,3,3-d4 (TMSP) was bought from
Merck (Darmstadt, Germany). Other reagents were purchased from the following sources (given in
parentheses): deuterium oxide (D0, Deutero; Kastellaun, Germany for H-NMR measurements,
Eurisotop; Saarbriicken, Germany for NIR-Photorheology), Gelatin (type B, limed, bovine bone,
232 Bloom, standard viscosity = 4.5 mPa s; Gelita; Eberbach, Germany). Dialysis membranes (MWCO
12 kDa-14 kDa) were purchased from Medicell International Ltd. (London, UK). The photoinitiator
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was synthesized according to Fairbanks et
al. [313]. The *H-NMR spectrum (500 MHz, D,0) was in accordance with the literature, i.e., 7.74 (m,
2H), 7.56 (m, 1H), 7.46 (m, 2H), 6.87 (s, 2H), 2.22 (s, 3H), 2.04 (s, 6H).

Gelatin Methacryloyl (Acetyl) (GM(A)) Synthesis Procedure
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Gelatin methacryloyl (GM) and gelatin methacryloyl acetyl (GMA) derivatives GM2, GM10, and
GM2A8 were prepared as described previously [94]. Briefly, gelatin (25.01 g) was dissolved in deionized
water (250 mL) at 37 °C and the solution pH was adjusted to 7.3 using an automatic titration device.
Within 30 min, 2.70g or 13.49 g of MAAnh were added, respectively, for GM2 or GM10, which
corresponds to a two-fold or ten-fold molar excess of MAAnNh relative to the amino groups present in
gelatin (0.35 mmol g) [42]. For GM2AS8 synthesis, 7.15 g of acetic anhydride (AcAnh) were added
dropwise after 2 h of methacryloylation reaction within 30 min, resulting in an eight-fold AcAnh molar
excess relative to the amino-groups present in gelatin [42]. In all cases, the reaction mixture was stirred
vigorously for 5 h in total, keeping its pH constantly between 7.0 and 7.4. The reaction mixture was
filtrated subsequently and its pH was adjusted to 9.5. After 2 days storage at 4 °C, the solution was
dialyzed for 4 d against deionized water, the first 3 d at room temperature and the last day at 40 °C.

After that, the solution pH was adjusted to 8.5 and freeze-dried.

The degree of methacryloylation (DM) was determined using the TMSP-method as described
by ClaaRen et al. [94] utilizing *H-NMR spectroscopy. The used GM-batches had the following DMs:
0.29 mmol g (GM2), 0.95 mmol g (GM10) and 0.36 mmol g (GM2A8). The degree of acetylation of
GM?2A8 was reported before as 0.76 +0.03 mmol g [96]. Thus, the total modification degree of
GM2A8 was assumed to be ~1.12 mmol g?. The 'H-NMR spectra of GM(A) derivatives are given in the

Supporting Information (Figure S 7).
Circular Dichroism (CD) Spectroscopy

For CD spectroscopy, 0.1% (w/w) gelatin or gelatin derivative solutions were prepared as
follows: 2 mg gelatin or gelatin derivative were dissolved in 1998 mg PBS over night at 37 °C. The
solutions were kept at 37 °C until they were filled into the quartz glass measuring cuvette (cell length
0.1 mm) and transferred directly into the 37 °C pre-warmed CD spectrometer (Jasco J-815, Pfungstadt,
Germany). Firstly, CD spectra at 37 °C were recorded: Fifty spectra accumulations were collected

between 200 - 260 nm, whereby the temperature was kept constant (+ 0.1 °C).

Afterwards, the gelatin or gelatin derivative solutions were removed from the CD spectrometer,
stored at 21 °C and the temperature was maintained for 20 min, followed by cooling to 4 °C and
maintaining the temperature for 40 min. Subsequently, CD-spectra were collected in the 4 °C pre-
cooled CD spectrometer as described above. According to Martin and Schilstra [355] the mean of CD
between 250 and 260 nm was subtracted from CD spectra to correct the vertical drift. CD spectra of
PBS were recorded as baseline at 4 °C and 37 °C and subtracted from the gelatin and gelatin derivative
CD spectra to obtain pure sample CD spectra. Three independent measurements of each solution were

done.
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Measured values are expressed as mean residue ellipticity 8. For calculation of 8, a mean molar
mass per amino acid residue of 90.68 g mol™ was used, based on the amino acid composition of the
unmodified gelatin published by Sewald et al. [96] For gelatin derivatives, we corrected the mean molar
mass per amino acid residue due to inserted functional groups with DMs determined in this study and
degree of acetylation determined in this study [96]: 92.75 g mol?! (GM2), 94.91 g mol™ (GM2A8) and
97.46 g mol* (GM10).

Differential Scanning Calorimetry (DSC)

For preparation of quantitative DSC measurements, a temperature and enthalpy calibration of
the differential scanning calorimeter (Netzsch, DSC 200 F3 Maia, Selb, Germany) was done as described
by the manufacturer with hermetically sealed high purity standards of bismuth, indium, zinc, tin,

caesium chloride and rubidium nitrate with a temperature rate of 5 °C s

Gelatin or gelatin derivative solutions in PBS were prepared as follows: 100 mg gelatin or gelatin
derivative was dissolved in 800 mg PBS at 37 °C. A defined amount of gelatin or gelatin derivative
solution was weighed into a crucible, which was subsequently hermetically sealed. Afterwards, DSC
measurements were performed from -10 °C to 80 °C- at 5 °C s in three cycles with three independent
samples for gelatin and each gelatin derivative. The renaturation level (Xpsc) determined by DSC was
calculated according to Bigi et al. [356] utilizing Equation 4, whereby AH,,, was the denaturation

enthalpy of the sample and AH;; ,,, the denaturation enthalpy of the unmodified gelatin.

Xps¢c = AHy/AHg (4)

89



Real Time-Near (RT) Infrared Spectroscopy (NIR)-Photorheology

Real time (RT)-near infrared spectroscopy (NIR)-photorheology is a hyphenated technique of a
rheological measurement during in situ photo-cross-linking of a formulation, coupled with RT-NIR
spectroscopy in reflection mode of the respective sample. The setup consists of an Anton Paar (Graz,
Austria) MCR302 WESP rheometer, a Bruker (Billerica, USA) Vertex 80 IR spectrometer and an Excelitas
(Waltham, USA) Omnicure S2000 UV source (320-500 nm), as described in Gorsche et al. [357]. The
rheometer had a glass base plate with a covering hood (both with a Peltier element) and was used with

a PPOS8 tool (plate-plate geometry, 8 mm plate diameter, aluminium).

For sample preparation, a LAP stock solution was prepared by dissolving 10 mg of LAP in 990 ulL
of D,0. GM2, GM10 or GM2AS8 hydrogel precursor solutions were prepared by dissolving 100 mg of the
respective gelatin derivative in 780 pL of D,0O and 20 uL of LAP stock solution. A solution of unmodified
gelatin was prepared in the same way. Hydrogel precursor solutions were pre-warmed to 37 °C before
RT-NIR-photorheology measurements for decreased viscosity and prevention of premature physical
gelation. Each GM hydrogel precursor solution was measured with two different temperature settings.
During these temperature settings the storage modulus (G’) of gelatin (derivative) solutions was
measured to investigate the physical cross-linking. Firstly, the hydrogel precursor solutions were cross-
linked following the classical method and the double bond conversion (DBC) was monitored at constant
37 °C. Secondly, a temperature profile (see Figure S 8 in the Supporting Information) was investigated,
representing the sequential cross-linking method. The measurements at 37 °C were performed in
quadruples and the sequential cross-linking method was performed in triplicates. The sequential cross-
linking method contained three temperature levels: during the first minute of the measurement, the
temperature was held at 37 °C. Then, the temperature was decreased to 21 °C and held at 21 °C for the
following 20 min. Afterwards, the temperature was further decreased to 4 °C and held at 4 °C for
40 min. From this point on, the DBC monitoring and chemical cross-linking reaction for the temperature
profile were started. Figure S 8 in the Supporting Information precisely illustrates the time points and

durations of cooling steps, the NIR-data collection, and the chemical cross-linking, respectively.

Rheological data were measured throughout the experiments in oscillation mode with a
constant frequency of 1 s, a constant strain of 1 %, a gap size of 1 mm, and a gap filling of 53 uL. The
measuring gap was filled in the measuring position and water evaporation was prevented with a
surrounding paraffin ring around the sample cylinder. Rheological data was recorded with a frequency
of 5 data point s before UV cross-linking and 1 data point s during UV cross-linking with the help of
the software RHEOPLUS/32 V3.62.

For chemical cross-linking, UV light was guided from a UV source via a bifurcated light guide

through the glass base plate of the rheology setup. The UV intensity was measured at the surface of
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the glass plate with a spectrophotometer (Ocean Optics USB2000+, Ostfildern, Germany) and was
adjusted to 10 mW cm™. Samples were cured for 5 min to ensure a steady state of chemical cross-

linking.

NIR spectra were taken in transmission mode with a spectral resolution of 4 cm™, leading to a
time resolution (scanning speed) of about 2spectras™. Contrary to the published RT-NIR-
photorheology method [357], background measurements were taken with a gelatin solution, which
was prepared as stated above. NIR spectra data acquisition was started 5 s prior to initiation of the
chemical cross-linking by UV irradiation for later calculation of methacryloyl signal integrals before
irradiation (Integral (t = 0)). NIR spectra were recorded with the software OPUS 7.0. Method “F”
was used for integration of methacryloyl signals, which determines the local baseline at the relevant
spectral range. Furthermore, this method was adjusted for each of the principal measurements and
was the same for measurement repetitions. The methacryloyl C=C double bond signal was integrated

in the wavenumber range of 6220-6110 cm™.

The DBC was calculated in % from the integrals with the following Equation 5:

Integral (t)
Integral (t=0)

DBC [%] = (1 — )-100 (5)

Integral(t=0) was determined via averaging of integrals of a 5 s window before the initiation of
the chemical cross-linking reaction. The final DBC was determined via averaging of calculated DBCs over

the last 10 s of the measurement.
Statistical Analysis

The results are presented as mean values of at least three independently performed measurements
with the respective standard deviation. Statistical significances were determined by a one-tailed

ANOVA. Significant differences were defined for p values lower than o = 0.05, a = 0.01 and a = 0.001.

5.2.4 Results and Discussion

Physical interactions in modified gelatin derivatives

We first aimed at a detailed characterization of the state that is obtained after the initial cooling
step in a sequential cross-linking procedure, before taking a closer look at the chemical cross-linking
process of the studied gelatin derivatives. For this purpose, we used CD spectroscopy and DSC to
investigate conformations of gelatin (derivatives) in agueous solution. In this context, the ability of
GM(A) derivatives to form typical gelatin triple helices as well as unordered polypeptide chains, at 37 °C
and after cooling procedure, is of special interest. CD spectroscopy is highly sensitive towards

conformation changes and thus gives some information about specific protein conformations. DSC was
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used to quantify physical interactions by measuring the enthalpy change upon heating. CD spectra are

given in Figure 11 and Figure S 11 in the Supporting Information, DSC curves are shown in Figure 12.

The CD spectra of all solutions recorded at 37 °C were negative from 200 nm to roughly 250 nm.
The gelatin and GM(A) solutions showed a negative CD band around 200 nm, which was more
pronounced for gelatin than for GM(A). Apart from that, the spectra at 37 °C had no distinct features.
The CD spectra of all gelatin (derivative) solutions changed due to the cooling procedure, indicating
strong conformation changes: the negative band around 200 nm was more pronounced for all solutions
compared to the spectra recorded at 37 °C. Furthermore, a clear positive CD band around 221 nm was
observed for gelatin (3070.3 degcm?dmol?), GM2 (1629.5degcm?dmol?) and GM2A8
(344.8 deg cm? dmolt). For GM10, a slightly negative CD value was observed (-57.2 deg cm? dmol™?) at
221 nm. In addition, a negative band between 230 and 250 nm stood out for highly modified GM2A8

and GM10. A more detailed graphic of this band is shown in Figure S 11 in the supporting information.
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Figure 11: Molar ellipticity 6 of unmodified gelatin, GM2, GM2A8, and GM10. The spectra were recorded at 37 °C (A) or after
the temperature protocol, whereby the 37 °C warm solution was cooled to 21 °C for 20 min followed by cooling to 4 °C for
40 min (B, Cooling). For gelatin and GM2 a clear positive signal around 220 nm was detected after cooling, which suggested
the presence of alpha helices. The signal was absent for all solutions measured at 37 °C, and the negative molar ellipticity of
all solutions around 200 nm emphasized the presence of random coil structures. The figure was created with Origin 2019b
(http://www.originlab.com/2019b).

These temperature-dependent changes in CD spectra can be ascribed to temperature-sensitive
conformation changes of gelatin (derivatives) in solution. A negative band in CD spectra of warm gelatin
and collagen solutions around 200 nm was shown to be connected to random polypeptide chains [71],
whereby the positive band around 220 nm in combination with an intense negative band around
200 nm in cooled solutions is characteristic for triple helices [72, 73, 358]. The triple helix CD spectra
resemble that of polyproline Il helices (trans form of polyproline), implying that the three single left-
handed helices of the triple helix are in the same conformation as trans polyproline. [74] This
conformation is solely stabilized in the triple helix structure [359]. That is why we inferred that all
gelatin (derivative) solutions had a random polypeptide chain conformation at 37 °C. Furthermore,

GM2 and GM2AS8 solution showed pronounced triple helix conformations after cooling. This was in
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accordance with results of other studies investigating sequential GM hydrogels [271, 295, 302] in which
a 0.2 mg mL? solution in distilled water was cooled for 2 h at 4 °C [271, 295] or a 0.1 % (w/v) solution

was cooled for 1 h at 4 °C [302].
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Figure 12: Differential scanning calorimetry (DSC) curves of unmodified gelatin, GM2, GM2AS8, and GM10. Vertical dotted lines
indicate the melting temperatures. The figure was created with Origin 2019b (http://www.originlab.com/2019b).

In addition, the amount of triple helices after the cooling procedure decreased with increasing
degree of modification (gelatin > GM2 > GM2A8 > GM10). These results were consistent with another
CD study of GMs of Zhu et al. showing that an increasing DM increased the random polypeptide chain
conformation and decreased the triple helix conformation [295]. Furthermore, Zhu et al. investigated
GM with a DM of ~0.32 mmol g (DS_100), which was very close to the GM2 we used in this study
(DM =0.29 mmol g1). They detected just a very slight positive band of DS_100 at 222 nm, whereas we
detected a clear positive band at 221 nm for GM2. This might be explained by experimental differences:
our cooling period was shorter, our GM concentration five times higher and we used PBS instead of

deionized water. It was shown before that all these differences impact triple helix renaturation [71, 73].

Negative bands at wavelength > 230 nm with a maximum at ~238 nm of gelatin and collagen
were previously correlated with a right-handed helical poly-proline | conformation [74]. This poly-
proline Il conformation of single chains contains cis peptide bonds and thereby is the cis-peptide form
of poly-proline. The helical pitch of the right-handed poly-proline | helix is smaller (5.6 A turn?,
3.3 residues turn) than the pitch of the left-handed poly-proline Il conformation (9.3 Aturn?,
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3.0 residues turn), making it more compact [360]. It was shown that the poly-proline | conformation
stabilized single chains [75] and is preferred in organic solvents [361]. Furthermore, a correlation with
the positive band at ~220 nm was found: the smaller the positive band at ~220 nm, the bigger the
negative band at ~238 nm. Thus, the destruction of triple helices into single helices due to high
temperatures might be correlated with a trans-cis-transition of peptide bonds in single helices [74].
That is why we assigned the negative band at > 230 nm, which was measured for all GM(A) solutions,
to single chains, which did not associate to triple helices during cooling. The molar ellipticity © at
238 nm after the cooling procedure was lowest for GM10 (-319.9 deg cm? dmol?), followed by GM2A8
(-203.1 deg cm? dmol?), GM2 (-127.7 deg cm? dmol?) and gelatin (-38.9 deg cm? dmol?). Thus, in
GM10 the most single helices were built up and did not form critical nucleus structures to form triple

helices, as proposed by Guo et al. [362].

The CD spectroscopy findings were generally supported by the DSC measurements (Figure 12).
An endothermic peak was detected for all gelatin (derivative) solutions during heating except for GM10.
The respective temperatures were interpreted as melting temperatures T,. The obtained T, melting
enthalpies AH,, and Xpsc are given in Table 4. T, AHn, as well as Xpsc generally decreased with increasing

degree of modification up to the point that no values were obtained for GM10.

This observation was in accordance with previous findings measured by temperature-
dependent rheology for GM10, which showed no gelation or melting temperature between 10 °C and
40 °C [96]. However, in the previous experiments also for GM2A8 no physical gelation was detected.
The results of GM2 were in accordance with previous DSC studies of GM derivatives with DMs of
89 % [302] and 97 % [303], where the percentage describes the relative amount of methacryloylated
amino groups. In concert with the CD spectra, the endothermic peaks of the DSC curves for gelatin,
GM2 and GM2AS8 were assigned to triple helix denaturation [303, 356, 363], thereby again indicating

the existence of triple helices in all cooled solutions except for GM10 solutions.

Table 4: Melting temperatures T,, and melting enthalpies AH,, obtained from the DSC curves shown in Figure 12 as well as
renaturation levels Xpsc calculated from DSC measurements. GM10 did not show any signal in the DSC measurements or the
signal was too shallow to be analysed, so no values were found (n.f.). The measured melting enthalpies were significantly
different from each other [p < 0.05 (gelatin, GM2), p < 0.001 (gelatin, GM2A8; GM2, GM2AS8)].

Tm (°C) AHm (1 gY) Xosc (%)
Gelatin 28.0+0.7 0.69+0.11 100
GM2 26.5+0.7 0.46 + 0.06 71.0
GM2A8 19.4+1.0 0.03 £0.02 4.3
GM10 n.f. n.f. n.f.

The effect of methacryloylation on gelatin triple helix formation was discussed already in the

early publication on GM by van den Bulcke et al. [42]. It was shown in different studies that the
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modification of gelatin impacts solution viscosities [96, 120, 125, 300] and melting temperature [42,
96, 125], which was correlated with the helix content of the GM solutions. However, there was also
evidence that there is not necessarily a correlation between melting temperature and helix
content [72]. The impact of methacryloylation on triple helix renaturation was explained by reduced
interchain or intrachain hydrogen bindings within the triple helices by chemical functionalization of
amino and hydroxyl groups, on the one hand [295]. On the other hand, peptide sequences such as the
glycine-proline-hydroxyproline tripeptide, which are known to participate in the triple helix
formation [364], are chemically modified especially in the highly modified derivatives, potentially

hindering the (complete) formation of triple helices [272].

The presented data strongly indicate conformational changes in all investigated GM(A)
solutions due to cooling procedure: for all solutions a more pronounced band of random polypeptide
chains was detected. Furthermore, for GM2 and GM2A8 triple helices were evidenced by CD
spectroscopy and DSC measurements, but not for GM10. However, more single helices were detected

in GM10 than in gelatin, GM2 and GM2A8 solutions.
Physical gelation of gelatin and respective derivatives

The effect of the conformational changes induced by the cooling procedure during sequential
cross-linking on the physical gelation ability of the gelatin raw material and its derivatives was analyzed

by measuring G’ of the solutions by rheology, see Figure 13.

— — Temperature
—G'G

G'GM2 =
G'GM2A8
G'GM10

F 0.1

Temperature [°C]
G' [kPa]

F 0.01

T T T T T T L T L 0.001

t [min]
Figure 13: Evolution of storage modulus G’ during the initial cooling protocol of the sequential cross-linking procedure for the
tested gelatin derivatives and the raw material gelatin (G). Note that the data on the subsequently performed chemical cross-

linking of the samples shown here is depicted in Figure 14 and discussed in the next section. The figure was created with Origin
2019b (http://www.originlab.com/2019b).

Information about physical gelation speed kg, and the physical gelation delay time tq, were
extracted and are collected in Table 5. The values were defined such that kg, is the slope of the initial
linear part of the G’(t) curves (for unmodified gelatin and GM2 at 21 °C and 4 °C, for GM2AS8 at 4 °C)

and tq,is the intersection of the corresponding linear fit line with the baseline [357]. In accordance with
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the CD spectroscopy and DSC data discussed above and findings reported by Rebers et al. [95] before,
physical gelation was observed during sequential cross-linking (Table 5). Just gelatin and GM2 solutions
formed physical gels during the period at 21 °C. This meets with the expectations based on the
determined melting temperatures (Table 4), although the latter are commonly higher than the

corresponding gelation temperatures.

More specifically, delay times of the gelation events of GM2 and gelatin were in the same range.
Unmodified gelatin gelled at 21 °C with a stiffness increase of 10.0+1.0 Pa s and the final G’ after
20 min at 21 °C was 5.40 £ 0.50 kPa. Gelatin gelation at 4 °C resulted in a 2.5 times faster stiffness
increase than for the 21 °C step and a G’ of 23.59 + 1.93 kPa. For GM2, the increase of G’ at 21 °C was
comparably slower (5 + 0.1 Pa s!), resulting in a G’ of 3.33 + 0.07 kPa when starting to cool to 4 °C. After
cooling was complete, the increase of G’ was accelerated so that for GM2, a final G’ of 19.4 + 0.01 kPa
was reached at the end of the cooling protocol. In contrast to GM2, physical GM2AS8 gels were formed
only at 4 °C with a rather slow increase of G’, resulting in a low final value of 0.124+0.02 kPa and GM10

solutions did not show any measurable response to cooling.

