= n um { A . .tt . .
Universitat | Universitatsmedizin
RO StO C k Traditio et Innovatio

Entwicklungsbegleitende Untersuchungen polymerbasierter

Mehrkomponentensysteme fiir kardiovaskulare Implantate

kumulative Dissertation
zur
Erlangung des akademischen Grades
Doktor-Ingenieur (Dr.-Ing.)
der Fakultat fur Maschinenbau und Schiffstechnik

der Universitat Rostock

Rostock, Mai 2022

vorgelegt von:

Dipl.-Phys. Daniela Koper, ehem. Arbeiter
aus Rostock

geboren am 5.11.1981 in Suhl

https://doi.org/10.18453/rosdok_id00004144



@ Dieses Werk ist lizenziert unter einer
@ Creative Commons Namensnennung 4.0 International Lizenz.

Gutachter:

1. Gutachter: Prof. Dr.-Ing. habil. Niels Grabow
Universitatsmedizin Rostock,

Institut fir Biomedizinische Technik
2. Gutachter: Prof. Dr.-Ing. Hermann Seitz
Universitat Rostock,
Fakultat fir Maschinenbau und Schiffstechnik,
Lehrstuhl fur Mikrofluidik

Datum der Einreichung: 19.05.2022

Datum der Verteidigung: 07.12.2022



“Onne fait Jjamais attention a ce qui a été fai’c;
on ne voit que ce qui reste a fa'we.”

Marie Sktodowska Curie



Inhalt
AbBKUrzungsverzeiChnis ... e ii
FOrmelzeiChen .. ... e e e iv
1. Einleitung und Zielstellung ... 1
2. Grundlagen zu Poly(L-lactid) als Implantatmaterial.....................................l 5
2.1.  Struktur- und Gefligeeigenschaften ..o, 5
N B T=To | =T =1 (o] o O TR 7
2.3. Mehrkomponentensysteme auf Basis von Poly(L-lactid)..............ccccccoviiiiiiiiiininnn, 11
3. Methoden zur entwicklungsbegleitenden Charakterisierung polymerbasierter
Implantatmaterialien ... 16
3.1.  Polymer- und Wirkstoffverarbeitung — Auswahl der Fertigungsverfahren und
Prifkorperherstellung .........oooooiiiiiiiie e 17
3.2, IN Vitro Degradation ............ooeuiiiiiiiiiiiiiiiiiiiiiiiieeeee et 20
3.3.  Morphologische CharakteriSierung ............ccoooiviiiiiiiiiiiiii e 21
3.4. Ermittlung der mechanischen Eigenschaften............ccccccovviiiiiiiiii, 21
3.5, ThermisChe ANAIYSE......couu i e e e et eeeaaans 23
4. Physiko-chemische Untersuchung hochmolekularer Poly(L-lactid)-basierter
Mehrkomponentensysteme.................ooooiiiiii 26
4.1. Studie 1: In vitro Degradation von PLLA unter in vivo-nahen und beschleunigten
7= 1 oY LU o =T o ISP 26
4.2. Studie 2: Betrachtung der Phasenseparationseffekte von PLLA/PCL-Blends......... 31
4.3. Studie 3: Aspekte der Wirkstoffinkorporation in PLLA...........cccooiiiiiiiiiiiiie e, 35
5. Zusammenfassung und AUSDIICK .................uuiiiiiiiiiiiii 41
LiteraturverzeiChnis ........ ... e 44
Verzeichnis der Abbildungen und Tabellen......................uiiiiiiiiiiiiiiiiiiis 54
[ F 1] /€= T= T 1] oV« S I
FOrderungShinWeEIS ......... ... Il
g L 11 T [

Verwendete Originalarbeiten zur kumulativen Dissertation...........................cccnn. v



Abkurzungsverzeichnis

1-KS
AFM
API
BMS
CF
CHCl;
CoCr
CoNi
CYCLO
DES
DEX
DSC
FEA
ICH
LCST
L210
L214
MAF
MeOH
MKS
PCL
PDLA
PDLLA
PEG
PEVA/PBMA
PLA
PLGA
PLLA
PTCA
PtCr
Ptir
PTX
PVDF-HFP
RAF
REM

Einkomponentensystem

Rasterkraftmikroskopie (atomic force microscope)

aktiver pharmazeutischer Wirkstoff (active pharmaceutical ingredient)
metallische Gefalstlitze (bare metal stent)

kristalliner Anteil (crystalline fraction)

Chloroform

Kobalt-Chrom Legierung

Kobalt-Nickel Legierung

Cyclosporin A

wirkstofffreisetzende Gefalistitze (drug-eluting stent)
Dexamethason

Dynamische Differenzkalorimetrie (differential scanning calorimetry)
Finite Elemente Analyse

International Conference on Harmonization

untere kritische Losungstemperatur (lower critical solution temperature)
Poly(L-lactid), Mw = 320.000 g/mol

Poly(L-lactid), Mw = 700.000 g/mol

mobiler amorpher Anteil (mobile amorphous fraction)
Methanol

Mehrkomponentensystem

Poly(e-caprolacton)

Poly(D-D-Lactid)

Poly(meso-D-L-Lactid)

Polyethylenglycol
Poly(ethylen-co-vinylacetat)/Poly(n-butyl-methacrylat)-Blend
Polylactid

Poly(lactid-co-glycolid)

Poly(L-Lactid)

perkutane transluminale Coronar-Angioplastie

Platin-Chrom Legierung

Platin-Iridium Legierung

Paclitaxel

Poly(vinylidenfluorid-co-hexafluorpropylen)

starr amorpher Anteil (rigid amorphous fraction)

Rasterelektronenmikroskopie



SIBS
SIR
UCST
VEGF
WFS

Poly(styrol-isobutylen-styrol)

Sirolimus

obere kritische Lésungstemperatur (upper critical solution temperature)
vaskularer endotheliale Wachstumsfaktor (vascular endothelial growth factor)

Wirkstofffreisetzungssystem



Formelzeichen

AG
AH
AH,
AHp,
AS

&B

Querschnittsflache (mm?)
Konzentration (mol/dm3)
Kristallinitatsgrad (%)
Flory-Huggins-Parameter

Gibb‘sche Energie (J)

Enthalpie (J)

Enthalpie der Kaltkristallisation (J)
Enthalpie der Schmelze (J)

Entropie (J/K)

Elastizitdtsmodul (MPa)
Bruchdehnung (%)

Kraft (N)

Geschwindigkeitskonstante (L/mol s)™’
Lange (mm)

zahlenmittleres Molekulargewicht (g/mol)
gewichtsmittleres Molekulargewicht (g/mol)
Wellenzahl (rel. cm™)

Volumenanteil der Komponente i
Heizrate (K/min)
Abkuhlgeschwindigkeit (K/min)
universelle Gaskonstante (J/mol K)
Anzahl der Kettensegmente
Zugfestigkeit (MPa)

Bruchspannung (MPa)

Zeit (s)

Temperatur (K)
Kristallisationstemperatur (°C)
Kaltkristallisationstemperatur (°C)
Glasubergangstemperatur (°C)
Schmelztemperatur (°C)

Grenzflachenbreite (um)



Einleitung 1

1.  Einleitung und Zielstellung

Implantatkonzepte auf Polymerbasis haben aufgrund der Variabilitat und vielfaltigen physiko-
chemischen Eigenschaften dieser Materialien einen immer gréRer werdenden Stellenwert in
der Entwicklung von Medizinprodukten. Durch den demografischen Wandel und die damit
verbundene Zunahme an kardiovaskularen Erkrankungen werden mehr langzeitfunktionale
Implantate erforderlich [1]. Aufgrund der stetigen Entwicklung der Technik auf dem Gebiet und
der Verbesserung in der Gesundheitsversorgung, ist die Zahl der Todesfalle rucklaufig [2].
Dennoch ist die ischamische Herzkrankheit weiterhin weltweit die haufigste Todesursache und
fur 16 % aller Todesfalle verantwortlich [3].

Mit dem ersten erfolgreichen Einsatz von Herzschrittmacherimplantaten im Jahr 1958 [4], der
Ballondilatation (PTCA) 1977 [5] und des selbstexpandierenden Stents 1986 [6] wurden
wichtige Meilensteine in der Entwicklung von Therapiekonzepten erreicht. Durch die
Entwicklung verbesserter Technologien, wie z. B. resorbierbare polymerbasierte
Medizinprodukte, wird das Applikationsfeld der kardiovaskularen Implantate standig erweitert
[7]. Diese Produkte gelten aufgrund ihrer biologischen Abbaubarkeit, individuellen Anpassung
und verbesserten Biokompatibilitdt als Alternative zu permanenten metallbasierten
Implantaten [8]. Haufig finden Polymere in der Stenttechnologie Anwendung, u.a. als
polymerbasierte Drug-Eluting Stents (DES) [9] oder Covered Stents [10]. Bei DES bzw.
Covered Stents werden Polymere als Beschichtungsmaterial und Wirkstofftrager angewandt,
um insbesondere aktive pharmazeutische Wirkstoffe (APIl) am Stent zu immobilisieren und
gezielt im Patienten freizusetzen, Abb. 1 [11,12]. Ein darlber hinausgehender

Entwicklungsschwerpunkt sind biodegradierbare Polymerstents [13,14].

ﬁétrﬂﬂ
Z'W

biodegradierbare Polymere Polymerblends Wirkstofffreisetzungssysteme

Abb. 1 Schematische Darstellung einer Stentstruktur fir die kardiovaskulare GefaRintervention als Anwendungs-
beispiel fur Ein- (1-KS) bzw. Mehrkomponentensysteme (MKS) aus biodegradierbaren Polymeren, Polymerblends
sowie polymerbasierten Wirkstofffreisetzungssystemen (WFS).

Diese haben den potentiellen Vorteil, dass sie u.a. eine bessere Voraussetzung flr wiederholte
interventionelle Eingriffe bieten und langfristig kein Fremdkdrper im Gefaly verbleibt. An den

verwendeten Werkstoff wird die Anforderung gestellt, dass dieser einen hohen E-Modul und
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eine hohe Festigkeit aufweisen muss, damit der daraus entwickelte Stentgrundkérper die
Stutzwirkung des Gefalles gewahrleisten kann, bis dieser vom Korper resorbiert wird [15].
Dabei kénnen sowohl polymerbasierte Einkomponentensysteme (1-KS) als auch
Mehrkomponentensysteme (MKS) in Form von mehreren Polymeren, Zusatzen oder
Polymer/Wirkstoff-Blends eingesetzt werden, um die erforderlichen Eigenschaften zu
erreichen. Insbesondere das resorbierbare thermoplastische Poly(L-lactid) (PLLA) ist far
biomedizinische Anwendungen weit verbreitet und weist im Bereich der Stenttechnologie
sowohl vorteilhafte mechanische Eigenschaften als auch eine gute Biokompatibilitat auf [16].
Aufgrund dessen ist PLLA Vvielseitig einsetzbar, u.a. als Stentbeschichtung [17],
Wirkstoffdepotsystem [18] oder als Stentgrundkdrper [19].

Um aus dem Werkstoff ein Implantat entwickeln zu kénnen, bedarf es verschiedener

Prozessschritte, die in Abb. 2 dargestellt sind und im Fokus der vorliegenden Arbeit stehen.

medizinische Fragestellung nach
Medizinprodukt / Implantat

L] Materialauswahl L
[ Polymer ] [ Metall / Keramik ]
gmmmm e ————— l ------------ =] 1
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l_l_l WFS Wirkstofffreisetzungs- ]
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l -
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Abb. 2 Darstellung relevanter Schritte bei der Implantatentwicklung, ausgehend von der Auswahl eines
biodegradierbaren 1-KS oder MKS, unter Einbeziehung wichtiger Entwicklungs- und Priifablaufe fir MKS aus
Polymerblends bzw. polymerbasierten Wirkstofffreisetzungssystemen (WFS).

Ausgehend von der medizinischen Indikation fur ein Implantat, ist eine Materialauswahl zu
treffen, die den mechanischen und biologischen Anforderungen entspricht. Bei der Wahl eines
Polymers als Grundmaterial ist zusatzlich die Entscheidung zu treffen, ob ein permanentes
oder degradierbares Polymer die Anforderungen an den Einsatzzweck erfullt. Zusatzlich ist zu
prufen, ob ein 1-KS bereits die bendtigten Eigenschaften des Implantats erfillt, oder ein MKS
erforderlich ist, welches aus einem Blend oder polymerbasiertem Wirkstofffreisetzungssystem

bestehen kann. Neben einem mdglichen therapeutischen Nutzen spielen bei der
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Entscheidungsfindung weitere Prozessschritte eine Rolle. Beispielsweise sind im Falle von
degradierbaren Polymeren fur eine klinische Zulassung zusatzlich in vitro Degradationsstudien
im Labor durchzufiihren, welche das in vivo-Abbauverhalten im Kérper abbilden kénnen. Flr
alle Implantatmaterialien sind im weiteren Verlauf der Entwicklung umfangreiche
Prifmethoden entsprechend den verfugbaren Normen und Standardisierungsverfahren
durchzufiihren, um die physiko-chemischen Eigenschaften, bestehend aus morphologischen,
mechanischen und thermischen Komponenten, zu ermitteln. Die entwickelten
Implantatprototypen sind mit standardisierten Prifverfahren in gemaR der DIN EN ISO 25539-
2 ,Cardiovascular implants - endovascular devices: Part 2 - vascular stents® speziellen
Anwendungstests zu unterziehen [20]. Die Prifverfahren sind in akkreditierter Prifumgebung
zu etablieren und flir Produktzulassungen im Sinne der Richtlinie 93/42/EWG [21] und der
Verordnung (EU) 2017/745 Uber Medizinprodukte (MDR) [22] zu validieren. Abschlielend
kénnen diese in die Kleinserienproduktion tberflihrt werden, um sie in klinischen Studien zu
testen.

Basierend auf den genannten Prozessschritten wurden in der vorliegenden Arbeit PLLA-
basierte MKS flir den Einsatz im kardiovaskularen Bereich entwickelt und charakterisiert, um
zum einen durch geeignete Postprozessierungsschritte eine Verbesserung der adaptiven
Eigenschaften realisieren zu kénnen und zum anderen den Einfluss von Zusatzen (Polymer
oder API) auf die physiko-chemischen Eigenschaften der Prifkérper beurteilen zu kénnen.
Zunachst wurde das Prufmethodenspektrum hinsichtlich der Entwicklung von beschleunigten
Degradationsprotokollen durch Temperaturerhéhung erweitert. Dazu wurde die beschleunigte
Degradation von PLLA mit dem enzym-assoziierten Echtzeit-Abbau verglichen und anhand
der Ergebnisse ein Korrelationsmodell entwickelt. Es wurde untersucht, ob die beschleunigten
Protokolle unter Berlcksichtigung der vorgegebenen Randbedingungen an in vitro
Echtzeitstudien angepasst werden kénnen.

In einer weiteren Studie wurde PLLA mit Poly(e-caprolacton) (PCL) Uber ein
Lésemittelverfahren in verschiedenen Mischungsverhéltnissen kombiniert und thermisch
nachbehandelt. Diese Kombination wurde gewahlt, um durch die Verblendung des spréden
PLLA mit einem flexiblen Polymer (PCL) die mechanischen Eigenschaften an die speziellen
Anforderungen, die an ein Implantatmaterial gestellt werden, anzupassen. Durch die Anderung
der Prozessprotokolle wurden die Materialeigenschaften modifiziert, wodurch sich die
Maglichkeit eroffnet, generell auf weitere Zusatze, wie Weichmacher zu verzichten. Erganzend
dazu wurden dinne PLLA/Wirkstoff-Folien im Hinblick auf den Einfluss des Wirkstoffs auf die
thermischen und mechanischen Eigenschaften der Polymermatrix untersucht. Als API wurden
Sirolimus (SIR), Paclitaxel (PTX), Dexamethason (DEX) und Cyclosporin A (CYCLO)
verwendet. Es wurde untersucht, inwiefern die Wirkstoffe die thermischen und mechanischen

Eigenschaften von PLLA bestimmen und ob der Einfluss von verschiedenen APIs auf die
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Polymermatrix vorhergesagt werden kann. Insbesondere wurde untersucht, ob eine
zielgerichtete thermische Behandlung erforderlich ist, um die Lagerstabilitdt der daraus

entwickelten Stents und deren erforderlichen mechanischen Eigenschaften zu gewahrleisten.



Grundlagen 5

2. Grundlagen zu Poly(L-lactid) als Implantatmaterial

Polylactid (PLA) ist eines der am vielfaltigsten verwendeten Materialien in der Medizintechnik
[23]. Die Grunde daflr liegen in der einfachen Verarbeitung und einer hohen Festigkeit mit
einer Glasubergangstemperatur T, und Schmelztemperatur T, oberhalb der
Korpertemperatur. Im Vergleich zu anderen Polymermaterialien liegen die Nachteile von PLA
in der weniger optimalen Biokompatibiltat durch die sich bildenden Abbauprodukte wahrend
der Degradation des Materials. Klinische Studien zeigen, dass Implantate aus Polylactid nach
langerer Implantationszeit Entziindungsreaktionen hervorrufen kénnen [24]. Diese werden im
Wesentlichen durch die Freisetzung saurer Degradationsprodukte verursacht, die wahrend
des Abbaus der Polymermatrix entstanden sind und das Puffervermdgen des umliegenden
Gewebes Uberschreiten [25]. Durch die Verwendung von hochmolekularem PLA soll diesem
Effekt entgegengewirkt werden [26]. Weiterhin dient es als ein gunstiger Blendpartner sowohl
fur andere Polymere als auch Wirkstoffsysteme. Somit findet PLA u.a. als Nahtmaterial sowie

als orthopadisches Implantat und Wirkstofffreisetzungssystem Anwendung [27,28].
2.1. Struktur- und Gefugeeigenschaften

PLA zahlt zur chemischen Gruppe der Poly(a-hydroxycarbonsauren). Es ist ein steifes
thermoplastisches Polymer, das je nach der Stereoreinheit des Polymergerlsts oder der
thermischen Vorgeschichte des Polymers teilkristallin oder vollig amorph sein kann [25]. PLA
kann durch Polykondensation von Milchsaure oder Uber Ringoffnungspolymerisation
ausgehend von Lactid (L,L-Lactid zu PLLA, D,D-Lactid zu PDLA sowie meso-D,L-Lactid zu
PDLLA) synthetisiert werden, siehe Abb. 3 a [29]. Die Rohstoffe kdnnen aus Depolymerisation
von Milchsaureoligomeren gewonnen werden, welche beispielsweise ein Produkt der

Fermentation von Biomasse, wie Mais, sind [30].

a) o) b)
. CH, 0 CHs .
o o OH
5 —> Ho o)
CHs 0 Grly *H 0
0

Abb. 3 a) Reaktionsschema zur Synthese des Polylactids aus dem cyclischen Dimer Lactid durch
Ring6ffnungspolymerisation. b) Strukturformel der enantiomeren L-(-)-Milchsaure-Wiederholeinheit.

Die Glasubergangstemperatur Ty und der Schmelzpunkt T, sind wichtig fur die Bestimmung
der Einsatztemperaturen in verschiedenen Anwendungen. Beide Ubergange, T, und Tnm,
werden von der Primarstruktur, der thermischen Vorgeschichte und dem Molekulargewicht M
beeinflusst, wobei Ty Ublicherweise um 60 °C liegt und T, einen Bereich um 130-230 °C

aufweisen kann. Wahrend der Elastizitaitsmodul E und die Zugfestigkeit Ry mit steigendem
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Molekulargewicht M und zunehmender Kristallinitat y erhoht werden, konnen Restmonomere
oder niedermolekulare Bestandteile als Weichmacher wirken, die eine Abnahme von E und Ry
zur Folge haben kénnen und Uberdies zu einer Beschleunigung des Degradationsprozesses
beitragen.

Teilkristallines PLLA (Abb. 3 b) liegt spharolithisch in einer Drei-Phasen-Form vor: die
kristalline Form (CF - crystalline fraction), die mobile amorphe Form (MAF - mobile amorphous
fraction) und die eingeschrankte oder starr amorphe Form (RAF - rigid amorphous fraction)
[31,32]. Abb. 4 a zeigt schematisch den Aufbau eines polymeren Spharolithen mit den
entsprechenden Phasen. Die RAF resultiert aus der eingeschrankten Mobilitat der amorphen
Ketten aufgrund der Fixierung an der Grenzflache der kristallinen Lamellen. Die Bildung einer
RAF hangt von der KristallgroRe und dem Kristallisationsgrad ab. Weiterhin ausschlaggebend
fur die Bildung von RAF sind ebenso die Kristallisationsbedingungen. Diese beeinflussen
sowohl die physiko-chemischen Eigenschaften des Polymers als auch deren
Degradationsverhalten, was im Rahmen dieser Arbeit naher untersucht wird.

Die Kristallisation von PLLA ist ein thermodynamischer Prozess, der sowohl Uber die
Schmelze als auch aus der Losung erfolgen kann. Die von Hoffman und Lauritzen entwickelte
Kristallisationstheorie legt dar, dass beide Prozesse Uber die Bildung von
Kristallisationskeimen und anschlieBendem Kristallwachstum ablaufen [25,33]. Die
Keimbildung ist erforderlich, um die Energiebarriere flr die Bildung initialer metastabiler
geordneter Mikrodomanen mit einer deutlichen Phasengrenze zu Uberwinden, die sie von der
umgebenden Lésung (oder Schmelze) trennt. Die treibende Kraft flr die Kristallkeimbildung
sowie fur das anschlieBende Wachstum zu groReren Kristallen ist die freie
Kristallisationsenthalpie AG des Systems [33,34].

PLLA weist einen komplexen Polymorphismus auf und kann in a-, a“, 8- und y- sowie
Mischformen kristallisieren, einschlieRlich der unter bestimmten Kristallisationsbedingungen
erhaltenen Mesophasenform [30,35-37]. Die stabile a-Phase von PLLA existiert in zwei
Varianten: einer geordneten a-Phase mit antiparallelen Helices, die bei hoher
Kristallisationstemperatur T. erzeugt werden, und einer ungeordneteren Variante, die bei
niedrigerer T. erhalten wird und a’-PLLA genannt wird [38—40]. Abb. 4 b zeigt schematisch den
Polymorphismus von PLLA. Bei niedrigen Temperaturen liegen in der PLLA-Matrix die Kristalle
in der a-Form vor [41,42]. Mit ansteigender Temperatur wurde der Ubergang von
ungeordneten a'-Kristallen zu geordneten a-Kristallen vor dem Einsetzen der Schmelze
beobachtet [43,44]. Das Molekulargewicht M, beeinflusst den Polymorphismus von PLLA nicht
wesentlich und die a*- und a-Form-Kristalle werden unabhangig von der Kettenladnge gebildet.
Allerdings wirkt sich M,, erheblich auf die Kristallisationskinetik aus und die Kristallisationsrate
nimmt mit zunehmendem M,, stark ab [45]. Die 8- und y-Phase spielen flir die praktische

Anwendung eine untergeordnete Rolle [46,47].
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Abb. 4 a) Ubergeordnete Kristallstruktur von PLLA in Form eines Sphérolithen. Gezeigt sind die Kristalllamellen
(CF) sowie die mobile Form (MAF) und die an der Grenzflache zwischen CF und MAF ausgebildeten starr amorphe
Form (RAF) nach Hoffmann und Lauritzen [33,48]. b) Polymorphismus von PLLA, angelehnt an [49]. Dargestellt ist
die relative Zusammensetzung der amorphen Phase sowie der a- und a“~Form, die sich in Abhangigkeit der
Temperatur ausbildet.

2.2. Degradation

Eine wesentliche Fragestellung bei der Entwicklung von polymerbasierten Implantaten stellt
die Charakterisierung der Alterung und des Abbauverhaltens im Kérper dar. Ublicherweise
wird eine in vitro Degradation durch Strahlung, Temperatur oder Hydrolyse initiiert [50]. Dabei
kann die Hydrolyse rein hydrolytisch oder enzymkatalysiert ablaufen. PLLA wird durch
Esterspaltung zu Oligomeren bis hin zu den niedermolekularen monomeren Ausgangsstoffen
und anschlielender Oxidation zu Pyruvat Uber den Zitronensdurezyklus abgebaut. Die relativ
lange Degradationszeit von ca. zwei Jahren wird durch den hydrophoben Charakter des
Polymers erklart, welcher nur eine geringe Wasseraufnahme erlaubt und wiederum eine
verminderte Abbaurate zur Folge hat [51].

Die Hydrolyse kann entweder am Kettenende oder zufallig in der Kettenmitte erfolgen, wobei
die Polyesterketten zu Sauren und Alkoholen gespalten werden. Durch die Erhéhung der
Konzentration an freien Carboxylgruppen sinkt der pH-Wert des Mediums [52,53]. Der
hydrolytische Abbau von PLLA erfolgt weiterhin auch autokatalytisch, wobei durch die Bildung
von freier Carbonsaure die weitere Kettenspaltung katalysiert wird [25].

Der PLLA-Abbau findet Uberwiegend in den amorphen Bereichen statt, da hier im Vergleich
zu den kristallinen Bereichen das Wasser schneller hineindiffundieren kann. Wahrend der
Degradationsprozesse koénnen infiltrierende Wassermolekile die Mobilitdt der amorphen
Ketten zusatzlich verstarken und sie in héher geordnete Strukturen umordnen [54]. Die
Wassermolekule sind dementgegen kaum in der Lage in die kristallinen Bereiche
einzudringen, welche in der Folge wahrend des Abbauprozesses kaum hydrolysiert werden.
Der Abbau des kristallinen Rickstands erfolgt schlief3lich im Spatstadium der Hydrolyse, der

sich in einer allmahlichen Abnahme der Schmelztemperatur der Kristallite auf3ert [25].
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Generell wird zwischen Masse- (Bulk-) und Oberflachenabbau unterschieden [55]. Beim
Masseabbau diffundiert Wasser schneller in die Polymermatrix, als das Polymer abgebaut
wird. Die hydrolysierbaren Bindungen werden Uber den gesamten Polymerkdrper verteilt
gleichmaRig gespalten. Daher nimmt die mittlere Molmasse des Polymers homogen ab. Die
Abbauprodukte allerdings bleiben im Bulk eingeschlossen, wodurch ein Masseverlust erst mit
fortgeschrittener Degradation beobachtet werden kann, siehe Abb. 5 oben.

Im Fall eines Oberflachenabbaus ist hingegen die Diffusionsgeschwindigkeit von Wasser in
die Polymermatrix kleiner als die Abbaugeschwindigkeit des Polymers. Der Abbau findet daher
hauptsachlich in einer dinnen Oberflachenschicht statt. Im Gegensatz zum Bulkabbau kann
bereits zu Beginn der Degradation ein Masseverlust beobachtet werden, da
Degradationsprodukte schnell abtransportiert werden kénnen, wahrend die Molmasse des
Polymers im Bulk unverandert bleibt. Sowohl der Masse- als auch der Oberflachenabbau ist
ein heterogener Prozess, dessen Geschwindigkeit von der Form des Probekoérpers (z.B.
Grofle der Oberflache) und der Hydrolysegeschwindigkeit der spaltbaren Bindungen im
Polymer abhangt [56].

»
>

3

Anhéufung von Abbauprodukten

Massenentwicklung

Masseabbau © Estergruppe

~V

| Degradationszeit

»

h

\ o freie Diffusion von Abpauprodukten
. \ . . . : . ) :
\
Carbonséure
Oberflichenabbau ¢

+ Alkohol

3

Massenentwicklung

t

Abb. 5 Schematische Darstellung der beiden Abbaumechanismen bei Polyestern, nach [57,58]: Masse- und
Oberflachenabbau. Die Abbauprodukte bestehen aus Carbonsduren und Alkoholen, die sich im Material
ansammeln kdnnen (Masseabbau) oder in das umgebende wassrige Medium diffundieren (Oberflachenabbau).

Ohne Einfluss von Enzymen findet die Degradation von PLLA Uber den Masseabbau statt [59].
Dennoch kann der Oberflachenabbau durch Enzyme beeinflusst werden [60], was im Rahmen
dieser Arbeit naher betrachtet wird.
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Durch die Hydrolyse zu niedermolekularen Abbauprodukten erhalten die PLLA Ketten
zusatzliche Mobilitat, sodass sich neue Kristallgitter ausbilden kénnen, was zu einer Erhéhung
des Kristallinitdtsgrades fuhrt [61]. Da die Kristallinitat sowohl die Abbaugeschwindigkeit als
auch die mechanischen Eigenschaften von PLLA beeinflusst, ist es wesentlich zu verstehen,
wie sich die Kristallinitdt wahrend des Abbauprozesses verandert [62,63]. Dies ist ebenso

Gegenstand der vorliegenden Arbeit.
Autokatalytische vs. nicht-katalytische Hydrolyse

Im Allgemeinen ist der PLLA-Abbau in erster Linie auf die Hydrolyse der Esterbindungen zu
Alkohol und Carbonsaure zurlckzuflhren. Sie erfordert die Anwesenheit von Wasser gemaf

folgendem Reaktionsschema [25]:

Polyester Alkohol Carbonsaure

Autokatalyse

Abb. 6 Reaktionsschema des PLLA-Abbaus durch Hydrolyse der Esterbindungen entlang der Polymerkette, die
nur durch Anwesenheit von Wasser stattfindet. Zusatzlich kann die Reaktion durch die sich wahrend des Abbaus
bildende freie Carbonsaure autokatalytisch verstarkt werden.