Table 5: Parameters describing the physical gelation of gelatin derivative solutions using the sequential cross-linking protocol:
physical gelation delay time tq, initial increase rate kg, of storage modulus G’ upon cooling, and G’ after cooling to 21 °C for
20 min and 4 °C for 40 min, respectively.

Physical Gelation

21°C 4°C

tap(s) kgp(Pas?) G’ at end of tap(s) kgp(Pas?) G’ at end of

period (kPa) period (kPa)

Gelatin 251.1+13.9 10.0+1.0 5.40 £ 0.50 79.5+1.8 24.8+2.0 23.59+1.93
GM2 226.7+5.4 5+0.1 3.33+0.07 101.6 +0.6 21+0.2 19.4 +£0.01
GM2A8 981.0+124.0 | 0.11+0.01 0.124 +0.022
GM10

The results from physical gelation experiments of gelatin and GM(A) derivatives confirmed a
tight correlation of gelation behaviour and degree of modification. While gelatin and GM2 formed gels
even at 21 °C, GM2AS8 only forms gels when cooled to 4 °C and GM10 did not gel even at 4 °C.
Furthermore, this correlation could be qualitatively expanded towards the mechanical properties of
physically cross-linked hydrogels as final storage moduli of gels after the 4 °C treatment decreased
(gelatin > GM2 > GM2AS, no gels for GM10) with increasing degree of modification. In combination
with the results from CD spectroscopy the data suggested a correlation between the helix content and

G’ of the mixtures.
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Chemical cross-linking kinetics of modified gelatin derivatives

In the next step, the chemical cross-linking kinetics depending on the chemical gelatin
modification as well as the cross-linking protocol were studied. For this purpose, we used real time-
near infrared (RT-NIR) spectroscopy hyphenated with photorheology. This allows the simultaneous
measuring of time-dependent changes in the storage modulus G’ and in the double bond conversion
DBC when using the classical photo-cross-linking method at 37 °C or sequential cross-linking including
an initial cooling step. The results of time-dependent G’ and DBC measurements are shown in Figure
14. The parameters describing the initial increase of G’ (k) as well as the initial increase of DBC (kpsc)
were calculated with the G’(t) and DBC(t) curves, respectively (Table 6), similarly to how it was

described above for k, . Additionally, extracted reaction rates of double bond conversion are shown in

Figure S 12.
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Figure 14: Real time-near infrared spectroscopy-photorheology data of GM2, GM2A8 and GM10 solutions. The storage moduli
(G’) and double bond conversions (DBC) measured for chemical cross-linking at 37 °C (classical method) are shown in (A, B).
G’ and DBC measured during the sequential cross-linking procedure (cooling) are shown in (C, D), respectively. Note that the
data in (C, D) were obtained directly after physical cross-linking shown in Figure 13 using the same samples. The time axes in
this figure therefore refer to the chemical cross-linking period only. Sequential cross-linking resulted in higher G’ after chemical
cross-linking and lower DBCs for all three gelatin derivatives. The grey dotted line indicates the start of UV-initiated cross-
linking. The figure was created with Origin 2019b (http://www.originlab.com/2019b).

The baseline for calculation of kpsc was set to zero, for cross-linking at 37 °C, or to the final G’

of the physical gel for sequential cross-linking procedure (20 min at 21 °C and 40 min at 4 °C).
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Furthermore, the chemical gelation delay time (t4c), measured from the start of UV-irradiation, and the
final DBCs in mmol g time are given in in the Supporting Information (Table S 10 for the classical

method, Table S 11 for sequential cross-linking).

The DBC increased rapidly for all derivatives and cross-linking conditions directly after starting
UV irradiation, G’ increased slightly delayed, compare Figure 14-A and Figure 14-B as well as Figure
14-C and Figure 14-D, respectively. At 37 °C, the DBC rates kpsc were indistinguishable for GM2 and
GM2A8 (p > 0.05), while kpsc of GM10 was roughly 9.5 times as high when expressed as amount of
converted double bonds per second. The kpgc was generally lower for sequential cross-linking than for
the classical method, but relative differences between the derivatives were similar in both cross-linking
conditions. The results showed that both, increasing DM as well as elevated temperature, accelerated
the absolute DBC kinetics (Figure S 12 and Figure S 13). These findings were expected and gave the
following order DBC kinetics: GM10 > GM2A8 > GM2, following the order of DM of the derivatives.

However, interestingly there was no clear correlation between kpgc and kg, of G’ (Figure S 13),
especially because of exceptionally low k. of GM2AS8. At both cross-linking conditions, kg decreased
in the order of GM10 > GM2 >> GM2AS8 k, and the resulting G’ were significantly higher for all gelatin
derivatives in the sequential cross-linking protocol when UV irradiation was carried out at 4 °C
(p <0.001). A similar observation was already described by van Hoorick et al., who performed time-
dependent photorheology measurements on a highly modified gelatin derivative with a total DM of
0.99 mmol g and a GM with a lower DM of 0.37 mmol g [303]. They also followed a sequential cross-
linking protocol (5 °C for 10 min prior to chemical cross-linking), but did not quantify the effect of the
cooling step on the DBC kinetics. These results showed that the time-dependent evolution of
mechanical properties of all GM(A) hydrogels was strongly influenced by the thermal history of the

gelatin derivative solution.

The data on G’ and the DBC in our present study now allow the conclusion that DBC causes an
increase of G’, whether a physical gel was initially formed or not. The conversion rate kpsc was reduced
at 4 °C compared to 37 °C, also independently from the physical state of the solution. The observed
strengthening effect of sequential cross-linking (i.e. elevated G’ compared to gels that were photo-
cross-linked at 37 °C) occurred for all gelatin derivatives no matter whether with rather strong (GM2),
or with only weak (GM2A8), or without prior physical gelation (GM10). Particular interesting seems the
fact, that GM10 hydrogels showed elevated G’ if cross-linked after cooling at 4 °C instead of 37 °C
(p <0.001), although no physical gel formation occurred and the DBC at 4 °C was obviously lower than
37 °C(p < 0.001).

Table 6: Parameters describing the chemical cross-linking of gelatin derivative solutions with the classical method at 37°C or
with the sequential cross-linking method: Initial increases kg and kpgc of G’ and DBC, respectively, chemical gelation delay
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time tyc upon UV irradiation, final storage modulus G’, and final DBC. The data given in % are relative to the degree of
methacryloylation (DM) of the respective gelatin derivative.

Chemical Cross-Linking
Classical method (37 °C) Sequential cross-linking (4 °C)
Ko, Kpac Kpsc G’ DBC kg, Kpsc Kpsc G’ DBC
(Pas?) (% s?) (umol gts?) (kPa) (%) (Pas?) (% s?) (umol gts?) (kPa) (%)
GM2 273+14 19+04 54+1.1 36.0£1.9 86.2 + 926 + 28 0.7+0.1 1.9+0.3 180.9+3.3 58.1+
1.2 2.1
GM2A8 15+1 1.7+0.2 59+0.8 23+0.2 75.6 = 173+9 1.0+0.3 3.5+10 35.6+1.9 62.1%
1.2 6.3
GM10 887 +24 5.4+0.1 51.2+1.3 55.6+4.4 93.1+% 1770 + 236 2.2+0.1 20.7+0.8 165.1 80.8 +
0.1 15.0 0.8

Given that G’ increases with an increasing density of elastically active chains, the sequential
cross-linking protocol seems to enhance the number of elastically active chains formed per converted
acrylic group during UV irradiation, and it is conceivable that this is connected to diverse physical

interactions and conformation changes during the cooling protocol described above.
Correlation between stiffness and double bond conversion

The data on the physical interactions and chemical cross-linking of the gelatin derivatives,
described in the previous sections, indicated a complex interplay between physical and chemical cross-
links affecting the stiffness of the hydrogels. To further understand the correlation between the
hydrogel stiffness given by G’ and the DBC, the time-dependent data on G’ and DBC from Figure 14
were combined in Figure 15. The values of final G’ and final DBC relative to the respective DM are
collected in Table 6. These results showed that the cross-linking of GM(A) is much more complex than
usually assumed. The stiffness of GM(A) hydrogels can be adjusted by the DM, as it is often stated [42,

96, 120], but a higher DM does not necessarily lead to stiffer hydrogels.

The DBC correlated in a positive sense with the number of methacryloyl functions (DM) present
in the respective GM(A) derivative (GM2 ~ GM2A8 < GM10). Nevertheless, there was no systematic
correlation between final DBC and final G": as expected, G” of each derivative was much higher if
chemical cross-linking was performed after cooling compared with chemical cross-linking at 37 °C.
However, the final DBC of each derivative was lower for chemical cross-linking compared with

sequential cross-linking. This was unexpected.

As Figure 15 shows, in all cases, a non-linear increase of G’ with increasing DBC was found. The
impact of DBC on G’ was less in GM2A8 and GM10 hydrogel precursor solutions than in GM2 hydrogel
precursor solutions. Furthermore, differences in the effect of DBC on G’ were observed between the

two investigated cross-linking procedures and are described in the following.
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Figure 15: Increase of storage modulus G’ with the double bond conversion (DBC) for the three gelatin derivatives GM2,
GM2AS8, and GM10 using the classical or the sequential cross-linking procedure, respectively. Note that the light blue triangles
representing the data obtained for GM2A8 with the classical cross-linking procedure are visible close to the abscissa at DBCs
below 0.3 mmol g1.The figure was created with Origin 2019b (http://www.originlab.com/2019b).

For chemical cross-linking at 37 °C, DBC data for GM2A8 and GM10 were very similar up to the
final DBC of GM2A8 (0.272 mmol g*) and only rather low G’ values were found. At higher DBC of GM10,
G’ starts to increase stronger at DBC of roughly > 0.6 mmol g, reaching its final value at 55.6 kPa with
a DBC of 93.1 %. For GM2, an increase of G’ at much smaller DBCs (~0.1 mmol g*!) was found. In all
three GM(A) hydrogels, the majority of double bonds were converted during UV irradiation. However,
it was interesting that GM2 performed different from GM10 and especially from GM2AS8 also at 37 °C

although gel formation or triple helix formation was not detected for any of the derivatives.

Concerning the DBC in GM hydrogels, only very limited data existed so far [124, 154, 197, 354].
Unfortunately, none of these studies gave any details about temperature control during curing, which
would be crucial in the light of the findings reported here. All investigations used hydrogel precursor
solutions out of GMs with a DM between 0.23 and 0.33 mmol g%, which is similar to the DM of GM2
investigated in this study, containing the photoinitiator Irgacure 2959. However, in these studies
different DBCs varying from 0.09 mmol g up to 0.29 mmol g* (40-95 %) were reported. Summarizing,
a wide range of final DBCs was found in different studies and the reason is unclear so far. It is obvious
that due to the multitude of experimental parameters (GM concentration, DM of GM, photoinitiator,
photoinitiator concentration, solvent, UV irradiation time, UV lamp emission spectrum, sample
thickness, thermal history, etc.) the comparison of datasets from different studies is difficult, especially
if not all relevant experimental parameters were described in detail. Therefore, future studies should
investigate the impact of experimental parameter on the DBC. Thereby, GM hydrogels without
remaining reactive C=C-double bonds could be established, which are of special interest for application

as biomaterials.

For chemical cross-linking at 4 °C (sequential protocol), effects of the DBC on G were observed

immediately after starting the chemical cross-linking at 0 mmol g'* DBC for GM2, at 0.1 mmol g DBC
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for GM2A8, and at 0.3 mmol g ! DBC for GM10. This means that the contribution of the formed
chemical cross-links to G was much more effective for all derivatives if the solutions were cooled.
However, it was unexpected that GM10 hydrogel precursor solutions performed as GM2 and GM2A8
solutions, since there was gel-formation and triple helix formation detected upon cooling for GM2 and
GM2AS8, but not for GM10. Thus, for GM10, right-handed single helices as postulated from the CD
spectra could be the reason for the elevated effect of DBC on G” as well as the random polypeptide

chain conformation, which was increased in all GM(A) solutions due to cooling.

Concerning the DBC at which G’ starts to increase, the physical interactions and conformation
changes caused by the cooling protocol apparently shift the G’-DBC curve to the left, see Figure 15. This
confirmed our hypothesis that G’ of hydrogels is not solely dependent on the degree of chemical cross-
linking [95, 96], and chemical cross-links might support physical cross-links stiffening sequentially cross-
linked hydrogels [95, 303, 365, 366]. However, the general shape of all G’-DBC curves were quite similar
(Figure 15). This suggests that it is irrelevant if a cross-link was based on physical or chemical
interactions and that, only the cross-link density itself determines the modulus, in accordance with the
theory of rubber elasticity. The data suggest that an acrylic group converted in a network with already
a rather high concentration of cross-links leads to larger increase of elastically active chains than in a
network with a lower concentration of cross-links. Therefore, G’ of sequentially cross-linked GM2
increased as soon as UV irradiation was started because it contained the highest density of physical
cross-links (Table 4, Figure 11), whereas G’ of all other gelatin derivatives went through an induction

period determined by the starting concentration of physical cross-links and interactions.

The lower final DBC and kpsc in sequentially cross-linked GM(A) hydrogels refuted the hypothesis
that sequential cross-linking increases the efficiency of chemical cross-linking, established in earlier
studies [95, 303, 353, 365, 366]. A possible explanation could be that methacryloyl groups lose mobility
and get inaccessible by gelation and network organization due to the cooling procedure, as mentioned
by Park et al. [353]. The increase of G’ at lower DBCs after cooling indicate that such obstacles as the
physical gelation hinder chemical cross-linking already in an earlier phase of the chemical cross-linking
reaction, ultimately limiting the achievable DBCs. The fact that the DBC of GM2 was most affected by
the restrictions caused by physical gelation is consistent with this explanation, as also indicated by the

higher DBC of GM2A8 compared to GM2.

Interestingly, our observation of smaller DBCs after sequential cross-linking seems to contradict
findings by Rizwan et al. [302]. They reported a decrease in unreacted double bonds in 30 % GM
hydrogels prepared from a GM with a DM of 0.31 mmol g due to their sequential hydrogel preparation
procedure (4 °C for 1 h) compared to cross-linking at 37 °C, measured by qualitative Fourier transform
infrared spectroscopy (FTIR). Therefore, it cannot be ruled out that differences in experimental

conditions have strong impact on the development of material properties. This is known from
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unmodified gelatin as well and strict compliance to standard protocols is required if standard

parameters like viscosity, gel strength etc. are determined for commercial products.

Concerning the final G’, the observed effects in this study are in agreement with previous
reports [45, 95, 298, 302, 303], and we confirmed the stiffening effect of sequential cross-linking even
for GM hydrogel precursor solutions, which do not form physical networks [95, 303]. The seemingly
reasonable assumption that physical interactions do not play any role when cross-linking above the
physical gel melting temperature of gelatin, e.g. at 37 ° was disproved, especially by the remarkable
difference in stiffness of GM2 and GM2A8 hydrogels at comparable DBCs when using the classical cross-
linking procedure: also at 37 °C, differences in physical interactions significantly alter hydrogel

properties.

Summarizing, with the sequential cross-linking method, three main differences were observed
compared to the classical method for a given gelatin derivative: (1) The final DBC was generally lower,
(2) the final G’ was generally higher, and (3) G’ increased at lower DBC values. Since we measured in
this study lower DBCs during sequential cross-linking than during chemical cross-linking, we concluded
that the physical interactions and conformation changes induced by the cooling protocol (see Figure
11 and Figure 12) were effective for stiffening all sequentially cross-linked hydrogels. However, the
individual contributions for each GM derivative seem to depend on the DM and total degree of
modification. The data in this study were obtained without including GMs with lower DMs, and there
might be an optimum DM with an optimum sequential cross-linking procedure leading to the maximum
hydrogel stiffness. Lower DMs, however, cause too shallow absorption bands in the NIR spectra and
would be difficult to analyse. Further insight will be necessary to find out if additional effects have to

be considered to be responsible for the observed correlations between DBC and G".

In any case, it cannot be emphasized enough that the experimental conditions must be controlled as
precise as possible and the conditions applied need to be described in detail to reproduce experiments.
We have to remark that the final G’ values in this study were measured for hydrogels in their relaxed
state and not in their swollen state. Therefore, a direct comparison with hydrogels swollen to

equilibrium is not possible [303].

5.2.5 Conclusion

The stiffness of gelatin methacryloyl (GM) hydrogels was increased dramatically by sequential
cross-linking including an initial cooling step. We refuted the previously established hypothesis that a
more effective double bond conversion (DBC) leads to this stiffening: cooling before chemical cross-
linking in fact caused lower DBCs in all GM hydrogels. Triple helix formation was detected for GM2 and

GM2AS, and single helices with cis-peptide bonds (right-handed single helices) were detected in GM10
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and GM2AS8 solutions upon cooling. Therefore, we propose that these physical interactions, which lead
to ordered conformational structures, caused the steep increase of the stiffness with low DBCs, possibly
resulting in higher total numbers of physical and chemical crosslinks. Consequently, the combination
of conformational structures based on physical interactions, and chemical cross-links is necessary to
obtain gelatin derivative hydrogels with high structural strength. These findings are important e.g. in
applications of GM hydrogels in cartilage tissue engineering where strong hydrogels are desired while

keeping the degree of modification at a low level.
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5.2.10 Supplementary Information
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Figure S 7: 'H-NMR spectra of gelatin used for methacryloylation (GM) (and acetylation (GMA)) and its derivatives. Unmodified
lysine groups, only present in the spectrum of the unmodified gelatin, were highlighted in dark grey, acrylic protons of
methacryloyl groups in light grey. The figure was created with Origin 2019b (http://www.originlab.com/2019b).
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Figure S 8: Utilized temperature profile for physical gelation prior to chemical cross-linking. The 37 °C warm GM-solutions
were cooled for 20 min to 21 °C followed by cooling to 4 °C 40 min (green dotted lines). Afterwards, infrared spectroscopy (IR)
acquisition was started (orange dotted line) and the UV light was turned on 5 s later (blue dotted line). The figure was created
with Origin 2019b (http://www.originlab.com/2019b).

104



A " B
/\ Gelatin GM2
o (1] /—‘—-“_\—-__
5000 4 -5000 -
g -10000 g -10000 -
= =
~ "‘E
E 15000 E -15000
¥ &
T 20000 - B, -20000 -
=1 =]
-25000 -25000 -
-30000 Cooling -30000 - — Cooling
~ —37°C ~ —37°C
-35000 T T T T T -35000 T T T T T
200 210 220 230 240 250 260 200 210 220 230 240 250 260
2. [nm] 2. [nm]
c ™ D *
GM2AS GM10
0 ]
-5000 - -5000
] s
£ -10000 4 E -10000
- -
~ ~
E -15000 5 -15000 4
b=} |-+
v @
D, 20000 T, -20000 -
- -
-25000 -25000 =
-30000 Cooling -30000 ~ —— Cooling
—37°C —37°C
-35000 T T T T T -35000 T T T T T
200 210 230 230 210 250 260 200 210 220 230 290 250 260
2 [nm] 2 [nm]

Figure S 10: Circular dichroism (CD) spectra of gelatin (A), GM2 (B), GM2AS8 (C) and GM10 (D). CD spectra were recorded at
37 °C or after cooling procedure (37 °C to 21 °C for 20 min followed by cooling to 4 °C for 40 min). The figure was created with
Origin 2019b (http://www.originlab.com/2019b).
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Figure S 11: Circular dichroism (CD) spectra of gelatin (derivatives) after cooling procedure (A) and a zoom-in of these CD
spectra between 225-255 nm (B). The figure was created with Origin 2019b (http://www.originlab.com/2019b).
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Table S 10: Chemical gelation delay time (t4.) and final double bond conversion (DBC) in mmol g of GM2, GM2A8 and GM10
cross-linked with the classical method at 37 °C.

tac[s] DBC [mmol g]
GM2 25.042.7 0.250+0.003
GM2A8 72.9%1.5 0.272+0.004
GM10 18.3+0.6 0.885+0.001

Table S 11: Chemical gelation delay time (t4.) and final double bond conversion (DBC) in mmol g™* of GM2, GM2A8 and GM10
cross-linked with sequential cross-linking protocol (starting at 37 °C, cooling to 21 °C for 20 min followed by cooling to 4 °C for

40 min).
tyc[s] DBC [mmol g']
GM2 12.2+0.3 0.168+0.006
GM2AS8 34.311.5 0.224+0.023
GM10 31.2+1.7 0.768%0.008
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Figure S 12: Reaction rate of double bond conversion for GM10, GM2, and GM2AS8. The figure was created with Origin 2019b
(http://www.originlab.com/2019b).
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Figure S 13: Correlations between kpsc and DM (left) as well as k; and kpsc (right). The figure was created with Origin 2019b
(http://www.originlab.com/2019b).
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6. Gelatine-Methacryloyl-Hydrogele mit einem
Glykosaminoglykan-Gradienten als Biomaterial fiir das

zonale Gelenkknorpel-Tissue Engineering

In diesem Kapitel werden die Ergebnisse und die Diskussion zu Hypothese 3 dargestellt. Die
Untersuchungen wurden in dem Manuskript ,,Biomimetic Hydrogel Compositions for Reconstruction of
Zonal Articular Cartilage Structure” dargestellt und fir die Veroffentlichung vorbereitet. In Kapitel 7.3

wird die Hypothese 3 zusammenfassend diskutiert.

Hinweis: Das Layout des Manuskripts wurde an das Layout der Abhandlung angepasst. Diese

Uberarbeitungen haben den Inhalt der Verdffentlichung nicht verdndert.

6.0 Erklarung meiner selbststandigen Leistung

Ich habe die Studie zum gréRten Teil eigenstdndig konzipiert und ihre wissenschaftliche Methodik
ausgearbeitet. AuRerdem habe ich den GroRteil der praktischen Arbeiten durchgefiihrt oder angeleitet,

dies beinhaltete konkret:

- Die Synthese der meisten verwendeten methacryloylierten Biopolymer-Derivate (GM2 (5 von
6), HAM (3 von 5), CSM (3 von 4). Die Synthesen der anderen 4 Biopolymer-Derivate erfolgten
unter meiner Anleitung.

- Die quantitative Bestimmung des Methacryloylierungsgrades aller GM, HAM und CSM-
Synthesen.

- Die Untersuchung der Zytotoxizitat des Kiihlens wahrend der sequenziellen Vernetzung.

- Die Herstellung aller Hydrogele fiir die Charakterisierung mithilfe von Relaxationsversuchen
unter Kompression sowie die Durchfiihrung dieser Versuche wurden unter meiner Anleitung
und meinen Vorgaben von Dominik Walz im Rahmen seiner von mir betreuten Masterarbeit
durchgefiihrt. Die Messungen zonaler Hydrogele wurden von Sophia Regett an von ihr
hergestellten Hydrogelen unter meiner Anleitung und im Rahmen ihrer von mir betreuten
Masterarbeit durchgefiihrt.

- DieHerstellung aller Hydrogele fir die Untersuchung der enzymatischen Degradation sowie die
Durchfiihrung dieser Versuche wurden unter meiner Anleitung und meinen Vorgaben von

Sophia Regett im Rahmen ihrer von mir betreuten Masterarbeit durchgefihrt.
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- Die Verkapselung von Chondrozyten in Hydrogelen sowie die histologische Charakterisierung
der zellhaltigen Hydrogele wurde von Sophia Regett unter meiner Anleitung und nach meinen

Vorgaben im Rahmen ihrer von mir betreuten Masterarbeit durchgefihrt.

Alle erhobenen Daten wurden von mir ausgewertet. Der weitaus groite Teil des peer-reviewed
Fachartikels wurde von mir geschrieben, konkret habe ich den Original-Entwurf des Manuskripts
konzipiert und geschrieben und federfilhrend die Anderungsvorschlige meiner Co-Autoren

harmonisiert und eingearbeitet.
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6.1.1 Abstract

Articular cartilage has a zonal structure regarding for instance its extracellular matrix (ECM),
mechanical properties, chondrocyte distribution and density. However, biomaterials containing just
one of these anisotropic properties are barely investigated. Thus, we aimed to prepare a cartilage-
mimetic glycosaminoglycan-graded hydrogel in this study. We used methacryloylated derivatives of
polymers occurring in the extracellular matrix of articular cartilage: Gelatin (as collagen hydrolysate,
GM), hyaluronic acid (HAM) and chondroitin sulfate (CSM). We prepared sequentially cross-linked
hydrogels out of GM, GM+HAM, GM+CSM and GM+HAM+CSM with a constant total biopolymer
content of 10 % (w/w). Furthermore, we used a three-parted hydrogel mold to prepare hydrogels with
three zones out of pure GM, GM+CSM and GM+HAM+CSM. We investigated mechanical properties of
the different hydrogel compositions and showed that the E-Moduli of pure GM hydrogels was highest,
followed by GM+CSM+HAM and GM+CSM. Zonal hydrogels compression characteristics were
predominated by its composition with lowest E-moduli GM+CSM (Ejni ~230 kPa, E.; ~170 kPa. We
showed that the sequential cross-linking procedure with a cooling period up to 2 h was cytocompatible
with chondrocytes. Furthermore, porcine chondrocytes encapsulated in pure GM and zonal hydrogels
synthesized glycosaminoglycan- and collagen type Il containing ECM after 28 d cultivation, thus
redifferentiation was assumed. However, differences in ECM secretion neither between pure GM and

zonal hydrogels nor between different zones of zonal hydrogel were observed.

6.1.2 Introduction

Articular cartilage has unique biomechanical properties, which are given by the composition and
structure of its anisotropic extracellular matrix (ECM) [14, 367]. The ultra-structure of non-calcified
articular cartilage includes the superficial, transitional and deep zone (listed from joint gap to bone). [2]
These zones differ for example in mechanical properties, water content, ECM composition and

structure as well as phenotype, density and organization of chondrocytes.

The main component of articular cartilage ECM is collagen type Il (90-95 %) which lends its tensile
strength. [2] Collagen type Il is evenly distributed in all zones, however its alignment differs, which is
described by the arcarde-like structure [5]. The compressive strength of articular cartilage is generated
by proteoglycans. [2] Disaccharide glycosaminoglycans (GAGs) are subunits of proteoglycans, whereby
chondroitin sulfate and keratin sulfate are the most common ones. Sulfate and carboxylate groups of
proteoglycans charge them negatively, increasing the osmolarity of articular cartilage and thereby
giving the compressive strength. The concentration of proteoglycans increases with depth of articular

cartilage.
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Trauma or degenerative diseases destroy the zonal structure of articular cartilage. Surgical
interventions are often needed to treat those defects, since articular cartilage has a limited self-repair
capability. Autologous chondrocyte implantation (ACl) was developed in 1984 [368] and is utilized to
treat cartilage defects [2]. However, follow-ups of ACI treated patients showed in most of the cases
hyaline-like cartilage [28]. This is caused by the dedifferentiation process, which takes place
when chondrocytes are isolated and cultured for expansion[26, 369]. During this
dedifferentiation process chondrocytes change their morphology and ECM synthesis:
Differentiated chondrocytes have a spherical shape, which changes to an elongated fibroblast-
like morphology during two-dimensional (2D) expansion. Furthermore, chondrocytes secrete
collagen type | instead of collagen type Il [27]. Since the expansion of chondrocytes is needed
to obtain sufficient amount of chondrocytes but differentiated chondrocytes are needed to
build up articular cartilage-specific ECM, possibilities to redifferentiate dedifferentiated

chondrocytes are investigated.

Three-dimensional (3D) cultivation of dedifferentiated chondrocytes is a relatively simple method
for to induce their redifferentiation [27, 29, 30]. Hydrogels are promising candidates for this 3D
cultivation of chondrocytes [370], since their high water and low polymer content resemble certain
properties of articular cartilage [371]. Therefore, hydrogels out of natural polymers (derivatives) [45,
52, 177] and synthetic polymers [372-374] were investigated for cartilage tissue engineering (TE).
However, the objective of cartilage TE changed over time: Whereas one first worked towards a
homogenous TE construct mimicking the overall bulk properties of articular cartilage, zonal structured
constructs are investigated currently [44]. It is hypothesized that mimicking the zonal structure of
articular cartilage results in superior properties of biomaterial used for cartilage TE [48]. Since there are
various zonal differences and gradients in native articular cartilage, there are many approaches to
realize different structures and functions. Extensive reviews on zonal cartilage TE and zonal

biomaterials can be found in [44, 57, 371, 375].

Zonal structured scaffolds out of two [376-378], three [56] or more [59, 379, 380] layers were
investigated for cartilage TE. The manufacturing effort of these scaffold ranged from multi-layered
photopolymerization [56] over additive methods (e.g. inkjet-printing [381]) to sophisticated methods
combining two procedures (e.g. leaching and electrospinning [378]). Other studies investigated
gradients in pore size [382], chondrocyte density [383], chondrocyte phenotype [57] and oxygen
concentration [384]. Zonal differences in ECM synthesis, for example a higher GAG content in the lower
part [376] and superficial zone protein in the upper part [57, 376, 378], were shown in some of the cell-
containing zonal constructs. Furthermore, in some cases superior mechanical properties were found

for zonal structured constructs [376, 385]. However, most of this zonal constructs consist out of
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synthetic polymers [56, 59, 377, 378], blends [380, 386] or natural polymers not occurring in articular

cartilage.

Levett et al. investigated hydrogels out of methacryloylated gelatin (GM), methacryloylated
hyaluronic acid (HAM) and methacryloylated chondroitin sulfate (CSM). [52] They found that the
incorporation of HAM had superior impact on mechanical properties and articular cartilage-specific
ECM synthesis of chondrocytes. Incorporation of CSM had the same but less pronounced effect.
Furthermore, no difference between chondrocytes isolated out of the superficial and the deep/middle

zone was observed. However, they did not prepare zonal hydrogels.

In our study, we aimed to build up a zonal hydrogels containing three zones and a GAG gradient, in
congruence with the non-calcified articular cartilage. Therefore, we prepared hydrogel compositions
out of GM as substitute for collagen type Il, HAM and CSM representing GAGs, as Levett et al. [52]. The
total biopolymer content of hydrogels was kept constant, thus GM was replaced by CSM and HAM. We
used sequential cross-linking procedure [95] to obtain further strengthened hydrogels and investigated
the cytotoxicity of this cross-linking. We investigated the impact of zonal structure on compression
characteristics, enzymatic degradability and rediffferentiation potential of dedifferentiated

chondrocytes of biopolymer-based hydrogels.

6.1.3 Materials and Methods

Materials

Dulbecco’s phosphate buffered saline with MgCl, and CaCl, (PBS), methacrylic anhydride
(MAAnNh),hyaluronidase (from bovine testes) as well as sodium hydroxide (NaOH) was bought from
Sigma Aldrich (Darmstadt, Germany). We purchased sodium 3-trimethylsilyl-propionate-2,2,3,3-d4
(TMSP) from Merck (Darmstadt, Germany). Other reagents were purchased from the following sources
(given in parentheses): Deuterium oxide (D,0) (Deutero; Kastellaun, Germany), Gelatin (type B, Limed,
bovine bone, 232 Bloom, standard viscosity = 4.5 mPas; Gelita; Eberbach, Germany), dialysis
membranes (MWCO 12 kDa-14 kDa) (Medicell International Ltd.; London, United Kingdom),
collagenase type Il for enzymatic degradation (Worthington Biochemical; Lakewood, United States of
America), collagenase type Il for chondrocyte isolation (NB4, Serva; Heidelberg, Germany), Roti-Histofix
(Carl Roth; Karlsruhe, Germany), hyaluronic acid (5.1x10* Da; Lifecore Biomedicals, Chaska, United
States of America), chondroitin sulfate (Bioiberica, Rheda-Wiedenbriick, Germany), Alcian Blue — Nuclar
Fast Red Staining Kit (Morphisto, Frankfurt a. M., Germany), Isomount (2000 Q Path®, VWR, Wien;
Austria), ProLong™ Gold Antifade Mountant and Quant-iT™ PicoGreen™ dsDNA Assay Kit
(ThermoFisher Scientific, Waltham; USA). Antibody diluent and target retrieval solution were
purchased from Agilent Technologies (Santa Clara, USA). The photoinitiator lithium phenyl-2,4,6-
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trimethylbenzoylphosphinate (LAP) was synthesized according to Fairbanks et al. [313]. *H-NMR
spectroscopy (500 MHz, D,0, d) proofed adequate shifts and integrals, i.e., 7.74 (m, 2H), 7.56 (m, 1H),
7.46 (m, 2H), 6.87 (2H, s), 2.22 (s, 3H), 2.04 (s, 6H).

Biopolymer Methacryloyl Synthesis Procedures

GM was synthesized with a two-fold molecular excess of methacrylic anhydride (MAAnh) with
regard to reported amino group content of gelatin (0.35 mmol g?) [42], as described previously
(GM2) [94, 96]. In this study, six different GM2 synthesis (typical yield ~72 %) with a degree of
methacryloylation (DM), calculated as described by ClaaBen et al. [94], of 0.294+0.007 g mol™* were

used. In the following, we do not use the suffix “2”, since we used just this GM derivative in this study.

We synthesized HAM with an equivalent molar amount of MAAnh with regard to a hydroxyl
group content of 5.19 mmol g as described in the following. 0.521 g hyaluronic acid was dissolved in
100 mL ultrapure water under stirring at 21 °C. Afterwards, 0.816 g (0.529 mmol) of MAANnh was added
dropwise, while the pH 7.3 was kept constant with an automatic titration device utilizing 4 M NaOH.
The solution was stirred for 5 h at 21 °C. Then, the solution was filtrated and stirred for 16 h at 21 °C
with pH adjustment (7.3). The pH was set to 8.5 with 4 M NaOH and the solution was transferred in
dialysis membranes. Dialysis was done against ultrapure water for four days, whereby the water was
changed twice per day. Subsequently, the pH of the dialysed solution was set to 8.5 and the solution
was freeze dried for 2 d. This yielded in a foam-like white solid (typical yield ~82 %), which was stored
at 21 °C. We used five different HAM synthesis in this study with a DM of 0.308+0,139 mmol g7,

determined as mentioned before.

CSM was synthesized with a two-fold molar excess of MAAnh relative to hydroxyl group content
(14.07 mmol g1). The synthesis procedure was the same as for HAM, whereby 2.258 g chondroitin
sulfate were dissolved in 100 mL ultrapure water and 4.32 g (28.02 mmol) MAAnh was used. After
freeze-drying, CSM was a white foam-like solid with a typical yield of ~75 % and was stored at 21 °C. In
this study, four synthesis were used with a mean DM of 0.147+0.091 mmol g* calculated as described
before. Typical 'H-NMR spectra of methacryloylated biopolymers are shown in Figure S 14 in the

supporting information.
Porcine Chondrocyte Isolation

We isolated porcine chondrocytes from knee cartilage of pigs (5-8 months, German Landrace) as
described before [177]. In short, knee cartilage was cut into ~1 mm? pieces under sterile conditions.
Afterwards, cartilage pieces were digested overnight by collagenase type Il (3 U mL?) and washed with
PBS. Cells were cultivated in DMEM/Ham'’s F12 containing 10 % (v/v) fetal calf serum (FCS), 1 % (v/v)

penicillin/streptomycin, and 50 pg mL™! ascorbat-2-phosphate under standard cultivation conditions
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(37 °C, humidified atmosphere, 5% CO,). Cells were used in passage one and harvested by

trypsinization.
Hydrogel Preparation Procedure

Hydrogel precursor solutions consisted out of methacryloylated biopolymers, photoinitiator
LAP and PBS. Firstly, methacryloylated biopolymers were dissolved in PBS for 2 h shaking at 37 °C.
Secondly, a 1 % (w/w) LAP solution was prepared by dissolving the solid material in PBS at 37 °C for
30 min. Finally, LAP solution was added to methacryloylated biopolymer solution yielding in a
10 % (w/w) biopolymer concentration (for detailed compositions see Table 7) and 0.02 % (w/w) LAP

concentration.

We used sequential hydrogel preparation procedure for all hydrogels. Therefore, all precursor
solutions were cooled before chemical cross-linking. For preparation of hydrogels with one composition
(without zonal structure), hydrogel precursor solution was filled in a cylindrical cast (5 mm depth and
25 mm diameter), covered with quartz glass plane and incubated for 2 h at 4 °C. Afterwards, chemical
cross-linking was done for 2.5min (12.1 mW cm™ at 365 nm). Cylindrical specimens with 8 mm

diameter were cut out with a circle cutter and swollen shaking in PBS for at least 18 h.

Table 7: Composition of the four hydrogels with constant biopolymer content investigated in this study. (GM=gelatin
methacryloyl, CSM=chondroitin sulphate methacryloyl, HAM=hyaluronic acid methacryloyl)

Methacryloylated Biopolymer Content [% (w/w)]
Hydrogel GM CSM HAM
GM 10 - -
GM+CSM 7.5 2.5 -
GM+HAM 7.5 - 2.5
GM+CSM+HAM 7.5 1.25 1.25

We manufactured a special three-part hydrogel mould for preparation of zonal hydrogels (see
Figure 16). Zonal hydrogels consisted out of three different hydrogel precursor solutions (GM, GM+CSM
and GM+HAM). The first hydrogel precursor solution (GM) was filled in the first aluminium mould
(1 mm depth and 30 mm diameter), covered with a quartz glass plate and physically gelled at 4 °C for
10 min. Afterwards, the quartz glass plate was removed and a second aluminium plate (2 mm thick)
with 30 mm diameter holes was placed on the first mould and fixed with a screw. The second hydrogel
precursor solution (GM+CSM) was filled in the hole on top of the first already gelled hydrogel precursor
solution. The two-part mould was incubated again at 4 °C for 10 min. For the third hydrogel precursor
solution (GM+CSM+HAM) the procedure was repeated with another 2 mm thick aluminium plate, but
the mould was incubated for 2 h at 4 °C. Afterwards, chemical cross-linking and swelling was done as

described before for hydrogels with one composition.
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Figure 16: Three parts of hydrogel mold for preparation of zonal structured hydrogels.

For preparation of cell-containing hydrogels, hydrogel precursor solutions were prepared
under sterile conditions. Furthermore, biopolymer derivatives were heat-sterilized by incubation for
8 h at 80 °C twice and instead of PBS cell culture media was used (DMEM/Ham’s F12 containing 10 %
(v/v) FCS, 1% (v/v) penicillin/streptomycin, and 50 pg mL™ ascorbat-2-phosphate). Unlike insterile
preparation, a 12.5 % (w/w) biopolymer derivative solution was mixed and diluted shortly before
hydrogel casting by cell culture media containing chondrocytes (2.5x10° cells mL?), yielding in a 10 %
(w/w) biopolymer methacryloyl solution containing 0.5x10° chondrocytes mL™. The rest of hydrogel
preparation procedure remained unchanged. For cutting hydrogel samples (height 5 mm, diameter
8 mm), the disinfected circle cutter was used. Samples were cultured in a well plate in media
(DMEM/Ham’s F12 containing 10 % (v/v) FCS, 1% (v/v) penicillin/streptomycin, and 50 pg mL™

ascorbat-2-phosphate), whereby media was changed twice a week.

We used at least three independently prepared hydrogels per hydrogel composition with different
synthesis of biopolymer methacrylolys to display the deviation due to slightly different DM for hydrogel

characterization. For cell encapsulation one synthesis, each biopolymer methacryloyl was used.
Mechanical Testing

Rheological testing was done with 1 mm high hydrogels (8 mm diameter) and the Physica
Modular Compact MCR301 (Anton Paar, Germany). Hydrogels were prepared as described before and
were washed in PBS for 24 h. Since zonal hydrogels could only be realized with 5 mm height, it was not
possible characterize their rheological behaviour. The measuring procedure was described before[96,
97]. A parallel-plate model (8 mm, 37 °C, 0.32 N load) was used and an oscillatory strain amplitude
sweep (0.01 %<y < 100 %, 1 s!) was done to determine storage and loss moduli (G’, G”) within the
linear viscoelastic range. Furthermore, loss factor (tan(68), damping factor) was calculated according to

Equation 6.

tans = < (6)
G/
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Hydrogel samples were prepared with a circle cutter, resulting in nearly ideal cylinders (height
5 mm, diameter 8 mm), photos of hydrogel samples are shown in Figure S 15. Height and diameter of
the cut sample was measured with a micrometer and deposited in the software (testXpert Il) of the
material testing machine (Allround-Line Z005 equipped with a 50 N load cell (Zwick, Ulm, Germany)).
The measuring set-up for compression testing of hydrogels under physiological conditions (swollen in

PBS, 37 °C) was extensively explained before [95].

In this study, we did unconfined compression testing. The measuring head was moved to a pre-load
of 0.2 N with 0.5 mm s™. The hydrogels were pre-conditioned by 8 cycles of 25 % strain (). Afterwards,
the samples were gradually strain-controlled compressed in 5 % steps up to a maximal € of 25 %. A
relaxation duration of 30 min was made between each compression step. We showed in preliminary
studies that force change after 30 min relaxation was max. 0.02 N min?, considered sufficient for
determination of relaxation modulus in equilibrium. The initial stress (oin) to achieve the respective
compression of hydrogels and the pressure after 30 min relaxation (geq) were used to calculate the
relaxation moduli (Ein and Eeq) of the different hydrogel compositions as slope of the linear fitting

calculated with Origin 2019b.
Enzymatic Degradation

The enzymatic degradation of methacryloylated biopolymer hydrogels by collagenase
(2.5 U mLtin PBS), hyaluronidase (2.5 U mLin PBS) and a mixture of both (each 1.25 U mLin PBS)was
investigated for 28 d. Hydrogels with one composition and zonal hydrogels were prepared as described
above. After chemical cross-linking and cutting out cylindrical specimens, these specimens were
quartered with a scalpel and each quarter was weighed before swelling (Mcross-iinked). After swelling, one
specimen per composition was weighed (Msworen). The other specimens were transferred in enzymatic
solutions or PBS as control and were incubated at 37 °C shaking. The remaining hydrogels were weighed
after 1d, 2d,3d, 7d, 14d, 21d, 28d, 35d and 42 d (Mswoien). Furthermore, samples were dried at

60 °C for 18 h and weighed again (muy).