Die bei der Reaktion entstehende freie Sdure kann nun wiederum die weitere Esterhydrolyse
katalysieren. Bei dieser Autokatalyse hat das Endprodukt eine katalytische Wirkung auf die
Reaktion selbst und beschleunigt diese mit fortlaufender Produktbildung. Diese lasst sich

vereinfacht wie folgt beschreiben:
E+S=S+A (1)

Wobei E = Ester, S = Saure und A = Alkohol darstellen. Gleichung 2 beschreibt den

Reaktionsfortschritt Giber die Abnahme der Esterkonzentration im Laufe der Zeit [25]:

dc dc
==~k Ccoon Ce (2)
wobei Ccoons CH,0 und Cg die Konzentrationen der Carboxylendgruppen, des Wassers bzw.
des Esters darstellen [25]. Anderson et al. [64] beschreiben eine mathematische Methode, um
das Molekulargewicht mit der Hydrolysegeschwindigkeit in Beziehung zu setzen. Da das
Molekulargewicht direkt mit der Spaltung der Polymerketten zusammenhangt gilt die zeitliche

Anderung von M, mit der Hydrolysegeschwindigkeit der Esterbindungen wie folgt:
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dCe _ d(1/Mp,)
i (3)

Unter der Annahme, dass das Ausmal} des Molmassebbaus nicht grol} ist, gaben sie die
folgende kinetische Beziehung an:

1 _ 1 )
R 4)

wobei M,: das zahlenmittlere Molekulargewicht zum Zeitpunkt f, M,o das zahlenmittlere
Molekulargewicht zum Zeitpunkt Null und k die Geschwindigkeitskonstante der
Hydrolysereaktion ist. Die Abbaugeschwindigkeit wird somit ausschlieBlich durch M,
beeinflusst. PLLA mit niedrigerem M, wird dementsprechend schneller abgebaut als
hochmolekulares PLLA.

Diese Methode berlcksichtigt jedoch noch nicht die Moglichkeit der Autokatalyse, da die
Bildung von freier Milchsaure ebenfalls die Geschwindigkeit des hydrolytischen Abbaus erhéht
(siehe Abb. 6) [25,65].

Mit Cg , und Cg, als Konzentrationen des Esters bzw. der S&aure als Katalysator zu Beginn
der Reaktion (t = 0) ergibt sich folgendes Zeitgesetz:

Ceo0+Cso

1+ 88,0, o+(CE 0 +Cs, 0kt (5)
Ceo

Cet =

Diese Gleichung beschreibt einen sigmoidalen Verlauf des Stoffumsatzes und ist in Abb. 7 a
dargestellt [66]. Die Reaktion verlauft zu Beginn sehr langsam (Induktionsphase), da nur sehr
wenig Katalysator vorhanden ist, nimmt dann mit fortschreitender Reaktion und zunehmender
Katalysatormenge stetig zu und verlangsamt sich am Ende wieder, wenn der Ester verbraucht

ist.

Unter der Annahme, dass die Ester- und Wasserkonzentrationen, da im Uberschuss

vorhanden, konstant bleiben und Cqpoy < Mi ist, ergibt sich folgender Zusammenhang [25]:

Mn,t = Mn,O' e_kt (6)

Anhand dieser Gleichung lasst sich fur den autokatalytischen Abbau eine Beziehung zwischen

InM,, und der Zeit wie folgt ableiten:
InMp, = -k-t+InM, o (7)

In diesem Fall wird die Degradation durch InM,, abgebildet [30]. Abb. 7 zeigt schematisch die
Abnahme des Molekulargewichts fir die nicht-katalytische und autokatalytische Hydrolyse.
Aus der Abbildung ist ersichtlich, dass eine starke autokatalytische Hydrolyse durch eine initial

langsamere Verringerung des Molekulargewichts gekennzeichnet ist, wahrend eine
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nicht-katalytische Hydrolyse durch eine anfanglich starke Verringerung des Molekulargewichts
gekennzeichnet ist. Dies liegt daran, dass sich im Gegensatz zur nicht-katalytischen
Kettenspaltung bei einer autokatalytischen Hydrolyse die Reaktionsgeschwindigkeit mit der
Bildung kleiner Kettenfragmente im Reaktionsverlauf selbst beschleunigt. Tragt man die
Molmassenentwicklung im Bulk flr den nicht-katalytischen Reaktionsverlauf als Kehrwert
(7/M,) gegen die Zeit auf (Gleichung 4), so zeigt sie einen linearen Verlauf (siehe Abb. 7 b).
Far die Autokatalyse gilt nach diesen Modellen eine lineare Beziehung zwischen InM,, gegen
die Zeit (aus Gleichung 7). Die Linearitat fur die beiden Auftragungen erlaubt eine Aussage
daruber, welcher Reaktionsmechanismus zugrunde liegt. Das angewandte Modell basiert auf
der Randbedingung, dass der Abbau noch nicht zu weit fortgeschritten ist und nur Daten bis
zum ersten Masseverlust berlicksichtigt werden koénnen, damit der Abtransport von

Reaktionsprodukten nicht in Betracht gezogen werden muss [64,67].

a) I b)
tiberwiegend
& » autokatalytisch InM,
c
o -
s 3
= o,
: =
N =
<
$
s / M,
2 liberwiegend
nicht-katalytisch ‘ ‘ ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
normalisierte Zeit t, normalisierte Zeit ¢,

Abb. 7 a) Schematische Darstellung der Esterkonzentration in Abhangigkeit von der Zeit t, (normalisiert auf den
Zeitpunkt des ersten Masseverlustes) wahrend der PLLA Hydrolyse. Abgebildet ist der sigmoidale Verlauf
(Uberwiegend autokatalytische Hydrolyse) im Vergleich zum hyperbolischen Verlauf (iberwiegend nicht-
katalytische Hydrolyse) der Cge-Abnahme durch Degradation [25,65]. b) Logarithmische Darstellung der
Molmassenentwicklung gegen die Abbauzeit (schwarze Kurve in b). Die so erhaltenen Daten sollten linear sein,
wenn der Abbau autokatalytisch verlauft. Die blaue Kurve in b) stellt 7/M, als Funktion der Abbaudauer dar. In
diesem Fall verlauft die Degradation Uberwiegend nicht-katalytisch, wenn die aufgetragenen Daten linear sind [64].

2.3. Mehrkomponentensysteme auf Basis von Poly(L-lactid)
Blendmaterialien

Unter Polymerblends versteht man ein Gemisch aus zwei oder mehr Polymerkomponenten.
Polymermischungen erlauben es, die Eigenschaften der Blendpartner in vorteilhafter Weise
zu kombinieren, um so vollig neue Eigenschaftsbilder zu erstellen, die sich aus den Merkmalen
der Einzelkomponenten nicht vorhersagen lassen und somit auch vorgegebene
Eigenschaftsbilder optimal einzustellen [68]. Allerdings weisen Mischungen durchaus auch
komplexes Mischphasenverhalten auf. Von entscheidender Bedeutung fur die erzielbaren
Eigenschaften eines Polymergemisches ist aulRer den Anteilen und der Beschaffenheit der

Einzelkomponenten auch die Zahl der vorliegenden Phasen. So kénnen Blends ein- oder
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mehrphasig sein. Im Falle der mehrphasigen Blends, d.h. Gemische aus unvertraglichen
Polymerbestandteilen, spielt daher die Wechselwirkung an den Grenzflachen der Phasen eine
entscheidende Rolle [69].

Wenn zwei Polymere gemischt werden, ist das haufigste Ergebnis ein System, das aufgrund
der abstolRenden Wechselwirkung zwischen den Komponenten eine vollstadndige
Phasentrennung aufweist [70]. Eine vollstdndige Mischbarkeit in einer Mischung aus zwei

Polymeren setzt voraus, dass die freie Energie AG,, folgende Bedingung erfullt:

AG = AH,p- TAS ;< 0 (8)

wobei AH» und AS, die Enthalpie bzw. die Entropie der Mischung bei der Temperatur T sind.
Der Wert von TAS,, ist immer positiv, da die Entropie beim Mischen ansteigt. Daher hangt das
Vorzeichen von AG,, immer vom Wert der Mischungsenthalpie AH, ab [71]. Die Polymerpaare
vermischen sich nur dann zu einer einzigen Phase, wenn der entropische Beitrag zur freien

Energie den enthalpischen Beitrag Ubersteigt:

AH,< TAS,, 9

Die Mischbarkeit von Polymerblends lasst sich anhand eines Phasendiagramms erklaren, das

in Abb. 8 dargestellt ist. Es gibt drei Bereiche mit unterschiedlichem Grad der Mischbarkeit:

l. der einphasige mischbare Bereich zwischen den beiden Binodalen (homogene
Mischphase)

Il. die vier fragmentierten metastabilen Phasen zwischen Binodalen und
Spinodalen (metastabile Phase)

Il. die zweiphasig getrennten Bereiche der Unmischbarkeit (Phasenseparation),

die von den Spinodalen begrenzt werden

Die Binodale trennen den mischbaren (einphasigen) und metastabilen Bereich, die Spinodale
den metastabilen und zweiphasigen Bereich. AufRerhalb der Mischungsliicke liegt das
Gemisch im Gleichgewicht als homogene Mischphase vor, wahrend es innerhalb der

Mischungslucke koexistierende Phasen bildet.
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Temperatur

gl | Pha(s)ensepa}trahon o Spinodale 4%@
0 0.2 0.4 0.6 0.8 1
Polymer A Zusammensetzung Polymer B

Abb. 8 Phasendiagramm eines Polymerblends aus zwei Komponenten, nach [72]. Dargestellt ist neben der
Binodalen, die den einphasigen Bereich von dem metastabilen Bereich trennt, die Spinodale, welche den
metastabilen vom zweiphasigen Bereich trennt. AuRRerhalb der Mischungslicke, in welcher beide Komponenten
phasensepariert vorliegen, ist das Gemisch im Gleichgewicht als homogene Mischphase vorhanden. Dabei gibt die
untere kritische Losungstemperatur (LCST) das Minimum der Phasenseparationsgrenze an, wahrend die obere
kritische Lésungstemperatur (UCST) das Maximum der Phasenseparationsgrenze darstellt.

Das Diagramm zeigt auch zwei kritische Losungstemperaturen: die Lower Critical Solution
Temperature (LCST), und die Upper Critical Solution Temperature (UCST) [73]. Eine
Phasentrennung von zwei Polymeren findet statt, wenn ein einphasiges System eine
Anderung der Zusammensetzung, der Temperatur oder des Drucks erféhrt, die es zwingt, in
den binodalen Bereich einzutreten [74,75].

Die Flory-Huggins-Gittertheorie wurde entwickelt, um das Phasenverhalten von
Polymermischungen und von Polymeren in Losungsmitteln zu beschreiben [71]. Unter der
Annahme einer zufalligen Mischung zweier Polymere kann fir binare Systeme der Ausdruck

fur die freie Energie der Mischung wie folgt beschrieben werden:

AGn=RT [Zing +Ling,+1 00| (10)

wobei @; der Volumenanteil der Komponente i, r; die Anzahl der Kettensegmente und R die
Gaskonstante ist. y* beschreibt den so genannten Flory-Huggins-Parameter fir binare
Wechselwirkungen und T die absolute Temperatur. Die ersten beiden Terme der rechten Seite
in Gleichung 10 beziehen sich auf die Mischungsentropie und der dritte Term ist der
Mischungsenthalpie zugeordnet. Fur Polymere mit unendlicher Molmasse, r; ist unendlich, ist
der entropische Beitrag sehr gering, und die Mischbarkeit oder Unmischbarkeit des Systems

hangt hauptsachlich vom Wert der Mischungsenthalpie AH,,, ab:
AHW=RTY 9,0, (11)

Mischbarkeit kann nur erreicht werden, wenn y* negativ ist. Bei Polymeren kann die

Mischbarkeit erreicht werden, wenn y* < y;, ist, wobei y;, gegeben ist aus:



Grundlagen 14

s _ 101 . 1)\2

1= 3 () (12)
Daraus ergibt sich, dass y* ausschlieBlich von der molaren Masse der beiden
Polymerkomponenten abhangt. DarUber hinaus konnte ein Zusammenhang zwischen dem

Flory-Huggins-Parameter und der Grenzflachenbreite w zwischen den Polymerblends wie folgt
hergestellt werden [76,77]:

» + v0,5
(%) (13)

Die Bestimmung der Grenzflachenbreite Uber optische Messmethoden kann demnach
Aufschluss Uber das Phasenverhalten von Polymermischungen geben [78,79]. Im Rahmen
dieser Arbeit wurden sowohl rasterelektronische als auch Raman-Aufnahmen erstellt, um das
Grenzflachenverhalten von dem  Polymerblend PLLA/PCL in  verschiedenen

Mischungsverhaltnissen und bei verschiedenen Tempertemperaturen zu untersuchen.
Wirkstofffreisetzungssysteme

Die Kombination von funktionalen Implantaten mit APl ist in der Biomedizintechnik
unverzichtbar geworden, wobei Stents ideale Tragerplattformen sind. Diese Drug-Eluting
Stents (DES) sind als wirkstofffreisetzende Implantate Bare Metal Stents (BMS) in vielerlei
Hinsicht Uberlegen [80-84]. Sie ermdglichen eine o6rtlich begrenzte und zeitlich gesteuerte
Abgabe von Wirkstoffen und schirmen gleichzeitig die polymeren Implantatwerkstoffe effektiv
gegenlber metabolischen Einflissen des Organismus ab. Im Vergleich kommt es bei
Verwendung von BMS bei 15-30 % durch eine Ubermafige Intimaproliferation zu einer In-
Stent-Restenose, welche durch Verwendung von DES auf unter 10 % reduziert werden konnte
[85].

Eine der gebrauchlichsten Technologien ist die Inkorporation von API in eine auf das Stent
aufgebrachte Polymerbeschichtung. Eine breite Palette von Polymeren ist als
wirkstofftragende Matrix fur DES im klinischen Einsatz [86—88]. Neben chemisch inerten
Polymeren, wie z.B. (per)fluorierten Polymeren, wird vor allem PLA aufgrund der leichten
Verarbeitbarkeit und Bioresorption als Beschichtungsmatrix verwendet [89,90]. Tab. 1 gibt
einen Uberblick Uber den Stand der Technik bei den verfligbaren DES. Zu den haufig
verwendeten Pharmaka fur kardiovaskulare Implantate gehort die Substanzklasse der Limus-
Familie, u.a. Sirolimus (SIR) [91-94], und Paclitaxel (PTX) [95,96]. SIR wird hauptsachlich
wegen seiner mTOR-Inhibition eingesetzt, einer eigentlich immunsuppressiven Wirkung zur
Verhinderung der AbstolRung von Organtransplantaten, wodurch aber auch die
Zellproliferation und damit das Risiko einer Restenose im Stent verringert wird [97,98]. PTX
wird als Beschichtung auf Ballons oder als Polymer/Wirkstoff-Depot von DES direkt in den

Zielbereich appliziert [84]. Der Wirkmechanismus von PTX besteht in der Hemmung der
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Migration und Proliferation glatter Muskelzellen [99]. Jedoch wird die Verwendung dieses

Pharmakons aufgrund eines erhdhten Risikos der Spatmortalitat in Frage gestellt [100].

Tab. 1 Ubersicht liber ausgewahlte DES (modifiziert nach [87]), Daten zur Wirkstoffbeladung wurden aus [101]
entnommen.

Stent/ Stent- Polymer-  Absorption- . Wirkstoff- Wirkstoff-
. a Wirkstoff freisetzungs-

Hersteller material  beschichtung dauer dauer beladung
CYPHER/ Cordis Edelstahl PEVA/PBMA  Permanent Sirolimus 90 Tage 140 pg/cm?
TAxus EXP.RES.S./ Edelstahl SIBS Permanent Paclitaxel >180 Tage 100 pg/cm?
Boston Scientific
XIENCE ALPINE / PVDE-

Abbott CoCr HEP Permanent Everolimus 120 Tage 100 pg/cm?
Laboratories

RESOLUTE

INTEGRITY / CoNi mit Ptlr BioLinx Permanent  Zotarolimus 180 Tage N/A

Medtronic

ORSsIRO / Biotronik CoCr PLLA 15 Monate Sirolimus  100-120 Tage 1.4 ug/mm?
ULTIMASTER/
Terumo CoCr PDLLA-PCL  3-4 Monate  Sirolimus  3-4 Monate N/A
Interventional
Systems
SYNERG.Y/ 'B'oston PtCr PLGA 3-4 Monate  Everolimus 3 Monate  38-179 pg/stent

Scientific

NoBoRI/ Terumo  Edelstahl PDLLA 6-9 Monate Biolimus 6-9 Monate 15.6 ug/mm?

Weitere sogenannte Multi-Drug-Delivery-Strategien enthalten oft mehrere Wirkstoffe, wie PTX
zur Verhinderung von Restenosen durch Hemmung des Fibroblastenwachstums gepaart mit
Biomolekilen, nichtfreisetzenden Molekillen, Antikérpern, Proteinen, Peptiden oder
Wachstumsfaktoren, die die Reendothelialisierung fordern sollen. Zu den bestehenden
Strategien zahlen zweischichtige Poly(lactid-co-glycolid)-Nanopartikel (PLGA), die vaskulare
endotheliale Wachstumsfaktoren (VEGF) und PTX enthalten [96,102—104]. Dazu gehdren
bereits mit elektrogesponnenen Fasern aus PLA bedeckte Stents, die PTX-geladene
mesopordse Siliziumdioxid-Nanopartikel enthalten und deren Oberflache mit VEGF
beschichtet ist [105,106]. Das hohe Oberflachen-Volumen-Verhaltnis von Vliesstoffen kann die
Oberflachenkonjugation maximieren und somit die Wirkstofffreisetzung verbessern [107-110].
Im Rahmen der durchgefihrten Arbeiten wurden die thermischen Eigenschaften von dinnen
wirkstoffinkorporierten Folien- mit Vliesmaterialien verglichen und der Einfluss verschieden
inkorporierter Wirkstoffe auf die physiko-chemischen Eigenschaften der PLLA-Folien

charakterisiert.
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3. Methoden zur entwicklungsbegleitenden Charakterisierung

polymerbasierter Implantatmaterialien

An  polymerbasierte  Implantatmaterialien  werden unterschiedliche = mechanische
Anforderungen gestellt. Ein ballonexpandierender Polymerstent z.B. soll nicht nur plastisch
verformbar sein, sondern auch eine hohe Stabilitdt aufweisen. Ein selbstexpandierender
Polymerstent jedoch sollte elastisch verformbar sein. Daher muss der verwendete Werkstoff
sowohl eine hohe Bruchdehnung als auch die erforderliche Festigkeit aufweisen, damit eine
gute Einflhrbarkeit in das Gefal® als auch ausreichende radiale Stabilitdt gegeniber
GefalRspannungen gewahrleistet ist [111]. Um vergleichbare mechanische Festigkeiten wie
bei einem Metallgrundkérper zu erreichen, bei denen Strutdicken bereits zwischen 60 und 91
pum (CoCr) hergestellt werden kénnen [112], sind bei Stentdesigns aus Polymermaterial bisher
Strutdicken zwischen 98 und 170 um realisiert worden [113]. Die dickeren Stentstreben flihren
jedoch zu einer verzogerten Endothelialisierung und einem erhdhten Thromboserisiko
aufgrund der starken Beeintrachtigung der Hamodynamik [114]. Um die spezifischen
Probleme polymerbasierter Stents zu I6sen, ist eine Weiterentwicklung von Stentdesigns mit
dinneren Streben in Verbindung mit adaquaten mechanischen Materialeigenschaften durch
Fortschritte in der Werkstofftechnologie erforderlich [115].

Werden Polymermaterialien als DES-Beschichtung verwendet, neigen diese dazu, bei
mechanischer Belastung wahrend der Implantation, die durch das Einfuhren in das Gefal und
die Expansion des Stents verursacht wird, zu frakturieren oder z.T. in partikuldrer Form, zu
delaminieren [83,111]. Daher muss eine Wirkstoffbeschichtung neben dem erforderlichen
Freisetzungsverhalten und der Biokompatibilitdt auch adaquate mechanische Eigenschaften
in Kombination mit einer Widerstandsfahigkeit gegen Delamination aufweisen.

Diese Anforderungen sowohl an den Polymerstent als auch an die DES-Beschichtung sind in
einer Reihe geeigneter technischer Prufverfahren unter Anwendung der in Tab. 2 relevanten
Prifnormen nachzuweisen. Die Verfahren hierzu sind in DIN EN ISO 25539-2 definiert [20]

und finden im Rahmen dieser Arbeit Anwendung.
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Tab. 2 Ubersicht lber relevante Priifnormen zur mechanischen und thermischen Charakterisierung von
thermoplastischen Polymeren.

Prifnorm

Titel

Bemerkung

ISO 527 / ASTM D
638 [116,117]

ASTM D 1708 [118]

ASTM D 882-18
[119]

ASTM D618-21 [120]

ISO 11357 / DIN
53765 [121,122]

ASTM D3418(2012)
[123] / ASTM
E793[124]

ASTM E794(2018)
[125]

ASTM E1356-
08(2014) [126]

Kunststoffe - Bestimmung der
Zugeigenschaften

Standard Test Method for Tensile
Properties of Plastics by Use of
Microtensile Specimens

Standard Test Method for Tensile
Properties of Thin Plastic Sheeting

Standard Practice for Conditioning
Plastics for Testing

Kunststoffe - Dynamische Differenz-
Thermoanalyse (DSC)

Standard Test Method for Transition
Temperatures of Polymers by Differential
Scanning Calorimetry

Standard Test Method for Melting And
Crystallization Temperatures By Thermal
Analysis

Standard Test Method for Assignment of
the Glass Transition Temperatures by
Differential Scanning Calorimetry

beinhaltet sowohl die allgemeinen
Grundsatze als auch die Priifbedingungen
fur alle Prifkorper

umfasst die Bestimmung der vergleichenden
Zugfestigkeit und der
Dehnungseigenschaften von Standard-
Mikrozugproben

umfasst die Bestimmung der
Zugeigenschaften von Kunststoffen in Form
von dinnen Folien (d 1,0 mm)

legt Verfahren fest zur Konditionierung von
Kunststoffen vor der Priifung und die
Bedingungen, unter denen sie gepruft
werden

beinhaltet alle Grundlagen der DSC und die
zur Durchfiihrung relevanten
Prifbedingungen

umfasst Ubergeordnet die Bestimmung der
Ubergangstemperaturen und der Schmelz-
und Kristallisationsenthalpien von Polymeren

beschreibt die Bestimmung der Schmelz-
und Kristallisationstemperatur von reinen
Materialien - Erweiterung zu ASTM D3418

umfasst die Bestimmung der Glasuber-
gangstemperaturen von Werkstoffen, welche
sich im Glasubergangsbereich nicht
zersetzen oder sublimieren

3.1. Polymer- und Wirkstoffverarbeitung — Auswahl der Fertigungsverfahren

und Priifkorperherstellung

Zu den hauptsachlich verwendeten Verarbeitungstechnologien von Polymeren gehdren

thermische und I8sungsmittelbasierte Herstellungsprotokolle [127]. Beim thermischen
Verfahren wie Extrusion, Spritzguss oder Schmelzgiefen werden die Polymere bis zur
flussigen Phase erhitzt und in eine Form gegeben. Der anschlieBende Abklhlprozess des
Formkorpers ist entscheidend fir die Ausbildung und das Wachstum der Kristallstrukturen, die
die Oberflachenmorphologie und Festigkeit des Prufkorpers beeinflussen [68]. Diese
thermischen Verfahren sind aufgrund der einfachen Prozessierung besonders geeignet zur
Herstellung von Bulkmaterialien, wie beispielsweise Stenthalbzeugen.

Die andere Moglichkeit der Verarbeitung stellen 16sungsmittelbasierte Herstellungsprotokolle
dar. So beruhen in der Industrie viele Beschichtungsverfahren auf der Verwendung von
Polymerlésungen. Das Losen eines Polymers in einem geeigneten Losungsmittel ermoglicht
eine Vielzahl verschiedener Verfahren wie Giel3- und Tauchverfahren, Elektrospinnen und -

sprihen, Airbrush, Spin-Coating und Ultraschallsprihprozesse zur Erzeugung homogener und
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reproduzierbarer Beschichtungen auf komplexen Implantatstrukturen [127-131]. Diese
Verfahren eignen sich besonders fur das Prototyping und die Kleinserienproduktion im
Labormalfstab. Daruber hinaus ermdglichen I6sungsmittelbasierte Protokolle das Einbringen
thermisch empfindlicher Wirkstoffe, z.B. Pharmaka, Wachstumsfaktoren oder Partikel [88]. Im
Vergleich dazu missen diese bei der thermischen Verarbeitung eine Temperaturstabilitat
oberhalb T, der Polymere aufweisen, wodurch die Auswahl von Zusatzen eingeschrankt wird
[88,89,132]. Im  Gegensatz  zur thermischen  Verarbeitung erfordern die
Losungsmittelverfahren jedoch eine zusatzliche Nachbehandlung der Materialien, die aus
Waschen und/oder Tempern bestehen kann, um Lésungsmittelriickstande zu beseitigen ohne
die APl aus dem Verbund herauszuldésen [133]. Diese missen insbesondere in Bezug auf
medizinische Anwendungen gewahrleisten, dass sich die Restldsemittelgehalte nach der
Postprozessierung unterhalb der ICH-Grenzwerte flr Medizinprodukte befinden, um
schadliche oder toxische Nebenwirkungen auszuschlielen [134,135]. Jeder dieser
Prozessschritte beeinflusst wiederum stark die physiko-chemischen Eigenschaften,
beispielsweise durch Nachkristallisation des Materials oder Umstrukturierung des Gefliges,
was auch bedeutet, dass die endglltigen charakteristischen Eigenschaften des gewlinschten
Materials bereits wahrend der Produktion gezielt gesteuert werden missen, z.B. durch
Temperprotokolle, Wahl und Konzentration der Losungsmittel, Sprihparameter und
Waschverfahren [136,137]. Vor diesem Hintergrund wurden die verwendeten
Herstellungsprotokolle zur Durchfuhrung entwicklungsbegleitender Charakterisierungen in
vorangegangenen Studien entwickelt und sind in den nachsten Abschnitten als auch in der
Abb. 9 beschrieben.

Degradationsproben

Fir die im Rahmen dieser Arbeit durchgefuhrten Degradationsstudien wurden Polymerfolien
durch GieRverfahren, gemall Abb. 9a, aus Chloroform (CHCIz) gegossen. Um eine
vollstandige Entfernung des Losungsmittels aus den Folien zu gewahrleisten, wurden diese
nach dem Verdampfen des Lésungsmittels zwei Tage lang in Methanol (MeOH) und zwei Tage
in entionisiertem Wasser gewaschen. AnschlieRend wurden die Folien fir 7 Tage im
Vakuumofen bei T = 40 °C gelagert [138]. Mit diesem Verfahren wurden Prufkérper mit einer

Dicke von d = 100 pm hergestellt.
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a) GieBverfahren b) Airbrush-Verfahren
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Abb. 9 a) Prifkérperherstellung unter Verwendung des GieRverfahrens. Die hergestellten Folien mit einer
Schichtdicke von ca. 100 ym werden einem Waschprozess mit Methanol (MeOH) und Wasser unterzogen und
anschlieend fir 7 Tage in einem Ofen getrocknet, um den Restlésemittelgehalt unterhalb der geforderten
Grenzwerte fur Medizinprodukte zu reduzieren [138]. b) Herstellung einer Sprihfolie durch Airbrush-Verfahren.
Wahrend des Prozesses wird der zu besprihende Trager axial bewegt, um eine homogene Polymerschicht zu
erzeugen. Die Sprihfolien werden anschlieend fur t = 13,5 h bei T = 80 °C unter vermindertem Druck getrocknet.

Blendherstellung

Fir die Herstellung von Giellfolien wurden Polymerlésungen identisch zu der
Probenpraparation der Degradationsstudien angesetzt, wobei neben den reinen Polymeren
PLLA und PCL weiterhin deren Mischungen in verschiedenen Verhaltnissen (90/10, 50/50,
10/90 %w/Ww) hergestellt wurden. Fur weiterfUhrende Untersuchungen unter verschiedenen
Tempertemperaturen wurden die Proben von PLLA, PCL und deren Mischungen in einen Ofen
gegeben und bei verschiedenen Temperaturen (40 °C, 80 °C und 200 °C) fur 60 Minuten bei
Umgebungsatmosphére erhitzt (Abb. 10). Anschlief’iend wurden alle Proben mit g. = 1 K/min
im Ofen abgekdihilt.

Blendherstellung iiber Verdampfen.des' Warmebehandlung
GieBverfahren Lésungsmittels

AMELE  AMILE LT

S
Te
J
)

/N PLLA \_PCL - Chloroform 40°C 80°C 200°C

Abb. 10 Prufkorperherstellung eines Polymerblends aus PLLA und PCL. Dieser wurde im Losungsmittel-
Giellverfahren hergestellt und verschiedenen Nachbehandlungsschritte unterzogen. Wahrend Chloroform
verdampft bilden sich PLLA- und PCL-reiche Domanen, deren Struktur sich durch die anschlielende
Warmebehandlung bei 40 °C, 80 °C und 200 °C stark unterscheiden kann und somit Einfluss auf die physiko-
chemischen Eigenschaften des Polymerblends nimmt.
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Wirkstoffinkorporierte Probenherstellung

Mit Hilfe des Airbrush-Verfahrens, gemaf der Abb. 9 b, wurden dinne Folien aus PLLA mit
inkorporierten Pharmaka hergestellt. Dazu wurde PLLA in CHCI; geldést und eine
Wirkstoffldsung in MeOH (PTX, SIR, DEX und CYCLO) oder CHCIs (CYCLO) hinzugefugt. Fur
jedes Pharmakon wurde ein endgultiges Verhaltnis von 10, 15 bzw. 20 %w/w in Bezug auf das
geldste Polymer eingestellt, um eine gezielte Freisetzung im therapeutischen Fenster zu
gewahrleisten [139,140]. Als Referenz wurde eine reine PLLA-Folie auf die gleiche Weise
ohne Zugabe von Wirkstoffen hergestellt. AnschlieBend wurden aus den angefertigten
Lésungen mit einem Airbrush-Gerat diinne Folien mit einer Materialstarke von etwa d = 7 ym
auf rechteckigen Glasobjekttragern erzeugt, um in vivo-nahe Bedingungen zu realisieren. Die
Losungsmittelreste von den beschichteten Glasobjekttragern wurden unter reduziertem Druck
bei T =80 °C entfernt.