' 0l — My q 7
gel yleld [A)] 0.1% Mcross—linked * 100 7)
polymer content [%] = % * 100 (8)
swelling capacity [%] = ms#":;‘m * 100 (9)

We calculated the gel yield using equation 7, whereby the initial dry weight of hydrogels was
presumed to be 10 % of the respective wet weight, due to biopolymer content of 10 % (w/w). The gel
yield is the percentage of remaining mass of original mass. The polymer content was calculated with

equation 8 and corresponds to the percentage of dry weight in total weight. Furthermore, the swelling
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capacity was calculated as reciprocal of polymer content with equation 9. Relative gel yield, polymer

content and swelling capacity were calculated with respect to value of day 0.
Cytotoxicity of Sequential Hydrogel Preparation Procedure

Chondrocyte containing GM hydrogels (1 mm high) for cytotoxicity investigations were prepared
as described above. However, cooling at 4 °C before chemical cross-linking was varied between 0, 0.5,
1, 1.5 and 2 h. Viable cells were stained by fluorescence diacetate directly after hydrogel preparation
and 24 h later. Fluorescence z-stacks were generated with a confocal laser scanning microscope (LSM
710, Carl Zeiss). Viable cells in full focus pictures were counted and compared relative to amount of
viable cells in hydrogels prepared without cooling to 4 °C before chemical cross-linking. Chondrocytes

of three donors and three GM synthesis were investigated per data point.
Histological Preparation and Staining

Hydrogels were halved and fixed for 1 h in Bouin's fluid. After washing for 1 h in destilled water,
samples were embedded in in paraffin, and sections of 3-9 um were prepared using a rotary
microtome. Sections were rehydrated by incubation at 60 °C for 30 min, followed by incubation at

descending alcohol concentrations.

Alcian Blue-Nuclear Fast Red staining was done following the instructions of the staining kit. In
short, after washing in distilled water after dewaxing, sections were pre-treated in 3 % acetic acid and
for 3 min and stained for 30 min in Alcian Blue solution (1 %, pH 2.5). Samples were differentiated in
acetic acid (3 %, 3 min), washed in distilled water for 2 min, stained in Nuclear Fast Red solution (0.1 %),

washed again (distilled water, 1 min), dehydrated and mounted with Isomount.

For antibody stainings, silanized slides were used. Epitopes of samples were unmasked for
30 min in Target Retrieval Solution (pH 6), heated in a steam cooker for 30 min, cooled for 10 min in an
ice-bath and washed for 2 min in washing buffer. Cell membranes were permeabilized by incubation in
0.1 % Triton-X-solution for 10 min followed by washing for 2 min. Afterwards, unspecific binding sites
were blocked using 3 % BSA in PBS solution (30 min) and slides washed three times. Primary antibodies
were diluted with Antibody Diluent (1:250) and incubated on slides for 1 h at room temperatures. After
washing, diluted secondary antibodies (1:1000 (collagen type |) and 1:250 (collagen type Il)) were added
on the slide and incubated for 30 min in the dark at room temperature. Slides were washed again,
stained with DAPI (1:1000 in PBS without calcium and magnesium) for 15 min, washed again and

mounted with ProLong™ Gold.

Bright field pictures were taken with a fluorescence microscope (BZ-9000, Keyence) and

fluorescence pictures with a confocal laser scanning microscope (LSM 710, Carl Zeiss).

Double stranded DNA Content in Cell-containing Hydrogels
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Content of dsDNA in cell containing hydrogels directly after encapsulation and after 28 d of static
cultivation was investigated following the instructions of the Quant-iT™ PicoGreen™ dsDNA Assay Kit.
Hydrogels were weighed, halved and weighed again before the assay was performed. The half of
hydrogel was digested in 0.3 mL Proteinase-K-solution at 65 °C under shaking. Standard solutions were
prepared as described in the instructions. The microtiter plate was loaded with 50 pL of sample or
standard solution followed by 100 pL TE-buffer and 150 uL PicoGreen-solution. After 5 min incubation,
the fluorescence emission at 480 nm was measured. With the assistance of standard curve, the dsDNA-

concentration per mg hydrogel was calculated.
Statistical Analysis

Each measurement, except cell encapsulation, was carried out in at least triplicates, whereby for
each measurement replication different synthesis of methacryloylated biopolymers was used. In the
following the mean and the standard deviation of each investigation is shown. For statistical analysis a

two-sided Student t-test was used. Statistical significance was considered for p-values<0.05.

6.1.4 Results

Zonal Hydrogels

Zonal hydrogels were prepared by piling up three different hydrogel precursor solutions (GM,
GM+CSM, GM+HAM+CSM). Thereby, a negative charge gradient within the zonal hydrogel was built
up, associated with the methacryloylated GAGs CSM and HAM, whereby hyaluronic acid carries more
negative charges than chondroitin sulfate. This gradient of methacryloylated GAGs was investigated

utilizing Alcian Blue Staining (see Figure S 16).

Alcian Blue staining showed a clear border between the three zones and different staining colours of
each zone. The upper zone, containing of GM2 was stained pink, the middle zone light blue and the

bottom zone dark blue.
Mechanical Testing

We determined G’, G” and tan(§) within the linear viscoelastic range of 1 mm high hydrogels
utilizing rheology and their relaxation behavior under compression with up to 25 % &. Since zonal
hydrogels could only be prepared with a height of 5 mm, no rheological data was taken. Results of
rheological and relaxation studies are shown in Figure 17 and Figure 18. The results of GM+HAM
hydrogels are shown in Figure S 17 and Figure S 18, respectively. Furthermore, the respective mean

values and scales relative to GM hydrogels are given in Table S 12 in the supporting information.

G’ of GM and GM+HAM+CSM were indistinguishable (p>0.05) and were ~60 kPa. GM+HAM and
GM+CSM were had significantly lower G’ than GM and GM+HAM+CSM hydrogels (GM+HAM: ~15 kPa,
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p<0.001, GM+CSM: ~55 kPa, p<0.05). Regarding tan(6), value of GM+HAM+CSM was lowest (~0.010),
followed by GM and GM+CSM (~0.015) and GM+HAM (~0.03). tan(6) of GM+HAM and GM+HAM+CSM

was significantly different from GM (p<0.05).
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Figure 17: Storage, loss moduli (G’, G”) and loss factor (tan(6)) of GM, GM+CSM and GM+HAM+CSM hydrogels with 1 mm
height and 8 mm diameter. G”” and tan(6) increased in parallel. Highest G’ was found for GM and GM+HAM+CSM.

Relaxation tests of different hydrogel compositions were done with 5 % strain (&) steps up to 25 %
€. The compression was hold for 30 min between each compression step. The respective stresses (gini
and oe,) and the calculated E-moduli (Einiand Eeq4) are shown in Figure 18 and the results of GM+HAM in
Figure S 18. For all hydrogel compositions, g, increased with €. Furthermore, o.q was lower compared
to oin for each strain and composition. Comparing all hydrogel compositions, the highest stress was
needed to compress pure GM hydrogels, indicated by the highest relaxation moduli (Ei,=291.5 kPa,
E.q=207.7 kPa). For compression of hybrid hydrogels the highest stress was needed for GM+HAM+CSM
hydrogels (Ein=258.6 kPa, E.q=195.1 kPa), followed by GM+CSM (Ein=234.2 kPa, E.q=177.4 kPa), zonal
hydrogels (Ein=229.7 kPa, E.;=166.5 kPa) and GM+HAM (Ei,=148.7 kPa, E.,=109.8 kPa). Consequently,
the replacement of GM by methacryloylated GAGs yielded in lower E-moduli. However, E-moduli of

GM+HAM+CSM hydrogels were close to the respective values of pure GM hydrogels.
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Figure 18: Relaxation testing of GM (A), GM+CSM (B), GM+HAM+CSM (C) and zonal (D) hydrogels. Black squares denote the

initial stress (oini) to achieve the respective compression and red squares denote the remaining stress (o.q) after 30 min holding

the respective strain (g). Furthermore, the linear fit of gj;;and oeq are shown. The slopes of these linear fits were calculated as

E-moduli (Ejnj, Eeq). E-moduli of GM were highest, followed by GM+HAM+CSM. GM+HAM hydrogels had the lowest E-moduli.
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Enzymatic Degradation

We investigated the enzymatic degradation of the different hydrogel composition with
collagenase type Il (2.5 U mL? in PBS), hyaluronidase (2.5 U mL* in PBS) and a mixture of both (each
1.25 U mL? in PBS) over 42 d. We used testicular-type hyaluronidase, which degrades hyaluronic acid
and chondroitin suflates [387], to target HAM and CSM. We incubated hydrogels in PBS to monitor
hydrolytic degradation, too. The gel yields relative to the start of experiments during degradation
studies are shown in Figure 19. Furthermore, the relative swelling capacity and relative polymer

content of hydrogels can be found in Figure S 19 and Figure S 20 in the supporting information.
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Figure 19: Relative gel yield of biopolymer hydrogels during degradation studies. Hydrogels consisted out of GM (10 % (w/w)),
GM+CSM (7.5 % (w/w) GM + 2.5 % (w/w) CSM), GM+HAM (7.5 % (w/w) GM + 2.5 % (w/w) HAM), GM+CSM+HAM (7.5 % (w/w)
GM + 1.25 % (w/w) CSM + 1.25 % (w/w) HAM) and zonal structured hydrogels. Hydrogels were incubated for 42 d in PBS (A),
collagenase type Il (B, 2.5 U mL?), hyaluronidase (C, 2.5 U mL?) and a mixture of collagenase and hyaluronidase (D, each
1.25 U mL1). Collagenase reduced the gel yield over time for all hydrogels while PBS and hyaluronidase alone did not effect
the gel yield.

Relative gel yield, polymer content and swelling capacity were indistinguishable over incubation in
PBS for each hydrogel composition (~100 %). The same was observed for incubation in hyaluronidase
solution (compare A-C of Figure 19, Figure S 19 and Figure S 20). Incubation in collagenase solution

lead to decreased polymer content and gel yield but increased degree of swelling. GM hydrogels were
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completely degraded after 21 d. GM+CSM and zonal hydrogels had a remaining gel yield of ~55 %,
GM+HAM of ~70 % and GM+CSM+HAM of ~75 % after 42 d. This was in accordance with polymer
content results. Degradation kinetics of hyaluronidase-collagenase mixture were very similar to the
kinetics of collagenase solution, except for pure GM hydrogels: After 42 d ~12 % relative gel yield

remained.
Cytotoxicity of Sequential Cross-Linking Procedure

The cytotoxicity of sequential cross-linking procedure was investigated takingO h, 0.5h, 1 h, 1.5 h
and 2 h of cooling before chemical cross-linking into account. The quantity of viable cells relative to
chondrocyte-containing hydrogels prepared without cooling are shown in Figure 20: Relative amount
of viable cells in GM-hydrogels relative to chondrocyte-containing hydrogels prepared without cooling
(0 h). Duration of cooling did not affect the amount of viable cells in cell-containing hydrogels.. The
number of viable chondrocytes in GM-hydrogels was not significantly affected by duration of cooling
prior to chemical cross-linking. The lowest quantity of viable cells was found for 0.5 h incubation at 4 °C
before chemical cross-linking (~75 %). All other time points had more than 80 % of viable cells relative
to solely chemical cross-linked hydrogels. However, no significant differences were found due to

relatively high standard deviation.
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Figure 20: Relative amount of viable cells in GM-hydrogels relative to chondrocyte-containing hydrogels prepared without
cooling (0 h). Duration of cooling did not affect the amount of viable cells in cell-containing hydrogels.
Chondrocyte Encapsulation

Porcine chondrocytes were encapsulated in pure GM and zonal hydrogels (5 mm high, 8 mm
diameter) and cultured statically for 28 d. Directly after encapsulation and at the end of cultivation
samples were collected to investigate the dsDNA content and the ECM secretion of chondrocytes.

Alcian Blue-Nuclear Red staining and antibody stainings against collagen type | and type Il are shown in
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Figure 21 for pure GM hydrogels and in Figure 22 for zonal hydrogels. dsDNA contents of different

hydrogels are given in Table 8.

Table 8: Double stranded DNA content in cell-containing hydrogels (pure GM or zonal) directly after encapsulation and after
28 d of static cultivation. Furthermore, the relative reduction of DNA content is given. (GM=gelatin methacryloyl,
dsDNA=double stranded deoxyribonucleic acid)

dsDNA Content [ng mg™] Reduction [%]

Day 0 Day 28 Day 28 : Day 0
GM 29.67+0.45 21.51+4.36 27.5
zonal 30.92+0.28 6.74+3.27 78.2

Regarding the background staining of Alcian Blue staining differences between hydrogel
compositions were found. Pure GM hydrogels (Figure 21-A,a and Figure 22-A,a) were stained bright
purple. GM+CSM hydrogels (Figure 22-B,b) had a bright blue background staining and GM+HAM+CSM
hydrogels a dark blue staining (Figure 22-C,c). This was in accordance with Alcian Blue staining of cell-

free hydrogels, see Figure S 21.

N B

Figure 21: Staining of chondrocytes encapsulated in pure GM-hydrogels directly after encapsulation (A-C) and after 28 d of
static cultivation (a-c). Alcian blue-nuclear fast red staining (A, a; scale=100 um) showed alcian blue positive staining after 28 d
cultivation, arrows mark encapsulated chondrocytes. Collagen type | (B, b; scale=10 um) and collagen type Il (C, c;
scale=10 um) was detected for both time points.

The dsDNA content of pure GM hydrogels and zonal hydrogels at the start of the experiment were
indistinguishable (~30 ng mg?). After 28 d of static cultivation, the dsDNA content was reduced by
27.5% in GM (~22 ng mg?) and by 78.2 % (~7ng mg?) in zonal hydrogels. Alcian Blue staining of
hydrogels directly after encapsulation showed red stained cell nuclei and no blue stained ECM (see
Figure 21-A and (Figure 22-A-C). Furthermore, neither collagen type | nor collagen type Il could be
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determined qualitatively (see Figure 21-B, C and (Figure 22-D, E). After 28 d of static cultivation, Alcian
Blue-positive staining and collagen type | and type Il around cell nuclei were detected (Figure 21-a-c

and Figure 22-a-e).
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Figure 22: Staining of chondrocytes encapsulated in zonal-hydrogels directly after encapsulation (A-E) and after 28 d of static
cultivation (a-e) in different zonal hydrogel compositions (A, a: GM; B, b: GM+CSM; C, c: GM+CSM+HAM). Alcian Blue-Nuclear
Fast Red staining (A-C, a-c; scale=100 um) showed Alcian Blue positive staining after 28 d cultivation, arrows mark

encapsulated chondrocytes. Collagen type | (D, d; scale=10 um) was scarcely detectable at both time points, collagen type I
(E, e; scale=10 um) was detected after 28 d cultivation.

6.1.5 Discussion

Zonal Hydrogel Preparation

Alcian Blue staining and Raman Spectroscopy proved the GAG-gradient of zonal hydrogels. Alcian
Blue stains negatively charged GAGs blue, thus the color gradient from pink over light blue to dark blue
indicated an increasing amount of negative charges with increasing hydrogel depth, see Figure S 21.
The stability of zonal hydrogels was proved by incubating them for six weeks in PBS, see Figure 19.
Concluding these results, the preparation of zonal hydrogels used in this study was suitable to prepare

stable hydrogels with clearly defined zones.
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Mechanical Characterization

Articular cartilage has a non-linear stress-strain behavior [367, 388] and withstands up to 30 %
strain [389]. This exceptional mechanical behavior arises from complex interaction between ECM
structure, composition and high water content of the tissue and is overall described as viscoelastic [367,
390, 391]. We showed before, that our (sequential cross-linked) GM hydrogel had a non-linear stress-
strain behavior [95]. In this study, we extended the mechanical characterization to investigate the
viscoelastic properties of our biomimetic hydrogel compositions under shear and compression load to

rank them with other hydrogels and articular cartilage.

Using rheology, we identified a nearly ideal solid-state behavior of all hydrogel compositions
clarified by values close to zero of tan(6) and low G” of all hydrogels (0.5-0.9 kPa), representing the
viscous portion of their viscoelasticity, see Figure 17. The G’ of sequential hydrogels presented in this
study were significantly higher than those of solely chemically cross-linked hydrogels reported before:
Chemically cross-linked GM2 hydrogels had a G’ of ~15 kPa [96], whereby sequentially cross-linked
GM(2) hydrogels in this study had the triple G’. Even GM+HAM hydrogels with lowest G’ in this study
(~20 kPa) were twice as high as chemically cross-linked GM2, GM5 and GM10. These results were in
congruence with our comparative study of compression studies with chemically and sequential cross-
linked GM hydrogels [95]. In that study, the compressive stress at break of sequential GM2 hydrogels
was twice as high as the compressive stress at break of solely chemically cross-linked GM2 hydrogels

measured unconfined.

The compressive characteristics of all hydrogel compositions were investigated by relaxation
testing with 5 % strain steps, which were hold for 30 min up to maximum strain of 25 %. E-moduli were
calculated as linear fit of the initial and remaining stresses (Ein, Eeq). Replacing GM by HAM or CSM
resulted in lower E-moduli. However, a synergistic effect of GM+HAM+CSM combination was observed,
since its E-moduli were higher than that of GM+CSM or GM+HAM. The layering of GM, GM+CSM and
GM+HAM+CSM in zonal hydrogels resulted in E-moduli similar to those of the composition with the
lowest E-moduli GM+CSM. Thus, the composition with lowest E-moduli predominated the compression

characteristics of the zonal hydrogel in the investigated zonal hydrogel.

The replacement of GM by HAM and/or CSM resulted in lower G’ and E-moduli, which was
unexpected regarding the literature. Levett et al. replaced of 0.5 % GM in 10 % (w/v) hydrogels by HAM,
which vyielded in higher Young’s moduli compared with pure 10% (w/v) GM hydrogels.[52]
Furthermore, the replacement by CSM did not affect the Young’s modulus. Later, Levett et al.
investigated different HAM concentrations in 10 % (w/v) hydrogels. [46] Their highest concentration of
HAM was 2.0 % (w/v) and they showed that the Young’s modulus was dependent on the HAM

concentration and maximal for 1.0 % (65 kPa), 2.0 % HAM led to comparable Young’s moduli as
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hydrogels without or with 0.5 % HAM (40 kPa). However, the dynamic and equilibrium moduli of 2.0 %
HAM hydrogels was highest (Ein=150 kPa, E.,=85 kPa). Considering the investigations of Levett et al.,
the compression moduli of GM+HAM hydrogels could be increased by a lower HAM concentration or
else by a higher molecular weight of the used hyaluronic acid; Levett et al. used a 0.86 MDa hyaluronic
acid and we a 50 kDa one. However, the compression moduli of our investigated hydrogels were

~100 kDa stiffer than other biomimetic hydrogels containing HAM and/or CSM [46, 52].

Levett et al. assigned this strengthening effect of HAM to microscale phase separation. [52] It was
hypothesized that the microscale phase separation supported a more interconnected and homogenous
distributed ECM, thereby increasing the compressive modulus. In this study, a microscale separation
was observed for GM+HAM hydrogels as well and not for all other investigated hydrogel compositions
(see Figure S 21). However, since in our investigations the E-moduli of GM+HAM hydrogels were lowest,
we hypothesize that the microscale separation leads to lower mechanical properties of hydrogels, since
the hydrogel structure is less homogenous. According to our hypothesis Rizwan et al. showed that the
hydrogel microstructure of sequentially cross-linked GM-hydrogels was more homogenous than that
of solely chemical cross-linked hydrogels by X-ray diffraction and assigned this to the strengthening

effect of sequential cross-linking [302].

We lack comparative results of GM hydrogels to benchmark our relaxation testing since the
compressive elastic modulus or Young’s modulus of GM hydrogels is determined typically [298].
Depending on the DM and cross-linking conditions Young’s moduli varying between 2-15 kPa [109, 114,
115] and 30-50 kPa [45, 46, 127] were reported. However, this Young’s modulus does not represent
the complex behavior of viscoelastic properties [298]. One comparable study of Bartnikowski et
al. [298] was found for sequential pure GM hydrogels. The E-moduli of their hydrogel were lower

(Ein=~110 kPa, E.q="70 kPa) than E-moduli of all hydrogel compositions investigated in this study.

However, the Ej,; of articular cartilage is several times higher (1,750-2,250 kPa) compared with our
hydrogels, but E.q of articular cartilage is close to our values (200-400 kPa)[298]. The same was true for
shear load: Temple et al. [392] reported a G’ of ~¥32 MPa and G”” of ~5 MPa for human articular cartilage
for a frequency of 1 Hz, which is several magnitudes apart from hydrogels investigated in this study.
But Levett et al. showed in their studies [46, 52] that the stiffness (compressive elastic modulus) of
chondrocyte-containing GM (+HAM, +CSM, or +both) hydrogels increased with duration of cultivation.
This implied that mechanical properties of cartilage does not need to be imitated since encapsulated
chondrocytes strengthen hydrogels by their secreted ECM. However, scaffolds for cartilage TE should

have a certain stability to avoid failure during physiological load.