Fir den Vergleich der thermischen Eigenschaften von PLLA-Folien (fPLLA) und -Nanofasern
(nfPLLA) wurden fPLLA Uber das Airbrush-Verfahren und nfPLLA  Uber
Elektrospinningverfahren hergestellt. Zusatzlich wurde die Polymeroberflache aller Proben mit
Sauerstoffplasma aktiviert, um eine stabile Oberflachenimmobilisierung mit dem vaskularen
endothelialen Wachstumsfaktor (VEGF) zu gewahrleisten. Durch die Plasmabehandlung
lassen sich polare und funktionelle Gruppen auf der Polymeroberflache erzeugen, um so die

Ankopplung mit weiteren Wirkstoffen zu vereinfachen.
3.2. In vitro Degradation

Um Degradationsexperimente von biodegradierbaren Polymermaterialien realistisch in den
Entwicklungsprozess zu integrieren, sind beschleunigte in vitro-Abbauprotokolle erforderlich.
Diese ermoglichen es, das Langzeitverhalten der Polymere in einem relativ kurzen Experiment
zu reproduzieren. Ebenso spielen Enzyme beim in vivo-Abbau dieser Materialien eine wichtige
Rolle, gerade in den spaten Stadien des Polymerabbaus mit einem hohen Grad an
Materialfragmentierung und bereits drastisch verringertem Molekulargewicht (< 20.000 g/mol)
[141,142]. Daher wurden die Abbaubedingungen gemaR den Normen ISO 13781 und ISO
15814 mit einer Degradationstemperatur von T = 37 °C gewahlt, um in vivo-Bedingungen zu
simulieren und eine maximale Enzymaktivitdt zu gewahrleisten [143,144]. Daruber hinaus
wurde in Anlehnung an die Van't-Hoff-Regel eine Temperatur von T = 55 °C verwendet, um
beschleunigte Abbaubedingungen zu schaffen. Hierdurch wurde es mdglich, Polymere
innerhalb einer sehr kurzen Zeit abzubauen, wofiir sonst mehrere Jahre investiert werden
mussen. Aulerdem lag die gewahlte Temperatur unterhalb der Glastubergangstemperatur Ty

von PLLA, um dadurch strukturelle Veranderungen zu vermeiden, die durch den Abbau
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oberhalb T, verursacht werden und um die Vergleichbarkeit der beiden gewahlten
Abbaubedingungen zu gewahrleisten.

Fur die enzym-assoziierten Echtzeitstudien wurde Sgrensen-Puffer verwendet, dem zusatzlich
5,0 mg/l Proteinase K, 5,0 mg/l Pseudomonas Lipase und 7,7 mg/l Aspergillus Lipase
hinzugefugt wurde [145]. Die Proben wurden nach 2, 4, 12, 24, 36, 48, 60, 72, 84, 96 und 108
Wochen fir weiterflihrende Untersuchungen entnhommen. Jede Polymerprobe wurde mit
destilliertem Wasser gewaschen und eine Woche lang bei T = 40 °C unter reduziertem Druck
getrocknet.

Fur die beschleunigten Untersuchungen wurde jede Probe einzeln in Sgrensen-Puffer ohne
Enzyme bei pH = 7,4 inkubiert, nach 0,2, 1, 2, 3, 4, 6, 8, 10, 12, 14 und 16 Wochen fur weitere

Untersuchungen entnommen und gemal der Echtzeitstudie nachbehandelt.
3.3. Morphologische Charakterisierung

Um neben dem Phasenverhalten von Polymerblends ebenso Ubergeordnete Kristallstrukturen
von PLLA mit verschiedenen inkorporierten Wirkstoffen beurteilen zu kénnen, wurden im
Rahmen dieser Arbeit die Morphologie der Polymerfolien rasterelektronenmikroskopisch
(REM) mit einem SEM QUANTA FEG 250 (FEI Company, Deutschland) und
rasterkraftmikroskopisch (AFM) mit einem NanoWizard Il (JPK Instruments AG, Deutschland)
untersucht.

Im Hinblick auf die Phasentrennung des Polymers und hinsichtlich der Verteilung des
Wirkstoffes an der Oberflache wurden die Polymerproben zusatzlich mittels Raman-
Bildgebung mit einem konfokalen Raman-Mikroskop WITec alpha 300 (WITec GmbH,
Deutschland) durchgeflhrt. Fir die Visualisierung von Phasentrennungsphdnomenen wurden

Signale gewahlt, die fir die einzelnen Polymere und Wirkstoffe spezifisch sind.
3.4. Ermittlung der mechanischen Eigenschaften

Zur Bestimmung der mechanischen Eigenschaften der Polymere stellt der quasistatische,
uniaxiale Zugversuch eine standardisierte Methode der Kunststoffprifung dar und liefert
Werkstoffkennwerte als Grundlage fir die Materialauswahl [146]. Dafir wird eine
Rechteckprobe oder ein genormter Zugstab gemal der ISO 527-2 in einer
Universalprifmaschine mit konstanter Traversen-Geschwindigkeit langsam und stofRfrei
gezogen [116]. Die auftretenden Krafte werden auf die Querschnittsflache Ao bezogen und die

daraus resultierenden Normalspannungen o berechnet [147].

o=— (14)
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Die Zugfestigkeit Ry eines Materials ergibt sich aus der maximalen Zugspannung, die wahrend
des Versuches registriert wird [148]. Die Dehnung ¢ lasst sich aus der Verlangerung AL

bezogen auf die Ausgangslange Lo gemaf

AL L-Lg
e=t=Lth (15)

berechnen. Die Bruchdehnung &g eines Materials ist als Dehnung beim Erreichen der
Bruchspannung oz definiert [148].

Der mikroskopische Aufbau des thermoplastischen PLLA beeinflusst mallgeblich die
mechanischen Eigenschaften des Polymers. Wird ein thermoplastischer Kunststoff unter
einachsigem Zug beansprucht, kdnnen verschiedene Deformationsphasen unterschieden
werden, Abb. 11. Fiur PLLA im speziellen bedeutet dies, dass es sich im ersten Teil der
Deformation linear elastisch (reversibel) verhalt. Gegen Ende des linear elastischen Bereiches
beginnen erste Makromolekulkettenabschnitte sich gegeneinander zu verschieben und die
Kurve wird flacher bzw. nichtlinear bis hin zum lokalen Maximum. Im zweiten Schritt
verstrecken sich die amorphen Bereiche und nach Erreichen der FlieRspannung fallt die
Spannung ab, wobei sich die Probe einschnirt, die sich entlang der Probe ausbreitet. Das

Spannungsniveau bleibt wahrend dieser Phase annahernd konstant.

b
o
c
=]
el AD @
Q.
(7]
@ . F IF IF IF
~undefor- Strecken Umorientierung Auflésen kris-
Dehnung & mierte amorpher kristalliner talliner Bereiche
Struktur Bereiche Bereiche in Blocke

Abb. 11 Stadien der Verformung eines thermoplastischen Polymers unter quasistatischer uniaxialer Zugbelastung
nach [149]. Zu Beginn wird der Probekdrper elastisch verformt (I). Die amorphen Bereiche verstrecken sich und
nach Erreichen der FlieRspannung fallt die Spannung ab, wobei sich die Probe einschnirt (ll). Bei groReren
Dehnungen ordnen sich die kristallinen Bereiche so um, dass die Molekilketten in Belastungsrichtung orientiert
werden (lll). Sobald alle lasttragenden Molekiilketten vollstandig orientiert und gestreckt sind, fiihrt jede weitere
Belastungssteigerung zum mechanischen Bruchversagen der Probe (IV).

Die Molekiile orientieren sich entlang der Belastungsrichtung in den amorphen Bereichen und
zusatzlich tritt eine Orientierung der Kristalle auf, bis diese vollstandig gestreckt sind und der
Prufkorper reifdt [115,150].

Die in der vorliegenden Arbeit durchgefiihrten Untersuchungen des Spannungs-Dehnungs-
Verhaltens von PLLA erfolgten im quasistatischen Zugversuch bei Raumtemperatur (RT) mit
einer Universalprufmaschine Zwick ZN 2.5 (Zwick GmbH & Co. KG, Deutschland). Dafur
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wurden Prifkérper gemall DIN EN ISO 527-2 1BB mit den effektiven Abmessungen von
I = 12 mm und b = 2 mm prapariert. Mit Hilfe des sogenannten Zeit-Temperatur-
Verschiebungsprinzips kann das mechanische Verhalten fur verschiedene Temperaturen und
verschiedene Belastungsgeschwindigkeiten ineinander umgerechnet werden [146]. Die

Zusammenhange stellt die folgende Gleichung dar:

g ;) =k (-7,) (16)

Auf Grundlage des zeitabhangigen Verhaltens von Polymeren bei einachsiger
Zugbeanspruchung wurden die mechanischen Tests mit einer konstanten
Traversengeschwindigkeit von v = 25 mm/min durchgefihrt. Neben dem zeitabhangigen
Verhalten spielt der Einfluss von Medium auf die Polymereigenschaften bei
Zugbeanspruchung eine wichtige Rolle. Durch die Diffusion von Medium in die Polymermatrix
kann diese wie ein Weichmacher wirken und die Polymereigenschaften nachhaltig
beeinflussen. In dieser Arbeit wurden die Versuche dennoch in trockener Umgebung
durchgefihrt, um insbesondere bzgl. der Wirkstoffinkorporation die eingebrachten Wirkstoffe
nicht herauszuwaschen, was das Messergebnis verfalschen kdnnte. Auf der Grundlage der
erhaltenen Kraft-Verlangerungs-Messkurven wurde der Elastizitatsmodul E im linear
elastischen Bereich berechnet. Aulerdem wurde die Zugfestigkeit Ry und die Bruchdehnung

£g bestimmt.
3.5. Thermische Analyse

Viele Faktoren wie M,, Restmonomergehalt, aber auch &uRere Faktoren wie
Abkuhlgeschwindigkeit, Losemittel oder Nachprozessierungen wie Sterilisation beeinflussen
die thermischen Eigenschaften von PLLA. Dies wiederum hat Einfluss auf die mechanischen
Eigenschaften des Polymers und auf das Degradations- und Diffusionsverhalten der
inkorporierten Pharmaka. Daher ist es von grofder Wichtigkeit, die thermischen Eigenschaften
von PLLA-basierten MKS zu charakterisieren.

Zur thermischen Charakterisierung von Polymeren dient die Dynamische Differenz
Kalorimetrie (DSC), welche es ermdglicht, eine Reihe von physikalischen Prozessen zu
untersuchen [151]. Aus dem Energieeintrag lassen sich Rulckschlisse auf
Kristallisationsprozesse, das Schmelzverhalten und mit ihnnen die Anderung im Enthalpie- AH
und Entropieverhalten AS ziehen. Daneben kdnnen mit den kalorimetrischen Messungen
samtliche Prozesse untersucht werden, die eine Anderung der Warmekapazitat zeigen, wie
z.B. der Glasubergang T, Bei dem in dieser Arbeit verwendeten Warmestromkalorimeter
werden der Proben- und Referenztiegel gemeinsam in einem Ofen erhitzt. Der sich andernde

Warmestrom dQ ist proportional zur Temperaturdifferenz der beiden Tiegel und wird als
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Messkurve Uber der Temperatur T aufgezeichnet. Die Schmelzwarme AH und der

Kristallisationsgrad y kénnen mit der folgenden Gleichung 17 quantitativ bewertet werden:

¥=100% 572 - & (17)

wobei AHpno der Enthalpiewert eines reinen kristallinen Materials, AH, die dem
Schmelzprozess entsprechende Enthalpie und W die Menge der einzelnen Komponenten bei
polymerbasierten MKS ist. Die zeitlich nicht konstante MaterialgroRe der Kristallinitat bestimmt
malfigeblich das Eigenschaftsbild teilkristalliner Polymere.

Abb. 12 zeigt beispielhaft ein DSC-Thermogram flr PLLA, welche mit einer Heizrate von
g = 10 K/min aufgeheizt wurde. Das Diagramm veranschaulicht sowohl exotherme als auch
endotherme Ereignisse, die wahrend eines Temperaturscans von 40 °C bis 200 °C auftraten.
Der endotherme Temperatursprung (Glasubergang) tritt im Scan zuerst bei ca. 60 °C auf,
gefolgt von einem exothermen Peak um etwa 100 °C, der auch Kaltkristallisation genannt wird.
Dieser ist immer Folge von thermodynamisch instabilen Zustanden (Eigenspannungen,
Orientierungen, unvollkommene Kristallstruktur), die aus den verarbeitungsbedingten
Abkuhlbedingungen bei der Herstellung entstehen.

Um 180 °C tritt ein endothermer Peak durch Schmelzen auf. Anhand der erhaltenen exo- und
endothermen Peaks wird der Kristallisationsgrad aus der latenten Kristallisations- und

Schmelzwarme mittels Peakintegration bis zur Baseline bestimmt.
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Abb. 12 DSC Aufheizkurve des teilkristallinen Polymers PLLA mit Darstellung wichtiger thermischer Effekte.
Aufgetragen ist die Warmeleistung Uber die Temperatur. Die Glasiibergangstemperatur Ty ist als Stufe in der
Messkurve zu erkennen. Je nach thermischer Vorgeschichte kann PLLA bei weiterer Temperaturerhéhung
exotherm auskristallisieren (Kaltkristallisation AHc). Das endotherme Schmelzen AHm erfolgt bei weiterer
Temperaturerh6hung, wobei Tm die Schmelztemperatur darstellt. Sind die Integrale der Kaltkristallisation und
Schmelze identisch, so liegt das Polymer in amorpher Form vor. Der exotherme Peak vor dem Schmelzen zeigt
den Ubergang der kristallinen Form a‘ zu a.

Um eine geeignete thermische Charakterisierung der MKS vornehmen zu kénnen, ist eine
Kenntnis tber die thermischen Ubergénge der einzelnen Komponenten von hoher Bedeutung.

Diese ermdglichen eine Beurteilung der thermischen Anderungen durch Bildung von
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Mischphasen [152]. Ebenso kénnen Uber DSC Messungen Aussagen uber thermische
Anderungen getroffen werden, welche beispielsweise durch Postprozessierungsschritte
initiilert wurden [135].

Im Rahmen dieser Arbeit wurden die thermischen Eigenschaften mit einer DSC 1 (Mettler
Toledo, Schweiz) untersucht. Es wurden konventionelle Kalibrierungsmethoden mit
hochreinen Standards verwendet. Die Proben wurden mit einer Heizrate von g = 10 K/min
unter Stickstoff bei atmospharischem Umgebungsdruck erhitzt. Die Endtemperatur lag
zwischen T =210 °C und 280 °C, je nach Polymersystem und eingearbeitetem Wirkstoff. Die
Proben wurden im Hinblick auf T4, T» und y analysiert. Die Schmelz- und Kristallisations-
warme wurde quantitativ bewertet, indem die endothermen Peakflachen bestimmt wurden, die
mit der Schmelzpeakflache von vollstandig kristallinem PLLA (x40 = 93,7 J/g) [153] verglichen

wurden.
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4. Physiko-chemische Untersuchung hochmolekularer Poly(L-

lactid)-basierter Mehrkomponentensysteme

4.1. Studie 1: In vitro Degradation von PLLA unter in vivo-nahen und

beschleunigten Bedingungen

Die Erarbeitung von Degradationsexperimenten im Labormalistab flr Biomaterialien auf
Polymerbasis ist flr die Entwicklung sicherer und funktioneller Implantate von entscheidender
Bedeutung. Jedoch erfordern lange PLLA Degradationszeiten von mehr als zwei Jahren
beschleunigte Untersuchungskonzepte, um diese realistisch in den Entwicklungsprozess zu
integrieren. Daher war das Ziel dieser Studie, aus den erhaltenen Ergebnissen der enzym-
assoziierten Echtzeit-Degradation und des beschleunigten Abbauprotokolls ein
Korrelationsmodell zu entwickeln. Dazu wurden flir den beschleunigten Abbau
I6sungsmittelgegossene PLLA-Folien bei T = 55 °C fur 16 Wochen degradiert und mit der
enzym-assoziierten (Proteinase K und Lipasen) Echtzeit-Degradation, die bei T = 37 °C fur
108 Wochen durchgeflihrt wurde, verglichen. Es wurden PLLA mit unterschiedlichen
Molgewichten (PLLA L210 mit M, = 320.000 g/mol und PLLA L214 mit M, = 700.000 g/mol)
verwendet, um den Einfluss des Molekulargewichts M, auf das Degradationsverhalten zu
untersuchen. Unter beiden angewandten Bedingungen wurde eine wellenférmige Entwicklung
der Kristallinitdt von PLLA beobachtet, wobei sich y mit 75 % fast verdoppelte. Anhand der
gewonnenen Ergebnisse konnte ein Korrelationsmodell entwickelt werden, das auf der

Verringerung des Molekulargewichts basiert.
Enzym-assoziierte Degradation

Ansatz dieser Studien war es, unter Verwendung von Lipasen die in vivo-Situation fur den
PLLA-Abbau abzubilden. Im Ergebnis konnte ein linearer Masseverlust fur PLLA L210 von
etwa 30 % und fur L214 von bis zu 73 % innerhalb des untersuchten Zeitraumes von
108 Wochen beobachtet werden. Fir L214 wurde beim enzym-assoziierten Echtzeit-Abbau
bei T = 37 °C nach 24 Wochen eine schnelle Abnahme der Masse beobachtet, wahrend das
Molekulargewicht nur eine geringe Abnahme zeigte [Pub1]. Dies kann auf den enzymatischen
Oberflachenabbau zurtickgeflhrt werden, Vgl. Abb. 5. Aufgrund des starkeren Masseverlustes
von PLLA L214 im Vergleich zu PLLA L210 wird geschlussfolgert, dass L214 schneller von

Enzymen abgebaut wird, was ebenfalls durch Literaturdaten unterstitzt wird [59].



Ergebnisse und Diskussion 27

Thermisches Verhalten wdhrend der Degradation

Beim Vergleich der Kristallinitaten beider PLLA Varianten wurden nur geringe Anderungen in
x wahrend der ersten 36 Monate der Echtzeit-Degradation beobachtet. Nach 108 Wochen
jedoch verdoppelte sich y beider Polymere nahezu, von y1210(36 Wochen) = 31 £ 4 % auf einen
Wert von  y1210(108 Wochen) =57 £4 %, und 21436 Wochen)=26+4 % auf
x.214(108 Wochen) = 48 + 5 %. Ein ahnlicher Trend wurde bei der Studie zur beschleunigten
Degradation fur beide PLLA-Arten festgestellt. Bis zur 8-wdchigen Degradation bei T = 55 °C
blieb y210 nahezu konstant bei etwa 40 %, gefolgt von einem Anstieg auf yizi0 = 75 £ 7 %.
Dieses Verhalten wurde auch bei L214 nachgewiesen, wenn auch nicht so ausgepragt wie bei
L210. Bis zu 6 Wochen lag y.214 bei etwa 35 %, gefolgt von einem Anstieg bis zu 16 Wochen
auf yio14 = 44 £ 8 %. Zusatzlich wurde eine wellenférmige Entwicklung von y beobachtet, was

in Bezug auf den Vergleich beider Degradationsstudien Berticksichtigung finden muss.
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Abb. 13 Anderungen der Kristallinitat wéhrend der Echtzeit-Degradation bei T = 37 °C (schwarz) im Vergleich zum
beschleunigten Abbau (blau) von PLLA L210 (oben) und PLLA L214 (unten), n = 5.
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Vergleich von Echtzeit-Experimenten mit beschleunigten Degradations-

bedingungen

Um beschleunigte Experimente auf Echtzeitstudien abbilden zu kdénnen, wurde die
Entwicklung des Molekulargewichtes M, herangezogen. Zu diesem Zweck wurden die

Abbauzeiten jeweils auf den Zeitpunkt des ersten Masseverlustes normiert. Dies ist relevant,
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um den Einfluss der Enzyme wahrend der Echtzeit-Degradation auszuschliel3en und so eine
Vergleichbarkeit der Studien gewahrleisten zu kénnen.

In Abb. 14 (links) wurde die Molekulargewichtsabnahme der Echtzeit- und beschleunigten
Abbaustudien Uber die normierte Zeit aufgetragen und zur besseren Veranschaulichung mit
linearen Trendlinien versehen. Aus den Molekulargewichten der beschleunigten Experimente
und denen der Echtzeitstudie der erhaltenen normalisierten Zeitpunkte wurden die Quotienten
Q bestimmt und Uber die Degradationszeit aufgetragen, siehe Abb. 14 rechts. Fir einen
erleichterten Vergleich beider Studien wurde eine Trendlinie fur Q hinzugefugt.

Im Fall von PLLA L210 zeigte sich, dass eine Echtzeitstudie normiert auf den Zeitpunkt des
ersten Masseverlustes von einem halben Jahr durch eine beschleunigte Studie von sechs
Wochen abgebildet werden kann, wobei M,, unter beschleunigten Bedingungen im Vergleich
zur Echtzeit-Degradation um das 1,5-fache abnahm. Bei PLLA L214 bildete eine 16-wochige

Degradation bei T = 55 °C eine 48-wdchige Degradation in Echtzeit ab, wobei sich M,, um das

1,3-fache reduzierte.
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Abb. 14 Mu-Korrelationsmodell des Echtzeit- und beschleunigten Abbaus von PLLA L210 (oben) und PLLA L214
(unten). Dargestellt ist der Molekulargewichtsverlust der Echtzeit- und der beschleunigten Degradationsstudien
Uber die Zeitpunkte t» (normalisiert auf den Zeitpunkt des ersten Masseverlustes) (links). Zur Veranschaulichung
wurden lineare Trendlinien hinzugefiigt. Fur die Abbildung der beschleunigten Studie auf die Echtzeitstudie wurde
der Quotient aus den Molekulargewichten der beschleunigten Experimente und denen der Echtzeitstudie berechnet
und Uber die Degradationszeit aufgetragen (rechts). Die durchgezogene Linie zeigt die Trendlinie fir Q Uber die
Abbauzeit.
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Autokatalytischer Masseabbau im Vergleich zu nicht-katalytischem Abbau

Die Autokatalyse spielt eine wichtige Rolle bei der Degradation von Polyestern. Das Modell
von Anderson et al. [64] kann verwendet werden, um abzuschatzen, ob die Esterhydrolyse
starker autokatalysiert oder nicht-katalysiert ablauft. Unter der Annahme, dass der enzym-
assoziierte Abbau nur an der Probenoberflache stattfindet und die gebildeten
Polymerfragmente sofort ausgewaschen werden, koénnen von beiden Degradations-
bedingungen Untersuchungen zu diesen Degradationsmechanismen anhand der
Molmassenentwicklung der Polymere durchgefuhrt werden. Dazu wurde die lineare
Anpassung (R?) an die Auftragung von InM, (Autokatalyse) und /M, (nicht-katalytisch) gegen
die Degradationszeit bis zum ersten Masseverlust bestimmt. Diese Beziehung ist fur PLLA
L210 und L214 in Abb. 15 dargestellit.

Beide PLLA-Varianten wiesen bereits zu Beginn der Studie einen Masseverlust aufgrund des
enzym-assoziierten Abbaus auf, was eine Bestimmung des Endpunktes der Auftragung
verhindert. Deshalb wurden die Zeitpunkte flir den ersten Masseverlust (48 Wochen) von Weir

et al. und Tsuiji et al. [67,154] zur Berechnung von R? herangezogen.
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Abb. 15 Darstellung des nicht-katalysierten Modells (links) im Vergleich zu den autokatalysierten Modell (rechts)

von PLLA L210 (oben) und PLLA L214 (unten) beim enzym-assoziierten Echtzeit-Abbau (schwarz) und
beschleunigten Abbau (blau) [64,67,154].

Unter beschleunigten Bedingungen ohne Enzymeinwirkung begann der Masseverlust von
PLLA L210 nach 12 Wochen und von PLLA L214 nach 16 Wochen. PLLA L210 zeigte sowohl

flir den beschleunigten Abbau als auch fir die Echtzeit-Degradation flr die R2-Anpassung von
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1/M, (entsprechend Gleichung 4) und InM, (entsprechend Gleichung 7) keine eindeutige
Tendenz (R%mn = 0,921 und R%,u, = 0,898 bei T =37 °C, siehe Abb. 15). Fiir T=55 °C wurden
ahnliche Werte ermittelt (R%/m» = 0,838 und R?,m, = 0,972). Daraus l&sst sich schlieRen, dass
sowohl eine nicht-katalytische als auch eine autokatalytische Esterhydrolyse stattfindet.

Far PLLA L214 kann anhand der Daten von einer eher nicht-katalytischen Esterhydrolyse bei
T = 37 °C ausgegangen werden (R?;un = 0,767 vs. R%u, = 0,533). Bei T =55 °C zeigen die
R2-Anpassungen keinen klaren Unterschied (R?ym, = 0,951vs. R%u, = 0,941), daher scheinen
beide Hydrolysemechanismen vorzuliegen. Die generell niedrigen R?>-Werte fir L214 in der
Echtzeitstudie deuten jedoch darauf hin, dass die von Anderson et al. [64] entwickelte Theorie
im Gegensatz zu L210 auf PLLA L214 aufgrund der sehr hohen Molmassen von 700.000 g/mol

nicht anwendbar ist.
Einfluss des Herstellungsverfahrens auf die Degradation

Wie die Ergebnisse fir PLLA L210 und L214 zeigen, hat das anfangliche Molekulargewicht
einen deutlichen Einfluss auf die Geschwindigkeit der Oberflachenerosion unter Beteiligung
von Enzymen. Aufgrund der Enzymdenaturierung kdnnen hingegen enzym-assoziierte Effekte
bei hdheren Temperaturen nicht abgebildet werden. Es findet somit keine Oberflachenerosion
statt und Kettenfragmente aus dem Masseabbau bleiben im Korper eingeschlossen, was in

frihen Versuchsstadien zu keinem beobachtbaren Masseverlust fuhrt, vgl. Abb. 5.

Durch den Vergleich der durchgefiihrten Studie mit Literaturdaten [67,154] kann gefolgert
werden, dass, unabhangig von der Probenvorbereitung, eine Vergleichbarkeit der in vitro-
Abbaudaten sowohl mit I6sungsmittelbasierten als auch mit Schmelzgussverfahren erreicht
wird, sofern eine vergleichbare Anfangskristallinitat vorliegt, vgl. Abb. 13. Hinsichtlich der
Molekulargewichtsabnahme konnte nachgewiesen werden, dass fir PLLA L210 eine 6
wdchige  beschleunigte = Degradationsstudie  bei T=55°C eine 26-wbdchige
Echtzeitdegradation abbildet. Ebenso konnte aus den Ergebnissen geschlossen werden, dass
fur PLLA L214 eine 16 wochige Abbaustudie bei T=55°C eine 48-wochige
Echtzeitdegradation abbildet. Jedoch muss bertcksichtigt werden, dass der wellenférmige
Verlauf der Kiristallinitdt diesem entwickelten Modell Grenzen setzt. Ebenso spielt das
Molekulargewicht eine entscheidende Rolle, wenn es um Enzym-assoziierte
Oberflachenabbauprozesse und den damit verbundenen Massenverlust geht, und sollte bei

der Planung von in vitro-Studien berucksichtigt werden.



Ergebnisse und Diskussion 31

4.2. Studie 2: Betrachtung der Phasenseparationseffekte von PLLA/PCL-
Blends

Blends aus PLLA und PCL weisen in der Regel komplexes Phasentrennungs- und
Kristallisationsverhalten auf, was sich stark auf ihre Eignung fur bestimmte biomedizinische
Anwendungen, wie abbaubare Beschichtungen oder Wirkstofftrager, auswirkt [155,156].
Daher ist es wichtig, die zugrunde liegenden Mechanismen zu verstehen. In Studie 2 [Pub2]
wurde PLLA mit PCL in verschiedenen Masseanteilen (10, 50 und 90 %w/w PCL) in Lésung
gemischt und anschlielRend zu Folien ausgegossen. Um den Einfluss eines zur Entfernung
des Restlésemittels notwendigen Temperprotokolls auf die Materialeigenschaften des
PLL/PCL-Blends zu ermitteln, wurden diese verschiedenen Temperaturen (40 °C, 80 °C und
200 °C) ausgesetzt, verbunden mit einer langsamen Abkuhlung, um das thermodynamische
Gleichgewicht im Blend zu erhalten. Mit Hilfe von Rasterelektronen-, Rasterkraft- und Raman-
Mikroskopie sowie DSC wurden Struktur, Morphologie und thermische Eigenschaften der
PLLA/PCL-Blends untersucht und mit Literaturdaten verglichen. Die ermittelten physiko-
chemischen Eigenschaften der hergestellten PLLA/PCL-Blends unterschieden sich erheblich
von denen, die durch Schmelzverfahren erreicht wurden [157-159]. So zeigte PLLA/PCL
90/10 bei T = 40 °C ein anderes Spannungs-Dehnungs-Verhalten im Vergleich zu einer
Temperung bei T =200 °C, was mit den Anderungen in der Kristallinitat korrelierte, wobei ypiia

von 43 auf 61 % anstieg.
Einfluss der Tempertemperatur auf die Morphologie

Das morphologische Verhalten von reinem PLLA ist in Abb. 16 durch rasterelektronische
(REM) und rasterkraftmikroskopische Aufnahmen (AFM) dargestellt. Morphologisch bildet
PLLA beim Tempern von ¢t = 60 min bei T=40°C (PLLAt0) (Abb. 16d) und T = 80 °C
(PLLATs0) (Abb. 16 €) eine einheitliche Phase mit Spharolithen (Vergleich siehe Abb. 4 a) von
etwa @ = 20 pm. Im Vergleich dazu vergroRerte sich der Durchmesser solcher PLLA-
Spharolithe beim Tempern bei T =200 °C (PLLA00) auf etwa @ = 100 um, was vergleichbar
mit der Literatur ist [160—-162].
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Abb. 16 Exemplarische rasterelektronische (a-c) und rasterkraftmikroskopische Aufnahmen (d-f) der reinen PLLA-
Folie, welche 60 min bei Temperaturen von 40 °C, 80 °C und 200 °C getempert wurde. Durch die
Warmebehandlung mit immer héheren Temperaturen bilden sich zunehmend gréfiere Spharolithe aus.