We used sequential cross-linking procedure of hydrogels to mimic the dense network of collagen

type Il and proteoglycans of articular cartilage, which resulted in highest compressive moduli reported
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so far. However, the water content of our hydrogels was between 89 % (GM+HAM) and 87 % (GM) and
thereby higher than in articular cartilage (<80 %, wet weight) [367] and the biopolymer content in
hydrogels (10 %) was lower (articular cartilage 19-29 %, wet weight) [367]. Thus, in subsequent
investigations higher polymer contents should be investigated to mimic the lower water content and

tighter biopolymer network resulting in higher compressive stiffness.
Enzymatic Degradation

Biomaterials investigated as temporal scaffolds for TE applications must be degradable by
enzymes to enable disassembling and remodelling by encapsulated cells. For cartilage TE proteases
secreted by chondrocytes should be taken into account[393], e.g. collagenases [394],
aggrecanases [395] and hyaluronidases [396]. We investigated the degradability of different hydrogel
compositions by collagenase type Il and hyaluronidase, see Figure 19, Figure S 19 and Figure S 20.
Hydrogels incubated in PBS showed constant relative gel yield, polymer content and swelling capacity
over 42 d, thus no significant influence of hydrolysis during incubation in PBS for 42 d was detectable

for the investigated hydrogel compositions.

Similar results as for PBS were observed for incubation in hyaluronidase solution. Thus,
hyaluronidase was not able to break down any hydrogel network, containing HAM or not. This was in
accordance with previous investigations showing that the bioactivity of hyaluronic acid is impaired due
to (methacryloyl) modification [46, 397]: HAM was degraded slower than hyaluronic acid [46] and it
seemed like it was dependent on degree of modification [397]. Furthermore, link protein did not
recognize or bound less strong to HAM compared to hyaluronic acid [46]. The binding of link protein is
crucial for building up of cartilage proteoglycan aggregates, it connects hyaluronic acid with aggrecan

and versican through the G1 domain of their core protein [14].

Incubation in collagenase solutions lead to decreased polymer content and gel yield but
increased degree of swelling. GM hydrogels were completely degraded after 21 d. GM+CSM and zonal
hydrogels had a remaining gel yield of ~55 %, GM+HAM of ~70 % and GM+CSM+HAM of ~75 % after
42 d. This was in accordance with polymer content results. This correlation pointed out that the
degradation led to biopolymer loss of the hydrogels. If biopolymers would remain in the network
despite of partial degradation of the hydrogel network, the polymer content would be stable, the

degree of swelling would increase and the gel yield would decrease due to increased water uptake.

Our results complied with various studies showing that collagenase type | [110, 111, 221, 295] and
type 11 [97, 102, 109, 114, 177] are able to (partially) break down GM hydrogels. Hence, the
methacryloylation of gelatin, unlike hyaluronic acid, did not alter the collagenase cleavage site (Pro-X-
Gly-Pro, X=neutral amino acid), since free amino groups were mainly functionalized [35, 93, 221, 295].
We explained the differences between degradation profiles of collagenase and
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collagenase+hyaluronidase by the halved collagenase concentration, since hyaluronidase alone did not
degrade the hydrogels. This explanation was in congruence with other studies investigating the impact
of collagenase concentration [102, 110, 111, 114]. These studied showed that increasing collagenase

concentration was accompanied with faster degradation.

Zhu et al. made the presumption that the chemical cross-linking density has the highest impact on
collagenase degradation rates of pure GM hydrogels, referring to their own study and results of
others [295]. This presumption could be applicable to our hybrid hydrogels out of GM and
methacryloylated GAG(s), too. Since we did not know the cross-linking density, we utilized the cross-
linking capability of our hybrid hydrogel precursor solutions and found the correlation that high cross-
linking capabilities lead to high relative gel yield after 42 d of enzymatic degradation and visa versa. The
exact values of cross-linking capability and relative gel yield are given in Table S 13 in the supporting
information. Compared to pure GM hydrogels, the replacement of GM by methacryloylated GAGs
(HAM or CSM) slowed the enzymatic degradation down. This effect was reported already for GM
hydrogels containing CSM [177].

Chondrocyte Encapsulation

In the concept of articular cartilage TE autologous chondrocytes are isolated and
expanded [398]. Chondrocytes dedifferentiate during this 2D expansion culture [26, 369]. One
possibility to redifferentiate chondrocytes is to encapsulate them in 3D biomaterials [29, 30]. A
biomimetic biomaterial is aimed to create the most natural environment possible [32]. Thus, we
investigated the suitability of sequential cross-linking for encapsulation of chondrocytes (Figure 20) and
their redifferentiation qualitatively in pure GM and zonal hydrogels with GAG-gradient and investigated

their redifferentiation (compare Figure 21 and Figure 22).

The duration of cooling prior to chemical cross-linking did not influence the quantity of viable
cells in GM hydrogels significantly (p>0.05). Therefore, we concluded that our sequential cross-linking
procedure is suitable for chondrocyte encapsulation. The utilized photoinitiator concentration we used
was shown to be cytocompatible for chondrocytes before [97]. The dsDNA content of zonal and pure
GM hydrogels was indistinguishable at the start of the experiment, which was expected since the same
chondrocyte concentration was used for hydrogel preparation. However, the dsDNA content decreased
significantly after 28 d of static culture for both investigated hydrogels (27.5 % for GM and 78.2 % for

zonal hydrogels).

The investigated hydrogels were comparatively large for cell encapsulation (h=5 mm, d=8 mm).
This dimension was necessary to manufacture and characterize zonal hydrogels with our presented
method. Luo et al. calculated the oxygen pressure in hydrogel (d=6 mm) constructs and showed that
the oxygen pressure reduced from the surface to the core of 2 mm high agarose hydrogels drastically
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to 5% and in 4 mm high agarose hydrogels to 1.2 %. [384] Furthermore, they modeled the glucose
distribution and found a sufficient (22 mM) and homogenous distribution with no difference between
2 mm and 4 mm high hydrogels. Since our hydrogel dimensions were bigger, an insufficient oxygen
supply for encapsulated chondrocytes especially in the center of hydrogels, can be assumed by the
reported calculations for 4 mm high hydrogels [384]. This insufficient oxygen pressure is believed to
result in more common cell death and thereby decreased dsDNA content. However, the three times
greater reduction in zonal hydrogels compared with GM hydrogels in this study was inexplicable.
Dynamic cultivation utilizing bioreactors is a common strategy to enhance viability of TE constructs and
to apply biomechanical forces [399] and could improve the viability of our biomimetic hydrogels.
Especially for articular cartilage TE dynamic cultivation is a biomimetic approach, since articular

cartilage is supplied by synovial fluid which is exchanged by load during motion [400-402].

(Re)differentiated chondrocytes maintain and remodel specialized articular cartilage. We
investigated the secreted ECM of encapsulated chondrocytes with respect to collagen type |, type Il and
GAGs. Directly after cell encapsulation no chondrocyte-specific ECM was detected, compare Figure 21-
A-C and Figure 22-A-E. This was expected, since the chondrocytes were harvested from two-
dimensional cultivation during encapsulation process and thereby parted from their ECM. After 28 d
cultivation, Alcian Blue positive staining around the cell nuclei was detected, which was interpreted as
GAGs. Furthermore, a slight coloring in antibody stainings proofed evidence for collagen type | and

collagen type Il (Figure 21-a-c and Figure 22-a-e).

The positive evidence of cartilage-specific ECM secretion (GAGs and collagen type Il) of
chondrocytes lead us to the conclusion that encapsulated chondrocytes redifferentiated during three-
dimensional cultivation in pure GM and zonal hydrogels. Qualitative difference in cartilage-specific ECM
secretion between pure GM and zonal hydrogels was not be observed. Furthermore, no obvious
difference of ECM secretion between three zones of zonal hydrogels were found (compare Figure 22-
a-c). This might be due to the relatively small amounts of detected ECM, which could in turn caused by
low cell density and short cultivation duration. Other studies investigating zonal biomaterial models
used typical cell densities between 5x10° and 2x107 cells per mL [55, 56, 381, 383, 384, 386] and
cultured up to 16 weeks [55]. Ren et al. investigated the impact of chondrocyte density and
chondrocyte distribution on ECM synthesis and found a positive correlation between cell density and
ECM synthesis. [383] Furthermore, they bioprinted hydrogels with biomimetic density gradient and
found an additional correlation between cell distribution and ECM synthesis. Thus, ECM accumulation
in our hydrogels could be increased by encapsulation of higher chondrocyte densities and/or install a
cell gradient in zonal structure, thereby revealing possible differences between pure GM and zonal

hydrogels.
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For further quantitative ranking of redifferentiation in our investigated biomimetic hydrogels
quantitative investigations, such as reverse transcriptase polymerase chain reaction (RT-PCR), should
be done in future experiments to make reliable statements on potential differences between hydrogel
compositions and structures. Furthermore, in these investigations zone-specific proteins such as
superficial zone protein (or known as proteoglycan 4)[18] and clusterin [19], both specific for
superficial zone, cartilage oligomeric matrix protein (COMP) [20] and cartilage intermediate layer

protein (CILP) [21], both specific for middle and deep zone could be examined.

There are three previous studies investigating biomimetic hydrogel compositions containing
GM and chemical cross-linkable hyaluronic acid and chondroitin sulfate [52, 403]. Levett et al. found a
more pronounced promoting chondrogenic effect for GM hydrogels containing HAM (GM+HAM,
GM+HAM+CSM) compared with GM+CSM hydrogels. [52] However, the replacement of GM by both,
HAM and CSM, resulted in higher redifferentiation levels of encapsulated chondrocytes. Constantini et
al. found differentiated bone-marrow derived human mesenchymal stem cells (BM-MSCs) in bioprinted
alginate+GM+CS-AEMA  (vinyl-modified CS) hydrogels and hypertrophic BM-MSCs for
alginate+GM+HAM+CS-AEMA hydrogels [403]. In both studies [52, 403] HAM concentration of 0.5 %
were utilized, thus the known effect of dose-dependent influence of HA on chondrogenesis, whereby
low concentration yield in chondrogenic effects [46, 52, 404-406], cannot be considered as explanation.
Furthermore, Hoch et al. showed that the replacement of GM by CSM stabilized the round morphology
of differentiated chondrocytes [177].

We hypothesizes that the molecular weight of the used HA plays a critical role. Levett et al.
used a 0.86 MDa HA[52], while Constantini et al. used a 200 kPa HA [403], as already discussed above
for compression moduli. The molecular weight of HA influences their solubility and the microscale
phase separation is more pronounced in high molecular weight HA which was assigned to higher
compressive moduli, which is contrary to our hypothesis for explanation of relatively low E-moduli of
GM+HAM hydrogels, and more interconnected and distributed ECM in hydrogels [52]. However, both
studies showed a redifferentiation effect of GM+CS(M,-AEMA) and GM+HAM+ CS(M,-AEMA) hydrogels,

which is in congruence with our findings.

In this study, we presented a methacryloylated biopolymer-hydrogel structured in three zones,
differing in biopolymer composition and mimicking the gradient of negative charges with tissue depth
in articular cartilage. However, the zonal structure of articular cartilage is more complex including
different chondrocyte phenotypes, chondrocyte density gradient, collagen fiber orientation and
differing mechanical properties (compression and tensile). These aspects were addressed by other
zonal cartilage TE methods [44] and could be combined with our approach: Matrix-based approach
encapsulates zonal chondrocyte phenotypes in multilayered hydrogels out of one composition [55, 56,

377]. Scaffold- and matrix free zonal cartilage TE cultivates zonal phenotypes in high density
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culture [57]. However, the isolation and expansion of zonal chondrocytes is highly complex [407] and
an additional benefit of their use is incongruent [377], thus their use is critically discussed [48]. Scaffold-
based approaches used pore-size gradient [382], fiber and porous zone [378], multi-layered polymer
nanocomposite scaffolds [59] and unidirectional freeze casting combined with lyophilization [379] to
mimic the complex ECM architecture of articular cartilage. Hybrid strategy is the last approach,

combining different chondrocyte phenotypes and zonal structured biomaterials [44].

6.1.6 Conclusion

The anisotropy of articular cartilage is essential for its mechanical and biological function. However,
only a few studies investigated zonal structured biomaterials and even less utilized natural polymers
out of the articular cartilage extracellular matrix (ECM). In this study, we described a simple method for
preparation of stable zonal structured sequentially cross-linked hydrogels using a three-part mold.
Furthermore, we used methacryloylated biopolymers occurring in the articular cartilage ECM (gelatin
as collagen hydrolysate (GM), hyaluronic acid (HAM) and chondroitin sulfate (CSM)) for hydrogel
preparation. Relaxation testing and rheological investigations of GM, GM+HAM, GM+CSM,
GM+HAM+CSM and zonal hydrogels showed that the replacement of GM by HAM decreased
mechanical properties. All other hydrogels showed comparable properties and the compressive
characteristics of zonal hydrogels were predominated by the hydrogel composition with the lowest E-
modulus. Furthermore, the sequential hydrogel preparation procedure was shown to be
cytocompatible for porcine chondrocytes. All hydrogels were (partly) degradable by enzymes occurring
in articular cartilage (collagenase and hyaluronidase), making them to suitable candidates for
application in cartilage TE. Additionally, porcine chondrocytes encapsulated in pure GM and zonal
hydrogels redifferentiated, evidenced by collagen type Il and GAG synthesis, without utilizing special
growth factors or cell culture media. Our presented method and hydrogel compositions open up further
investigations taking longer cultivation duration and mechanical stimulation into account to maximise
ECM synthesis and creation of ECM differences between zones and thereby further strengthening the

hydrogels.
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6.1.8 Supporting Information

MHJ\
et
-

i
j

—CSM u

J
|

—GM M ‘U_JU

L
e ) Ww -

I

4 3 2 1 0 -1

Chemical Shift [ppm]

v

—
L

.

e .

Figure S 14: 'H-NMR spectra of unmodified biopolymers gelatin (G), chondroitin sulfate (CS), hyaluronic acid (HA) and
biopolymer derivatives gelatin methacryloyl (GM), chondroitin sulfate methacryloyl (CSM) and hyaluronic acid methacryloyl
(HAM). Acrylic protons of methacryloyl groups were highlighted grey.
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A-B- |

Figure S 15: Photos of hydrogel samples cut with a circle cutter for compression testing and cell encapsulation (height 5 mm,

diameter 8 mm). Pictures show different hydrogel compositions: GM (A), GM+HAM (B), GM+CSM (C) and GM+HAM+CSM (D).

Hydrogels containing HAM were cloudy, the others nearly transparent.

Figure S 16: Zonal hydrogels directly after preparation in the mold (A, height 5 mm, diameter 30 mm), cut sample for
compression testing and cell encapsulation (B, height 5 mm, diameter 8 mm). In A and B the hyaluronic acid methacryloyl
containing layer were opaque, while the other two layers were nearly transparent. A representative Alcian Blue-Nuclear Fast
Red stained slice of zonal hydrogels is shown in C (scale bar = 500 um). The three layers could be differentiated by different

staining, from top to bottom: GM (pink), GM+CSM (light blue) and GM+HAM+CSM (dark blue to purple).
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Figure S 17: Storage, loss moduli (G‘, G*) and loss factor (tan(8)) of GM+HAM hydrogels with 1 mm height and 8 mm

diameter.
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Figure S 18: Relaxation testing of GM+HAM hydrogels. Black squares denote the initial stress (oini) to achieve the respective
compression and red squares denote the remaining stress (ceq) after 30 min holding the respective strain (€). Furthermore,
the linear fit of aini and oeq are shown. The slopes of these linear fits were calculated as E-moduli (Eini, Eeq). E-moduli of GM

were highest, followed by GM+HAM+CSM. GM+HAM hydrogels had the lowest E-moduli.
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Figure S 19: Relative swelling capability of biopolymer hydrogels during degradation studies. Hydrogels consisted out of GM
(10 % (w/w)), GM+CSM (7.5 % (w/w) GM + 2.5 % (w/w) CSM), GM+HAM (7.5 % (w/w) GM + 2.5 % (w/w) HAM), GM+CSM+HAM
(7.5 % (w/w) GM + 1.25 % (w/w) CSM + 1.25 % (w/w) HAM) and zonal structured hydrogels. Hydrogels were incubated for
42 d in PBS (A), collagenase type Il (B, 2.5 U mL-1), hyaluronidase (C, 2.5 U mL-1) and a mixture of collagenase and
hyaluronidase (D, each1.25 U mL-1). Collagenase increased the swelling capacity over time for all hydrogels while PBS and

hyaluronidase alone did not effect it.
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Figure S 20: Relative polymer content of biopolymer hydrogels during degradation studies. Hydrogels consisted out of GM
(10 % (w/w)), GM+CSM (7.5 % (w/w) GM + 2.5 % (w/w) CSM), GM+HAM (7.5 % (w/w) GM + 2.5 % (w/w) HAM), GM+CSM+HAM
(7.5 % (w/w) GM + 1.25 % (w/w) CSM + 1.25 % (w/w) HAM) and zonal structured hydrogels. Hydrogels were incubated for
42 d in PBS (A), collagenase type Il (B, 2.5 U mL-1), hyaluronidase (C, 2.5 U mL-1) and a mixture of collagenase and
hyaluronidase (D, each1.25 U mL-1). Collagenase reduced the polymer content over time for all hydrogels while PBS and

hyaluronidase alone did not effect the polymer content.

138



Figure S 21: Alcian Blue-Nuclear Fast Red staining of cell free hydrogels. Representative overview pictures (A-D, 2x
magnification, scale = 500 um) and detail pictures (a-d, 20x magnification, scale = 100 um) of different hydrogel compositions
(A, a: GM, B, b: GM+HAM, C, c: GM+CSM, D, d: GM+HAM+CSM) are shown.

Table S 12: Storage modulus (G, loss modulus (G“), loss factor (tan(8)), initial E-modulus (Ein;) and equilibrium E-modulus
(Eeq) of biomimtic hydrogel compositions and their scale relative to GM hydrogels. Zonal hydrogels could only made with a

height of 5 mm, thus no rheological data was available for them.

G' scale G" scale  tan(6) scale Eini scale Eeq scale

(kPa]  []  [kPa]  [] -] -] (kPa] -] (kPa] [l

GM 61.9 1.00 0.92 1.00 0.016 1.00 291.5 1.00 207.7 1.00

GM+

15.7 0.25 0.53 0.58 0.031 1.99 148.7 0.51 109.8 0.53
HAM
GM+

54.1 0.88 0.87 0.94 0.014 0.92 234.4 0.80 177.4 0.85
CSM
GM+

HAM 59.6 0.96 0.63 0.69 0.010 0.64 258.6 0.89 195.8 0.94
+CSM

zonal - - - - - - 229.9 - 166.5 -
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Table S 13: Cross-linking capabilites of hydrogel precursor solutions (10 % (w/w)) and relative gel yields after enzymatic
degradation with collagenase for 42 days of all investigated hydrogel compositions.

Hydrogel Composition Cross-Linking Capability Relative Gel Yield [%]
[mmol g1

GM 0.0294 0

GM+HAM 0.0314 76.3

GM+CSM 0.0247 53.8

GM+HAM+CSM 0.0280 70.9

Zonal 0.0266 54.2
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7. Diskussion

Die in dieser Dissertation erzeugten Ergebnisse sind in den Kapiteln 4, 5 und 6 in Form von
Veroffentlichungen bzw. Manuskripten, die fir die Veroffentlichung in peer-reviewed Fachzeitschriften
vorbereitet wurden, dargestellt und ausfihrlich diskutiert worden. In diesem Kapitel werden nun die
Ergebnisse zu den in Kapitel 3 aufgestellten Hypothesen zusammengefasst und diskutiert und die

Hypothesen abschlieBend bewertet.

7.1 Hypothese 1

Gelatine wird aus Kollagen hergestellt, dabei werden kommerziell zwei Verfahren verwendet: Der saure
und der basische Aufschluss. Der saure Aufschluss fihrt zu Gelatine Typ A (Ga) und der basische
Aufschluss zu Gelatine Typ B (Gg). In Kapitel 2.2.1 dieser Arbeit werden die Unterschiede der
Konditionierungsprozesse und der Gelatine-Typen ausfiihrlich beschrieben. Zusammengefasst lasst
sich sagen, dass sich Ga und Gg in ihrer Aminosdaurezusammensetzung, ihrem isoelektrischen Punkt (IEP)
und ihrer Molekulargewichtsverteilung unterscheiden. Des Weiteren werden beispielsweise die
Standardviskositdt und der Bloom Wert durch den Gelatine-Herstellungsprozess bestimmt, weshalb
eine ausflhrliche Standardcharakterisierung fiir jede Gelatine von den Gelatine-Herstellern

durchgefiihrt wird (siehe 2.2.3).

Die Eigenschaften der Gelatine, die fir die Synthese von Gelatine-Methacryloyl (GM) verwendet wird,
sind also abhdngig vom Gelatine-Typ und dem Herstellungsprozess. Dieser Einfluss der Eigenschaften
des Rohmaterials auf die Eigenschaften der GM sowie auf GM-Lésungen und -Hydrogele wurde bisher
jedoch kaum betrachtet. Solche Untersuchungen waren jedoch wichtig um die Reproduzierbarkeit von
Ergebnissen im Zusammenhang mit GM, beispielsweise fir die Anwendung als Biomaterial, zu
ermoglichen. Bisher wurden in vielen Veréffentlichungen keine Angaben zum Rohmaterial wie
beispielsweise der tierische Ursprung, Gelatine-Typ und Bloom-Wert gemacht, vergleiche Kapitel 2.3.1
dieser Arbeit. Deshalb wurde im Rahmen dieser Arbeit die folgende Hypothese aufgestellt und

untersucht:

Die Wahl des Gelatine-Rohmaterials und der Modifizierungsgrad beeinflussen die physikochemischen

Eigenschaften von Gelatine Methacryloyl und den resultierenden Hydrogelen.