Demgegenuber unterscheidet sich die Oberflachenmorphologie von PLLA/PCL 50/50 bei
verschiedenen Temperbedingungen, welche in Abb. 17 durch REM-Aufnahmen dargestellt ist.
Von einer anfanglich homogenen Oberflache bei T = 40 °C (PLLA/PCL 50/50740) (Abb. 17 a)
geht die Oberflache bei T = 80 °C (PLLA/PCL 50/50+sg0) in eine perforierte Struktur Uber (Abb.
17 b), die sich bei T=200 °C (PLLA/PCL 50/507200) in eine glatte und eine davon klar
abgegrenzte mit Spharolithen besetzte Doméane entwickelt (Abb. 17 c).

a) PLLA/PCL 50/50 (40 °C) b) PLLA/PCL 50/50 (80 °C) c) PLLA/PCL 50/50 (200 °C
£ e, : S L o (Fai ._!»"_LvL R T Feed > 2

O “y T T~

Abb. 17 Exemplarische rasterelektronische Aufnahmen des PLLA/PCL-Blends im Verhaltnis 50/50 %w/w, welche
60 min bei Temperaturen von 40 °C, 80 °C und 200 °C getempert wurden. Durch die Warmebehandlung bei
T =200 °C bilden sich zwei separate Strukturen aus, eine glatte und eine mit Spharolithen besetzte Domane.

Aufgrund der unterschiedlichen Schmelztemperaturen beider Polymerkomponenten bildet sich
eine Mischungslicke von PLLA/PCL oberhalb von T = 80°C aus, wodurch das PLLA-
Kristallwachstum bei Erreichen dieser Phasentrennung geférdert wird, was zu einer Bildung
von PLLA-Sphérolithen und kleinen PCL-Kristallen fuhrt, welche sich an der Oberflache der
Spharolithen anlagern [163—-165].
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Zusatzlich wurden AFM-Aufnahmen angefertigt, die bei PLLA/PCL 50/5014 lamellare
Strukturen in kreisformiger Anordnung von etwa @ = 60 um Grofe zeigen, welche in eine glatte
Oberflache eingebettet sind (Abb. 18 a). Darlber hinaus sind etwa Poren mit einem
Durchmesser von @ = 5 ym zu beobachten. Bei PLLA/PCL 50/507g, wird die Oberflache
zunehmend pords und zeigt Porendurchmesser von bis zu @ = 50 ym (Abb. 18 b). Ahnliche
AFM-Bilder und PorengréRen wurden nach Losungsmittelatzung von PLLA/PCL-Blends
beobachtet [164]. Dies ist darauf zurtickzuftihren, dass PCL im Gegensatz zu PLLA bei der
thermischen Verarbeitung bei T = 80 °C aufgrund seiner niedrigeren Schmelztemperatur
verflussigt wird. Als Ergebnis dieses Prozesses wirde man eine hochporése Struktur
erwarten, in der sich hauptsachlich PLLA-Strukturen um geschmolzene PCL-Domaéanen bilden.
Bei PLLA/PCL 50/50+1290 sind deutlich lamellare Strukturen zu erkennen, die mittels Raman-

Mikroskopie als Teilsegmente von PCL-Spharolithen interpretiert werden kdénnen.

a) PLLA/PCL 50/50 (40 °C) b) (

.

PLLA/PCL 50/50 (80 °C)

c) PLLA/PCL 50/50 (200 °C
R W

Abb. 18 Exemplarische rasterkraftmikroskopische Aufnahmen des PLLA/PCL-Blends im Verhaltnis 50/50 %w/w,
welche eine Stunde bei Temperaturen von 40 °C, 80 °C und 200 °C gelagert wurden.

In Ergénzung dazu konnte mit Hilfe der konfokalen Raman-Bildgebung nachgewiesen werden,
dass alle drei verschiedenen Blends Phasentrennung aufweisen und dass insbesondere fur
PLLA/PCL 50/50740 und PLLA/PCL 50/50+s0 zwei gut differenzierte Bereiche jedes Polymers
zu erkennen sind [Pub2]. Dies weist auf die Existenz groRer Domanen jedes Homopolymers
hin [166]. Gleichzeitig deutet eine schmale Grenzflachenbreite auf eine geringe
Grenzflachenwechselwirkung und somit auf eine Unvertraglichkeit zwischen PCL und PLLA
hin.

Einfluss der Tempertemperatur auf die mechanischen Eigenschaften

Die Auswertung der mechanischen Kennwerte aus den uniaxialen Zugversuchen ist in Abb.
19 a dargestellt. Die Daten zeigen ein steifes und sprodes Verhalten von reinem PLLA. Es
weist jedoch nach dem Tempern bei T = 40 °C im Vergleich zu T = 200 °C hdhere
Bruchdehnungen von ¢g = 60 £ 18 % auf, was sich auf die Kettenausrichtung wahrend des
Verdampfen des Losungsmittels verbunden mit der zunehmenden Kettenmobilitat durch die

erhdhte Temperatur zurlickfihren Iasst.
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Abb. 19 Bruchdehnung vom I6sungsmittelgegossenen PLLA/PCL-Blend in Abhangigkeit vom PCL-Gehalt, welcher
bei verschiedenen Temperaturen gelagert wurde (a). Mechanische und thermische Eigenschaften des PLLA/PCL-
Blends 90/10 in Abhangigkeit der Lagertemperatur (b).

Durch Zugabe von 10 % PCL zu PLLA und die Temperung bei T = 40 °C konnte ein deutlicher
Anstieg von &g beobachtet werden (Abb. 19 a), was mit Literaturdaten vergleichbar ist, in der
von der Vermischung von PLLA mit PEG bekannt ist, dass aufgrund der Kristallisationskinetik
vermutlich weiterhin eine Adhasion zwischen PLLA und PEG besteht [158,167]. Auch eine
Temperung bei 80 °C, oberhalb T, rcL, zeigt der 90/10 PLLA/PCL-Blend eine Erhéhung in &s,
was darauf hindeutet, dass die Temperatur keinen signifikanten Einfluss auf die PLLA/PCL-
Grenzflachen hat (siehe Abb. 19 b). Reines PCLts0 zeigt mit
Rw = 15,2 £+ 0,4 MPa und &=14,311,7 % ein sprédes Verhalten im Gegensatz zu
Literaturdaten (Ru = 12,5 + 1,9 MPa, ¢z = 400 + 19 % [168]). Dies kann mit der hohen
Kristallinitdt von PCL (yrc. = 80,0 £ 0,2 %) erklart werden, wobei Literaturdaten deutlich
niedrigere Kristallinitatswerte (yrc. = 66,2 % [169]) aufweisen. Demzufolge kann es zu einer
Erhdhung von & kommen. Das Tempern von reinem PCL oberhalb dessen
Schmelztemperatur flhrte zur Degradation der Proben, weshalb keine mechanischen

Eigenschaften bestimmt werden konnten.

Zusammenfassend lasst sich sagen, dass in einem PLLA/PCL-Blend ein Anteil von 10 % an
PCL ausreichend ist, um einen signifikanten Effekt in den mechanischen Kennwerten des
Blends zu erzeugen. Dies ermdglicht die Modifikation der Materialeigenschaften lediglich
durch Anderung der Prozessprotokolle und ohne weitere Zusatze, wie Weichmacher. Daher
ist es umso wichtiger, die Temperaturen sorgfaltig auszuwahlen und Uber den gesamten
Produktionsweg solcher Polymerblends beizubehalten, insbesondere im Hinblick auf
Anwendungen im Bereich der Medizintechnik, da die Produktionsparameter nicht nur die
mechanischen Eigenschaften der Blends beeinflussen, sondern auch einen Einfluss auf die

Wirkstofffreisetzung und den Polymerabbau zeigen kénnen.
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4.3. Studie 3: Aspekte der Wirkstoffinkorporation in PLLA

Die lokale Freisetzung von Wirkstoffen ist zwar in vielen Bereichen der systemischen
Verabreichung uberlegen, doch kann deren Einbindung in Polymere die physiko-chemischen
Eigenschaften der Matrix beeinflussen. Dies ist u.a. bei Stentanwendungen von besonderer
Bedeutung, da die minimalinvasive Implantation haufig mit mechanischen Belastungen fur das
Implantat und die Wirkstoffbeschichtung einhergeht. Folglich kann die Inkorporation von
Wirkstoffen in Polymeren zu einer Anfélligkeit fur potenziell lebensbedrohliches
Implantatversagen fiihren, wenn die Beschichtung durch das Einfuihren in das Gefald und die
Expansion des Stents frakturiert oder z.T. in partikularer Form, delaminiert. Demnach war es
das Ziel in Studie 3, PLLA-Wirkstoffblends mit Hilfe von thermischen Analysen und
Zugversuchen zu untersuchen, um den Einfluss ausgewahlter Wirkstoffe (SIR, PTX, DEX und
CYCLO) auf die physiko-chemischen Eigenschaften des Polymers zu bestimmen [Pub3].
Diese wurden aufgrund ihrer unterschiedlichen strukturellen Merkmale wie Molekulargewicht,
Grolke, Polaritat, Hydrophilie oder funktionelle Gruppen gewahlt, was zu moglichen
Wechselwirkungen mit der Polymermatrix fihren kann. Die wirkstoffinkorporierten PLLA-
Folien wurden mit Hilfe des Airbrush-Verfahrens, ausgehend von PLLA/Wirkstoff-Lésungen,
hergestellt. Fur alle PLLA/Wirkstoff-Blends konnte ein Anstieg der Zugfestigkeit beobachtet
werden. Weiterhin wurden bei SIR und DEX Mischphasensysteme durch verschobene
Wirkstoff-Schmelzpeaks bei T = 200 °C bzw. T = 240 °C identifiziert, wahrend PTX und DEX
zur Kaltkristallisation fuhrten. Dahingegen konnte kein Einfluss von CYCLO auf die

thermischen Eigenschaften der Matrix beobachtet werden.
Einfluss der Wirkstoffinkorporation auf die thermischen Eigenschaften

Abb. 20 veranschaulicht den Einfluss des inkorporierten Wirkstoffes auf die thermischen
Eigenschaften von PLLA, welche mittels DSC untersucht wurden. Die API zeigen in der
thermischen Analyse einen unterschiedlichen Einfluss auf PLLA. Beim PLLA/PTX-Blend
wurde im Thermogramm kein PTX-Schmelzpeak beobachtet (Tmprx =217 °C), was darauf
schlieen lasst, dass der Wirkstoff vollstdndig mit dem Polymer vermischt ist (Abb. 20 a).
Weiterhin wird eine leichte Verschiebung der T, der Polymermatrix beobachtet. Dies lasst sich
damit erklaren, dass PTX mit den amorphen Doméanen von PLLA mischbar ist, was zu einer
Erweichung der Polymermatrix und damit zu einer Abnahme von T4 mit zunehmendem PTX
Anteil fihrt. Dartber hinaus fihrt dies auch zur Kaltkristallisation, erkennbar durch einen
exothermen Peak (Tc), der mit steigender PTX-Menge zunimmt, da das eingebettete PTX die
Polymerrekristallisation verlangsamt [170,171]. Die Wasserstoffbrickenbindung zwischen

PLLA und PTX bewirkt, dass PTX vermehrt in den amorphen Bereichen anreichert, wodurch
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es zu einer verringerten Diffusionsfahigkeit in der Polymerkette kommt und so die

Kristallisation gehemmt werden kann [172].
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Abb. 20 DSC-Kurven von reinem PLLA (schwarz) im Vergleich mit reinem Wirkstoff (cyan) und mit PLLA/Wirkstoff-
Blendkombinationen (a) PLLA/PTX, (b) PLLA/SIR, (c) PLLA/DEX und (d) PLLA/CYCLO) in verschiedenen
Verhaltnissen (90/10, 85/15, 80/20 %wi/w). Die Trendlinien veranschaulichen den Einfluss der verschiedenen
Wirkstoffe auf die thermischen Eigenschaften des PLLA.

Die Kaltkristallisation deutet ebenfalls darauf hin, dass das Tempern bei T =80 °C fir
t = 13,5 h nicht ausreichend ist, um einen thermischen Gleichgewichtszustand zu erreichen.
Dies kann einen Einfluss auf die Langzeiteigenschaften in Bezug auf die biomedizinische
Anwendung einer solchen arzneimittelhaltigen Matrix, z. B. die Lagerfahigkeit, haben.

Fir PLLA/SIR-Folien lasst das Vorhandensein eines SIR-Schmelzpeaks bis
Tm=199,5+ 0,6 °C, der Uber T, der reinen SIR-Komponente mit T, sir = 183,9 + 0,5 °C liegt,
den Schluss zu, dass SIR nicht vollstandig mit PLLA mischbar ist und phasensepariert vorliegt
(Abb. 20 b). Eine ahnliche Beobachtung gab es fir SIR in einem Blend aus
Poly(butylmethacrylat)/Poly(ethylenvinylacetat) (PBMA/PEVA), was damit erklart wurde, dass
der Wirkstoff des verbreiterten Auftreten des SIR-Schmelzpeaks in der Nahe des
Schmelzpeaks von reinem SIR hauptsachlich in einem Zustand mit nur geringer Kristallinitat
in der Polymermatrix verkapselt ist [173]. Es bleibt unklar, ob die SIR-Kristallbildung ein Effekt
aufgrund einer generellen begrenzten Mischbarkeit von SIR mit PLLA ist oder aber bei der

Herstellung der Testproben auftrat. Da SIR eine begrenzte Loslichkeit in CHCIs zeigt, wurde
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der Wirkstoff in MeOH geldst und diese Losung dann der CHCI3-Polymer-Lésung zugesetzt.
Wahrend der weiteren  Prozessschritte kann SIR aus dem  komplexen
Mehrkomponentengemisch (PLLA — CHCI; — MeOH — SIR) ausfallen, was zur Bildung von
Mikrokristallen fihren kann.

Im Falle der DEX-Inkorporation deutet die Verschiebung des endothermen Peaks von
Tmoex* =231,8+1,5°C auf Tmpex* =240,1+1,4°C auf eine Wechselwirkung zwischen
phasenseparietem DEX und PLLA hin (Abb. 20 c). Folglich muss DEX bis zu einem
Schwellenwert in die PLLA-Matrix eingebaut worden sein, ab dem eine Phasentrennung
stattfindet.

Das Fehlen eines deutlichen Ty, cycio-Signals im Vergleich zum Wirkstoff- T, fir SIR oder DEX
zeigt, analog zu PTX, eine vollstandige Vermischung des Wirkstoffs mit dem Polymer (Abb.
20 d).

Einfluss der Wirkstoffinkorporation auf die mechanischen und thermischen

Eigenschaften

Wie sich die verschiedenen Wirkstoffanteile auf das mechanische Verhalten der
Polymer/Wirkstoff-Blends auswirken, ist in Abb. 21 dargestellt. Im Vergleich zu den
thermischen Eigenschaften wurden zum Teil widersprichliche Ergebnisse beobachtet. So
fuhrt die Verblendung von PLLA mit PTX zu einer Verringerung der Kristallinitdt der PLLA-
Matrix mit steigendem PTX Anteil, was eine Erweichung des Materials vermuten lasst. Ein
Anstieg der Bruchdehnung von ez = 9,9 £ 0,7 % auf &g = 23 + 16 % lasst ebenso diese
Schlussfolgerung zu, jedoch erhoéht sich der Elastizitdtsmodul um bis zu 25 % im Vergleich zu
reinem PLLA, welche mit einer Versprodung des Materials einhergeht (Abb. 21 c¢). Die
Inkorporation von 10 % SIR flhrt zu einem Anstieg des Elastizitdtsmoduls um etwa 34 %, was
auf eine Wirkung als Hartmacher hinweist. Die Elastizitatsmodulwerte nehmen mit steigendem
Wirkstoffgehalt ab und ndhern sich bei 20 %w/w SIR dem ursprunglichen PLLA-Wert an. Die
DSC-Daten zeigen eine Zunahme der Kristallinitat von PLLA mit zunehmendem SIR-Gehalt.
Zusatzlich zur Bildung von SIR-Kristalliten wirkt dieser Effekt dem Einfluss der SIR-Molekiile,
die mit den Polymerketten interagieren, auf den Elastizitatsmodul entgegen. Es deutet darauf
hin, dass sowohl PTX als auch SIR ein komplexes Verhalten im Polymer-Kristallgitter
aufweisen. Der Einbau von DEX flhrt zu einer tendenziell geringeren Bruchdehnung bei hohen
Wirkstoffkonzentrationen (Abb. 21 b). Dennoch wird eine Verringerung des Elastizitatsmoduls
um etwa 10 % beobachtet. Dies lasst den Schluss zu, dass der Wirkstoff einerseits auf
molekularer Ebene mit den PLLA-Polymerketten interagiert und somit als Weichmacher wirkt.
Andererseits kdnnte die Bildung von Mikrokristallen zur Entwicklung von Sollbruchstellen und

damit zu einem Rickgang der Bruchdehnung um etwa 31 % fuhren.
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Abb. 21 Mechanische und thermische Eigenschaften (Bruchdehnung, Elastizitatsmodul, Zugfestigkeit und
Kristallinitat), ermittelt aus uniaxialen Zugversuchen von im Airbrush-Verfahren hergestellten PLLA/Wirkstoff-Folien
mit verschiedenen Polymer-Wirkstoffverhaltnissen (90/10, 85/15 und 80/20 %w/w). Sternchen markieren
signifikante Unterschiede mit p < 0,05 (Nalimov-Test) zur PLLA-Referenz.

Die Untersuchung solcher Wechselwirkungen, speziell von PTX oder SIR mit PLLA, beides
etablierte Wirkstoffe fir Stentbeschichtungen, ist von hohem praktischen Interesse, da die
Bildung mehrerer Phasen die fir biomedizinische Anwendungen relevanten Eigenschaften,
wie das Freisetzungsverhalten, entscheidend verandert. Darlber hinaus sind solche Effekte
besonders wichtig fur das Dilatationsverhalten und die Integritdt der wirkstofftragenden

Beschichtung nach mechanischer Belastung.
Vergleich der thermischen Eigenschaften von PLLA/PTX-Folien mit PLLA/PTX-Vliesen

Das diffusionsgesteuerte Freisetzungsverhalten des Wirkstoffes wird durch das Oberflachen-
zu Volumenverhaltnis des Depots bestimmt. Daher wurde in einem weiteren Teil der Studie
untersucht, welchen Einfluss die Herstellung durch Airbrush-Verfahren im Vergleich zum
Elektrospinningverfahren auf die thermischen Eigenschaften des MKS haben [Pub4]. Es
wurden PLLA-Folien (fPLLA) Uber das Airbrush-Verfahren und PLLA-Nanofasern (nfPLLA)
uber Elektrospinningverfahren hergestellt und die thermischen Eigenschaften dieser
miteinander verglichen. Zusatzlich wurde die Polymeroberflaiche aller Proben mit
Sauerstoffplasma aktiviert, um eine stabile Oberflachenimmobilisierung mit dem vaskularen

endothelialen Wachstumsfaktor (VEGF) zu gewahrleisten.
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Das thermische Verhalten der durch Airbrush- und Elektrospinningverfahren und
anschlieRender Oberflachenbehandlung hergestellten PLLA/PTX-Prifkérper ist sowohl in
Abb. 22 als auch in Tab. 3 dargestellt. Durch die Zugabe von PTX erhohten sich die
GlasUbergangstemperaturen der PLLA-Folien leicht von T4=68,6+22°C auf
Tg=71,7+0,2 °C und der PLLA-Vliese von Ty = 71,2+ 0,4 °C auf Ty = 74,5 £ 0,6 °C. Die
untersuchten Systeme sind nahezu unbeeinflusst von der O2-Plasmabehandlung (siehe Tab.

3), was durch die rein oberflachliche Behandlung auch zu erwarten war.

—fPLLA

——nfPLLA
——fPLLA/PTX 85/15 w/w%
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Abb. 22 Vergleich der DSC Kurven von einer reinen PLLA-Folie (schwarz) mit einem PLLA-Vlies (blau) und eines
Blends aus PLLA/PTX im Verhaltnis 85/15 m/m, sowohl aus einem Airbrush-Verfahren als Folie (grau) und tber
Elektrospinning als Vliesmaterial (rot) hergestellt. Die Linien veranschaulichen den Einfluss der Herstellung auf die

thermischen Eigenschaften des PLLA.

Fur beide Herstellungsvarianten ist eine leichte Verschiebung der T, der Polymermatrix
beobachtet worden, was durch die Mischbarkeit von PTX mit den amorphen Domanen von
PLLA begrundet werden kann [172]. Dies gleicht den Ergebnissen aus dem ersten Teil der
Studie 3. Die dort untersuchten Spruhfolien aus PLLA mit verschiedenen Mengen an
inkorporiertem PTX verursachten mit steigendem PTX-Anteil eine Ty Verschiebung zu

niedrigeren Temperaturen, was mit der Mischbarkeit von PTX mit den amorphen Domanen

von PLLA zusammenhangt.

Tab. 3 Thermische Eigenschaften (T4 (°C), x (%)) von modifizierten PLLA-Folien (fPLLA) im Vergleich zu PLLA-
Faservliesen (nfPLLA) mit und ohne O2-Plasmabehandlung.

Probe Tg[°C] x [%] Ty[°C] x [%]
fPLLA 68.6+22 35614 nfPLLA 712+04 423+13
fPLLA Ozplasma  71.8+0.2 346+27 nfPLLAOz2plasma 71.0£0.2 41.0%1.0
fPLLA-PTX 717+£02 33.3%05 nfPLLA-PTX 745+06 39.6+3.6
fPL:ﬁ’ SF:: O 723+1.0 329+18 ”fPL;:;fnzx O 734+14 373%23

Daruber hinaus fuhrt dies auch zur Bildung eines exothermen Peaks (T:), der ebenfalls sowohl
in den Spruhfolien als auch in den PLLA-Vliesen ausgepragt ist. Mit steigender Temperatur

konnte kein PTX-Schmelzpeak beobachtet werden, was darauf schlieRen lasst, dass PTX
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vollstandig mit dem Polymer vermischt ist. Auch hier hatte die Art der Probenherstellung keinen
Einfluss auf die thermischen Eigenschaften der Proben.

Trotz der Unterschiede im Herstellungsprotokoll wurden nahezu identische thermische
Eigenschaften hinsichtlich Kristallinitdt und Ty beider PLLA-Probekorper festgestellt. Des
Weiteren konnte gezeigt werden, dass PTX, unabhangig von der Prifkérperherstellung, eine

Kaltkristallisation ausbildet.

Zusammenfassend zeigen die Ergebnisse in Abhangigkeit vom eingebrachten Wirkstoff
komplexe PhasenlUbergangsprozesse wahrend der Herstellung. Da es sich um ein Wirkstoff-
Polymer-L6sungsmittel-System handelt, missen die Wechselwirkungen zwischen den drei
Komponenten in der Losung sowie bei der Verdampfung des Lésungsmittels und damit die
Verschiebung der Ldslichkeiten bei der Herstellung und Anwendung berucksichtigt werden, da
sich dadurch entscheidende Parameter wie die Wirkstofffreisetzung oder die mechanische
Belastbarkeit andern konnen. Die Echtzeitanalyse solcher Prozesse ist jedoch nach wie vor
technisch anspruchsvoll. So stellt die Handhabung von Polymerfolien mit einer Dicke von etwa
d = 10 ym eine Herausforderung dar, da minimale Defekte oder eine unzureichende
Befestigung in der Prifvorrichtung die Ergebnisse stark beeinflussen konnen. Allerdings ist
auch die Herstellung dickerer Proben, z.B. durch LésungsmittelgieRverfahren, ungeeignet, da
eine Zunahme der Probendicke zu einer unvollstandigen Entfernung des Restlésungsmittels
durch Verdunstung fuhrt. Das verbleibende Losungsmittel kann als Weichmacher wirken und
damit die Ergebnisse zum Einfluss des Wirkstoffs auf die Schichteigenschaften verfalschen.

Insgesamt leisten die Daten einen Beitrag zum Verstandnis der komplexen Wechselwirkung
zwischen PLLA und verschiedenen API. So zeigen die Ergebnisse die Notwendigkeit einer
zielgerichteten thermischen Behandlung, um die Lagerstabilitit und mechanische

Belastbarkeit von Stentbeschichtungen zu gewahrleisten.
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5. Zusammenfassung und Ausblick

Auf Grundlage der in Kapitel 1 dargestellten Prozessschritten fir die Entwicklung von
kardiovaskularen Implantaten wurden in der vorliegenden Arbeit PLLA-basierte Ein- und
Mehrkomponentensysteme charakterisiert. Dabei sollte zum einen durch geeignete
Postprozessierungsschritte eine Verbesserung der Eigenschaften realisiert werden und zum
anderen der Einfluss von Zusatzen (Polymer oder Wirkstoff) auf die physiko-chemischen
Eigenschaften der Prifkérper beurteilt werden, um hieraus geeignete Prozessschritte fur die
Stententwicklung abzuleiten.

Dazu wurde in einer ersten Studie [Pub1] der beschleunigte Abbau von I6semittelgegossenen
PLLA-Folien bei T = 55 °C mit dem enzym-assoziierten Echtzeit-Abbau bei T = 37 °C
verglichen, um weiterfuhrend ein Korrelationsmodell auf der Grundlage der
Molekulargewichtsabnahme zu entwickeln. Aus den Ergebnissen und im Kontext einer
umfangreichen Literaturrecherche konnte geschlossen werden, dass die Probenherstellung im
LosemittelgieRBverfahren, verglichen mit der Herstellung aus der Schmelze, nur einen geringen
Einfluss auf das Abbauverhalten hat. Im Gegensatz dazu spielt die anfangliche
Polymerkristallinitéat eine entscheidende Rolle. Bezogen auf die Molekulargewichtsabnahme
konnte eine Echtzeitstudie durch eine beschleunigte Studie abgebildet werden. Allerdings ist
anhand der Ergebnisse zu beachten, dass die Startbedingungen, wie Molekulargewicht und
Kristallinitat der gewahlten Materialien identisch sind, um die in vivo-Abbauprozesse im
Labormalstab abbilden und weiterfihrend realistisch in den Entwicklungsprozess fir
degradierbare Polymerstents integrieren zu kdnnen.

In einer zweiten Studie [Pub2] wurden Polymerblends aus hochmolekularem PLLA und
niedermolekularem PCL Uber ein Lésemittelverfahren in verschiedenen
Mischungsverhaltnissen kombiniert und thermisch nachbehandelt mit dem Ziel, die
Anwendbarkeit von PLLA/PCL-Polymerblends zu optimieren. Diese bilden komplexe
Mischphasen und Morphologien, die zu stark veranderten Eigenschaften des resultierenden
Materials fuhren. Das Zusammenspiel der Polymere ist abhangig von deren
Mischungsverhaltnis, der Wahl des Herstellungsprotokolls sowie von
Nachbearbeitungsverfahren. Diesbezliglich wurde untersucht, wie die Temperatur wahrend
der Nachbearbeitung die Eigenschaften und damit die Eignung von Idsungsmittelgegossenen
PLLA/PCL-Blends fir biomedizinische Produkte beeinflusst.

Fir die Gewahrleistung der Patientensicherheit sind die toxischen Produkte aus der Probe zu
entfernen. Dies beinhaltete beim angewandten Giel3verfahren eine Verdampfung unter
reduziertem Druck, einen Waschprozess, um das restliche Lésungsmittel vollstandig aus dem
Polymer zu entfernen und eine anschlieRende Temperung bei verschiedenen Temperaturen.

Um eine Kaltkristallisation des Materials zu vermeiden und ein thermodynamisches
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Gleichgewicht der Proben zu erhalten, wurden diese nach der Temperaturbehandlung mit
einer sehr geringen Geschwindigkeit abgekuhlt. Es konnte gezeigt werden, dass die
Temperprozesse die Oberflachenmorphologie, die mechanischen und thermischen
Eigenschaften von PLLA, PCL und deren Blends stark beeinflussen. So fuhrte die
Verblendung zu einer Verbesserung der mechanischen Eigenschaften der Polymere, wie z.B.
Erhéhung der Duktilitat. Eine Zugabe von 10 % PCL und Temperung bei T =40 °C verdoppelte
die Bruchdehnung des Materials. Die Temperatur als Nachbehandlungsform ermdglicht damit
die Modifikation der Materialeigenschaften ohne weitere Zuséatze, wie Weichmacher, sondern
lediglich durch Anderung der verwendeten Prozessprotokolle.

Weiterhin wurden in einer dritten Studie [Pub3] diinne PLLA/Wirkstoff-Folien im Hinblick auf
den Einfluss des Wirkstoffs auf die thermischen und mechanischen Eigenschaften der
Polymermatrix untersucht. Als Wirkstoffe wurden SIR, PTX, DEX und CYCLO gewahlt, da sie
insgesamt ein relevantes Spektrum unterschiedlicher struktureller Merkmale wie
Molekulargewicht, Grofde, Polaritat, Hydrophilie oder funktionelle Gruppen und damit auch
mogliche Wechselwirkungen mit der Polymermatrix abdecken. Zusatzlich wurden
PLLA/Wirkstoff-Vliese (Uber Elektrospinning erzeugt und die physiko-chemischen
Eigenschaften mit den PLLA/Wirkstoff-Folien verglichen. Die lokale Wirkstoffabgabe ist in der
Biomedizintechnik unverzichtbar geworden, wobei Stents ideale Tragerplattformen darstellen.
Wahrend aus medizinischer Perspektive die lokale Wirkstofffreisetzung der systemischen
Verabreichung in vielen Bereichen Uberlegen ist, muss aus werkstoffwissenschaftlicher Sicht
der Einfluss der Einarbeitung des Wirkstoffes in das Polymerbeschichtung auf die physiko-
chemischen Eigenschaften der genannten Matrix beriicksichtigt werden. Dies ist insofern von
besonderer Relevanz, da die minimalinvasive Implantation haufig mit mechanischen
Belastungen des Implantats und der Wirkstoffbeschichtung einhergeht. So kann die
Inkorporation von Wirkstoffen in die Polymermatrix beim Einfuhren in das Gefald zu einem
Abldsen der Beschichtung und zur Partikelfreisetzung fuhren. In dieser Studie wurde fur alle
Wirkstoffe und PLLA/Wirkstoff-Verhaltnisse eine Erhéhung der Zugfestigkeit im Vergleich zu
reiner PLLA-Folie beobachtet. In den thermischen Eigenschaften wurde bei SIR und DEX im
PLLA/Wirkstoff-Mehrphasensystem ein verschobener Wirkstoff-Schmelzpeak bei T = 200 °C
bzw. T =240 °C beobachtet. Zusatzlich wiesen die PLLA/Wirkstoff-Mehrphasensysteme mit
PTX und DEX eine Kaltkristallisation auf. Insgesamt zeigen die Ergebnisse die Notwendigkeit
einer zielgerichteten thermischen Nachbehandlung, um die Haltbarkeit und Leistungsfahigkeit
von Stentbeschichtungen zu gewahrleisten. Insbesondere fir PTX und DEX ist eine
zusatzliche thermische Behandlung erforderlich, um die Lagerstabilitdt des Implantats und
deren mechanische Belastbarkeit zu gewahrleisten. Diese Ergebnisse wurden sowohl fur die
PLLA/Wirkstoff-Folien als auch fir die Vliese erhalten [Pub4], wodurch die Nachprozessierung

unabhangig von der Herstellungsmethode notwendig ist.
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Im Rahmen der durchgeflihrten Arbeiten wurden mit Hilfe thermischer, mechanischer und
morphologischer Charakterisierungsmethoden PLLA-basierte 1-KS und MKS untersucht,
welche basierend auf der Prozesskette fur die Entwicklung von kardiovaskularen Implantaten
relevant sind. Unter anderem lieferten die durchgefiihrten Untersuchungen Ergebnisse zu
Degradationseinflissen, Unterschieden in Herstellungsprotokollen und dem Einfluss von
Nachprozessierungsschritten. Neben Homopolymer-basierten MKS finden auch immer mehr
Copolymer-basierte MKS Anwendung als Implantatmaterial, deren Charakterisierung durch
die strukturelle Komplexitat zusatzliche Herausforderungen birgt.