Zur Untersuchung wurden je fiinf Gelatine-Methacryloyl(-Acetyl) (GM(A))-Derivate aus Ga und Gg mit
dem gleichen Vorgehen hergestellt. Dabei besallen die gewdahlten Ga- und Gg-Rohmaterialien nahezu

identische Bloom-Werte (Ga: 233 g Bloom, Gg: 232 g Bloom), unterschieden sich jedoch in ihrer
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Standard-Viskositat (Ga: 2,8 mPas, Gg: 4,5 mPas). Aullerdem konnte gezeigt werden, dass der
Aminogruppen-Gehalt (Lysin- und Hydroxylysin-Gehalt) der Rohmaterialien Gx und Gg nicht

unterscheidbar war.

Es wurde der Methacryloylierungsgrad (DM), der Gesamtmodifizierungsgrad (DMA), die
Molekulargewichtsverteilung, der IEP, die Viskositdt, das Gelier- und Schmelzverhalten, sowie der
Speichermodul (G‘) und der Quellbarkeit (englisch equilibrium degree of swelling, EDS) der 10 Gew.-%
Hydrogele der Derivate (GM2, GM5, GM10, GM2A8, GM5A5) untersucht. Die Ergebnisse sind in 4.1.4

dargestellt.

Es konnte gezeigt werden, dass mit dem verwendeten GM-Synthese-Vorgehen der DM und DMA
unabhangig von dem eingesetzten Gelatine-Typ war. Dieses Ergebnis wurde erwartet, da sich der
Aminogruppengehalt der zwei untersuchten Gelatine-Typen nicht signifikant unterschied und mehr
Hydroxylgruppen zur Verfliigung standen als methacryloyliert wurden. Darliber hinaus konnte gezeigt
werden, dass der DM mit dem eingesetzten Uberschuss an Methacrylsdureanhydrid und der DMA mit

dem verwendeten Uberschuss an Essigsdureanhydrid steigt (siehe Figure 1).

Lee et al. stellten in einer vorherigen Studie Unterschiede zwischen dem DM von GaM und GgM mit
deren Synthesevorgehen fest. [300] Allerdings wurden in deren Studie niedrigere DMs erzeugt als in
unseren Untersuchungen und die verwendeten Gelatine-Rohmaterialien unterschieden sich in ihren
Bloom-Werten (Ga: 175 g Bloom, Gg: 225 g Bloom). Ein héherer Bloom-Wert konnte wahrend der GM-
Synthese zu einer héheren Viskositat der Gelatine-Losung fliihren, die wiederum die Methacryloylierung
beeinflussen kdnnte, insbesondere, wenn nur wenig Methacrylsdureanhydrid verwendet wird. Der DM
des am hdchsten modifizierte GM-Derivats der Studie war mit der von uns untersuchten GM2
vergleichbar und zwischen G und Gg nicht unterscheidbar. Fiir dieses Derivat stimmten somit unsere

Ergebnisse mit denen von Lee et al. iberein.

Der IEP der eingesetzten Rohmaterialien wurde ermittelt und lag bei pH 8,8 (Ga) und pH 4,9 (Gs), was
jeweils ein typischer Wert flr den Gelatine-Typ ist [64]. Nach Modifizierung lagen die IEPs aller GaM-
Derivate bei 4,5 und die IEPs von GgM-Derivate bei 4,1 (siehe Figure 2-B). Da bei allen untersuchten
GM-Derivaten alle zuganglichen basischen Aminogruppen methacryloyliert wurden [94], fehlten der
GM im Vergleich zum verwendeten Rohmaterial positive Ladungen und der IEP der GM sank. AufRerdem
spiegelten die Ergebnisse die Unterschiede in dem Carboxylgruppen-Gehalt von Ga und Gg wieder:
Saure Carboxylgruppen tragen zur negativen Ladung und somit zu einem geringeren IEP bei. Da Gg mehr
saure Carboxylgruppen besitzt als Ga (vergleiche 2.2.1) und diese bei den Modifizierungsreaktionen
nicht umgesetzt wurden, war der IEP der GgM-Derivate erwartungsgemaR niedriger als der der GaM-

Derivate.
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Der hydrodynamische Radius der Gelatinen und GM-Derivate wurde mittels Gel-Permeations-
Chromatographie untersucht (Figure 3). Dabei werden Molekiile mit einem groRen hydrodynamischen
Radius zuerst eluiert und Molekile mit kleinem hydrodynamischen Radius spater eluiert. Es konnte fiir
Ga und Gg gezeigt werden, dass das Rohmaterial und GM2 zu einem dhnlichen Zeitpunkt eluiert wurden
und GM-Derivate mit steigendem DM spater. Noch spater, mit steigendem Acetylierungsgrad, wurden

GMA-Derivate eluiert.

Da die Reaktionsbedingungen wahrend der Modifizierung mild waren wurde im Gegensatz zu Van
Hoorick et al. [303] geschlussfolgert, dass die Verschiebung der Elugramme nicht durch die Hydrolyse
der GM-Derivate zustande kommt, sondern durch einen verringerten hydrodynamischen Radius. Denn
durch die Methacryloylierung und Acetylierung wurden die physikalischen Wechselwirkungen
eingeschrankt, sodass die Polymerknaule kleiner wurden und der hydrodynamische Radius sank. Dass
die physikalischen Wechselwirkungen mit steigendem Modifizierungsgrad sinken, wurde in einer

unserer spateren Studien mittels Circulardichroismus-Spektroskopie gezeigt, siehe Figure 11.

Die dynamische Viskositat der wassrigen GM-Losungen nahm mit zunehmendem DMA ab, wobei die
dynamische Viskositat von GM5, GM10, GM2A8 und GM10 nicht voneinander unterscheidbar waren.
Jedoch wurde ein signifikanter Unterschied (p<0,05) zwischen Ga, GAM2, GaM5 und Gg, GsM2, GgM5
beobachtet. Die dynamische Viskositat von G, und ihren zwei Derivaten war geringer als die von Gg und
deren Derivaten. Dies spiegelte die unterschiedliche Standard-Viskositdt der zwei Rohmaterialien
wieder und diese beeinflussten somit auch die Viskositdten der GM-Derivaten mit einem geringen DM,

das heit einem DM geringer 0,9 mmol g

Die Gelier- und der Schmelzpunkte hingen, wie die Viskositat, von dem DMA der GM-Derivate ab, wobei
fir die hoch-modifizierten GM(A)-Derivate GM10, GM2A8 und GM5AS5 keine Schmelz- und Gelierpunkt
zwischen 10°C und 40 °C gemessen werden konnten. Der Gelier- und Schmelzpunkt sank mit
zunehmendem DM fiir GM2 und GM5. In dieser Charakteristik unterschieden sich die GaM- und GsM-
Derivate nicht voneinander (vergleiche Table 1). Spatere Untersuchungen, die bis 4 °C kiihlten zeigten,
dass 10 Gew.-% GgM2A8- und GgM10-Lésungen bei Temperaturen unterhalb von 10 °C gelierten, siehe
Figure S 6.

Der Speichermodul der GM-Hydrogele, die mit 10 Gew.-% GM hergestellt und gequollen wurden,
unterschied sich jeweils nicht zwischen GM2, GM5 und GM10, jedoch zwischen den verwendeten
Rohmaterialien (siehe Figure 5-A). Die Speichermoduln von GM2A8 und GM5AS5 von Ga und Gg waren
jedoch nicht unterscheidbar. Diese Ergebnisse widersprachen vorherigen Ergebnissen in denen
Hydrogele aus GMs mit einem niedrigeren DM untersucht wurden und gezeigt wurde, dass der DM mit
dem Speichermodul korreliert [42, 300]. AuRerdem hatten die Hydrogele aus GaM und GgM

unterschiedliche Speichermoduln, obwohl sie nicht unterscheidbare DMs besaRen. Der EDS aller
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Hydrogele, bis auf GM2AS8, waren trotz unterschiedlicher Speichermoduln zwischen Ga und Gg nicht

unterscheidbar.

Diese unerwarteten Ergebnisse wurden auf die Eigenschaften der Rohmaterialien zuriickgefihrt. Es
wurde vermutet, dass die Hydrogele aus GM2 und GM5 nach der chemischen Vernetzung durch
physikalische Wechselwirkungen (die sie noch ausbilden kdnnen, siehe Daten zu Viskositat, Gelier- und
Schmelzpunkt) verstarkt wurden. Die héhere Quellbarkeit der GgMA-Hydrogele, verglichen mit den
GaMA-Hydrogele, wurde auf den héheren Carboxylgruppen-Gehalt des Gg-Rohmaterials zurtickgefiihrt.
Dass physikalische Wechselwirkungen chemisch vernetzte GM-Hydrogele verfestigen kénnte wurde in

Untersuchungen der sequenziellen Vernetzung gezeigt, siehe Figure 7 und Figure 8.

In dieser Untersuchung konnte gezeigt werden, dass GM(A)-Derivate aus G und Gg mit vergleichbarem
DM(A) synthetisiert werden kénnen. Allerdings beeinflusste der DM(A) der GM(A)-Derivate nicht allein
die physikochemischen Eigenschaften der GM(A), ihrer Losungen und Hydrogele. Beispielsweise
beeinflusste die Aminosauren-Zusammensetzung, den IEP und die Quellbarkeit der GM(A)-Hydrogele.
AuRerdem beeinflusste der IEP des Rohmaterials den der GM(A) und die physikalischen
Wechselwirkungen, die die Standard-Viskositdt bestimmten, beeinflussten die Viskositdt sowie den

Gelier- und Schmelzpunkt von GM(A)-Lésungen und den Speichermodul von GM(A)-Hydrogelen.

Somit konnte die erste Hypothese dieser Dissertation bestatigt werden. Die Untersuchungen machten
auBerdem die Notwendigkeit einer moglichst vollstiandigen GM(A)-Charakterisierung deutlich. Diese
Angaben sollten zusammen mit Angaben zu den Rohmaterial-Eigenschaften dargestellt werden um
Ergebnisse miteinander vergleichen und reproduzieren zu kénnen und die potenzielle Anwendung von

GM als Biomaterial voranzutreiben.

7.2 Hypothese 2

Die Ergebnisse der Bearbeitung von Hypothese 1 haben gezeigt, dass chemisch vernetzte GM2-
Hydrogele durch physikalische Wechselwirkungen verstarkt werden, sodass die Speichermoduln nicht
von GM10-Hydrogelen, wobei der DM von GM10 etwa dreimal so hoch ist wie der von GM2,
unterschieden werden konnten. Dieses Ergebnis stimmte mit Ergebnissen der sequenziellen GM-
Vernetzung anderer Autoren liberein [45, 298, 302]. Wie in Kapitel 2.3.3 beschrieben wurde, wird bei
der sequenziellen Vernetzung die Hydrogelvorlauferlosung zunachst gekihlt, sodass ein physikalisches
Hydrogel entsteht und anschlieBend chemisch vernetzt. Diese physikalische und chemische Vernetzung

flihrt dann im Vergleich zu rein chemisch vernetzten Hydrogelen zu verfestigten GM-Hydrogelen.

Bisher wurde allerdings nur in einer Veroéffentlichung der Einfluss der sequenziellen Vernetzung auf

Hydrogelen mit einem hohen DM (~1 mmol g!) untersucht [303]. Um weitere Daten zur sequenziellen
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Vernetzung von hoch-modifizierten GM(A)-Derivaten zu erzeugen sollten sequenzielle GM2A8- und
GM10-Hydrogele untersucht werden. Durch den Vergleich mit GM2-Hydrogelen wurde versucht
Rickschliisse auf die chemische und physikalische Vernetzung zu ziehen, da die chemische
Vernetzbarkeit (der DM) von GM2 und GM2A8 nicht unterscheidbar war, die physikalische
Gelierfahigkeit aber von GM2A8 und GM10 vergleichbar war. Die folgende Hypothese wurde

aufgestellt und untersucht:

Die sequenzielle Vernetzung von hoch-modifizierten GM(A) Derivaten, fiir die kein Gelpunkt oberhalb
von 10 °C gemessen wurde, verfestigt die resultierenden Hydrogele im Vergleich zu rein chemisch
vernetzten Hydrogelen nicht. Die Verfestigung der sequenziellen Vernetzung kann durch den

Vergleich von GM2, GM10 und GM2A8-Hydrogelen aufgekldrt werden.

Fir die Untersuchung dieser Hypothese wurden rein chemisch vernetzte GM(A)-Hydrogele und
sequenzielle GM(A)-Hydrogele hergestellt und mit Kompressionsversuchen charakterisiert. Bei der
sequenziellen Hydrogelherstellung wurde die Hydrogelvorlauferldsung vor der chemischen Vernetzung
20min bei 21°C und anschlieBend fir 40min bei 4°C gelagert. Es wurden confined
Kompressionsversuche durchgefiihrt, bei denen der Prifkorper seitlich begrenzt war, und unconfined
Messungen, bei denen keine seitliche Begrenzung verwendet wurde. Es wurde die maximale Spannung
und Dehnung bis zur Zerstérung des Prifkorpers betrachtet. AuRerdem wurde die physikalische

Gelierung wahrend der Kiihlprotokolls der sequenziellen Hydrogelherstellung rheologisch untersucht.

Die Ergebnisse der confined- und unconfined-Messungen filihrten zu unterschiedlichen absoluten
Messwerten, allerdings waren die beobachteten Effekte gleich (vergleiche Figure 7 und Figure 8). Die
sequenziellen Hydrogele waren im Vergleich zu den rein chemischen Hydrogelen weniger dehnbar, und
um die sequenziellen Hydrogele gleich stark zu deformieren wie die chemischen Hydrogele musste eine
signifikant héhere Spannung (p<0,01) ausgelibt werden. Dieses Verhalten wurde fiir alle untersuchten

Derivate beobachtet.

Es wurde Uberpriift, ob es in den untersuchten Hydrogelvorlauferldsungen, anders als erwartet und
bisher gezeigt (siehe Table 1), zu einer Gelierung kam, da alle sequenziellen Hydrogele, auch die aus
GM2A8 und GM10, eine hohere Druckspannung besallen als die chemischen Hydrogele. Wie in Table
3 und Figure S 6 zu sehen ist, wurde flir GM10 eine Gelierung gemessen und fiir GM2A8 auch in einer
von drei unabhangigen Messungen. Diese Ergebnisse deuteten darauf hin, dass es auch in den hoch-
modifizierten Hydrogelvorlauferlésungen aus GM2A8 und GM10 wahrend der Kihlung zu
physikalischen Wechselwirkungen kam. Dies wurde in der anschlieRenden Untersuchung mittels
Dynamischer Differenzkalorimetrie und Circulardichroismus-Spektroskopie nachgewiesen, siehe Figure

11 und Figure 12.
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Fir alle untersuchten GM(A)-Losungen konnte mittels Circulardichroismus-Spektroskopie gezeigt
werden, dass es wahrend der Kihlung vor der chemischen Vernetzung zu einer
Konformationsanderung kam (siehe Figure 11). Fir GM2 konnte eine eindeutig positive Bande bei
~220 nm der Ausbildung von Tripel-Helices zugeordnet werden, vergleiche 2.2.2. Diese Bande war fir
GM2A8 nur leicht positiv und fiir GM10 sogar leicht negativ. Jedoch wurde die negative Bande ~200 nm
bei allen GM(A)s durch die Kiihlung ausgepragter. Diese negative Bande bei ~200 nm kann der
zufalligen Polypeptidketten-Konformation und den Tripelhelices zugewiesen werden. Darliber hinaus
wurden Hinweise darauf gefunden, dass es bei der Kiihlung von GM10-Hydrogelvorlauferlésungen zur
Ausbildung von Einzel-Helices kommt. Die Ergebnisse der dynamischen Differenzkaloriemetrie
stimmten mit denen der Circulardichroismus-Spektroskopie (berein, fir GM2 und GM2A8 konnten
Schmelztemperaturen detektiert werden, vergleiche Figure 12 und Table 4. Somit wurde eine
Konformationsanderung durch die Kihlung der Hydrogelvorlauferlésungen, die zu einer héheren

Ordnung der Polymere flihrte, nachgewiesen.

Kollegen von der Universitdit Wien flihrten Echtzeit-Nahinfrarot-Spektroskopie-Photorheologie-
Messungen wahrend der (sequenziellen) GM-Vernetzung durch und konnten somit den C=C-
Doppelbindungsumsatz in situ wahrend der chemischen Vernetzung messen. Darliber hinaus konnte
die Gelierung wahrend der Kiihlphase gemessen werden. Auch die rheologischen Messungen wahrend
der Kihlphase (Figure 13) konnten die Ergebnisse der Circulardichroismus-Spektroskopie und
dynamischen Differenzkaloriemetrie unterstiitzen: Wahrend der Kiihlung stieg der Speichermodul der

GM2- und GM2AS8-Lésungen an, was auf eine physikalische Gelierung der Losungen hindeutet.

Die Untersuchung der Kinetik der chemischen Vernetzung sowie des C=C-Doppelbindungsumsatzes
nach der chemischen Vernetzung mittels Echtzeit-Nahinfrarot-Spektroskopie-Photorheologie zeigte,
dass der Doppelbindungsumsatz in sequenziellen GM(A)-Hydrogelen geringer war als in rein chemisch
vernetzten GM(A)-Hydrogelen (siehe Figure 14 und Figure 15). Dieses Ergebnis widerlegt die
Hypothese, dass die chemische Vernetzungseffizienz in sequenziellen Hydrogelen hoher ist sowie die
Fourier-Transform-Infrarotspektrometrische Untersuchungen von Rizwan et al., die erste Hinweise auf
einen hoheren C=C-Doppelbindungsumsatz in sequenziellen Hydrogelen zeigten [302]. AuBerdem war
fir die Vernetzung zu einem Hydrogel bei der sequenziellen Vernetzung weniger chemische

Vernetzungen notwendig als bei der rein chemischen Vernetzung.

Somit wurde der erste Teil von Hypothese 2 widerlegt, da auch fiir sequenziell vernetzte GM10- und
GM2A8-Hydrogele ein verfestigender Effekt im Vergleich zu rein chemisch vernetzten GM-Hydrogelen
beobachtet wurde. Es wurde fiir alle GM(A)-Derivate eine Konformationsdnderung wahrend des
Kihlens nachgewiesen. Da der Doppelbindungsumsatz in sequenziellen Hydrogelen geringer war als in

chemischen Hydrogelen, scheint diese Konformationsanderung in allen Hydrogelvorlauferlésungen
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unabhdngig von dem Modifizierungsgrad der GM, die Ursache der Verfestigung der sequenziellen

Hydrogele gewesen zu sein. Somit wurde der zweite Teil der Hypothese 2 bestatigt.

7.3 Hypothese 3

GM-Hydrogele werden als Scaffold fir den Aufbau kiinstlicher Gewebe untersucht. Allerdings sind alle
Gewebe komplex aufgebaut und besitzen nur selten eine homogene Zusammensetzung, wie es bei GM-
Hydrogelen der Fall ist. Ein Beispiel fiir so ein komplexes, aber einfach wirkendes Gewebe ist der
Gelenkknorpel, vergleiche 2.1.1. Der Gelenkknorpel besteht scheinbar nur aus Chondrozyten und der
sie umgebenden extrazellularen Matrix (EZM). Jedoch ist der Gelenkknorpel auf vielen Ebenen zonal

strukturiert.

GM-Hydrogele werden aufgrund des kollagenen Ursprungs des Rohmaterials und der damit
verbundenen Biomimetik haufig als Gerlststruktur fiir das Gelenkknorpel-Tissue Engineering
untersucht. Um den zonalen Aufbau des Gelenkknorpels zu imitieren werden zonale Gelenkknorpel-
Tissue Engineering-Anséatze untersucht, siehe Kapitel 2.1.4. Ziel dieser Arbeit war es unter anderem ein
zonales GM-basiertes Hydrogel mit einem Glykosaminoglykan (GAG)-Gradienten fiir das zonale

Gelenkknorpel-Tissue Engineering darzustellen. Es wurde folgende Hypothese untersucht:

Ein zonal strukturiertes GM-basiertes, sequenziell vernetztes Hydrogel aus drei unterschiedlichen

Zusammensetzungen ist als Scaffold fiir das Gelenkknorpel-Tissue-Engineering geeignet.

Die sequenzielle Hydrogelherstellung ermoglichte die Herstellung zonal strukturierter Hydrogele
mittels GielRen, indem jede Hydrogelschicht physikalisch gelierte bevor die nachste Schicht auf-

pipettiert wurde und erst nach der Kiihlung alle Schichten zusammen chemisch vernetzt wurden.