Zusammenfassend konnte in der vorliegenden Arbeit gezeigt werden, dass in der Kombination
physiko-chemischer  Analysen, bestehend aus thermischen, mechanischen und
morphologischen Untersuchungen, wichtige Erkenntnisse beziglich Degradations-
bedingungen, Phasenseparation und Wirkstoffinkorporationen polymerbasierter
Biomaterialien gewonnen werden. Diese kdnnen als Ausgangspunkt fir prozessbegleitende
Untersuchungen kardiovaskularer Implantatmaterialien im Industriemalstab dienen.
Grundsatzlich ist in der Medizintechnik davon auszugehen, dass entwicklungsbegleitende
Untersuchungen von polymerbasierten Mehrkomponentensystemen an Bedeutung gewinnen
werden. Sowohl Forschungseinrichtungen als auch Unternehmen missen sich den
dargestellten Problemkreisen verstarkt widmen, um den weiterhin zunehmenden
Anforderungen aufgrund der aktuell insbesondere im europaischen Markt fir Medizinprodukte
steigenden Regulierungsdichte durch die MDR [22] gewachsen zu sein und somit letztendlich

zur Steigerung der Patientensicherheit beizutragen.
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Abstract: Designing laboratory-scale degradation experiments for polymer-based
biomaterials is crucial for the development of safe and functional implants, in particular
regarding high molecular weight polyesters. Within this work, we compared accelerated
degradation of solvent-cast HMW-PLLA and HMW-P3HB films at 55 °C (16 weeks) with
enzyme-associated (proteinase K and lipases) real-time degradation at 37 °C (108 weeks).
During real-time degradation, PLLA showed mass loss up to 83 %, in contrast to accelerated
conditions, where no changes occurred. Moreover, we observed wave-shape development of
crystallinity for PLLA and PHB for both degradation conditions applied, whereby PLLA x
value nearly doubled to up to 75 %. These results were used to develop a correlation model
based on molecular weight decrease and were furthermore discussed in light of a detailed
literature review. In summary, real-time in vitro studies could be adapted to accelerated
protocols providing the same limiting conditions such as molecular weight and initial
crystallinity are given.
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Designing laboratory-scale degradation experiments for polymer-based biomaterials is crucial for the develop-
ment of safe and functional implants, in particular regarding high molecular weight polyesters. Within this work,
we compared accelerated degradation of solvent cast HMW-PLLA and HMW-P3HB films at 55 °C (16 weeks) with
enzyme-associated (proteinase K and lipases) real-time degradation at 37 °C (108 weeks). During real-time
degradation, PLLA showed mass loss up to 83%, in contrast to accelerated conditions, where no changes
occurred. Moreover, we observed wave-shape development of crystallinity for PLLA and PHB for both degra-

dation conditions applied, whereby PLLA y value nearly doubled to up to 75%. These results were used to
develop a correlation model based on molecular weight decrease and were furthermore discussed in light of a
detailed literature review. In summary, real-time in vitro studies could be adapted to accelerated protocols
providing the same limiting conditions such as molecular weight and initial crystallinity are given.

1. Introduction

Accelerated in vitro degradation protocols for polymeric materials
allow to reproduce long-term behavior in a relatively short experiment
[1]. In general, the hydrolytic degradation rate of biodegradable poly-
mers is raised by increasing temperature or altering pH. Ideally, finding
a correlation between real-time and accelerated conditions, according to
the relevant standards e.g. ISO 10993 [2], would allow process-related
analytics and the development of a validation protocol of absorbable
polymers which can substantially accelerate future degradation studies,
saving resources and research funds. However, as various factors, such
as the involvement of enzymes, play a role in in vivo degradation, the
realistic situation can only be represented to a limited extent by in vitro
experiments, especially under accelerated conditions.

In the field of biodegradable polyesters, poly-L-lactide (PLLA) and
poly-3-hydroxybutyrate (P3HB) exhibit a still increasing importance
[3-6]. PLLA can be applied as implant coating [7], drug carrying matrix
[8], surgical sutures [9] or solid implant material [10,11]. As for the
latter, currently several ultrathin strut PLLA-based biodegradable stents
are under clinical and preclinical investigation [12-16]. P3HB in turn is
used, among other applications, as porous patches for pericardial

* Corresponding author.
E-mail address: daniela.arbeiter@uni-rostock.de (D. Arbeiter).

https://doi.org/10.1016/j.polymertesting.2021.107471

replacement in fields of cardiology for example [17] or as bone graft
material [18].

Due to their inherent properties, PLLA and P3HB can be processed by
several methods, such as extrusion [7] or melt electrospinning [19], as
well as solvent-based manufacturing methods. In general, solvent-based
manufacturing protocols are in particular relevant, as most industrial
coating techniques rely on the use of polymer solutions. Dissolving a
polymer in an adequate solvent enables a variety of different processes
such as electrospinning and -spraying, air-brush [20], spin coating [21]
and ultrasonic spraying to generate homogeneous and reproducible
coatings on complex structures, such as stents, TAVR or cardiac pace-
makers. Dipcoating [22,23] is another noteworthy method to access
films or cylindrical semi-finished products, whereas the latter can
furthermore be processed into implants, e.g. stents by laser cutting [7].
This process is especially suitable for lab scale prototyping. Moreover,
compared to thermal processing, solvent-based protocols allow for the
incorporation of active compounds, e.g. drugs, growth factors, or par-
ticles for various reasons [24-26].

Notably, processing methods have a considerable influence on the
properties of the resulting material, e.g. surface morphology, crystal-
linity, polymer chain alignment and distribution of crystalline and
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amorphous domains [27,28]. Compared to thermal processing, solvent
cast techniques require additional post-treatment of the materials,
which can be either washing or annealing or a combination of both, to
remove solvent residues as those may alter material properties or even
show toxic effects [25,29]. In addition, molecular weight of the polymer
material influences material properties.

Despite similar chemical composition with P3HB exhibiting just one
additional CHa-group compared to PLLA, PLLA and P3HB differ
considerably regarding their degradation behavior. Whereas PLLA un-
dergoes plain hydrolytic degradation within about 3 years, it is reported
in the literature that scission of P3HB chains at physical conditions re-
quires support by enzymatic catalysis and takes place over a period of
about 4 years [30,31]. Moreover, effects such as autocatalysis [32,33] or
mid-chain ester hydrolysis versus end-group scission have to be taken
into account [34]. For more detailed predictions on auto and
non-catalytic hydrolysis, Gleadall et al. [35] developed reaction kinetic
models accounting the nature of the chain scissions (random or end). As
reported by Scaffaro et al., PLLA degradation proceeds in 3 stages. Stage
1 describes surface degradation, while stage 2 explains the degradation
penetration. They suggested that in the case of complete autocatalytic
degradation or remarkable bulk depletion during long-term immersion,
a third stage could be observed, often associated with pronounced
erosional phenomena [36]. Real-time degradation studies for investi-
gation of such behavior, however, remain challenging as degradation

Table 1

Polymer Testing 107 (2022) 107471

takes place over up to several years.

Literature overview on degradation experiments for PLLA

Due to complexity of the topic and the sheer amount of factors to be
considered, a remarkable amount of experiments have been conducted
to understand the degradation of PLLA. Yet, those studies vary in used
molecular mass, specimen manufacturing protocol as well as choice of
degradation medium and conditions. A brief overview on selected
degradation studies on PLLA is given in Table 1.

Early studies on the degradation of PLLA mainly focused on
morphology of the material and its influence on degradation behavior.
In 1990, Li et al. prepared PLLA samples via compression molding fol-
lowed by subsequent quenching or annealing to yield amorphous and
semi crystalline specimens, respectively [37]. They pointed out that the
early stage of degradation is independent of the initial morphology and
rather depends on the thermal history and crystallinity of the material.
However, remaining polymer residues appeared to be very resistant at
the end of the degradation. Extensive investigations were focused on the
crystallization behavior during the degradation process [37,48].

Tsuji et al. studied the hydrolysis of solution cast PLLA films showing
different degrees of crystallinity, which was adjusted by previous
annealing processes [28]. One of their results was that PLLA hydrolysis
took place dominantly in the amorphous region in between the

Overview on selected degradation studies performed on PLLA as reported in the literature.

molecular weight manufacturing process crystallinity y degradation conditions
My (Da) (%) . .
media temperature  time
Li et al. (1990) [37] 1.3 x 10° injection molding & quenched 0 saline & PBS, not 2 years
pH=7.4 specified
injection molding & annealed at 130 °C for 2 h 73 PBS, pH =7.4
Pistner et al. (1993) 4.5 x 10° injection molding 36 in vivo (rats) 2 years
[38] 9.5 x 10° as-polymerized PLLA block 73
Gogolewski et al. 2.75 x 10° injection molding 52 in vivo (mouse) 6 months
(1993) [39]
Cam et al. (1995) [40] 3 x 10° CH,Cl, without further process 30 0.01 M NaOH 37 °C 175 days
4.5 x 10° 15
6.5 x 10° 5
3 x 10° 3
Bergsma et al. (1995) 8.8 x 10° granulate 64 PBS; pH = 7.4 90 °C 6 weeks
[1]
Tsuji et al. (2000) 1.3 x 10° CH,Cl, washed in Methanol and 1 week in vacuum oven, 0 PBS; pH =7.4 37°C 2 years
[28] melted at 200 °C & quenched at 0 °C
annealed for 15 min 2
annealed for 30 min 30
annealed for 45 min 45
annealed for 60 min 54
Iannace et al. (2001) 6 x 10° solvent cast in CHCl3, evaporated & isothermal 46 PBS; pH = 7.02 37 °C 40 weeks
[41] crystallization at 90 °C
as above at 130 °C 44
Weir et al. (2004) 4.24 x 10° compression molding, annealed at 120 °C for 4 h 40 PBS; pH =7.4 37°C 57 weeks
[42]
Weir et al. (2004) 4.24 x 10° compression molding, annealed at 120 °C for 4 h 47 PBS; pH =7.4 50 °C 115 days
[43] 57.5 PBS; pH = 7.4 70 °C 23 days
Salguero et al. (2012) n.a. commercial available polymer 36 PBS; pH = 7.02 37°C 40 days
[44]
Deplaine et al. (2014)  1.65 x 10° freeze extraction and porogen-leaching methods 13 PBS; pH = 7.02 37°C 12
[45] months
Felfel et al. (2015) 1.2 x 10° compression molding, melted at 210 °C for 10 min 9.2 PBS; pH =7.4 21°C 56 days
[46] 37°C
50 °C
65 °C
75 °C
85°C
Wang et al. (2016) 5.0 x 10* compression molding at 190 °C and 15 MPa, annealed at 19.5 +5.3 in vivo (rabbits) 1 year
[47] 115°Cfor1 h
Porfyris et al. (2018) 1.79 x 10° compression molding at 190 °C for semi-crystalline 50 80% RH 70 °C 140 h
[48] 1.49 x 10° 160 °C for amorphous 0
Fuoco et al. (2021) 2.65 x 10° solvent cast in CHCl3 76 PBS; pH =7.4 60 °C 15-20
[49] days

? Degradation times are extracted from the original literature and thus cannot be easily harmonized.
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crystalline regions and hydrolysis rate was higher in that specific
domain in comparison to free amorphous region. In general, they pre-
sumed that higher crystallinity and hence higher crystal thickness lead
to more defects in the amorphous domain, promoting hydrolysis by
enhanced water diffusion.

Cam et al. analyzed PLLA samples with a broad range of molecular
weights in terms of their degradation behavior [40]. They showed that
an increase in molecular weight leads to a decrease of initial crystal-
linities, yet the degradation rate increased. This may be contradictory
compared to the aforementioned influence of crystallinity, but the au-
thors stated that residual solvent could have influenced degradation
behavior. They concluded that it is necessary to remove the solvent
completely from the polymer.

Weir et al. analyzed the degradation of compression molded PLLA
samples in an accelerated time period and compared the data with real
time degradation [42,43]. Thus, at higher temperature, degradation
proceeds by a very similar mechanism to that observed at 37 °C, in vitro
as well as in vivo.

Still, concerns remained about the validity of testing above glass
transition temperature T of PLLA when predicting results at degrada-
tion temperatures below T, and the significance of autocatalysis as
temperature is increased [43]. Thus, Weir et al. contradicted Bergsma’s
statement [1] that, although degradation temperature is well above
glass transition temperature and not comparable to physiological tem-
peratures, there seems to be good correlation between in vitro degraded
and physiologically degraded material.

Moreover, conditions for performing in vitro degradation of PLLA
have been standardized by ISO 13781:2017, specifying the use of
Sgrensen buffer (0.012 M KHPOy4, 0.055 M NayHPO4 in water) with pH
adjusted to 7.4 + 0.2 at 37 °C + 1 °C. The minimum solution volume has
to be 10 ml and is recommended to be more than 30:1 to the test sample
mass [50].

Literature overview on degradation experiments for P3HB

Regarding the in vitro degradation of P3HB, a summary on relevant
degradation studies is given in Table 2.

Compared to PLLA, similar studies have been performed with P3HB.
Doi et al. investigated the effects of polymer composition on the
degradation rates of different PHB variations at different temperatures
[51]. They concluded that hydrolytic degradation of PHB occurs in two
steps: first random hydrolytic chain scission of the ester groups, followed
by weight loss just at low M,,. Kurcok et al. concluded that the degree of
crystallinity of P3HB due to chain orientation influences the rate of its
hydrolytic degradation, with atactic P3HB showed faster degradation
compared to semicrystalline polymer [52].

Regarding the need for enzymatic support in the P3HB degradation,

Table 2
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Freier et al. [30] observed a slower pure hydrolytic degradation of P3HB
in comparison to PLLA but a threefold accelerated loss in M,, when using
porcine pancreatin, a mixture of lipases, amylases a-chymotrypsin,
trypsin and proteases. Still, it remained uncertain if P3HB degradation
behavior observed in their study was based on enzymatic catalysis.

In a very recent study, Zhuikov et al. [54] observed a wave-shape
change of crystallinity during degradation of P3HB due to the fact that
amorphous regions degrade faster than crystalline domains, leading to
an increase of crystallinity. By hydrolysis of crystalline regions, amor-
phous components are formed, leading to an up-and-down in y during
degradation experiments. Overall, P3HB has not as extensively been
investigated regarding accelerated degradation behavior as PLLA.

Objective of this study

Biodegradable polyesters with high molecular weight (HMW) are of
particular interest in biomedical engineering, as mechanical and
physico-chemical properties can be enhanced by increasing M,, [55,56].

Yet, in the case of HMW PLLA, with M,, > 300 kDa, and HMW P3HB
with M,, > 700 kDa, no studies for solvent cast materials concerning the
comparison of accelerated and enzyme-associated real-time degradation
have been reported in the literature. Depicting the in vivo degradation
allows for analyzing biomaterials in terms of changes in deflection, fa-
tigue and tensile strength, changes in surface roughness and thus fluid
mechanics, or fragmentation and particle formation.

Aim of our work is to contribute to the understanding of the degra-
dation behavior of solvent cast HMW PLLA and HMW P3HB film ma-
terials. We investigated polymer film degradation in a real-time study
with the use of lipases and proteinase K degradation in comparison to
accelerated conditions at 55 °C. In addition to gravimetric measure-
ments, morphological as well as thermal analyses and gel-permeation
chromatography (GPC) were performed in order to be able to compare
the results with literature data and to evaluate the accelerated degra-
dation protocol. Two key findings of this work are that our choice of
lipases did not catalyze the degradation of HMW P3HB but affected
HMW PLLA. Moreover, we were able to observe that accelerated PLLA
degradation induces more drastic changes in crystallinity compared to
enzyme-associated real-time conditions. Overall, our results hold im-
plications regarding the setup of test parameters and thus for the con-
clusions drawn from in vitro data.

2. Materials and methods

Materials: Poly-i-lactide (PLLA 1210, M,, = 320.000 g/mol and
PLLA 1214, M,, = 700.000 g/mol) was purchased from Boehringer
Ingelheim Pharma (Ingelheim, Germany). Poly-3-hydroxybutyrate
(P3HB, M, = 750.000 g/mol) was supplied by

Overview on selected degradation studies performed on P3HB as reported in the literature.

molecular weight manufacturing process crystallinity y degradation conditions
My (Da) (%) . o ad
media temperature  time’
Doi et al. (1989) [51] n.a. solvent cast in CHCl3 59 PBS,pH =7.4 37°C 200
70 °C days
Gogolewski et al. 1.29 x 10° injection molding 60.7 in vivo (mouse) 6
(1993) [39] months
Kurcok et al. (1995) 2.34 x 10* granulate n.a. PBS; pH = 7.4 70 °C 80 days
[52]
Canetti et al. (1999) 1.66 x 10° solvent cast in CH,Cl,, melted at 185 °C for 2 min 51 Potassium phosphate 37 °C 300 h
[53] & crystallization at 50 °C buffer; pH = 7.0
Freier et al. (2002) 6.4 x 10° solvent cast in CHCl3, 1 week in vacuum oven 69 PBS; pH = 7.4; porcine 37°C 1 year
[30] pancreatin 70 °C
Salguero et al. (2012) 6.0 x 10° solvent cast in CHCl3 at 62 °C 53 PBS; pH = 7.02 37°C 40 days
[44]
Zhuikov et al. (2020) 1.1 x 10° solvent cast in CHCl3, 72 h in vacuum oven 63 PBS; pH = 7.4; porcine 37°C 6

[54]

pancreatic lipase months

? Degradation times are extracted from the original literature and thus cannot be easily harmonized.
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Umweltforschungszentrum GmbH
Germany).

Sample preparation: Degradation studies were performed using
films cast from chloroform (Merck, Darmstadt, Germany) solutions (1 g
polymer in 25 ml chloroform) employing petri dishes (@ = 9 cm). After
evaporation of the solvent, films were washed for two days in methanol
(Merck, Darmstadt, Germany) and two days in deionized water at 25 °C,
and dried for 7 days in a vacuum oven, model Scientific 45001 (Bioblock
Fisher Scientific, Schwerte, Germany), at 40 °C. Polymer samples were
punched in form of round slices of @ = 5 mm. For real-time degradation
study the following initial thickness was obtained (mean + sample
standard deviation of n = 3 samples with 3 measurements each): d =
133 + 6 pm (PLLA L210),d =118 + 2.6 pm (PLLA L214) and d = 155 +
5 pm (P3HB). For the accelerated study, sample thickness was: d = 101
+ 15 pm (PLLA L210),d = 104 + 7 pm (PLLA L214) and d = 124 + 12
pm (P3HB).

Degradation conditions: The degradation conditions were chosen
according to the standards ISO 13781 [57] and ISO 15814 [50,58]. 37 °C
were chosen as established temperature to simulate in vivo conditions
and to ensure maximum enzyme activity. Furthermore, following Van’t
Hoff rule, a temperature of 55 °C was chosen to generate accelerated
degradation conditions that allow us to degrade polymers within a very
short time, for which several years would normally have to be invested.
In addition, the studies had to be performed below the glass transition
temperature of PLLA to avoid structural changes caused by degradation
above T, and to ensure comparability of the two chosen degradation
conditions. Degradation assays for enzyme-associated real-time studies
were conducted using Sgrensen buffer at pH = 7.4 (MORPHISTO,
Frankfurt am Main, Germany) containing 5.0 mg/1 proteinase K (a >30
U/mg; Sigma-Aldrich, Darmstadt, Germany), 5.0 mg/l pseudomonas
lipase (a >30 U/mg; Sigma-Aldrich, Darmstadt, Germany), and 7.7 mg/1
aspergillus lipase (a = 181 U/mg; Sigma-Aldrich, Darmstadt, Germany).
Each sample was incubated individually in 2 ml buffer at 37 °C and
shaken with 100 rpm. Every two weeks, Sgrensen buffer was changed in
each vial. Specimens were taken out for investigations after 2, 4, 12, 24,
36, 48, 60, 72, 84, 96 and 108 weeks. Each polymer specimen wwas
washed three times with distilled water and then dried for one week at
40 °C under reduced pressure.

For accelerated studies, each sample was incubated individually in 2
ml Sgrensen buffer without enzymes at pH = 7.4 (MORPHISTO,
Frankfurt am Main, Germany). Samples were shaken with 100 rpm at
55 °C. Every week, Sgrensen buffer was changed in each vial. For in-
vestigations, specimens were taken out after 0.2, 1, 2, 3, 4, 6, 8, 10, 12,
14 and 16 weeks. The buffer solution was changed every week. After
removal, specimens were treated precisely as in real-time study.

Microscopy: The polymer films were analyzed by means of light
microscopic photography using an Olympus SC50 digital camera
mounted on an Olympus SZX10 stereo microscope and cellSens Standard
imaging software (Olympus, Tokyo, Japan). Scanning electron micro-
scopy (SEM) was carried out using a SEM Quanta FEG 250 (FEI Com-
pany, Frankfurt, Germany). For SEM imaging, the samples were fixed
onto aluminum trays with conductive carbon pads. The SEM in-
vestigations were performed using high vacuum and 10 kV with a
working distance of approx. 10 mm. The images were taken at 800x
magnification.

Mass change: Prior to degradation study, the polymer film sample
mass was determined using an electronic microbalance XP6U (Mettler
Toledo, Zurich, Switzerland). On removal, the same specimens were
being weighed after washing three times with distilled water and drying
for one week at 40 °C under reduced pressure. The overall percentage
mass change was calculated from the mass before degradation.

GPC measurements: The molecular weight (M) and number
average molecular weights (M) of polymer samples at different degra-
dation time points were obtained at 30 °C using a PSS SECcurity SEC
system (Polymer Standard Services, Mainz, Germany) including a RI
detector combined with a WGE Dr. Bures g 2010 viscosity detector
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(WGE Dr. Bures, Dallgow, Germany). Separation was carried out with
three PSS SDV columns (103, 105 and 106 ;\, respectively). Chloroform
stabilized with ethanol was the eluent with a flow rate of 1 ml/min. The
samples were prepared with a concentration of 1.5 mg/ml in chloroform
with hexylbenzene as internal standard and the injection volume was
0.1 ml. The molecular weights were calculated by the universal cali-
bration method using twelve polystyrene calibration standards in a
range between 376 and 2570.000 g/mol.

Thermal analysis: Thermal properties were investigated in a DSC
FP84HT (Mettler Toledo, Zurich, Switzerland) for real-time degradation
and DSC 1 (Mettler Toledo, Zurich, Switzerland) for accelerated degra-
dation. Conventional calibration methods with highly pure standards
were used. Real-time degradation samples were heated from +40 °C up
to 225 °C with a heating rate of ¢ = 10 K/min (FP84HT without active
cooling system) operating at ambient atmospheric pressure. Accelerated
degradation samples were heated from —40 °C up to 225 °C with a
heating rate of ¢ = 10 K/min (DSC 1 with intracooling system) operating
under nitrogen at ambient atmospheric pressure. Sample weights were
in the range of 3-6 mg. We analyzed the samples with respect to glass
transition (Ty), melting temperature (Tn), and degree of crystallinity (y).
The heats of fusion and crystallization were quantitatively evaluated by
determining the endothermic peak areas, which were compared with the
melting peak area of totally crystalline PLLA (y;00 = 93.7 J/g) [59] and
P3HB (]100 =146 J/g) [60].

FTIR-ATR-measurements: FTIR-ATR-measurements were per-
formed using a Bruker Vertex 70 IR-Spectrometer (Bruker, Leipzig,
Germany) equipped with a DLaTGS-detector. Data were collected in the
range of U = 500 cm ™! to 4000 cm ! with a resolution of ¥ = 4 cm ™
averaged over 100 scans in reflection mode using a Graseby Golden Gate
Diamond ATR-unit. Atmospheric compensation has been performed. All
spectra were subsequently baseline corrected and finally normalized
with OPUS vector-normalization-function for better visualization.

3. Results and discussion

General properties of the investigated polymers prior to degradation
as taken from DSC and GPC experiments are summarized in Table 3.

To address the in vivo situation, our approach was the use of lipases
for PLLA and proteinase K for P3HB as this protocol has been described
before [30,61]. The role of enzymes in in vivo degradation of polymer
biomaterials is being broadly discussed in the literature [31,53,62-65].
Some authors reported about enzyme contribution during the late stages
of polymer degradation, with a high grade of material fragmentation
and already drastically decreased molecular weight (<20.000 g/mol)
[42,66]. Cam et al. stated that enzyme catalysis is nearly negligible
regarding the biodegradation of PLLA [40]. Moreover, they illustrated
that enzymes, being macromolecules themselves, are inhibited to
penetrate into the polymer bulk due to their molecular size, thus bulk
degradation by chain scissoring takes place just by hydrolysis. Still,
surface degradation may be influenced by enzymes [67]. This, without
bulk hydrolysis, would lead to the observation that M,, remains constant
during degradation, whereas sample mass decreases as surface degra-
dation products are easily washed out. In contrast, bulk hydrolysis
without enzyme contribution on surface degradation would lead to M,,

Table 3
Material properties of polymers addressed in this study.
PLLA P3HB
L210 1214
molecular weight M, 320.000 g/ 700.000 g/ 750.000 g/
mol mol mol
glass transition temperature 62 °C 65 °C 0°C
Tg
melting temperature Tp, 175°C 178 °C 180 °C
crystallinity y 37% 24% 68%
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decrease at constant sample mass as hydrolysis products remain
entrapped in the polymer. This assumption is taken into concern for the
following analyses, as PLLA initial mass loss observed during our study
must derive from enzymatic surface degradation, as molecular weight
decrease proceeds considerable slower.

Surface morphology during degradation

First, changes in morphology during enzyme-associated in vitro
degradation process at 37 °C and accelerated degradation at 55 °C were
investigated by means of macrophotography and SEM. Within both
degradation studies, PLLA L210 showed considerable visual changes
(Fig. 1). The samples turned opaque and showed clear cracks after 16
weeks (accelerated) and 108 weeks (real-time), respectively. PLLA L214
became only opaque after 2 weeks in the real-time study but no further
macroscopic changes were observed. In contrast to this, L214 samples
did not show any optical changes during accelerated degradation. P3HB
showed no optical changes during both degradation studies. Macro
photography documentation of the degradation process of PLLA can be
found in supporting information (Figs. S1-S6).

For a more detailed view, SEM imaging has been used to investigate
the microscopic appearance of the degraded polymer samples. At 800 x
magnification, no such thing as microcrystals or other inhomogeneities
as well as changes in surface morphology could be observed for PLLA
L214 and P3HB, each for both degradation conditions. These samples
appeared smooth and comparable to the initial state before degradation
(images can be found in supporting information (Figs. S7-S12). PLLA
L210 appeared to have one uniform rough surface, which did not change
during real-time degradation. However, during accelerated degradation,
growth of small spherulite crystals could be observed. After 16 weeks of
degradation at 55 °C, continuous cracks at spherulite phase-phase-
interfaces could be detected (Fig. 2f), presumably indicating propaga-
tion of hydrolytic degradation processes [36]. Fig. 2d) and e) each show
the side which was attached to the surface of the Petri dish, thus
resulting in a generally smoother surface.

“.. 0 weeks

0 weeks

P ot
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Changes in mass during degradation

During enzyme-associated real-time degradation, PLLA L210 and
L214 showed an almost linear mass loss from 10 weeks on to a residual
of 71% and 27% of the starting mass after 108 weeks, respectively
(Fig. 3). Accelerated degradation at 55 °C exhibited almost no mass loss
with residual mass of 98% for L210 and 99% for L214 after 16 weeks. In
the case of P3HB, there was no mass loss observable during both studies,
real-time and accelerated degradation.

For enzyme-associated real-time degradation at 37 °C, L214 showed
fast decrease in residual sample mass whereas M, showed only low
decrease until 24 weeks. Overall, we observed linear mass loss for film
materials of PLLA L210 of about 30% and for L214 up to 73%, respec-
tively. However, the increasing standard deviations can be explained by
the advancing degradation due to the disintegration of the samples and
the removal of free floating fragments during the media changes.

Regarding P3HB, enzyme-associated real-time at 37 °C, as well as
accelerated degradation at 55 °C, did not result in a considerable mass
loss of the samples.

Molecular mass loss during degradation

The molecular mass of PLLA L210 remained stable for the first 4
weeks. For PLLA 1214, decrease in molecular mass could just be
observed after 12 weeks of real-time degradation. In the following, both
polymers exhibited an almost linear degradation behavior during the
remaining time. After 108 weeks, both PLLA species retained 11-12% of
their initial molecular mass. The real-time degradation of PLLA L210
and PLLA L1214 was almost congruent in the end stage of degradation.

The initial molecular weight of P3HB showed fast decrease already
during the first weeks of real-time degradation compared to PLLA
(Fig. 4), reaching 80% of the initial value after 12 weeks. The molecular
mass of P3HB decreased in an almost linear fashion until the end of the
study. The mean values of the relative loss after 108 weeks were 53% for
P3HB.