Es wurden vier unterschiedliche Hydrogelzusammensetzungen untersucht (GM, GM+HAM, GM+CSM,
GM+CSM+HAM) deren Polymergehalt der Hydrogelvorlduferldsung immer 10 Gew.-% war. Hydrogele
aus GM und GAGs bestanden zu 7,5 Gew.-% aus GM und 2,5 Gew.-% GAG, siehe Table 7. Die
Hydrogelvorlauferldsungen wurden sequenziell vernetzt und ihr Speichermodul sowie der initiale und
relaxierte Elastizititsmodul gemessen. Es wurde gezeigt, dass die Hydrogele aus GM+HAM den

geringsten Speicher- und Elastizitaitsmodul besalRen.

Dies widersprach Studien von Levett et al., die zeigten, dass das Ersetzen von GM durch HAM zu
hoheren E-Moduln fiihrte [46, 52]. Eine Moglichkeit fiir diesen Widerspruch koénnten die
unterschiedlichen Molekulargewichte der verwendeten Hyaluronsduren sein. Alcianblau-Farbungen
zeigten, dass es zu einer Phasenseparation zwischen GM und HAM kam. Es wurde die Hypothese

aufgestellt, dass diese Inhomogenitat die geringeren E-Moduln der GM+HAM-Hydrogele verursachte.
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Trotzdem waren die gemessenen E-Moduln der sequenziell vernetzten, GM-basierten Hydrogele die
hochsten bisher berichteten E-Moduln fiir GM-Hydrogele. Das macht sie besonders geeignet fiir die
Herstellung von kinstlichen Last-tragenden Geweben wie beispielsweise Knorpelgewebe. Es wurden
deshalb zonale Hydrogele aus GM, GM+CSM und GM+CSM+HAM dargestellt, siehe Figure S 21. Die
zonale Struktur der zonalen Hydrogele konnte mittels Alcianblau-Farbung nachgewiesen werden
(Figure S 16). Darliber hinaus waren die zonalen Hydrogele, wie alle anderen untersuchten

Hydrogelzusammensetzungen, Gber den beobachteten Zeitraum von 42 Tagen stabil, siehe Figure 19.

Im nachsten Schritt wurde der Einfluss der Kihlung wahrend der sequenziellen Vernetzung auf die
Vitalitat der in den GM2-Hydrogelvorlauferldsungen verkapselten Chondrozyten untersucht. Die Dauer
der Kihlung bei 4 °C wurde zwischen 0 h und 2 h variiert. Es wurde direkt nach der Hydrogelherstellung
sowie 24 h danach kein signifikanter Einfluss der Kiihlung bei 4 °C auf die Vitalitat der verkapselten
Chondrozyten nachgewiesen, siehe Figure 20. Da die Zytokompatibilitat des Photoinitiators LAP bereits
nachgewiesen wurde [319, 320] wurde die Zytokompatibilitdt der sequenziellen Vernetzung von GM-

Hydrogelen fiir Chondrozyten geschlussfolgert.

Alle GM+GAG-Hydrogele, auch die zonalen Hydrogele, konnten teilweise durch Kollagenase Typ Il
abgebaut werden, reine GM-Hydrogele wurden nach 14 Tagen vollstandig durch Kollagenase Typ Il
abgebaut, vergleiche Figure 19, Figure S 19 und Figure S 20. Ein Abbau durch Hyaluronidase wurde
nicht beobachtet. Dies entsprach den Ergebnissen in der Literatur, dass HAM durch die
Methacryloylierung nicht mehr durch Hyaluronidase degradiert wird [46, 397]. Diese Ergebnisse
zeigten, dass die sequenziellen Hydrogele von Chondrozyten abgebaut und somit remodelliert werden

konnten, da die Chondrozyten Kollagenase sekretieren.

Es wurden dedifferenzierte Chondrozyten in reinen GM- und in zonale Hydrogele verkapselt, Gber
28 Tage kultiviert, und die synthetisierte EZM untersucht. Mithilfe von Alcianblau-Farbungen konnte
gezeigt werden, dass die verkapselten Chondrozyten in beiden untersuchten Hydrogelen Alcianblau-
positive EZM synthetisieren, siehe Figure 21 und Figure 22. Des Weiteren wurde Kollagen Typ | und
Kollagen Typ Il mithilfe von Antikdrper-Farbungen nachgewiesen. Zusammen mit der sphérischen
Morphologie der Chondrozyten wurde deshalb geschlussfolgert, dass die Chondrozyten wahrend der
28-tagigen Kultivierung in beiden untersuchten Hydrogelen (GM2- und zonale Hydrogele)
redifferenzierten. Ein Einfluss der zonalen Strukturierung auf die EZM-Synthese der Chondrozyten
wurde nicht beobachtet. Dies konnte an der verhéaltnismaRig kurzen Dauer der dreidimensionalen

Kultivierung liegen.

Somit konnte die Hypothese 3 bestatigt werden: Es wurde unter zytokompatiblen Bedingungen mithilfe
der sequenziellen Vernetzung zonal strukturierte GM-basierte Hydrogele erzeugt, die aus drei

Zusammensetzung bestanden (GM, GM+CSM, GM+CSM+HAM). Die gemessenen E-Moduln waren die
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hochsten bisher fir GM-Hydrogele berichteten, was sie besonders geeignet fiir das Gelenkknorpel-
Tissue Engineering macht. Der Ersatz von GM durch HAM oder CSM fiihrte zu geringeren E-Moduln.
Alle untersuchten Hydrogelzusammensetzungen waren teilweise oder vollstandig durch Kollagenase
degradierbar. Die in reinen GM- und zonalen Hydrogelen verkapselten dedifferenzierten Chondrozyten

redifferenzierten tGber einen Zeitraum von 28 Tagen, in Bezug auf die EZM-Synthese.
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8. Schlussfolgerungen

Die Ergebnisse dieser Dissertation demonstrieren die Notwendigkeit, das verwendete Gelatine-
Rohmaterial in Veroffentlichungen zu benennen und mindestens den Methacryloylierungsgrad der
verwendeten GM zu quantifizieren. Nur mit diesen Angaben ist es moglich zu Uberprifen, ob
Ergebnisse vergleichbar sind und somit die Erforschung von GM als Biomaterial zielorientiert zu
verfolgen. Die Ergebnisse der Untersuchung in dieser Arbeit zeigten, dass die Eigenschaften des
verwendeten Gelatine-Rohmaterials einen signifikanten Einfluss auf die resultierenden Eigenschaften
der GM, sowie der GM-Losungen und -Hydrogele haben. So wurde beispielsweise gezeigt, dass die
Standard-Viskositat des Rohmaterials die Viskositat wassriger GM-Losungen und den Speichermodul
von GM-Hydrogelen beeinflusst. Darliber hinaus wurde gezeigt, dass sich die GM-
Materialeigenschaften mit dem Methacryloylierungsgrad verdndern, dabei sinkt zum Beispiel die
Gelier- und Schmelztemperatur sowie die dynamische Viskositat von wassrigen GM-Losungen mit

steigendem Methacryloylierungsgrad.

AuRerdem wurde im Rahmen dieser Arbeit gezeigt, dass es durch das Abkihlen von GM-
Hydrogelvorlauferlosungen vor der chemischen Vernetzung zu Konformationsanderungen kam. Diese
Konformationsdnderung und die damit einhergehende Ordnung der Polymere in der GM-
Hydrogelvorlauferlosung schienen die Ursache der Verfestigung von sequenziellen Hydrogelen zu sein.
Dieses Ergebnis verdeutlichen einerseits, wie wichtig es ist, die Temperatur der
Hydrogelvorlauferlosung vor und wahrend der chemischen Vernetzung zu kontrollieren, da diese einen
signifikanten Einfluss auf die Hydrogeleigenschaften hatte. Andererseits zeigt die Studie das Potenzial
der sequenziellen Vernetzung zur Erzeugung von GM-Hydrogelen mit hohen Elastizitditsmoduln und
somit fiir den Einsatz als Scaffold im Gelenkknorpel-Tissue Engineering geeignet sein konnten. Es wurde
gezeigt, dass die sequenzielle Vernetzung den Speichermodul und die Druckspannung von allen
untersuchten Hydrogelen erh6hte, unabhangig davon, ob die Hydrogelvorlauferldsungen wahrend des
Kihlens gelierten oder nicht. Die Untersuchung der physikalischen Interaktionen in den
Hydrogelvorldauferlosungen wahrend des Kiihlens der sequenziellen Vernetzung zeigte
Konformationsanderungen fiir alle untersuchten GM-Derivate. Allerdings waren diese
Konformationsanderungen abhangig von dem Modifizierungsgrad der GM-Derivate. GM-Derivate,
deren Aminogruppen vollstandig modifiziert wurden, zeigten eine Tripel-Helix-Ausbildung wahrend des
Kihlens,  was mit  dem Gelieren der Hydrogelvorlauferlosung  Gbereinstimmte.
Hydrogelvorlauferlosungen aus einem GM-Acetyl (GMA)-Derivat, bei dem auch alle zuganglichen
Aminogruppen methacryloyliert und zusatzlich Hydroxylgruppen acetyliert wurden, zeigten einen

geringeren Gehalt an Triple-Helices. Fiir das hoch-methacryloylierte GM-Derivat konnten keine Triple-
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Helices, aber dafiir Einzel-Helices nachgewiesen werden. AuRerdem wurde gezeigt, dass, anders als
bisher vermutet, der Doppelbindungsumsatz in sequenziell vernetzten GM-Hydrogelen geringer ist als
in rein chemisch vernetzten GM-Hydrogelen. Somit konnte die Verfestigung der sequenziellen GM-
Hydrogele, anders als bisher vermutet, nicht mit einem hoéheren Doppelbindungsumsatz erklart
werden. Die Konformationsdnderungen in den Hydrogelvorlduferlosungen wahrend des Kihlens und
die damit einhergehende Ordnung der Polymere scheint die Ursache der Verfestigung von

sequenziellen Hydrogelen zu gewesen sein.

Mithilfe der sequenziellen Vernetzung konnten in dieser Arbeit zonal strukturierte GM-basierte
Hydrogele aus drei Zusammensetzungen zytokompatibel dargestellt werden. Dariiber hinaus wurde so
ein Glykosaminoglykan-Gradient in dem zonalen Hydrogel aufgebaut, der mittels Acianblau-Farbung
nachgewiesen werden konnte. Die materialwissenschaftlichen Untersuchungen zeigten, dass die
Hydrogele belastbar und enzymatisch degradierbar waren. Erste Zellverkapselungs-Versuche zeigten,
dass dedifferenzierte Chondrozyten nach 28 Tagen Kultivierung Kollagen Typll und
Glykosaminoglykan-reiche EZM sekretierten. Dieses Materialsystem liefert die Grundlage fir die

Erforschung zonal strukturierter GM-Hydrogele fir das Gelenkknorpel-Tissue Engineering.
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9. Ausblick

Die in dieser Arbeit durchgefiihrte Untersuchung zum Einfluss des verwendeten Gelatine-Rohmaterials
auf die Eigenschaften des resultierenden Gelatine-Methacryloyls (GM), siehe Kapitel 4, betrachtete den
Einfluss des Bloom-Wertes nicht, da die verwendeten Gelatine Typ A und Gelatine Typ B einen nahezu
identischen Bloom-Wert besallen. Da der Bloom-Wert die Gelierkraft des Rohmaterials beeinflusst,
wird er wahrscheinlich auch die Ausbildung von Tripel-Helices der GM und somit weitere Eigenschaften
der GM-Hydrogele beeinflussen. Deshalb ware eine Untersuchung des Einflusses des Bloom-Wertes auf
die GM-Materialeigenschaften sinnvoll, um die GM-Charakterisierung, ahnlich wie Standard-

Charakterisierung von Gelatine, zu vervollstandigen.

Erste vorlaufige Ergebnisse zu dem Einfluss des Bloom-Wertes auf den Methacryloylierungsgrad und
den Speichermodul der GM-Hydrogele wurden im Rahmen dieser Arbeit erzeugt. Es wurden GM2- und
GM10-Derivate mit einer Gelatine Typ B aus Rinderknochen der Firma Gelita mit einem Bloom-Wert
von 270g Bloom synthetisiert (GMysgsioom). Der Methacryloylierungsgrad wurde wie in 4.1.3
beschrieben bestimmt und war nicht unterscheidbar von den Methacryloylierungsgraden der GMs, die
aus einer Gelatine Typ B aus Rinderknochen mit einem Bloom-Wert von 235 g Bloom hergestellt
wurden. Der Methacryloylierungsgrad der GM2270¢8100m lag bei 0,26+0,04 mmol g und der von

GM10,70 ¢ Bloom bei 0,92+0,1 mmol g™.

1204 [ ]235 gBloom
I 270 ¢ Bloom
1004
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20+
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Abbildung 9: Speichermodul von 10 Gew.-% GM2- und GM10-Hydrogelen. Als Gelatine-Rohmaterial wurden eine Gelatine mit
einem Bloom-Wert von 235 g Bloom verwendet (helle Balken) und eine Gelatine mit 270 g Bloom (dunkle Balken). Die
Hydrogele, deren GM aus Gelatine mit 270 g Bloom zeigten tendenziell hohere Speichermoduln als die Hydrogele, deren GM
aus 235 g Bloom Gelatine.

AuBerdem wurden sequenzielle 10 Gew.-% GMayogeioom-Hydrogele hergestellt und deren
Speichermodul bestimmt. Zum Vergleich wurden sequenzielle GM-Hydrogele hergestellt, fiir deren
GM-Synthese 235 g Bloom Gelatine verwendet wurde (GMss g sioom). Die Ergebnisse sind in Abbildung
9 dargestellt. Die Ergebnisse zeigten, dass die GMyogs0om-Hydrogele einen tendenziell héheren
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Speichermodul besaRen als die GMass¢ sicom-Hydrogele, jedoch waren die Speichermoduln nicht
signifikant unterschiedlich. Dies konnte daran liegen, dass die verglichenen Bloom-Werte im gleichen
GroBenbereich lagen. In Zukunft sollten also Rohmaterialien mit einem deutlich geringeren oder
hoheren Bloom-Wert, beispielsweise 100 g Bloom oder 300 g Bloom, untersucht werden. Solche GM-
Derivate, fur deren Synthese ein Rohmaterial mit einem hoheren Bloom-Wert, beispielsweise
300 g Bloom, verwendet wurde, waren auch flr die Erzeugung sequenzieller GM-Hydrogele
interessant, denn wahrscheinlich ware der Tripel-Helix-Gehalt in solchen Hydrogelen héher und wirde

zu einer ausgepragten Strukturierung und Verfestigung der Gele fihren.

Um eine andere Art der physikalischen Wechselwirkung als die Ausbildung von Tripel-Helices in der
sequenziellen Vernetzung zu untersuchen kdnnten kationische GM-Derivate verwendet werden.
Solche Derivate wurden von ClaaRen et al. [408] beschrieben und ein Teil der Charakterisierung im
Rahmen dieser Dissertation durchgefiihrt. In einer Mischung aus solchen kationischen GM- und den in
dieser Arbeit untersuchten anionischen GM-Derivaten kommt es wahrscheinlich zu Wechselwirkungen
der Ladungen bei neutralem pH. Diese Wechselwirkungen kénnten zum Gelieren und bzw. oder der

Verfestigung der resultierenden Hydrogele fihren.

Sollten weitere Arbeiten mit dem in dieser Arbeit erzeugten zonalen GM-basierten Hydrogel
vielversprechend sein, konnte das zonale Hydrogel durch eine zusatzliche Schicht, die den
subchondralen Knochen reprasentiert, erweitert werden und so ein vollstdndigeres Gewebedquivalent
entwickelt werden. Im Knochen-Tissue Engineering werden oft porése Materialien untersucht, um die
Knochen-Struktur zu imitieren. Im Rahmen dieser Dissertation wurde an der Erforschung von GM-
Hydrogelschdumen mitgearbeitet [409]. Diese kdnnten als GerUststruktur fir die Kultivierung von
Knochenzellen geeignet sein und somit das in dieser Arbeit zonale Hydrogel erganzen. Arbeiten von
Wenz et al. [304, 305, 320] zeigten zudem, dass beispielsweise Hydroxylapatit verwendet werden kann

um GM-Hydrogele Knochen-mimetischer zu gestalten.
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II.  Abbildungsverzeichnis

Abbildung 1: Zonale Struktur des Gelenkknorpels. Der nicht-kalzifizierte Knorpel wird von der
Gelenkoberflache Richtung Knochen in die Zonen |, Il und Ill unterteilt. Die Zone IIl wird durch die
Tidemark von Zone IV getrennt, die wiederum an den subchondralen Knochen anschlieBt. Nachdruck
mit Genehmigung von Springer Nature: Springer-Verlag, Knorpelregeneration und Knorpelersatz, M.
Rudert und C. J. Wirth, © 1998. [4].....uuuuuereiiriiiiiiiriieieieeeeeeeeeeeereeeeeeererereeeereerrerrrereresereretetstetetetetseesseeeeeeens 9
Abbildung 2: Arkaden-Modell der Kollagen-Organisation im Gelenkknorpel von Benninghoff [5].
Nachdruck mit Genehmigung von Elsevier: Elsevier Ltd., Stresses in the local collagen network of
articular cartilage: a poroviscoelastic fibril-reinforced finite element study, W. Wilson et al., ©
2004. [13] Anmerkung: Die Beschriftungen in der Abbildung wurden tbersetzt und die Bezeichnung der
ZONEN VEIANUEIT. c.etiiutieitteteeteet ettt sttt st st ettt et e bt et e e bt e s b e e s bt e sbeeameesbeeemeeemeeesteenbeeabeebeeneenbeennes 10
Abbildung 3: Extrazellulare Matrix des Knorpelgewebes. Die Proteoglykan-Aggregate sind im
Kollagennetzwerk immobilisiert. Die Aggregate bestehen aus einer Hyaluronsaure, an die tiber das Link-
Protein Proteoglykane gebunden sind. Diese Proteoglykane haben einen Flaschenbirsten-artige
Struktur und bestehen aus einem zentralen Kernprotein, an das Glykosaminoglykane gebunden sind.
Nachdruck mit Genehmigung von Springer Nature: Springer-Verlag, Knorpelregeneration und
Knorpelersatz, M. Rudert und C. J. Wirth, © 1998. [4] ....ccouriteeeeeeiciiieee ettt et r e e e e enaraeee s 11
Abbildung 4: Prinzip der autologen Chondrozyten Transplantation. AufRerhalb der Knorpelldsion wird
ein Stick gesunder Knorpel entnommen und enzymatisch verdaut um die Chondrozyten zu isolieren.
Die Chondrozyten werden zur Expansion zweidimensional kultiviert. Nach der Expansion wird eine
Chondrozyten-Suspension in die Ladsion injiziert und mit einem Stlick Knochenhaut verschlossen.
Nachdruck mit Genehmigung von Elsevier: Elsevier Ltd., An educational review of cartilage repair:
precepts & practice — myths & misconceptions — progress & prospects, E. B. Hunziker et al., © 2015. [25]
Anmerkung: Die Beschriftungen in der Abbildung wurden Ubersetzt. .........ccccovveevcieeeecciee e, 13
Abbildung 5: Strategien des zonalen Gelenkknorpel-Tissue Engineerings. A Bei der Scaffold- und Matrix-
freien Strategie werden die Chondrozyten aus den Zonen |, Il und Il getrennt und ohne Scaffold
verwendet, und produzieren ihre eigene Matrix. B Bei der Matrix-basierten Strategie werden Hydrogele
aufeinander geschichtet die jeweils einen zonalen Chondrozyten Phanotyp der Zonen I-lll beinhalten.
C Im Scaffold-basierten Ansatz wird eine Mischpopulation aus Chondrozyten der Zonen I-lll auf eine
zonal strukturierte Geriststruktur gesat. D Fir den Hybrid-Ansatz wird mit zellhaltigen Materialien
mittels additiver Fertigungsverfahren eine zonale Struktur aufgebaut. Nachdruck mit Genehmigung von
Mary Ann Liebert: Mary Ann Liebert, Inc., Tissue Engineering of Articular Cartilage with Biomimetic
Zones, T. ). Klein et al., © 2009. [44] Anmerkung: Die Beschriftungen in der Abbildung wurden lGbersetzt

und die Bezeichnung der Zonen VErANAErt. .........uuiiiiiiii it eescrere e e e e e ran e e e e e e e e e nneeeees 17
Xl



Abbildung 6: Praparation von Knorpelgewebe fiir die Isolierung der zonalen Phanotypen aus Zone |, Il
und Il (A). Nur die oberen, mittleren und unteren 10 % des Knorpels wurden fir die Isolierung
verwendet (B). Nachdruck mit Genehmigung von Elsevier: Elsevier Ltd., Experimental Model for
Cartilage Tissue Engineering to Regenerate the Zonal Organization of Articular Cartilage, T.-K. Kim et
AL, © 2003, [56] c.eeeieeiuieeie ettt ettt e h e b e e bt e s h et e h e e eat e ea et et e e beebeenbeeebeenheesaees 18
Abbildung 7: Kumulative Darstellung der Publikationen, die zwischen 2000 und Juni 2019
veroffentlicht, GM synthetisiert wurde und die Publikation von Van den Bulcke et al. [42] zitiert
wurde [35, 42, 45-47, 49-53, 94, 98-309]. ..c.ueeriiriirierieeteee ettt 27
Abbildung 8: Oben: Chemische Struktur und Spaltung der zwei Photoinitiatoren 1-[4-2(Hydroxyethoxy)-
phenyl]-2-hydroxy-2-methyl-1-propanon (12959) und Lithiumphenyl-2,4,6-trimethylbenzoylphosphinat
(LAP). Unten: Molare Absorption der Photoinitiatoren (durchgezogene Linie) und deren
Spaltungsprodukten (gestrichelte Linie). Nachdruck mit Genehmigung von Elsevier: Elsevier Ltd.,
Photoinitiated polymerization of PEG-diacrylate with lithium phenyl-2,4,6-
trimethylbenzoylphosphinate: polymerization rate and cytocompatibility, B. D. Fairbanks et al., ©
2009. [313] Anmerkung: Die Beschriftungen in der Abbildung wurden Ubersetzt. .......cccccceeeennnnnnenn. 30
Abbildung 9: Speichermodul von 10 Gew.-% GM2- und GM10-Hydrogelen. Als Gelatine-Rohmaterial
wurden eine Gelatine mit einem Bloom-Wert von 235 g Bloom verwendet (helle Balken) und eine
Gelatine mit 270 g Bloom (dunkle Balken). Die Hydrogele, deren GM aus Gelatine mit 270 g Bloom

zeigten tendenziell héhere Speichermoduln als die Hydrogele, deren GM aus 235 g Bloom Gelatine.

Figure 1 A) DM, broken down to methacrylate (filled bars) and methacrylamide (criss-crossed upper
bars) in mmol g™ of Ga and G derivatives determined by integration of *H-NMR-spectra with the TMSP-
method.[37] The particular DMs were indistinguishable for Gy and Gg. The DM increased with the molar
excess of MAAnh used. B) DMA in mmol g™* for derivatives prepared with tenfold excess of anhydride,
broken down to methacryloyl and acetyl modification. All corresponding values and statistical analysis
results of two-sided Student t-tests are given in Table S 3 and Table S 3, 4.1.7 Supporting Information.
The data for Gaderivatives were published in ref. [37] before. .......coovcvveeeei e 45
Figure 2: A) Solutions of deionized gelatin derivatives. Gelatin derivatives precipitated following the
deionization process. B) IEP of G (8.8), Gs (4.9), and derivatives GaM(A) (=4.5), GsM(A) (=4.1). The IEP
of modified gelatins were different compared to the respective unmodified gelatin. Additionally, the
IEPs of Ga derivatives were higher compared to the corresponding Gg derivatives. Significant differences
were calculated using a two-sided Student t-test, and significance levels were marked as follows:

K DL0.0L, X FPL0.00c1verreeeeeeeeereseeseeeseseesesesessseseseseesesesessesesesesseeesesessesesaseseesesesesseeseseseeesesesseesenesree 47
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Figure 3: A) SEC elugrams of Ga and its derivatives B) as well as of Gg and its derivatives. GMs were
eluted at higher elution volumes compared to the raw materials. Increasing DMs lead to increasing
elution volumes. GMAs were eluted at even higher elution volumes, which further increased with the
DA. Elution volumes smaller than 7.5 mL and greater than 10.5 mL were outside the separation range
OF the USEA SEC COIUMN. (..t ettt e be e s ae e sat e sat e et e et e et e ebeenbeenbeesaeenns 48
Figure 4: Dynamic viscosity of 10 % (w/w) Ga and G (derivative) solutions determined at 50 s™%, pH 7.4,
and 37 °C. All corresponding values are entitled in Table S 4, 4.1.7 Supporting Information. The viscosity
of unmodified Gg was significantly higher compared to unmodified Ga. This was also true for relatively
low methacryloylated derivatives GM2 and GMS5. Viscosities of highly modified derivatives GM10,
GMS5AS5, and GM2A8 were indistinguishable. Significant differences were determined using a two-sided
Student t-test, and significance levels were marked as follows: *p<0.05; ***p<0.001. .........ccvveeee... 51
Figure 5: A) G’.ver (at 37 °C) and B) EDS of GM(A) hydrogels prepared from 10 % (w/w) solutions. G'iver
of GM-hydrogels were higher compared to GMA hydrogels with identical DM, and GgM hydrogels had
higher G’iver than GaM hydrogels. All corresponding values and statistical analysis results of two-sided
Student t-tests are given in and Table S 7, 4.1.7 Supporting Information). EDSs of hydrogels were
approximately the same for all derivatives (700-800 %), except for GM2A8 which possessed
significantly higher EDS and significant differences between Ga and Gg. Significant differences were
calculated using a two-sided Student t-test, and significance levels were marked as follows: **p<0.01;
e I 00 PP P PO P PP PUSUSTPPPRPPOOR 53
Figure 6: Schematic presentation of different gelatin derivatives used in this study. The suffix denotes
the molar excess of anhydrides (MAAnh and AcAnh) used during synthesis procedure. Methacryloyl
groups are marked green and acetyl groups blue. Furthermore, the degree of methacryloylation (DM),
the total degree of modification (DMA, i.e., DM + degree of acetylation) and the capability to form
PhYSICal IS [96] @@ BIVEN. ..uvvieeeieeieeeirieeee ettt eeertrre e e e e e e esetrraeeeeeeessetbbsaeeeeeeessnstssaaeeeesesansrsseeens 70
Figure 7: Stress-strain diagrams of gelatin methacryloyl acetyl (GM(A)) hydrogels made without (-)
(A,B) and with cooling (C,D) cross-linking and measured in confined (A,C) and unconfined (B,D) set-up.
The utilized the gels to different extents; therefore we determined the respective deformation and
added it to the measured strains, which shifted the curves to the right to the corrected, effectively
applied overall strains, resulting in different initial strains for the various specimens. Material failure
resulted in complete drop of stress in the unconfined set-up (B,D). In the confined set-up the first drop
of stress was interpreted to indicate material failure and curves are only displayed up to the
(oo T g EtY o oY o e ITaY=8y d =11 o I 1/ Y o) 71
Figure 8: Compressive strains at break (€,) measured in the confined (A) or unconfined (B) set-up and
the respective compressive stresses at break (os) (C,D). Hydrogels were prepared with (+) or without (-
) cooling. The 25" and 75 percentiles of all specimen determine the boxes. The whiskers mark the
inner fence (1.5-fold interquartile range). Data points beyond the inner fence are outliers and shown
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as black diamonds. The line in the box represents the median and the center of the square the mean.
Significant differences are marked as follows: **p<0.01, ***p<0.001. .......cccceeeviireeeeiireeecriee e, 72
Figure 9: Experimental set-up for compression tests of hydrogels in a swollen state at 37 °C. The
measuring chamber was flushed with 37 °C warm PBS+ throughout the measurements. The PBS+ was
warmed on a magnetic stirrer/hotplate and pumped in a closed circuit through the measuring chamber
o)V 1 o 1o o To LY o T s o o TSRS 79
Figure 10: Technical drawing of the measurement components for unconfined (a—c) and confined (d-
f) measurements: (a/d) Self-designed measuring head for the material testing machine Z005, consisting
of an adapter and the measuring head. The diameter was 15 mm (a) and 8 mm (d). (b/e) Technical
drawing of the inlet of the measuring chamber. Due to the perforation of the inlet the exchange of the
PBS+ surrounding the hydrogel was ensured. For confined testing a chamber with a filter disk ensuring
PBS+ exchange was utilized. (¢/f) Transverse section of the measuring chamber..........cccccoveeveeennen.. 80
Figure 11: Molar ellipticity 6 of unmodified gelatin, GM2, GM2A8, and GM10. The spectra were
recorded at 37 °C (A) or after the temperature protocol, whereby the 37 °C warm solution was cooled
to 21 °C for 20 min followed by cooling to 4 °C for 40 min (B, Cooling). For gelatin and GM2 a clear
positive signal around 220 nm was detected after cooling, which suggested the presence of alpha
helices. The signal was absent for all solutions measured at 37 °C, and the negative molar ellipticity of
all solutions around 200 nm emphasized the presence of random coil structures. The figure was created
with Origin 2019b (http://www.originlab.com/2019D). ........cccieriiiieiiiecieecee e 92
Figure 12: Differential scanning calorimetry (DSC) curves of unmodified gelatin, GM2, GM2A8, and
GM10. Vertical dotted lines indicate the melting temperatures. The figure was created with Origin
2019b (http://Www.originlab.com/2010D)....ccuiiiiiieiie ettt ettt et e ere e e beebeereereas 93
Figure 13: Evolution of storage modulus G’ during the initial cooling protocol of the sequential cross-
linking procedure for the tested gelatin derivatives and the raw material gelatin (G). Note that the data
on the subsequently performed chemical cross-linking of the samples shown here is depicted in Figure
14 and discussed in the next section. The figure was created with Origin 2019b
(http://Www.originlab.com/2019D0). .....ccuiiiieecececee ettt e be e ba e s baesrae s 95
Figure 14: Real time-near infrared spectroscopy-photorheology data of GM2, GM2A8 and GM10
solutions. The storage moduli (G’) and double bond conversions (DBC) measured for chemical cross-
linking at 37 °C (classical method) are shown in (A, B). G’and DBC measured during the sequential cross-
linking procedure (cooling) are shown in (C, D), respectively. Note that the data in (C, D) were obtained
directly after physical cross-linking shown in Figure 13 using the same samples. The time axes in this
figure therefore refer to the chemical cross-linking period only. Sequential cross-linking resulted in
higher G’ after chemical cross-linking and lower DBCs for all three gelatin derivatives. The grey dotted
line indicates the start of UV-initiated cross-linking. The figure was created with Origin 2019b
(http://WWw.originlab.com/2019Dh). .......oiiiiiieecee e ettt re e e be e eraeea 97
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Figure 15: Increase of storage modulus G’ with the double bond conversion (DBC) for the three gelatin
derivatives GM2, GM2A8, and GM10 using the classical or the sequential cross-linking procedure,
respectively. Note that the light blue triangles representing the data obtained for GM2AS8 with the
classical cross-linking procedure are visible close to the abscissa at DBCs below 0.3 mmol g 1. The figure
was created with Origin 2019b (http://www.originlab.com/2019b)........cccccvieiiiiiiiieiiiecee e, 100
Figure 16: Three parts of hydrogel mold for preparation of zonal structured hydrogels. .................. 116
Figure 17: Storage, loss moduli (G’, G) and loss factor (tan(6)) of GM, GM+CSM and GM+HAM+CSM
hydrogels with 1 mm height and 8 mm diameter. G” and tan(6) increased in parallel. Highest G’ was
found for GM and GMHHAMAFCSM. .....iiiiiiiiiiiiie ettt 120
Figure 18: Relaxation testing of GM (A), GM+CSM (B), GM+HAM+CSM (C) and zonal (D) hydrogels. Black
squares denote the initial stress (o) to achieve the respective compression and red squares denote
the remaining stress (0eq) after 30 min holding the respective strain (g). Furthermore, the linear fit of
oiniand 0.4 are shown. The slopes of these linear fits were calculated as E-moduli (Ein;, Eeq). E-moduli of
GM were highest, followed by GM+HAM+CSM. GM+HAM hydrogels had the lowest E-moduli........ 121
Figure 19: Relative gel yield of biopolymer hydrogels during degradation studies. Hydrogels consisted
out of GM (10 % (w/w)), GM+CSM (7.5 % (w/w) GM + 2.5 % (w/w) CSM), GM+HAM (7.5 % (w/w) GM +
2.5 % (w/w) HAM), GM+CSM+HAM (7.5 % (w/w) GM + 1.25 % (w/w) CSM + 1.25 % (w/w) HAM) and
zonal structured hydrogels. Hydrogels were incubated for 42 d in PBS (A), collagenase type Il (B,
2.5 U mL?), hyaluronidase (C, 2.5 U mL?) and a mixture of collagenase and hyaluronidase (D, each
1.25 U mLY). Collagenase reduced the gel yield over time for all hydrogels while PBS and hyaluronidase
alone did not effect the el Yield. ... e e 122
Figure 20: Relative amount of viable cells in GM-hydrogels relative to chondrocyte-containing hydrogels
prepared without cooling (0 h). Duration of cooling did not affect the amount of viable cells in cell-
(olo) o] =Y Lo 1T oY=l 0 1VZe [ =d =Y L3O PUPTN 123
Figure 21: Staining of chondrocytes encapsulated in pure GM-hydrogels directly after encapsulation (A-
C) and after 28 d of static cultivation (a-c). Alcian blue-nuclear fast red staining (A, a; scale=100 um)
showed alcian blue positive staining after 28 d cultivation, arrows mark encapsulated chondrocytes.
Collagen type | (B, b; scale=10 um) and collagen type Il (C, c; scale=10 um) was detected for both time
L0 1) PSP PP PPPPPPPPPPPP 124
Figure 22: Staining of chondrocytes encapsulated in zonal-hydrogels directly after encapsulation (A-E)
and after 28 d of static cultivation (a-e) in different zonal hydrogel compositions (A, a: GM; B, b:
GM+CSM; C, c: GM+CSM+HAM). Alcian Blue-Nuclear Fast Red staining (A-C, a-c; scale=100 um) showed
Alcian Blue positive staining after 28 d cultivation, arrows mark encapsulated chondrocytes. Collagen
type | (D, d; scale=10 um) was scarcely detectable at both time points, collagen type Il (E, e;

scale=10 um) was detected after 28 d CUltiVatiON. .......vvveeeiiiiicieee e e 125
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Figure S 1: 'H-NMR of G and its derivatives. Acrylic protons of methacryl groups were highlighted light
grey, non-modified lysine residues criss-crossed light grey, methyl protons of acetyl groups criss-
crossed dark grey and methyl protons of methacryl groups dark grey. .......cccceeecieeeeccieeeecciiee e, 56
Figure S 2: Calculated isoelectric points of Ga regarding different degrees of derivatization of amino
groups (method see Main MaNUSCIIPL). ..uiiiiiiiieiciie ettt eeeee e e eette e e e sateeeeebaeeeeenbaeeesnsaeaesnnes 58
Figure S 3: SEC elugrams of Ga and Gg (A) and derivatives (B-F). .........cccecuereeiiieeeeriee e 59
Figure S 4: Gelling behavior of GA (A) and its derivatives GaM2 (B), GaM5 (C), GaM10 (D), GaM2AS8 (E),
GAMBAS (F) interMS Of G aNd G 7. .ottt e e e et e e e e e e eesabbaaeeeeeesennsereees 60
Figure S 5: Gelling behavior of Gg (A) and its derivatives GsM2 (B), GsM5 (C), GsM10 (D), GsM2AS8 (E),
GBMBSAS (F) inTerms 0f G and G ...cooveieie ettt be e e s te e s te e e te e e s ateesabeeeraeens 61
Figure S 6: Rheological evaluation of GM(A) gelling behavior during the chosen thermal protocol: (A)
Storage moduli (G’) and (B) loss moduli (G”). Note the interruption of the y-axis the associated change
of scales. Due to this interruption the curves of GM10 and GM2A8 both end at 200 Pa and start again
AT 800 P et e et et ettt et ettt et et et et et et et et et e e e eaeaaeaaaaeaaaaaaeaaaaaaaaeaeaens 83
Figure S 7: 'H-NMR spectra of gelatin used for methacryloylation (GM) (and acetylation (GMA)) and its
derivatives. Unmodified lysine groups, only present in the spectrum of the unmodified gelatin, were
highlighted in dark grey, acrylic protons of methacryloyl groups in light grey. The figure was created
with Origin 2019b (http://www.originlab.com/2019b). .......ccoviieiiiiiiieecrie et 104
Figure S 8: Utilized temperature profile for physical gelation prior to chemical cross-linking. The 37 °C
warm GM-solutions were cooled for 20 min to 21 °C followed by cooling to 4 °C 40 min (green dotted
lines). Afterwards, infrared spectroscopy (IR) acquisition was started (orange dotted line) and the UV
light was turned on 5s later (blue dotted line). The figure was created with Origin 2019b
(http://WWW.originlab.com/2019D). ....ccueiiiiiiceiecee et e 104
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Figure S 10: Circular dichroism (CD) spectra of gelatin (A), GM2 (B), GM2A8 (C) and GM10 (D). CD
spectra were recorded at 37 °C or after cooling procedure (37 °Cto 21 °C for 20 min followed by cooling
to 4 °C for 40 min). The figure was created with Origin 2019b (http://www.originlab.com/2019b).. 105
Figure S 11: Circular dichroism (CD) spectra of gelatin (derivatives) after cooling procedure (A) and a
zoom-in of these CD spectra between 225-255 nm (B). The figure was created with Origin 2019b
(http://WWwW.originlab.com/2019h). ....c..oi ittt ettt 105
Figure S 12: Reaction rate of double bond conversion for GM10, GM2, and GM2A8. The figure was
created with Origin 2019b (http://www.originlab.com/2019b)........c.ccccviiiiiiiiiiecieecee e, 106
Figure S 13: Correlations between kpsc and DM (left) as well as ky and kpsc (right). The figure was created
with Origin 2019b (http://www.originlab.com/2019b). .......cccvieeiiiiiiiieie e 107
Figure S 14: *"H-NMR spectra of unmodified biopolymers gelatin (G), chondroitin sulfate (CS), hyaluronic
acid (HA) and biopolymer derivatives gelatin methacryloyl (GM), chondroitin sulfate methacryloyl
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(CSM) and hyaluronic acid methacryloyl (HAM). Acrylic protons of methacryloyl groups were
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Figure S 15: Photos of hydrogel samples cut with a circle cutter for compression testing and cell
encapsulation (height 5 mm, diameter 8 mm). Pictures show different hydrogel compositions: GM (A),
GM+HAM (B), GM+CSM (C) and GM+HAM+CSM (D). Hydrogels containing HAM were cloudy, the others
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Figure S 16: Zonal hydrogels directly after preparation in the mold (A, height 5 mm, diameter 30 mm),
cut sample for compression testing and cell encapsulation (B, height 5 mm, diameter 8 mm). In A and
B the hyaluronic acid methacryloyl containing layer were opaque, while the other two layers were
nearly transparent. A representative Alcian Blue-Nuclear Fast Red stained slice of zonal hydrogels is
shown in C (scale bar =500 um). The three layers could be differentiated by different staining, from top
to bottom: GM (pink), GM+CSM (light blue) and GM+HAM+CSM (dark blue to purple)..................... 135
Figure S 17: Storage, loss moduli (G, G“) and loss factor (tan(8)) of GM+HAM hydrogels with 1 mm
height and 8 MM IaMELEr.....viii e e sb e e s bae e e ssata e e e sbtaeessbeeeesnnes 136
Figure S 18: Relaxation testing of GM+HAM hydrogels. Black squares denote the initial stress (oini) to
achieve the respective compression and red squares denote the remaining stress (oeq) after 30 min
holding the respective strain (g). Furthermore, the linear fit of aini and oeq are shown. The slopes of
these linear fits were calculated as E-moduli (Eini, Eeq). E-moduli of GM were highest, followed by
GM+HAM+CSM. GM+HAM hydrogels had the lowest E-moduli. ..........cccoeiiviiiiiiniieecee e, 136
Figure S 19: Relative swelling capability of biopolymer hydrogels during degradation studies. Hydrogels
consisted out of GM (10 % (w/w)), GM+CSM (7.5 % (w/w) GM + 2.5 % (w/w) CSM), GM+HAM (7.5 %
(w/w) GM + 2.5 % (w/w) HAM), GM+CSM+HAM (7.5 % (w/w) GM + 1.25 % (w/w) CSM + 1.25 % (w/w)
HAM) and zonal structured hydrogels. Hydrogels were incubated for 42 d in PBS (A), collagenase type
Il (B, 2.5 U mL-1), hyaluronidase (C, 2.5 U mL-1) and a mixture of collagenase and hyaluronidase (D,
each1.25 U mL-1). Collagenase increased the swelling capacity over time for all hydrogels while PBS and
hyaluronidase alone did NOt effECt it ......ceiiciiiiice e 137
Figure S 20: Relative polymer content of biopolymer hydrogels during degradation studies. Hydrogels
consisted out of GM (10 % (w/w)), GM+CSM (7.5 % (w/w) GM + 2.5 % (w/w) CSM), GM+HAM (7.5 %
(w/w) GM + 2.5 % (w/w) HAM), GM+CSM+HAM (7.5 % (w/w) GM + 1.25 % (w/w) CSM + 1.25 % (w/w)
HAM) and zonal structured hydrogels. Hydrogels were incubated for 42 d in PBS (A), collagenase type
Il (B, 2.5 U mL-1), hyaluronidase (C, 2.5 U mL-1) and a mixture of collagenase and hyaluronidase (D,
each1.25 U mL-1). Collagenase reduced the polymer content over time for all hydrogels while PBS and
hyaluronidase alone did not effect the polymer content. ..........cccuvveeciiiiicciiei e 138
Figure S 21: Alcian Blue-Nuclear Fast Red staining of cell free hydrogels. Representative overview

pictures (A-D, 2x magnification, scale = 500 um) and detail pictures (a-d, 20x magnification, scale =
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100 um) of different hydrogel compositions (A, a: GM, B, b: GM+HAM, C, c: GM+CSM, D, d:
GMAHAMACSIM) QI SNOWN. ..eeiitiiee ettt ette e e e tee e e et e e e e eette e e e ebaeeeesabaeeeesseeesenseeeeeenseeeeennres 139
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