4 48 weeks

-

8 weeks

Fig. 1. Macroscopic documentation of real-time (a—c) and accelerated (d-f) degradation-induced changes of PLLA L210 morphology: (a,d) initial state, (b) after 48

weeks, (c) after 108 weeks, (e) after 8 weeks and (f) after 16 weeks.
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Fig. 2. SEM documentation of real-time (a—c) and accelerated (d-f) degradation-induced changes of PLLA L210 morphology: (a,d) initial state, (b) after 48 weeks, (c)
after 108 weeks, (e) after 8 weeks and (f) after 16 weeks (800 x magnification). The encircled structures in e) and arrows in f) show changes induced by accelerated

degradation study.

After 12 weeks of degradation at 55 °C, molecular weight of PLLA
L1210 was reduced to less than 20% of its initial value. The linear
degradation curve also appears to flatten out towards the end due to
fragmentation of the material. Similar behavior was observed for PLLA
L214, resulting in linear decrease in M,,, although not quite as fast when
compared to PLLA L.210. Comparable to L210, L214 M,, plots showed an
increased standard deviation at the last time points and flattening of the
curve. Accelerated degradation of P3HB at 55 °C resulted in 31% re-
sidual M,, after 16 weeks. Loss in M, showed exponential decrease
during degradation. Molecular weight (g/mol), polydispersity PI and
mass loss (%) for all time points for both, real-time and accelerated
degradation, (Tables S1-S3), as well as exemplary chromatograms of the
GPC measurements from beginning, middle of end of degradation can be
found in the supporting information (Figs. S13-518).

When combining data for mass loss and M,, decrease, literature data
for PLLA real-time degradation without enzymes, conducted by Weir
et al. (compression molding sample preparation) [42] and Tsuji et al.
(solvent cast sample preparation) [28], did not show mass loss during
early stages of degradation, albeit decrease in M,. The collateral
decrease of M,, indicated furthermore additional bulk degradation by
hydrolysis. PLLA 1214 with higher M,, showed to be more affected by
enzymes when compared to PLLA 1.210. Our results are consistent with
those of Cam et al. [40] showing that due to the higher mass loss in L214,
enzymes favor surface degradation with consistently decreasing M,,.

Regarding P3HB, our results indicated a decrease in M,, up to 70%
but no considerable mass loss. Therefore, we assumed that the lipases we
used did not catalyze P3HB chain scissoring, but simple bulk hydrolysis
occurred.

Changes in thermal properties during degradation

The DSC curves of all polymers are shown in Fig. 5. The degree of
crystallinity versus time is presented in Fig. 6. The y values, glass tran-
sitions (Tg) and melting temperature (Ty,) for all time points for both,
real-time and accelerated degradation, can be found in the supplement
data (Tables S4-S6).

PLLA L1210 and PLLA L214 showed comparable thermal behavior
during real-time degradation study. The DSC heating curves of PLLA cast
films for both molecular weights exhibited a glass transition tempera-
ture of approximately Ty = 65 °C before degradation. No exothermic
peak, but an endothermic melting peak at T, = 179 °C was observed for
L1210 and L214, which was comparable to reported T, data for HMW
PLLA [4], see Table 3.

Decrease in Tp, by hydrolysis for more than 12 months in both PLLAs
(values in Tables S4-S5) was consistent with the literature [28,32,68].
Still noteworthy is that we measured T, from dried samples and there-
fore is not reflective of T; in the medium. Faster increase in crystalli-
zation values may be attributed to the fact that medium temperature is
in the range of T The amorphous portions were thus more mobile,
allowing water to diffuse more rapidly through it, causing faster
degradation. Regarding Ty,, P3HB remained unaffected, due to the fact
that degradation has not occurred yet in the crystallites, but only chain
scission started in the amorphous regions.

Regarding crystallinity development, both HMW PLLA species, L210
and L214, exhibited a wave-shaped behavior during real-time degra-
dation, whereas y showed only little changes during the first 36 weeks.
After 108 weeks, y of both polymers nearly doubled, from y;210 (36
weeks) = 31 + 4% to y1210 (108 weeks) = 57 + 4%, and y1274 (36 weeks)
= 26 + 4% to yr214 (108 weeks) = 48 + 5%. A similar trend was
observed for the accelerated degradation study for both PLLA species.
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Fig. 3. Changes in mass of PLLA L210 (top), PLLA L214 (middle) and P3HB (bottom) during real-time degradation at 37 °C (black points) and accelerated
degradation at 55 °C (blue points). All data points are means of n = 8 measurements except n = 7 at 10 weeks, L210 and 12 weeks, L210. For a better view, mass loss
during accelerated degradation has been magnified on the right. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 4. Decrease in molecular weight of PLLA L210 (top), PLLA L214 (middle) and P3HB (bottom) during real-time degradation at 37 °C (black points) and
accelerated degradation at 55 °C (blue points). Intersection of dotted lines represents molecular weight half-life (M,, t; 2) with Mw t;,» (L210) = 53 weeks (37 °C) and
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measurements (real-time degradation), respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 5. DSC thermograms of PLLA 1210 (left), PLLA L214 (middle) and P3HB (right) during real-time degradation at 37 °C (black line) and accelerated degradation
at 55 °C (blue line). The red curve corresponds to the initial state before degradation. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Until 8 weeks of degradation at T = 55 °C, y1210 remained almost con- P3HB showed an initial crystallinity of ypsyp = 68 + 5%. During real-
stant at approximately 40%, followed by an increase in y up to 75 + 7%, time and accelerated degradation study, also wave-shaped changes in
This behavior was also apparent with L214, although not as pronounced thermal properties, Ty, Try, and yp3pp, could be observed. This alterna-
as for L210. Until 6 weeks, y1214 is about 35%, followed by an increase tion can be attributed to degradation initially affecting predominantly
until 16 weeks to y1214 = 44 + 8%. amorphous regions, which exhibited a degradation rate of up to 20-fold



D. Arbeiter et al.

Polymer Testing 107 (2022) 107471

100 100
90 90|
80" ., 80 ° )
= 70 700
= ° g
> 80 e +  60f .
E 500 + 0t 501 .
— ‘ (Y + [ ]
S 408 & 32 400,
2 ot v s 30f
Al +PLLAL21037°C | 20]
10F ePLLAL210 55°C 10F ePLLA L210 55 °C
00 10 20 30 40 50 60 70 80 90 100 % 6 8 10 12 14 16
time [weeks] time [weeks]
100 100
90r 90
80[ 80}
— 70 70-
a
> 60" 60}
£ 50r L) + 50 °
= o, [}
) 40 .‘. t 40} ° [ ] °
g 30E~’. + T oF® L
o ++" + + L] T 3
20F +PLLAL214 37 °C 20
10 ®PLLAL214 55°C 10" e PLLA L214 55 °C
01 1 1 1 1 1 1 1 ¥ 1 1 0 1 1 1 1 1 1 L
0 10 20 30 40 50 60 70 80 90 100 ()} 6 8 10 12 14 16
time [weeks] time [weeks]
100 100
90 90l
804 ' o0 80f o bt
> e o T + + + ° ° o
§- 70.\*‘. + . + + 1- 70 L4 L[]
> 60- 60f
£ 500 501
T 40- 40+
0
2 30f 30t
o
207 +P3HB37°Cc | 29
100 ep3HB55°C | 10f e P3HB 55 °C
cl c 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80 90 100
time [weeks]

0 2 4 6 8 10 12 14 16
time [weeks]
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version of this article.)

compared to the crystalline ones [1,69]. Polymer chain fragments in
such regions are washed out more quickly due to the fact that water
could easily migrate into amorphous domains, resulting in a decrease in
amorphous fractions [38]. Fischer et al. quantified the decrease of
average distance of crystalline regions during hydrolysis and showed
that the loss of amorphous fractions leads to an increase in enthalpy of
fusion and melting temperature decrease (see, Table S4) [59]. In
accordance to this, our data show the same development in T, and in
AH, thus, we conclude the same mechanistic background. However, as
hydrolysis is undirected, also crystalline domains were affected. This
again led to a subsequent decrease in crystalline domains and refor-
mation of amorphous regions due to short chain polymer fragments and
secondary crystallites.

Comparison of real-time experiments with accelerated conditions

Qualitative FTIR-ATR spectroscopy has been performed to compare
enzyme-associated real-time degradation with accelerated degradation

at selected sampling points (t = 0/60/112 w (37 °C) and t = 0/6/16 w
(55 °C)). All spectra can be found in the supplements (Figs. S19-24).
According to literature findings [70], changes in bands at v = 1210 cm !
and 7 = 1230 cm™!, which are associated to asymmetric C-O—C
stretching and asymmetric CH3 rocking vibrations, respectively, were
examined for PLLA 1.210 and L214 to follow the degradation progress at
37 °C and 55 °C. As for P3HB, FTIR spectra for both degradation con-
ditions showed a comparable decrease in the amorphous C-O-C band at
7 = 1183 ecm™! [71]. The data show a similar progression of spectra
changes for both degradation conditions for all polymers, thus real-time
and accelerated degradation yield a comparable outcome.

For the comparison of enzyme-associated real-time degradation with
accelerated degradation at 55 °C based on molecular weight and crys-
tallinity, degradation times have been normalized to the point of first
mass loss, respectively. However, one boundary condition was set that
the initial crystallinity is similar in both studies and exhibits comparable
behavior over time.

For comparison, molecular weight loss is plotted in Fig. 7 (left) with
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added with linear trend lines for better illustration. The resulting over-
lapping normalized time points for the polymers based on the normal-
ized curves were subsequently taken into account for further
calculations.

Using the resulting data, quotients of the molecular weights of the
accelerated experiments to those of the real-time study were determined
by calculating

M, (37°C; t,
0= ( )

= el o 1
M, (55°C; 1,) )

And plotted in Fig. 7 (right).

A correlation trend line for Q over degradation time was generated.
In the case of PLLA L210, it was indicated that a real-time study of half a
year can be reproduced by an accelerated study of 6 weeks, yielding 1.5
fold decrease in M,, for accelerated conditions compared to real-time
degradation. As for PLLA 1214, 16 weeks degradation at 55 °C repro-
duce 48 weeks of real-time degradation, resulting in a 1.3 fold loss in
M,,. However, the progression of PLLA crystallinity over time at 37 °C vs.
55 °C, showing a non-linear but wave-shaped progression, must be
considered as limitation for the model (Fig. 6).

Real-time studies over 2 years on P3HB were reproduced by 16
weeks degradation under accelerated conditions, giving a 1.3 fold
decrease in M,,.

Regarding crystallinity, P3HB showed, in contrast to PLLA, a well
matching development when degradation times are normalized (108
versus 16 weeks). When forming the quotient

x (37°C; 1,

7 (55°C; 1) @

Q.=

Acorrelation with respect to thermal properties with a correlation
factor of 1 over the entire degradation time was found (Fig. 8).

For P3HB, 16 weeks of accelerated degradation were suitable to
reproduce 108 weeks of real-time degradation, in particular with respect
to development of crystallinity over time. However, further in-
vestigations are necessary for validation of these findings. As for M,,
decrease, it must be noted that with the correlation of 108 to 16 weeks,
the M,, change increased 1.3 fold during accelerated degradation.
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Autocatalytic versus non-catalytic bulk degradation

Regarding reaction kinetics of polymer chain scission with respect to
autocatalysis, plotting 1/M, and In M, versus time has been reported to
be used for modeling the non-catalyzed and autocatalyzed degradation
mechanisms [42,72]. In summary, a linear relationship between 1/M,
vs. t should exist for non-catalytic ester hydrolysis and a linear rela-
tionship between In M, vs. t should exist for the autocatalytic model. The
applied model is based on the boundary condition that degradation has
not progressed too far. Thus, only data until first mass loss can be
considered and erosion phenomena cannot be taken into account. The
corresponding plots of PLLA and P3HB are shown in Fig. 9 including
linear regression lines and R? correlation coefficients displayed.

Autocatalysis plays an important role for the degradation of poly-
esters. The model by Anderson et al. [72] may be used to consider the
contribution of autocatalyzed or non-catalyzed ester hydrolysis. With
the assumption that bulk degradation occurs just by hydrolysis, we
determined the fitting (Rz) to either InM, (autocatalysis) or 1/M,
(non-catalytic) during degradation until first mass loss (Fig. 9).

As both PLLA species already exhibited mass loss from the beginning
of the study due to enzyme-associated degradation, time points for first
mass loss (48 weeks) were taken from Weir et al. and Tsuji et al. [42,68]
to calculate R Under accelerated conditions, PLLA L210 mass loss
started after 12 weeks and PLLA 1214 after 16 weeks. Regarding P3HB,
normalization was performed until the end of the study, as there was no
mass loss observed over the entire test period.

Concerning PLLA 1210, R? fitting of 1/M,, and In M, showed no
distinct tendency. R? values for 37 °C gave 1/M, = 0,921 and In M, =
0,898. As for 55 °C, R? values were 1/M,, = 0,838 and In M,, = 0,972.
Weir et al. [42] observed similar values for PLLA degradation and re-
ported R? values of 0.85 (tensile samples) and 0.95 (extruded rod
samples) for the autocatalyzed model and 0.63 (tensile samples) and
0.90 (extruded rod samples) for the non-catalyzed model. They
concluded that both non-catalytic and autocatalytic ester hydrolysis are
present.

For PLLA 1214, however, we assume a more non-catalytic ester hy-
drolysis at 37 °C (R2 = 0.767 vs. 0.533). As R? fittings show no clear
difference at 55 °C (R% = 0.951 vs. 0.941), both hydrolysis mechanisms
appear to be present. However, the low R? values for L214 (M, =
700.000 g/mol) real-time study suggest that, in contrast to L210 (M,, =
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Fig. 9. Comparison of non-catalyzed and autocatalyzed models of PLLA L1210 (top), PLLA 1214 (middle) and P3HB (bottom) at enzyme-associated real-time
degradation (black) and accelerated degradation (blue) following Weir et al. [42]. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

320.000 g/mol), the theory developed by Anderson et al. [72] may not
be applicable. In consequence, although chemically similar, degradation
behavior concerning autocatalysis cannot be easily predicted for
equivalent polymers with different molecular weights.

For P3HB, the results showed distinct differences in R? fitting at
37 °C. P3HB is expected to undergo non-catalytic ester hydrolysis at
37°C (R2 =0.902 vs. 0.126). In contrast, R2 fitting shows no differences
at 55 °C, therefore both mechanisms appear to be apparent.

Influence of processing protocol on degradation of PLLA

In comparison to our work, Weir et al. [42] used compression molded
samples in their real-time degradation studies with nearly the same
initial M, (4.24 x 10° g/mol) and y (40.7%). Their reported results are
comparable in means of M,, decrease (83%) and mass loss (constant until
57 weeks) during 65 weeks of degradation at 37 °C. Tsuji et al., however,
used solvent cast PLLA from CHCl3 with considerably higher molecular
weight (M,, = 1.3 x 10° g/mol) [68]. Regarding M,, and y development

12

during degradation, their results showed a comparable outcome as our
data. However, they did not observe any mass loss during the first 24
months of degradation at 37 °C, which, with respect to our data, implies
that enzymes are critical factors for surface degradation. As our results
for PLLA 1210 and L214 indicate, initial molecular weight has a pro-
nounced influence on the rate of surface erosion with enzyme partici-
pation. This is particularly relevant considering the comparability of the
outcome of accelerated experiments with in vivo studies.
Enzyme-associated effects cannot be reproduced at higher temperatures
due to enzyme denaturation. Thus, no surface erosion takes part and
chain fragments from bulk degradation remain entrapped in the body,
leading to no observable mass loss at early experimental stages.

In terms of accelerated degradation at increased temperature, a study
by Felfel et al. showed no mass loss on compression molded PLLA with
lower molecular weight (M,, = 1.2 x 10° g/mol) after 8 weeks of
accelerated degradation at 50 °C [46]. However, it should be noted, that
these data are only comparable to a certain extent, as no M,, develop-
ment was specified. According to this, our studies on solvent cast PLLA
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showed that sample mass remained nearly constant (>99%) until 12
weeks (L210) and 16 weeks (L214). These findings were also consistent
with the results of Weir et al. for degradation at 50 °C using compression
molded HMW PLLA [43]. They also showed a decrease in M,, of 95%
over 16 weeks, which was in a comparable range as our findings at 55 °C
for 16 weeks (decrease in M, of 90%). In contrast to this, accelerated
studies performed by Fuoco et al. on solvent cast PLLA (M,, = 1.18 x 10*
g/mol) showed early sample mass loss of 10% after only 20 days even
without the use of enzymes [49]. Although their processing protocol was
similar to ours, however, specimens with substantially higher initial
crystallinity (y = 76%) were obtained. This indicates that crystallinity
affects the degradation rate, although it must be taken into account that
their degradation temperature has been very close to Tg.

Based on these data, independent of sample preparation, compara-
bility of in vitro degradation data can be achieved using either solvent
based or compression mold methods, provided comparable initial crys-
tallinity. Noteworthy, molecular mass plays a crucial role when it comes
to enzyme-associated surface degradation processes and related mass
loss and should be taken into account for in vitro study design.

4. Conclusion

The aim of this study was to compare real-time enzyme-associated
degradation with accelerated degradation at increased temperatures in
order to contribute an understanding of the degradation processes of
PLLA and P3HB. Analyzing the degradation of HMW PLLA (L210 and
L214) and HMW P3HB films we found that our choice of enzymes,
comprising proteinase K, pseudomonas lipase and aspergillus lipase, did
not show to affect degradation of P3HB but did have an effect on PLLA
degradation. In summary, according to our results and in comparison
with the literature, we conclude that in contrast to the initial polymer
crystallinity, the manufacturing processes show only a minor impact on
the degradation behavior. Regarding molecular weight decrease of both
degradation studies, it was found that a real-time study can be repro-
duced by an accelerated study, such that for PLLA 1210 6 weeks at 55 °C
reproduces a 26 weeks real-time degradation and for PLLA 1214 16
weeks at 55 °C reproduces a 48 weeks real-time degradation. In the case
of P3HB, 16 weeks of accelerated degradation can reproduce 108 weeks
of real-time degradation. However, it must be considered that wave-like
progression of y limits this developed model. Consequently, accelerated
experiments require boundary conditions in terms of identical molecular
weight, initial crystallinity, and degradation parameters in order to
reproduce degradation processes more realistically.
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Abstract: Blends of PLLA and PCL yielded by solvent casting usually exhibit phase
separation and crystallization behavior which have a strong impact on their suitability for
certain biomedical applications such as degradable coatings or drug carriers. Therefore, it is
important to understand the underlying mechanisms. In this study, high-molecular
biodegradable semi-crystalline poly(L-lactide) (PLLA) (M, = 320 kDa) was blended with low-
molecular biodegradable semi-crystalline poly(e caprolactone) (PCL) (My = 40 kDa) in
various combinations (10, 50 and 90 wt.% PCL) by solvent casting. The yielded blends were
subjected to annealing at 40 °C, 80 °C and 200 °C and cooled down slowly to maintain
thermodynamic equilibrium. Scanning electron microscopy, atomic force microscopy, Raman
images and differential scanning calorimetry were used to investigate the structure,
morphology and thermal properties of the solvent cast PLLA/PCL blends. It was shown that
the physico-chemical properties of PLLA/PCL blends prepared by solvent casting differ
substantially compared to those accessed by melt manufacturing processes. In summary,
the blends showed a complex phase separation behavior, which is completely dependent on
the method of preparation and the adjusted temperature during production process.
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Abstract

Blends of PLLA and PCL yielded by solvent casting usually exhibit phase separation and crystallization
behavior which have a strong impact on their suitability for certain biomedical applications such as
degradable coatings or drug carriers. Therefore, it is important to understand the underlying
mechanisms. In this study, high-molecular biodegradable semi-crystalline poly(L-lactide) (PLLA)
(M,, = 320 kDa) was blended with low-molecular biodegradable semi-crystalline poly(e-caprolac-
tone) (PCL) (M,, = 40 kDa) in various combinations (10, 50 and 90 wt.% PCL) by solvent casting,
The yielded blends were subjected to annealing at 40 °C, 80 °C and 200 °C and cooled down slowly to
maintain thermodynamic equilibrium. Scanning electron microscopy, atomic force microscopy,
Raman images and differential scanning calorimetry were used to investigate the structure,
morphology and thermal properties of the solvent cast PLLA /PCL blends. It was shown that the
physico-chemical properties of PLLA /PCL blends prepared by solvent casting differ substantially
compared to those accessed by melt manufacturing processes. In summary, the blends showed a
complex phase separation behavior, which is completely dependent on the method of preparation and
the adjusted temperature during production process.

Introduction

PLLA and PCL are both widespread and highly relevant materials in biomedical engineering, either individually
as well as in combination as blends. In fact, however, blend formation leads to additional matrix effects which
alter the material properties such as mechanical resilience, drug release behavior or degradation rate. This
impact not only depends on the polymer combination to form a blend but furthermore on the underlying
manufacturing process. Polymer based materials can be processed thermally, e.g. by extrusion or melt electro
spinning. However, for medical applications, the focus recently shifted to solvent cast processes such as dip
coating, airbrush and spin coating. Contrary to thermal processing, the solvent cast processes require additional
post-treatment of the materials, which can be either washing or annealing or both, to eliminate solvent residues
[1, 2]. However, solvent cast processes are usually more versatile and easy to handle compared to thermal
extrusion and allow for a wider variety of substrates or temperature susceptible additives such as drug molecules
since no adverse effects from high temperature treatment are involved. Each step of the process influences the
physico-chemical properties, which also means that the final characteristic properties of the desired material can
already be specifically controlled during production, e.g. by annealing protocol, choice of solvent and washing
procedure [3-5].

©2020 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Schematic view of the phase separation of PLLA and PCL blends, prepared by solvent cast processes.

Solvent cast processes allow for the generation of polymer blends which may exhibit improved adaptive
properties for certain fields of application. For example, elastic components can be combined with stiffer ones by
blending to obtain ductile yet resilient materials [6, 7]. In this background, the preferred and main biodegradable
polymers used for blend generation are aliphatic polyesters, such as poly(L-lactide) (PLLA) and poly(e-
caprolactone) (PCL). It is well known that PLLA exhibits a relatively brittle fracture, because glass transition
temperature is above room temperature [8]. On the other hand, PCL, a ductile biodegradable thermoplastic
polymer with a much lower glass transition temperature, has been shown to be a promising blend partner for
PLLA to obtain amore ductile material. Lépez-Rodriguez et al observed that PLLA and PCL are immiscible, but
that a certain adhesion at the PLLA /PCL interface can be achieved if the main phase is PCL [6, 9]. Todo et al also
demonstrated that even a PCL of 5% can significantly change the mechanical properties [10]. Both research
groups used PLLA with a lower molecular weight (M,, < 200 kDa) and prepared blends by melt extrusion.
Studies with high-molecular PLLA blended with low-molecular PCL are not further known in the literature.

Broz et al concluded that the immiscibility of PLLA and PCL causes phase separation in PLLA/PCL blend,
see figure 1, leading to a suppression of an improved toughness, especially with increasing PCL content.

Notably, these effects significantly vary depending on the production protocol in a way that melt processes
lead to different equilibration states on a molecular level compared to solvent cast processes making blend
manufacturing a complex matter. Nevertheless, blending can radically alter the resultant properties, which
depend sensitively on the mechanical properties of the components as well as the blend microstructure and the
interface between the phases [9].

Flory Huggins model is an important theory regarding interactions in polymer solutions and miscibility of
polymer blends [11-14]. This lattice model describes the thermodynamics of polymer solutions and polymer
blends. For our PLLA/PCL blend system, low miscibility leads to a complex situation with various phases and
mixed crystals, even more when solvents are taken into account [15, 16]. Therefore, theoretical considerations
such as the determination of parameters such as y are not trivial. Pillin et al determined the interaction
parameter via thermal analysis using several approximations, revealing that miscibility also yields some changes
in crystallization and melting temperatures with the decrease of the integrated enthalpies [13]. Therefore, we
used thermal analysis via DSC measurements to describe PLLA/PCL blends. A more basic question concerns the
phase morphology and the nature of the interphase. Uncontrolled morphology and a weak interphase lead to
poor mechanical properties and therefore to ineligibility [6]. Aim of our work was the investigation of PLLA/
PCLblends in respect to the processibility of these polymers and their suitability for biomedical applications
such asimplant coatings or drug delivery systems.

Another effect that influences the mechanical properties of PLLA /PCL was reported by Takayama et al. They
observed that annealing of the blends is linked to an increase in crystallinity, which effectively improves the
strength of the blends [1].

A stable and controlled application of PLLA /PCL blends requires detailed knowledge of their phase
separation behavior and morphology. A deeper understanding of the thermal and mechanical properties of the
combined polymers is required. In this work, we investigated the properties of solvent cast films in comparison
to melting cast films. However, to eliminate solvent effects during annealing, washing processes were performed
to completely remove the solvent from the blends. This was established in in-house studies and resulted in
residual solvent contents below the ICH limits for medical devices [4, 5]. Afterwards, the blends were thermally
treated to investigate the influence of temperature on the physicochemical properties of the blends previously
produced from solvents.

Therefore, we have investigated high-molecular biodegradable semi-crystalline PLLA (M,, = 320 kDa),
low-molecular PCL (M,, = 40 kDa) and their blends (10, 50 and 90 wt.% PCL contents) prepared by solvent
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Figure 2. Temperature time profile for sample preparation; PLLA, PCL and their blends were heated up with ¢ = 10 K min™" to
different temperatures (black line 40 °C, blue line 80 °C and red line 200 °C) and hold isothermally for 60 min. Then, all samples were
cooled down with a cooling rate of g = 1 K min™" to crystallize the samples.

casting. The samples were subjected to annealing at 40 °C, 80 °C and 200 °C, respectively. Both polymers have
been widely used in a variety of medical applications and, to our knowledge, there has not been a systematic
investigation of the morphology and thermal properties after a different annealing process of high-molecular
PLLA combined with low-molecular PCL as solvent cast blends. Scanning electron microscopy (SEM), atomic
force microscopy (AFM), Raman images and differential scanning calorimetry (DSC) were used to investigate
the structure, morphology and thermal properties of the solvent cast PLLA /PCL blends.

Materials and methods

Materials

Poly(L-lactide) (PLLA, intrinsic viscosity in chloroform: 3.8 dl g ', M,, = 320 kDa) was purchased from Evonik
Industries AG (Darmstadt, Germany). Poly-e-caprolactone (PCL, intrinsic viscosity in chloroform: 0.8 dl g™,
M,, = 40 kDa) was supplied by LACTEL Absorbable Polymers (Birmingham, AL, USA). Chloroform was
purchased from Baker (Fisher Scientific GmbH, Austria, Vienna). All chemicals were used as received without
further purification.

Blend preparation

For cast film production, polymer solutions (1 g Polymer in 25 ml chloroform) of PLLA, PCL and their blends in
different ratios (90/10, 50/50, 10/90 w/w) were poured into glass petri dishes (@ = 9 cm). After evaporation of
the solvent under ambient conditions in a fume hood, films were washed for 2 days in methanol (LiChrosolv,
Merck KGaA) with daily exchange, two days in distilled water (MilliQ Ultrapure, R = 18.2 MQ).cm at 25 °C)
with daily exchange, and dried for 7 days in a vacuum oven (Memmert GmbH + Co.KG) at40 °C and 40 mbar.
With this preparation method film samples with a thickness of ~100 pzm were achieved. For annealing
experiments, samples of PLLA, PCL and their blends were placed in a chamber furnace and kept at different
temperatures (40 °C, 80 °C and 200 °C) for 60 min at ambient atmosphere (KLS 05/13 Thermconcept). An
annealing temperature of 40 °C was selected that corresponds to a temperature lower than the melting
temperature (T,,) of PCLand PLLA. 80 °C were used due to the temperature lower than T, of PLLA but higher
than T,,, of PCL. Furthermore 200 °C was selected, since this temperature exceeded the melting temperature for
both polymers. Subsequently, all samples were cooled down with 1 K min ™" in the furnace, see figure 2. The
PLLA/PCL blend samples were kept in the laboratory refrigerator at 8 °C until the investigations were
completed.

Morphology analysis

SEM

Morphology of the polymer films was examined with scanning electron microscopy SEM QUANTA FEG 250
(FEI Company, Germany) with an accelerating voltage of 10 kV and a proprietary spot size value of 3.0. The
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samples were fixed onto aluminum trays with conductive tape and sputter coated with gold. The images were
taken at magnification x500.

AFM

Atomic force microscopy was performed with a NanoWizard II from JPK Instruments AG (Berlin, Germany).
Commercial Si cantilevers (CSC37) were applied for the contact mode experiments. Height and deflection
images with a resolution of 512 x 512 pixelsina 100 pm x 100 pm area were simultaneously observed with a
scan rate of 0.6 Hz under ambient conditions (IGain: 150 Hz, PGain: 0.0048, Setpoint: 0.6 V). Images were taken
at five different measuring points for each sample. In each image the heights were determined by Peak to valley
roughness (Ry) at five different positions.

Raman imaging

Test samples were investigated with regard to polymer phase separation at the surface by means of Raman
imaging. Therefore, a WITec alpha 300 confocal Raman microscope from WITec GmbH (Ulm, Germany) with
10x magnification and an input laser wavelength of 532 nm was used (excitation energy = 17.6 mW). For
Raman area scans, a 500 pm x 500 pum field with 50 dots per row and column was used. Signals that are specific
for the distinct polymers (PLLA: 878 rel. cm ™', PCL: 1727 rel. cm ") were chosen for visualizing phase
separation phenomena. According to the manufacturer’s specification the typical resolution of the Raman
system is 300 nm in xy direction and <1000 pm in z direction.

Mechanical characterization

Uniaxial tensile testing was performed with a Zwicki ZN 2.5 (Zwick, Ulm, Germany). Tests were conducted with
a 50 N'load cell and a crosshead speed of 25 mm min~". During the procedure samples were kept at room
temperature. Dumbbell-shaped tensile test specimens with effective dimensionsof 12 mm X 2mm X 0.1 mm
were prepared with a blanking tool according to DIN EN ISO 527-2 1BB standards [17]. An image with the
detailed dumbbell-shaped size is given in the supplementary data available online at stacks.iop.org/MRX/7/
095302 /mmedia. The tensile force as a function of elongation was measured. Based on these data the elastic
modulus (E) was calculated in the linear elastic region. Furthermore, the tensile strength (o,,,,) and elongation
atbreak (ep) were determined. All results were averaged over n = 6 samples.

Thermal analysis

The thermal behavior of the polymer films was investigated in a DSC 1 system (Mettler Toledo, Schwerzenbach,
Switzerland) using the conventional calibration methods with highly pure standards. The specimens were
heated at a rate of 10 K min~" operating under nitrogen at atmospheric pressure, The samples were heated from
—90 °C up t0 200 °C. The sample weights were in the range of 3-6 mg. Samples were analyzed with respect to
glass transition (Tg), melting temperature (Tp,), and degree of crystallinity (). The T, were determined by the
midpoint of the inflection of the measured heating curve. The heats of fusion AH and crystallization y were
quantitatively evaluated by means of equation (1)

APIm :| . _1__ (1)

XEZIOO%-[ W

H, m0

where AH,, is the enthalpy value of a pure crystalline material, AH,,, is the enthalpy corresponding to the
fusion process and W the amount of each homopolymer in the blend. The reference value taken for AH,,,q of
PLLA was X100 = 93.7] g_1 [18] and for PCL x99 = 135.44] g~1 [19]. All results were averaged overn = 6
samples.

Results and discussion

Influence of annealing temperature on the morphology measured by SEM

Figure 3 shows SEM documentation of the polymer morphology with increasing PCL content after 40 °C, 80 °C
and 200 °C annealing temperature. Pure PLLA appears to have one uniform phase with spherulite crystals of
about 20 pm at an annealing temperature of T = 40 °C (PLLA149) and T = 80 °C (PLLArg,). In comparison to
this, the radius of such spherulites of PLLA annealed at T = 200 °C (PLLA7q0) increased dramatically to about
100 pm. These results are comparable with the literature, which show that PLLA spherulites increase with
increasing temperature [7, 20, 21]. The smaller crystal size of PLLA film obtained from solution compared to
PLLA film from melt may be explained by the surrounding solvent and evaporation processes during thermal
annealing. PLLA/PCL 90/10 blends show significant increase in crystal size with increasing annealing
temperature. However, two separated phases could not be clearly observed.
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Figure 3. SEM images of various PLLA, PCL and their blends in different ratios (90/10, 50/50, 10/90 w/w) treated at different
annealing temperatures (40 °C, 80 °Cand 200 °C).

Interestingly, the surface morphology of PLLA /PCL 50/50 differs with different annealing conditions, see
figure 3. From an initial smooth surface at T = 40 °C (PLLA/PCL 50/50r40), the surfaceat T = 80 °C (PLLA/
PCL 50/501s0) changes to a perforated structure, which develops into two phasesat T = 200 °C (PLLA/PCL
50/507200), @ smooth and a spherulite-seeded structure. It is known from literature that a mixing gap of PLLA/
PCL occurs from 80 °C and higher. When reaching mixing gap, PLLA spherulites are formed and small PCL
crystals are deposited on the surface of the spherulite, thereby enhancing PLLA crystal growth [9]. This can also
be found considering the solubility parameters of the two polymers which show a difference of approximately
0.9. Coleman et al describe a relatively weak favorable intermolecular interaction, if the difference between the
solubility parameters of these polymer pairs is A§ = 1.0 (cal cm™>)%, respectively [16]. They conclude in their
work, that for high molecular polymers A§ should be much smaller than 1 to ensure that the components are
miscible. The fact that the value of PLLA and PCL are 8pp 4 = 10.1 (cal cm™)*® and pcy, = 9.2 (cal cm™3)*°
and therefore A§ = 0.9 suggests that the blend has only weak intermolecular interactions.

PLLA/PCL 10/90 shows large spherulites of about 300 ;zm at an annealing temperature of T = 40 °C
(PLLA/PCL10/90r4) and T = 80 °C (PLLA/PCL 10/90+g0). The crystal shape of PLLA/PCL 10/90 at
T = 200 °C (PLLA/PCL 10/907100) changes from circular to oval and the diameter decreased dramatically to
about 50 pm.

Pure PCL exhibits remarkably smaller spherulites compared to PLLA/PCL 10/90 with diameters of about
200 pm at annealing temperatures of T = 40 °C (PCLry0) and T = 80 °C (PCLrg). The radii of spherulites of
PCLatT = 200 °C (PCLryg0) increased dramatically to about 300 2m and the crystal height seems to regrade to
asmooth surface.

Influence of annealing temperature on the morphology measured by AFM

Figure 4 shows a typical error, used for topography interpretation and height image of PLLAT,q (image size
100 em X 100 pm), which are used for the roughness evaluation Ry, see table 1. PLLA that was annealed at
200 °C forms spherulites with different sizes and heights.

Figure 5 shows error signal images of the tested polymer samples with a picture size of 100 pum x 100 pum.
The top row represents the polymers and their blends at an annealing temperature of T = 40 °C. In the middle,
the samples are shownat T = 80 °Candbelowat T = 200 °C. Pure PLLA, annealed at 40 °C, crystallizes into
small conical spherulites between 10 and 30 pm in size. The size of the crystals increases drastically at
T = 200 °C. Based on the height profiles, an increase from 2.68 + 0.14 yumto4.2 + 0.8 um s determined.
PLLA/PCL90/10, annealed at 40 °C, exhibits a smoother substructure, which is pervaded with approximately
5 pm pores and suggestively of small PCL inclusions. Chloroform diffuses rapidly through the PCL, leading to
higher chloroform concentrations in PCL areas, which leads to pore formation during evaporation. The pore
size increases at an annealing temperature of 200 °C. Dell’Erba et al discovered that low interfacial tensions are
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Figure 4. Representative AFM images of 100 x 100 pm? area. Contact mode error signal (left) and topography image (right) of PLLA,
annealed at T = 200 °C for 60 min are shown.

4.94 pm

Table 1. Mechanical properties (elastic modulus (E), tensile strength (o), elongation at break (eg)), determined
from uniaxial tensile tests, roughness (R,), determined from AFM images and spherulite sizes, obtained from all
morphology methods, of PLLA/PCL blends in different ratios (90/10, 50/50, 10/90 w/w) treated at different

annealing temperatures. Due to low melting temperature PCL could not be observed (n.a. = notavailable).

T =40°C

Composition (PLLA/PCL) E (MPa) O max (MPa) eg (%) R (m) Ds (m)
100/0 2090 + 80 759+ 1.3 60 + 18 2.68 £+ 0.14 10-20
90/10 998 + 17 38.1 £ 1.8 130 £+ 18 3.40 + 0.11 n.a.
50/50 696 + 15 245 £ 0.3 149 £ 29 4,0 £ 0.6 50
10/90 419+ 9 19.8 £ 0.9 12.4 + 0.9 57 405 200400
0/100 302 + 16 152 £ 04 143+ 1.7 52404 50-200
T =280°C

Composition (PLLA/PCL) E (MPa) Omax (MPa) ep (%) Ry (pm) Ds (um)
100/0 2015 4+ 22 7554 19 18 + 10 2354015 10-30
90/10 943 + 19 343 1 14 79 £+ 30 4,54 + 0.21 n.a.
50/50 850 + 23 28.05 £ 0.02 7.86 + 0.11 16.2 + 0.9 50-100
10/90 230 £ 27 8.6 + 1.0 10.2 £ 2.6 57+ 14 300-600
0/100 n.a. n.a. n.a. 5.12 + 0.12 100-200
T =200 °C

Composition (PLLA/PCL) E (MPa) O max (MPa) ep (%) R (m) Ds (pm)
100/0 2250 + 70 731 +29 3.90 £ 0.08 42 £0.8 100-200
90/10 810 £+ 110 27.5 + 0.8 9.7 £ 1.2 53+ 1.2 200400
50/50 861 £ 12 29.2 £ 0.9 5.58 £ 0.23 79+ 05 300-500
10/90 160 £ 27 42 + 1.2 24 +6 5.7 + 1.0 50-500
0/100 n.a. n.a. na. 35+ 04 300-500

obtained in binary PLLA /PCL blends due to the similar chemical nature of the blends components, which
allows interpolymer polar interactions across phase boundaries [22]. This can be also observed at PLLA/PCL
50/50.In PLLA/PCL 50/50, annealed at 40 °C, lamellar structures in circular arrangements of about 60 sm in
size are embedded in a smooth surface. In addition, approximately pores with a diameter of 5 zm can be
observed. With PLLA/PCL 50/50g0, the surface becomes very porous exhibiting pore diameters up to 50 pum.
The height difference increases drastically toR, = 16.2 £+ 0.9 pmat T = 80 °C. Similar SEM images and pore
sizes have been observed after solvent etching of PLLA/PCL blends [23]. This may be due to the melting of PCL
in contrast to PLLA at the thermal processing step at 80 °C due to its lower melting temperature. Hence, PCL1is
liquefied, similar to the etching process where PCL1is solved. As a result of this liquefying process a highly porous
structure mainly built by PLLA would be expected. Such pores are not observed at T = 40 °C, where PCL
remains solid and at T = 200 °C, where both polymers are melted, which results in a smooth surface without
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Figure 5. AFM contact mode error signal images of various PLLA, PCL and their blends in different ratios (90/10, 50/50, 10/90 w/w)
treated at different annealing temperatures (40 °C, 80 °Cand 200 °C).

pores. For the PLLA/PCL 10/901g, also a smooth surface is expected, due to the low amount of PLLA, witch
rather forms particles than a connected structure. At T = 200 °C height difference drops down to 7.9 =+ 0.5 um.
Clearly, two types of structures are visible: First, a smooth surface combined with alamellar structure which
corresponds to PCL crystals was observed in accordance to [22]. However, PLLA/PCL 10/90 exhibits a rough
surface that can be interpreted as partial segments of spherulites. In part, the crystal boundaries are still visible.
The height values (seen in table 1) show the same results of approx. 5.7 pm at all annealing temperatures. A
similar picture is visible with pure PCL. When applying an annealing temperature of 200 °C, the structure
changed. Plate-shaped structures were formed on a generally rough base structure. The AFM results obtained
are consistent with the SEM images.

Influence of annealing temperature on the morphology measured using Raman images

Confocal Raman imaging was used in order to detect the phase separation in the different polymeric blends. In
figure 6 the Raman images received by mapping the PLLA /PCL samples and their blends are shown. The
corresponding Raman spectra are given in the supplementary data. In particular, the yellow area is related to the
intensity of PLLA signal from the band centered at 878 rel. cm ™', The red area is related to the intensity of the
PCL signal, centered in the band at 1727 rel. cm ™", The dark regions of the Raman images correspond to regions
out of focus plane. From this analysis it becomes clear that phase separated morphology exists for all the three
different blends, and it is possible to detect both, the PLLA-rich phase and the PCL-rich phase. For PLLA /PCL
90/10 it can be supposed that PLLA forms a continuous phase with dispersed spheres of PCL with different sizes
(red regions of figure 6). Most interestingly, for PLLA/PCL 50/50 140 and PLLA/PCL 50/501g, two well
differentiated areas of each homopolymer are detected, indicating the existence of large domains of each
homopolymer. It is known from the literature that if polymer components are being phase separated, the
interface width (w) can be related to the Flory-Huggins parameters () by a general relation in the form

w ~ (x—yxcrit) "% [14]. That means for our PLLA/PCL system a narrow interfacial width indicates relatively low
interface interactions, which is consistent with the reported results of incompatibility between PCL and PLA
[24]. Lopez et al noted that in phase-separated PLA /PCL blends sharp interfaces are existing in the
microstructure, whereas Broz et al found poor adhesion at the phase boundary interface and confirmed
immiscibility and phase separation through NMR [6, 9]. It was hypothesized that to improve the mechanical
properties of the blend, the samples should be annealed in the single-phase region of the LCST phase-diagram to
enhance interfacial adhesion. It was concluded that interfacial adhesion may occur when the majority phase is
PCL [25]. This could be also seen at T = 200 °C, but it is a more dominant PLLA phase in that case. Finally,
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Figure 6. Raman images of various PLLA, PCL and their blends in different ratios (90/10, 50/50, 10/90 w/w) treated at different
annealing temperatures (40 °C, 80 °Cand 200 °C).
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Figure 7. Elongation at break of solvent cast PLLA /PCL blends treated at different annealing temperatures as a function of PCL
content, n=6. Tensile strength of solvent cast PLLA/PCL blends as a function of PCL content are given in the supplementary data.

PLLA/PCL 10/90700 presents the PCL continuous region with small irregular PLLA domains of different sizes.
AtT = 40 °C, red regions indicating PCL phases are overlayed with yellow phases of PLLA, hence the areas
appear orange. Thus, Raman maps are well related with the morphology previously received from the SEM and
AFM images.

Influence of annealing temperature on the mechanical properties

The mechanical properties of the PLLA /PCL blends are plotted in figure 7. In this graphic, pure PLLA shows a
stiffand brittle behavior, but after annealing to a temperature of 40 °C PLLA shows an elongation at break of

60 =+ 18%. This is probably due to the chain alignment during solvent evaporation [26]. Annealing above
melting point (200 °C) reduces the elongation at break of pure PLLA down to a value of approximal 3%, which is
known from literature [27].
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PCL shows, in contrast to the literature, a brittle behavior. This can be associated with its high crystallinity, as
described later in this work. Due to the washing and annealing processes, PCL reached such a high degree of
crystallization and as a result the mechanical properties varied. Comparing the elongation values of PCL at 80 °C
and 200 °C [6], it is evident that the crystallization values are significantly lower and consequently the elongation
atbreak increases. Annealing of pure PCL above the melting temperature led to the degradation of the samples,
which is why no mechanical properties could be determined. Addition of 10% PCL to PLLA and annealing to
40 °Cresults in a substantial increase in elongation at break, decreasing again with further addition of PCL
(figure 7). From the literature, it is known from blending PLLA with PEG, that there is probably still an adhesion
between PLLA and PEG based on the crystallization kinetics [27]. After annealing at 80 °C the 90/10 PLLA/PCL
blend reveals the same effect, which indicates that the temperature has no significant effect on the PLLA/PCL
boundary interfaces. Table 1 shows all mechanical properties of PLLA/PCL obtained by solvent casting,
followed by an annealing process. The corresponding stress strain curves are given in the supplementary data.
With further addition of PCL tensile strength (table 1) and elastic modulus decreases, which is comparable with
the reported results [6, 9]. In summary, blending can substantially change the mechanical properties by
influencing factors such as crystallization kinetics. To address this issue, thermal properties of the blends were
investigated.

Influence of annealing temperature on the thermal properties

As typical examples, figure 8 shows the DSC traces of PLLA, PCL, and their blends in different ratios (90/10, 50/
50, 10/90 w/w) of the cast film samples recorded by the first heating scan. The DSC spectrum of pure PLLA film
exhibits a glass transition temperature at approximal 67 °C, see table 2 for all annealing temperatures and are
consistent compared to literature values [26]. No exothermic peak, but an endothermic melting peak at 179 °C
for an annealing temperature of 40 °C and 80 °Cis observed. At 200 °C the melting peak of pure PLLA decreases
to 173.4 + 1.4 °C. With increasing annealing temperature two PLLA melting peaks are formed, see figure 8(c).
The DSC spectrum of pure PCL film exhibits a glass transition temperature at —64.66 =+ 0.03 °C for an
annealing temperature of 40 °C (figure 8(a)) and increases with increasing annealing temperature up to

—61,6 & 1,9 °C, see table 2. Pure PCL and all blends show a different melting behavior at 200 °C compared to
annealing temperatures of 40 °C and 80 °C. For an annealing temperature of 200 °C, two melting peaks are
formed for PCL (figure 8(c)). The appearance of two PCL and two PLLA melting peaks might be an indication of
formation of mixed crystalline structures. There are some explanations for the PCL and PLLA double melting
peaks phenomenon in the literature. Finotti et al state that the lower peak temperature can be associated with the
partial migration of PLLA molecules to the PCL phase. The low molecular weight allows the diffusion of PLLA
from the PLLA/PCL interface to the interior of the PCL rich-phase, decreasing the size and degree of perfection
of the crystalline lamellae, hence lowering the Ty of the PCL. They also described the second melting peak at

56 °C as typical of pure PCL [28]. Regarding PLLA, Zhou et al stated the possibility to crystallize into two
different crystal structures, the a-form, melting at higher temperature and the 8-form, melting atlower
temperature [29]. They also pointed out that the presence of the two endothermic peaks can also be explained by
the growth of small crystals, which at low heating rates melt and recrystallize before melting again. Shan et al
suggested the higher temperature peak may be a result of the melting of the thicker lamellae, possibly generated
during the production process. In contrast, the lower temperature peak is attributed to the crystallization of the
sample during the annealing process [30].

Table 2 shows the peak temperatures T, and the T, of PLLA and PCL as determined from the DSC curves as
well as the percentage PLLA and PCL crystallinity, xprra (%) and xpcy (%) values as determined according to
equation (1). Heat of fusion (AH) of PLLA, PCL and their blends are given in the supplementary data. T, is not
discussed here due to insufficient heating rate (10 K min~") and some overlay characteristics.

Thus, it can be concluded that blending PLLA with PCL changes the inherent crystallization behaviors of
both polymers in combination. xprra at T4 isabout 39.3 & 1.7% and increases with increasing annealing
temperature up to 62.8 + 0.9%. The crystallinity of PLLA+g, in the blend decreases at PLLA/PCL 90/10 and
increases with higher PCL content. This can be explained in a way that PCL separates from the PLLA crystal due
to the PLLA/PCL mixing gap, which isknown from theliterature [31]. This approaches the original crystallinity
of PLLA 100. At T, XprLa in the 10/90 blend decreases from 62 4 4% to 43 + 8%. Other studies report an
increase in the crystallinity of PLLA in the presence of PCL obtained from melt processes, probably due to the
increase in nucleation rate [22, 32, 33]. However, this effect could not be observed in this work which may
be explained by the fact that a solvent casting process was chosen in this paper. This has a different effect on the
crystallization mechanism of PLLA and underlines the impact of the manufacturing process of such blend
materials. The trend of increasing crystallinity with increasing PCL content in the blend can be seen in the case of
all applied annealing temperatures, in a way that the high temperature thermal treatment at 200 °C
approximates melt cast conditions.




10P Publishing Mater. Res. Express 7 (2020) 095302 D Arbeiter et al
annealing at 40°C
1’ N
S | PLLA 100
5 A A
. | PLearciooio
3
8,
% k
=
B -l
@ | PLLA/PCL 50150
<
PLLA/PCL 10/90
Ry
2
-
PCL 100 ] ! " ;
-50 0 50 100 150
temperature [°C]
annealing at 80°C
| = g |
PLLA 100
o
°
g | PLLAPCL 90/10
5
8,
2
2 | PLLAPCL 50750
P
©
@
<
M_J
o
[ e SES——
~| [PcL100 L\_\
1 1 1 1
-50 0 50 100 150
temperature [°C]
A ___annealing at 200°C PLLA 100
c) \ ] PLLAJPCL 90/10
T ‘[ PLLA/PCL 50/50
o \ ! PLLA/PCL 10/90
| PCL 100
° |
TR |
N
= T .
5 f
[*] T
=
©
@
<
o
=
-
1 1 1 1 1
-50 0 50 100 150
temperature [°C]
Figure 8. DSC curves of PLLA, PCL and their blends in different ratios (90/10, 50/50, 10/90 w/w) treated at different annealing
temperatures (a = 40 °C,b = 80 °Cand ¢ = 200 °C).

Annealingat 200 °C is comparable to the thermally induced equilibration from melting process, which is
widely applied for the investigation of crystalline polymers. Notably, it can be seen in figure 9 that the degree of
crystallinity of PCL gradually decreases with increasing PLLA content, while the crystallinity of PLLA increases
slowly with increasing PCL content (see table 2). Liu et al showed that a higher crystallization rate coefficient
(CRC) of the blend in comparison to pure PLLA causes faster crystallization [34]. Therefore, xpr 14 increases
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Figure 9. Crystallization behavior of PCLand their blends in different ratios (10/90, 50/50, 90/10 w/w) treated at different annealing
temperatures, n = 6 Crystallization behavior of PLLA and their blends in different ratios (10/90, 50/50, 90/10 w/w) are given in the

Table 2. DSC results (glass transition (Tg), melting temperature (T,,) and degree of crystallinity (x)) of PLLA/PCL blends in different ratios
(90/10,50/50, 10/90 w/w) treated at different annealing temperatures (n = 6 for each group, n.a. = notavailable).

PLLA PCL
T =40°C
Composition (PLLA/PCL) Ty (°C) X (%) Tm (°C) Tg(°C) X (%) T (°C)
100/0 67.25 & 0.08 393 + 1.7 179.51 £ 0.24
90/10 754 + 0.5 433 £ 0.7 180.14 £ 0.11 n.a. 383 60.64 £ 0.08
50/50 74.65 £ 0.18 42,5+ 0.9 178.61 & 0.28 —62.95 £ 0.14 70.7 & 1.2 65.04 & 0.11
10/90 n.a. 377+ 138 178.42 £ 0.10 —60.5 £ 0.8 75.9 £ 2.0 64.48 £ 0.11
0/100 —64.66 & 0.03 79.66 £ 0.15 65.5 + 0.5
T =280°C PLLA PCL
Composition (PLLA/PCL) T (°C) X (%) Tu (°C) T (°C) X (%) Ty (°C)
100/0 68.2 & 0.6 45.0 = 1.7 179.80 £ 0.15
90/10 71.6 = 0.5 412 £ 1.2 179.56 + 0.14 n.a. 28.1 0.9 55.7 £ 0.3
50/50 71.7 £ 0.4 40.0 £ 1.2 178.18 =+ 0.06 —63.9 £ 0.9 494 + 1.9 57.74 £ 0.12
10/90 n.a. 40 5 178.49 £ 0.12 —64.1 £ 0.8 55+3 57.40 % 0.09
0/100 —63.00 £ 0.23 62.81 £ 0.12 57.28 £ 0.05
T = 200°C PLLA PCL
Composition (PLLA/PCL) Ty (°C) X (%) Ty (°C) Tg(°C) X (%) Ty (°C)
100/0 66.1 = 0.8 62.8 + 0.9 1734 + 1.4
90/10 66.5 £ 0.7 61 £3 173.7 £ 1.4 —63.59 £ 0.20 216 458 £ 2.8
50/50 n.a. 62 =4 169.8 £ 2.6 —63.1 £ 1.0 45+ 3 46 + 3
10/90 na. 43 + 8 174.89 £ 0.23 —62.7 £ 04 63.3 £ 0.5 55.6 = 0.6
0/100 —61.6 £ 1.9 70.6 £ 0.7 54.64 & 0.11

with increasing PCL content. Clearly, high PCL content substantially decreases the crystallinity of PLLA/PCL
blends. This means that the large nucleus formation induced by PCL molecules inhibit the mobility of PLLA
chains. Asa result, chain rearrangement is limited, so low xpry4 are noted. Our assumption is that similar
processes on the surface of the PLLA nucleilead to a decrease in the crystallinity of the PCL when raising the
PLLA concentration. Due to the increase in the annealing temperature, the crystal sizes of both polymers may
decrease, resulting in a decrease in the melting temperature.

In general, solvent cast processes followed by low thermal annealing lead to substantially different properties
of the yielded films in comparison to melt cast process data from theliterature [22, 35, 36]. In addition to
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thermal equilibration, solvent evaporation plays an important role and can lead to different crystal growth rates
compared to the cooling rate.

Conclusion

Polymer blends, in our case PLLA/PCL, may form complex structures and morphologies, leading to drastically
altered properties of the resulting material. The interplay of the polymers depends on the material composition,
the choice of preparation protocol, as well as on postprocessing procedures, such as washing or thermal
annealing. Our aim was the investigation regarding the applicability of high-molecular PLLA blended with low-
molecular PCL, e.g. as implant coating or drug delivery matrix. In this context, the thermal and mechanical
properties are of great interest to ensure the formation of a functional biomaterial. With respect to this, we
investigated how annealing temperature during postprocessing influences the properties and therefore the
suitability of solvent cast PLLA /PCL blends for biomedical products.

In general, the applied solvent cast process used included evaporation under reduced pressure and a washing
process to completely remove residual solvent from the polymer, which impacted the morphological and
thermal properties of the material. Furthermore, during thermal analysis, to investigate crystallization and phase
separation processes, the materials were cooled down with a very low cooling rate after annealing process in
order to avoid cold crystallization of the material and to maintain thermodynamic equilibrium. Interestingly, it
could be demonstrated that annealing processes strongly influence surface morphology, mechanical and
thermal characteristic of PLLA, PCL and their blends. Blending led to an improvement of the mechanical
performance of polymers, such as increase in ductility and therefore elongation at break or mechanical resilience
overall. PLLA/PCL 90:10 has shown different stress strain behavior when tempered at 40 °C compared to 200 °C
and correlated with changes in crystallinity, where ypy o increased from 43 to 61%. This allows the modification
of material properties without further additives such as plasticizers, only by changing the process protocols.

Furthermore, solution cast versus melt cast processes have been investigated. It was demonstrated that the
thermal properties changed with the annealing temperature.

Our results shown that the method of preparation has great influence on the resulting polymer film and
should be considered when developing polymer based implant materials.

In summary, we have demonstrated the influence of different annealing temperatures on the morphological,
mechanical and thermal properties of PLLA/PCL blends. Thus, it is important to carefully choose and to
maintain temperatures throughout the production path of such coatings, in particular regarding applications in
the field of medical engineering, since production parameters not only affects the mechanical properties of the
blends, but can also show an effect on drug release and polymer degradation. In order to verify this, further
studies are necessary, especially regarding storage stability, degradation and drug release.
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Abstract: Local drug delivery has become indispensable in biomedical engineering with stents being
ideal carrier platforms. While local drug release is superior to systemic administration in many fields,
the incorporation of drugs into polymers may influence the physico-chemical properties of said
matrix. This is of particular relevance as minimally invasive implantation is frequently accompanied
by mechanical stresses on the implant and coating. Thus, drug incorporation into polymers may
result in a susceptibility to potentially life-threatening implant failure. We investigated spray-coated
poly-L-lactide (PLLA)/drug blends using thermal measurements (DSC) and tensile tests to determine
the influence of selected drugs, namely sirolimus, paclitaxel, dexamethasone, and cyclosporine A, on
the physico-chemical properties of the polymer. For all drugs and PLLA /drug ratios, an increase
in tensile strength was observed. As for sirolimus and dexamethasone, PLLA /drug mixed phase
systems were identified by shifted drug melting peaks at 200 °C and 240 °C, respectively, whereas
paclitaxel and dexamethasone led to cold crystallization. Cyclosporine A did not affect matrix thermal
properties. Altogether, our data provide a contribution towards an understanding of the complex
interaction between PLLA and different drugs. Our results hold implications regarding the necessity
of target-oriented thermal treatment to ensure the shelf life and performance of stent coatings.

Keywords: drug-eluting stent (DES); poly-L-lactide; drug delivery coatings; mechanical properties;
thermal properties; surface morphology; paclitaxel; sirolimus; dexamethasone; cyclosporine A

1. Introduction

Drug-eluting stents (DES), in particular those of newer generations, are superior to
bare metal stents in the treatment of coronary artery stenosis [1-5]. Among others, fre-
quently used drugs are from the Limus family, especially sirolimus (SIR) [6-9], but also
paclitaxel (PTX) [10], dexamethasone (DEX) [11,12], and cyclosporine A (CYCLO) [13,14].
SIR is mainly used for its immunosuppressant effects to inhibit organ transplant rejec-
tion, but also shows mammalian target of rapamycin (mTOR) inhibition, reducing cell
proliferation and thus the risk of in-stent restenosis [15,16]. PTX is being applied di-
rectly to the target area with drug-eluting balloons or in polymer coatings of DES [3,17],
however this has recently been questioned [18]. The mechanism of action for PTX is
the inhibition of smooth muscle cell (SMC) migration and proliferation by suppression
of spindle microtubule assembly during mitosis cycle [16,19]. Dexamethasone (DEX), a
corticosteroid, is used for its immunosuppressive and anti-inflammatory properties [20].
Another active pharmaceutical ingredient (API) for potential DES application is CYCLO,
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which blocks calcineurin-cyclophylin complexation and thus inhibits SMC proliferation
and migration [21,22].

Besides polymer-free DES, one of the most common technologies is the drug incorpo-
ration into a polymer coating applied to the stent [23]. A wide range of polymers are in
clinical use regarding drug carrying matrices for DES [24,25]. Alongside chemically inert
polymers, such as fluorinated polymers, polylactide (PLA) and its derivatives are widely
used as coating matrices due to the easy processability and their biodegradable nature [26].
Table 1 gives a brief overview about the state-of-the-art of available DES.

Table 1. Overview on selected commercially available DES (modified according to [25], drug loading data was taken from [27]).

Stent Stent Material Polymer AbS(?rpthl‘l Drug Drug-.Elutmg Manufacturer Drug Loading
Time Time
CYPHER Stainless steel =~ PEVA/PBMA  Permanent Sirolimus 90 days Cordis 140 pg/cm?
TAXUS EXPRESS Stainless steel SIBS Permanent Paclitaxel >180 days Boston Scientific 100 ug/ cm?
PVDF- . Abbott )
XIENCE ALPINE CoCr HFP Permanent Everolimus 120 days Laboratories 100 pg/cm
RESOLUTE CoNi with BioLinx Permanent Zotarolimus 180 days Medtronic -
INTEGRITY Pt-Ir
ORSIRO CoCr PLLA 15 months Sirolimus 100-120 days Biotronik 1.4 pg/mm?
Terumo
ULTIMASTER CoCr PDLLA-PCL 3-4 months Sirolimus 3-4 months Interventional -
Systems
SYNERGY PtCr PLGA 3-4 months Everolimus 3 months Boston Scientific 38-179 ug/stent
NOBORI Stainless steel PDLLA 6-9 months Biolimus 6-9 months Terumo 15.6 pug/mm?

PEVA = poly(ethylene-co-vinyl acetate); PBMA = poly(n-butyl methacrylate); SIBS = poly(styrene-b-isobutylene-b-styrene); PVDF-HFP
= poly(vinylidene fluoride-co-hexafluoropropylene); BioLinx = blend of methacrylate and vinylpyrrolidone based polymers; PLLA =
poly-L-lactide; PDLLA-PCL = poly(DL-lactide-co-caprolactone); PLGA = poly(lactic-co-glycolic acid); PDLLA = poly(DL-lactide).

In this context, effort has been taken, including work from our group, to understand
and modify drug release behavior from polymer/drug matrices. Several reports regarding
the release profile of PTX loaded PLA film coatings can be found in the literature [28-32].
Furthermore, in particular SIR loaded DES has been investigated to an extent [33-36].
Also, release profiles of DEX/PLLA [37] and CYCLO/PLLA [13] are well known from
the literature.

As DES coatings usually possess a thickness in a range of only 10 um for hemodynamic
reasons, they are prone for fracturing or peeling off due to mechanical stress during
implantation which is caused by stent insertion and dilatation [4,38]. Therefore, a drug
containing coating does not only have to show appropriate release and biocompatibility, but
furthermore a suitable mechanical performance paired with resilience against delamination
and particle detachment, which is required e.g., in DIN EN ISO 25539-2 [39].

For relatively stiff and rigid polymers such as PLLA, blending with other poly-
mers, e.g., PCL, is a frequently used technique to create suitable and sufficient ductile
coatings [40-42]. In a recent work, we investigated the influence of PCL fraction on the
mechanical, morphological and thermal behavior of high molecular weight (HMW) PLLA
film materials [43]. Another way to modify the polymer properties is the use of small molec-
ular additives. The fact that the incorporation of such additives into a polymer may lead
to plasticizing or hardening effects by intermolecular interactions is well known [44-48].
As for that, Ljungberg and Wesslén reported on the influence of several additives on
the mechanical and thermal properties of PLA. Triacetine and tributyl citrate proved to
be effective plasticizers up to an extent of 25 w/w% where saturation occurred and the
polymer-additive mixture showed phase separation upon heating, accompanied by an
increase in PLA crystallinity due to enhanced molecular mobility [49].

However, even the incorporation of a drug alone, being a small molecule, the API
may lead to the desired increase in flexibility and resilience against fracturing. Regarding
the influence on the material properties of drugs incorporated into a polymer matrix, Siep-
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mann, le Brun, and Siepmann reported on acrylic acid copolymers mixed with ibuprofen,
chlorpheniramine maleate and metoprolol tartrate [50]. One of their findings was that by
the addition of 20 w/w% ibuprofen, the glass transition temperature (Ty) of the polymer
was decreased from 80 °C down to 20 °C accompanied by a strong increase of elongation at
break. An innovative concept to overcome such effects, which are not always beneficial or
even unwanted, is the encapsulation of the APl in a hollow PLA nanoparticles, as reported
by Lai’s group [51,52]. Using DSC and IR measurements, they showed that this approach
allows a physical separation between the drug and the carrier matrix, so that the drug does
not interact with the polymer chains and matrix properties are not altered. Furthermore,
due to the diffusion barrier, the encapsulation leads to a decreased burst release.

All those effects are of certain interest regarding a functional implant, especially in
the field of stent devices, which have to be crimped and diluted and are even exposed
to intense mechanical stress during the implantation process. Still, only little is known
on how the integration of drugs as small molecules into the polymer matrix alters the
physico-chemical and mechanical properties of a DDS coating in its entirety.

In the current literature, mostly release behavior of drug containing PLA has been
addressed. Although it can be estimated, the influence a drug has on the matrix, such
as a shift in T or changes in crystallinity, can differ greatly [53,54]. The present study
addresses the outcome of the incorporation of selected drugs, SIR, PTX, DEX, and CYCLO,
which are approved or under investigation for the local treatment regarding stent related
complications, on the mechanical, thermal and morphological properties of PLLA thin
films regarding the functionality as DES coatings.

The drug inclusion criterion for our study was to identify candidates with a high
relevance in DES applications, but at the same time representing substantially different
chemical base structures. While SIR is a macrocyclic lactone, PTX is a diterpene, DEX
possesses a sterol backbone, and CYCLO is a cyclic peptide. Overall, the selected API
cover a relevant range of different structural properties in terms of molecular weight, size,
polarity, hydrophilicity or functional groups and therefore possible ways of interacting
with the polymer matrix. Some indicators for these parameters are polar surface area (PSA)
and partition coefficient (logP). Selected characteristics of SIR, PTX, DEX and CYCLO have
been summarized in Table 2. To visualize how the drugs used differ in terms of molecular
size and shape, structural formulas and space-filling model illustrations were included.

Table 2. An overview concerning the drugs used in this study for blending with PLLA and their selected properties.

Space Filling Model PSA Mw
Drug Structural Formula lustration (in A2)1 logP (g/mol)
PACLITAXEL
sl 221 3[18] 853.9
SIROLIMUS
(SIR) 195 7.45 [55] 914.2
DEXAMETHASONE 95 1.83 [56] 392.5

(DEX)
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Table 2. Cont.

Space Filling Model PSA Mw
Drug Structural Formula lustration (in A2) 1 logP (g/maD)
CYCLOSPORINE "o
(CYCLO) e 279 1.4 [57] 1202.6

1 Polar surface area (PSA) values were taken from PubChem and calculated via CACTVS [58], according to the information on the website.
MarvinSketch was used for molecular structure drawing (Marvin v.20.11, 2020, ChemAxon, Budapest, Hungary). Space filling models were
created with QuteMol (v. 0.4.1) [59] using pdb-files created from MarvinSketch.

Our interest was to what extent blending PLLA with different drugs alone may
influence or even have beneficial effects on the polymer properties. As shown in Table 1,
commercially available DES vary in drug loading. This is both dependent on stent design,
as well as on the incorporated API, as different drugs show different therapeutic windows.
Thus, literature reports on incorporated drugs for DES technology range from 1 w/w%
for PTX [60] up to 200 w/w% for DEX [37]. In order to generate comparable data for
the selected drugs, we decided to investigate the alteration of polymer properties after
incorporation of 10, 15, and 20 w/w% of drug in PLLA, knowing that certain drug coatings
for clinical use may contain lower or higher drug amounts.

It must be noted that the topic of drug incorporation becomes even more complex
when considering the effect of additives on polymer/drug matrices. There are several
reports in the literature on how the addition of stabilizers or supporting molecules may
enhance drug release, mechanical resilience or stability of the carrying matrix on a high
level [61-63]. However, three or more component systems are a somewhat complex mat-
ter in respect to their physico-chemical properties as each part may interact with all the
others alone and at once. Consequently, our focus was on binary systems formed by drug
incorporation though the authors of this study are aware of the fact that several other
compounds are of high interest regarding DES technology. To the best of our knowledge,
the influence of commonly used drug molecules on the physico-chemical properties of
matrix polymers, such as PLLA, against the background of DES coatings has not been
systematically investigated. For this work, as one of the most widely used coating tech-
nique [64], especially in industrial application, drug loaded PLLA films were generated via
airbrush spray-coating process.

In summary, our aim in the presented study was to analyze the effects of different drug
candidates on the properties of the respective polymer/drug matrices from a biomedical
engineering viewpoint. It addresses thermal and mechanical properties, long term stability,
and phase behavior of PLLA /drug blends, which are parameters of crucial relevance to
ensure shelf life and performance of stent coatings. In addition to the already comprehen-
sive literature data concerning drug release behavior and biocompatibility, our results shall
provide a complementary contribution towards an understanding of such drug coatings.

2. Materials and Methods
2.1. Chemicals

Chloroform and methanol were received from VWR international (Darmstadt, Ger-
many) in technical grade quality.

HMW PLLA used was Resomer L 210 S, intrinsic viscosity in chloroform: 3.8 dL/g,
M,, = 320 kDa (Evonik Industries AG, Essen, Germany). Drugs used were: Paclitaxel
(Cfm Oskar Tropitzsch GmbH, Marktredwitz, Germany), sirolimus (Cfm Oskar Tropitzsch
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GmbH, Marktredwitz, Germany), cyclosporine A (Synopharm GmbH & Co. KG, Glinde,
Germany) and dexamethasone (Dr. Gerhard Mann Chem.-Pharm. Fabrik GmbH,
Berlin, Germany).

All chemicals were used as received without further purification.

2.2. Preparation of Polymer Films via Spray Coating

Thin film specimens of PLLA with incorporated drugs were produced using airbrush
spray coating process as was reported by our group before [35]. In brief, PLLA was
dissolved in CHCl3 and drug solution in MeOH (PTX, SIR, DEX) or CHCl3 (CYCLO) was
added. For each drug, a final ratio of 10 w/w%, 15 w/w% and 20 w/w% was adjusted with
respect to the dissolved polymer. As reference, pure PLLA film was manufactured in the
same manner without the addition of drugs.

Following to this, thin films of thicknesses of around 7 pum were generated using
a custom-made airbrush device on rectangular glass slides as substrate (6.5 x 2.5 cm?).
Residual solvent from the process was removed from the coated glass slides under reduced
pressure at 80 °C. A total amount of approximately 250 pg polymer film was formed and
checked via weighing. Films were removed manually from the glass substrates using a
scalpel to slightly lift the films, which led to easy detachment.

2.3. Raman Microscopy Imaging

Polymer films obtained via spray coating were investigated with regard to drug
distrubution at the surface by means of Raman imaging. A WITec alpha 300 confocal
Raman microscope (WITec GmbH, Ulm, Germany) with 10x magnification equipped
with an input laser with a wavelength of v = 532 nm was used. For Raman area scans,
a 500 um x 500 um field with 50 dots per row and column was used, giving a resulting
resolution of 10 um?. The area ratio of signals that are specific for the PLLA matrix
(7 = 878 rel cm~ 1) and the distinct drugs (PTX: v = 1012 rel em ™1, SIR: 7 = 1642 rel cm ™1,
DEX: = 1668 rel cm~!) were chosen for visualizing drug distribution. The areas of
distinct drug signals identified from preliminary measured reference spectra have been
normalized to the area of the PLLA signal at 7 = 883 rel cm~!. The measurements have
been performed for two separately manufactured drug containing PLLA films and the
median of the quotients was formed. In the case of CYCLO incorporation, no distinct drug
signal could be detected.

2.4. FTIR Measurements

FTIR-ATR-measurements were performed using a Bruker Vertex 70 IR-Spectrometer
(Bruker, Leipzig, Germany) equipped with a DLaTGS-detector. Data were collected in
the range of o = 500 cm ™! to 4000 cm~! with a resolution of ¥ = 4 cm~! averaged over
100 scans in reflection mode using a Graseby Golden Gate Diamond ATR-unit. All spectra
were subsequently baseline corrected and atmospheric compensation has been performed.
Subsequently, the area of the CYCLO signal at o = 1629 cm ™! has been compared to the
area of PLLA signal at 7 = 1749 cm~!. The quotient formed from these areas in a similar
manner as for Raman measurements can be found in Figure 1b.

2.5. SEM Imaging

Morphology of the polymer films was examined with scanning electron microscopy
SEM QUANTA FEG 250 (FEI Company, Dreieich, Germany) operating in high vacuum and
10 kV, using an Everhart-Thornley secondary electron detector (ETD). The samples were
fixed onto aluminum carriers using conductive carbon pads and Au sputter coated. The
images were taken at magnification x1000.



Polymers 2021, 13, 292

6 of 19

6 4
I PLLA/drug 90/10 w/w%
B PLLA/drug 85/15 w/w% 3.5
5 B PLLA/drug 80/20 w/w%
3
— 4 =
3 R’ =0.9466 o 25
H ©
x 3- T 2
g 2
o o15
=2
1
; R’ =0.9703
R'=0.9364 0.5
o = EEEHE 0
PLLA/PTX PLLA/SIR PLLA/DEX PLLA/CYCLO
(a) (b)

Figure 1. (a) Quotients of drug signal found in Raman spectroscopy (PTX: & = 1012 rel cm ™!, SIR: & = 1642 rel cm !,
DEX: 7 = 1668 rel cm™~!) compared to PLLA reference signal to ensure drug loading. (b) Quotient of the CYCLO signal
at? =1629 cm~! from FT-IR spectroscopy compared to PLLA reference signal. Linear regression of the means has been
performed and R? values are given.

2.6. Contact Angle Measurements

Contact angle measurements have been performed using a mobile surface analyzer
MSA (Kriiss GmbH, Hamburg, Germany) equipped with a double pressure dosing unit
at ambient conditions with 2 uL drop volume and 1 s equilibration time. As test liquids,
deionized water and diiodomethane were used to calculate free surface energy. Contact
angles have been determined in triplicate for each drug loaded polymer film using separate
cutouts. Contact angles were calculated by averaging the values for both sides of the drops.
To avoid bending of the test samples and to ensure a plain shape, the PLLA films have
been mounted on pyrolytic graphite planchets.

2.7. Thermal Analysis

The DSC 1 system (Mettler-Toledo, Greifensee, Switzerland) was used to determine
the thermal properties of drug-loaded PLLA spray-coated films using the conventional
calibration methods with highly pure standards. The specimens were heated up from
25 °C at a rate of 10 K/min operating under nitrogen at atmospheric pressure. The end
temperature was between 210 °C and 280 °C, depending on the incorporated drug. The
sample weights were in the range of 0.3-2.5 mg. Samples were analyzed with respect
to glass transition (Ty), crystallization temperature (T), melting temperature (T,), and
degree of crystallinity of PLLA (x). The heats of fusion AH and crystallization x were
quantitatively evaluated by means of Equation (1)

AH, | 1
= 100%-
X 00% [ ] W

Ay | W g
where AH,, is the enthalpy value of a pure crystalline material, AH,;, is the enthalpy corre-
sponding to the fusion process and W the amount of each component in the polymer/drug

system. The reference value taken for AH,;,g of PLLA was X190 = 93.7 ]/ g [65]. All results
were averaged over n = 5 samples.

2.8. Mechanical Testsing

Tensile tests were carried out using the uniaxial tensile test instrument Zwicki ZN 2.5
(Zwick/Roell, Ulm, Germany). Samples were cut into dumbbell shape specimens with
effective dimensions of 12 mm x 2 mm according to DIN EN ISO 527-2 1BB standards [66].
Sample thickness was measured using SEM QUANTA FEG 250 (FEI Company, Dreieich,
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Germany). It was determined using the reverse form of the dogbone sample. 10 mm
samples directly neighboring the cutouts of the specimens for mechanical testing were
mounted on the edge of the aluminum trays. The carrier was positioned vertically using a
90° adapter in the SEM to obtain a top view of the cutting edge. For each sample, at three
distinct positions with n = 3, thickness values were determined.

Mechanical tests were conducted with a 10 N load cell and a crosshead speed of
25 mm/min. All tests were performed at room temperature (20 °C). The tensile force
as a function of elongation was measured. Based on these data, the elastic modulus (E)
was calculated in the linear elastic region. Furthermore, the tensile strength (0.x) and
elongation at break (eg) were determined for n = 5 samples. For statistical analysis, a
twofold Nalimov’s test has been performed and data were corrected for outliers.

2.9. Statistical Analysis

All data are given as mean =+ standard deviation. For statistical analysis of contact
angle, mechanical and DSC data, two tailed t-tests of the means versus PLLA reference
have been performed. For statistical analysis, SigmaPlot software (V13.0, Systat Software,
Inc., San Jose, CA, USA) has been used. Significances are given at a significance level of
p < 0.05 and marked with an asterisk.

3. Results
3.1. Spectroscopical Analysis of Drug Loaded PLLA Films

Our first interest was whether drugs were homogeneous distributed into the PLLA

films. Therefore, drug incorporation has been ensured by the use of Raman spectroscopy.
ADmg
AprLA
supporting information (Supplementary Figure S1).

From Raman data, a linear progression can be seen for all drugs leading to the
assumption that no separation and precipitation from the solution during airbrush process
occurred and that all drugs are distributed homogeneously in the polymer films. For
CYCLO loaded PLLA films, no distinct Raman signal for the drug could be detected. To
ensure the successful drug loading, FT-IR spectroscopy has been used. As for the drugs
analyzed with Raman, linearity in the drug distribution was observed.

FTIR-ATR-measurements have been performed for all drug loaded PLLA films to
investigate a potential polymer/drug interaction on a molecular level. Figure 2 shows IR
spectra for 20 w/w% drug in PLLA, spectra for 10 w/w% and 15 w/w% can be found in
the supporting information (Supplementary Figure S2). Characteristic IR bands of PLLA
have been assigned according to [51] and are 9 = 3001 cm~! (CH stretch), 7 = 1749 cm ™!
(C=0 stretch), 7 = 1454 cm ! (CH3 bend), 7 = 1359 cm ™! (C-H deformation), 7 = 1180 cm ™!
(C-O-C stretch), and 7 = 1082 cm ™! (C-O-C stretch).

The resulting quotient Q = { } is given in Figure 1a. Raman spectra are given in the

3.2. Influence of Drug Incorporation on the Surface Morphology and Drug Distribution

Changes in morphology due to the drug incorporation were investigated by means of
macrophotography, scanning electron microscopy and Raman imaging. Image analysis of
macro photography for drug containing PLLA films showed no significant changes com-
pared to pure PLLA reference films such as phase separation or roughening. Macroscopic
images are given in SI (Supplementary Figure S3). For a more detailed view, SEM imaging
has been used to investigate the microscopic appearance of the drug loaded polymer films.
At a magnification of 1000 %, no such thing as microcrystals or other inhomogenities as
well as changes in surface morphology could be observed for PTX and CYCLO. These drug
containing films appeared smooth and comparable to the PLLA reference. The crater like
shapes are most probably due to solvent evaporation. Regarding SIR and DEX, the surfaces
show bumps in submicron range for all investigated concentrations, 10 w/w%, 15 w/w%
and 20 w/w%. It must be noted that the side which was attached to the glass slid showed
in all cases a plainer appearance. In Figure 3, exemplary SEM images for all PLLA /drug
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combinations at the highest drug concentration of 20 w/w% at 1000 x magnification are
shown. SEM images for 10 w/w% and 15 w/w% can be found in Supplementary Figure S4.

1359 1082
3001 1749 1454 1180
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Figure 2. IR spectra of PLLA film and PLLA films with 20 w/w% incorporated drugs. IR bands of PLLA have been identified

with reference to [51].
PTX S

CYCLO

DEX

Figure 3. Exemplary SEM images for different drugs incorporated in PLLA samples (PLLA /drug
80/20 w/w%). Drugs used were paclitaxel (PTX), sirolimus (SIR), dexamethasone (DEX) and cis-
losporine (CYCLO).

PLLA

IR

As for Raman microscopy, distinct drug signals (PTX: o= 1012 rel cm~!, SIR:
0 = 1642 rel cm !, DEX: 0= 1668 rel cm~!, Supplementary Figure S1) were mapped in
respect to their intensity. As mentioned before, CYCLO gave no measurable Raman signal
when blended with PLLA and could therefore not be analyzed via Raman mapping. All
drugs showed homogeneous distribution even at highest concentration of 20 w/w%, see
Figure 4. No such things as macroscopic crystals, agglomerates or drug enriched phases
were observed. Raman mapping images for 10 w/w% and 15 w/w% can be found in
Supplementary Figure S5.
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Figure 4. Exemplary Raman mapping images for different drugs incorporated in PLLA (PLLA /drug 20/80 w/w%). For
CYCLO no distinct Raman signal could be detected.
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3.3. Influence of Drug Incorporation on Surface Hydrophilicity

Figure 5 gives an overview on the contact angles for the polymer films addressed in
this study. Exemplary images of the drops can be found in the Supplementary Figure S6.
Compared to PLLA reference film, drug incorporation showed to have no effect on the
surface wettability as all contact angles are in a range of 70-80°. Furthermore, surface free
energy (SFE) calculated from contact angle data acquired from water and diiodomethane
have been calculated. As can be seen, incorporation of the chosen drugs did not result in
observable changes in SFE.

-
=

I PLLA/drug 90410 w/w% I PLLA/drug 90/10 wiw%
I PLLA/drug 85/15 w/w% I PLLA/drug 85/15 wiw%
I PLLA/drug 80/20 whw%

PLLA PLLA/PTX PLLA/SIR PLLA/DEX PLLA/CYCLO

Surface Free Energy [mN/m]

o

PLLA/CYCLO

a

Figure 5. (a) Water contact angle and (b) surface free energy data for drug incorporated PLLA films (mean values for
n = 3 with droplet angles taken each from both sides of the drops are shown). Statistical analysis (two-tailed ¢-test) did not
show any significant differences (p < 0.05) of contact angle values and SFE values of drug incorporated PLLA films when
compared to pure PLLA reference.

3.4. Influence of Drug Incorporation on the Thermal Properties—DSC

Figure 6 shows the first DSC heating curve of the spray coated films with the different
drug ratios (90/10, 85/15, 80/20 w/w%) after thermal annealing. For reference, both the
DSC curves of the pure polymer PLLA and the pure drug are included for each diagram.

The DSC heating curves of pure PLLA spray coated film exhibit a glass transition
temperature at T = 72.8 °C. No exothermic peak, but an endothermic melting peak
at 179 °C is observed, which is comparable to reported T}, data for HMW PLLA [67].
For 20 w/w% PTX, T¢ of PLLA is shifted to lower temperatures, as shown in Table 3.
Furthermore, an exothermic peak T, pr1 4 is formed with increasing drug content, whose
peak temperature is shifted to higher temperatures as the ratio increases (Figure 6a). The
melting peak T}, pr14 is nearly identical at all concentrations. No other endothermic peak
was identified that would be indicative of the presence of a pure PTX phase.
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Figure 6. DSC thermograms of PLLA (black), drug (cyan) and PLLA/drug (a) PLLA/PTX, (b) PLLA/SIR, (c) PLLA/DEX
and (d) PLLA/CYCLO) in different ratios (90/10, 85/15, 80/20 w/w%). The straight lines are guides for the eyes, only.

SIR incorporation into PLLA (Figure 6b) did not lead to distinct changes in Ty pr1a
compared to pure PLLA. Even the endothermic melting peak T}, pr1 4 is kept constant. In
addition, a further endothermic peak T}, sjg at 184 °C is observed, which can be related to
the drug according to the reference measuring curve of the pure SIR material. There is no
cold crystallization observed as in PTX.

PLLA/DEX DSC curves show no distinct shift in T¢prra (Table 3), but an exothermic
peak T, pr14 is formed with increasing drug content, whose peak temperature is shifted
to higher temperatures as the drug content increases (Figure 6¢). The PLLA melting peak
T, prLA is almost identical at all concentrations. In addition, there is a further endothermic
peak T, pex which can be identified from the measurement curve of the pure DEX material
and which is shifted to higher temperatures and broadens as the drug ratio increases.

Thermograms of PLLA including CYCLO show no significant changes compared to
pure PLLA (Figure 6d). As for that we conclude complete incorporation of the drug into
the polymer matrix. However, as only little to no changes in T pr14 or Ty, pra Occur, low
interaction of the polymer chains with the drug molecules can be assumed.

To evaluate the influence of drug incorporation on PLLA crystallinity, the percentage
values as determined according to Equation (1) are plotted in Figure 7. The black bar refers
to PLLA without drug content and with a value of x = 37.8 £ 1.9 %, which is comparable
with the literature for HMW PLLA [67]. With increasing PTX content, x values of PLLA
decreased from x =33 £ 7% down to x = 11.3 + 1.7%. In contrast, x values of PLLA with
SIR increased with increasing drug content. PLLA crystallinity including DEX or CYCLO
show only little to no changes compared to pure PLLA. All x values are given in Table 3.
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Table 3. DSC results (glass transition (T), melting temperature (T;;) and degree of crystallinity (x)) of PLLA/drug spray coated films
in different ratios (90/10, 85/15, 80/20 w/w%) (n = 5 for each group). * in T, ppx* indicates that shift in melting point occurs in
comparison to pure drug.

PLLA/PTX T, (°Q) AHpra (J/g) x (%) Ty, pLra (°C) AHprx (J/g) Ty, prx (°C)
100/0 728 £ 05 354+1.8 378+ 19 177.08 4+ 0.25 — —
90/10 754+ 04 31+7 334+7 174.72 +0.19 — —
85/15 744+ 2.6 26 £ 10 27 £ 10 173.84 4+ 0.07 — —
80/20 69.2 + 0.8 106 = 1.6 11.34+17 173.78 +0.13 — —
0/100 — — — — 324+12 213.48 +£0.17

PLLA/SIR T, (°C) AHpr14 (J/g) x (%) Tyu,prLA (°C) AHgr (J/g) Tin,sir (°O)
100/0 72.8 £ 05 354+1.8 378+ 19 177.08 4+ 0.25 — —
90/10 73.45 + 0.24 305 32+6 1755 £ 0.5 43 +5 1995 £ 0.6
85/15 749 + 0.7 38 +8 41 +9 174.82 +0.28 45+ 13 198.6 £ 0.6
80/20 739 £ 05 485+ 29 5243 174.32 + 0.07 49 + 13 196.5 £+ 0.5
0/100 — — — — 649 +2.8 183.9 £ 0.5

PLLA/DEX T, (°C) AHpria (J/g) x (%) Tynprra (°O) AHpgx (J/g) T, pex+ (°C)
100/0 728 £ 05 354+1.8 378+ 19 177.08 4+ 0.25 — —
90/10 743 + 05 440+ 24 469 £ 2.6 1773 £ 0.3 1.9+ 0.8 231.8+1.5
85/15 717 £ 1.7 38+6 40+ 6 177.0 £ 0.5 19+4 238.2 4+ 0.9
80/20 749 + 0.5 42 +10 45 + 11 177.69 4+ 0.15 8§+5 2401+ 14
0/100 — — — — 152+ 2.8 263.5 + 0.8

PLLA/CYCLO T, (°C) AHpypa (J/g) x (%) Ty,prra (°C) AHcycro J/g) Tcvcro (°C)
100/0 728 £ 05 354+1.8 378+ 19 177.08 4+ 0.25 — —
90/10 745 4+ 0.7 431 +2.8 46 + 3 174.51 +0.21 — —
85/15 759 £ 2.0 40+ 4 42 + 4 174.61 4+ 0.02 — —
80/20 727 +24 36 +5 38+6 173.7 £ 0.7 — —
0/100 — — — — — 146.9 + 0.7

60
Bl PLLA/drug 90/10 w/w% " n.s.
I PLLA/drug 85/15 w/w%
50 I PLLA/drug 80/20 w/w% n.S. * *
n.s. n.s.
n.s.
é. 40 n.s. nes. ns.
3
o
230
E
5
220
Q
*
10 '
O PLLA PLLAPTX  PLLASIR PLLA/DEX  PLLA/CYCLO

Figure 7. Crystallinity of PLLA in PLLA /drug spray coated films with different ratios (90/10, 85/15,
80/20 w/w%), determined from DSC measurements. Asterisks (*) mark significant differences of
crystallinity data with p < 0.05 obtained by two-tailed t-test, each in comparison to PLLA reference.
n.s. stands for not significant.

3.5. Coating Thickness Determination

For the calculation of mechanical parameters, adequately accurate thickness determi-
nation is necessary. A change in thickness accuracy of approximately £1 um would result
in falsifying elastic modulus and tensile strength values of about 20 %. Consequently, as
the films showed thicknesses in a range below 10 um, thickness determination by the use
of a dial indicator was not suitable.
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To overcome this issue, film thickness has been determined using SEM imaging.
Using a 90° adapter ensures precise sample characterization up to some few nanometers.
However, measuring errors due to misalignment of the sample or manual setting of the
scale bar have to be considered. As for that, a cutout close to the point of rupture of the
strain samples has been threefold measured at three distinct points by SEM. A sample
image for one of such measuring points is given in Figure 8a.
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Figure 8. (a) Exemplary SEM image of PLLA reference film with determined thicknesses. (b—d) Mechanical properties
((b) elongation at break, (c) elastic modulus and (d) tensile strength), determined from uniaxial tensile tests of PLLA /drug
spray coated films in different drug ratios (90/10, 85/15 and 80/20 w/w%). Asterisks (*) mark significant differences of the
values with p < 0.05 obtained by two-tailed t-test, each in comparison to PLLA reference. n.s. stands for not significant.

3.6. Influence of Drug Incorporation on the Mechanical Properties

An overview on the mechanical parameters is given in Figure 8b-d. From tensile tests,
elongation at break, elastic modulus and tensile strength have been calculated.

In general, drug incorporation results in an increase of elastic modulus up to 3420 £ 220 MPa
for PLLA/SIR 90/10 compared to pure PLLA with a value of E = 2250 £ 40 MPa. Only SIR
at 20/80 w/w% resulted in a decrease down to E = 2000 &+ 220 MPa. Regarding the
mechanical behavior, PTX leads to a high deviation for elongation at break values. SIR
did not show to have any influence on the elongation at break. For DEX, a tendency to
a decrease in elongation at break can be observed. Results for CYCLO also indicate a
slight decrease in eg from 11 £ 6% (10 w/w%) to 6.4 = 1.7% (20 w/w%) compared to
PLLA at9.9 =+ 0.7%. All polymer/drug materials show higher tensile strength values up to
160 £ 30 MPa or comparable ones compared to pure PLLA with 05, = 107.1 &£ 1.3 MPa.
Results of mechanical properties are given in Table 4 and the stress strain curves are given
in Supplementary Figure S7.
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Table 4. Mechanical properties (elastic modulus (E), tensile strength (¢ 4x), elongation at break (ep)),
determined from uniaxial tensile tests of PLLA /drug spray coated films in different drug ratios
(90/10, 85/15 and 80/20 w/w%).

PLLA/PTX E (MPa) O max (MPa) eg (%)
100/0 2250 £+ 40 1071+ 1.3 99 +07
90/10 3020 + 100 134 £ 4 23+ 16
85/15 2980 + 170 130 £ 16 161+1.2
80/20 3320 £+ 120 140 £ 5 123+ 1.1

PLLA/SIR E (MPa) O max (MPa) ep (%)
100/0 2250 + 40 1071+ 1.3 99£07
90/10 3420 £ 220 156 £ 16 740 £ 0.17
85/15 3200 + 700 160 £ 30 8.0+£07
80/20 2000 £ 220 115+ 30 89+£08

PLLA/DEX E (MPa) O max (MPa) e (%)
100/0 2250 + 40 1071+ 1.3 99+0.7
90/10 3000 £ 200 141 £9 88+£20
85/15 2940 £ 130 118 £ 8 11£3
80/20 2690 + 110 115+24 6.1+£09

PLLA/CYCLO E (MPa) O max (MPa) eg (%)
100/0 2250 £+ 40 1071+ 1.3 99 +07
90/10 2580 + 240 1192 £ 2.0 11+6
85/15 2560 + 110 107 £ 6 54£07
80/20 2870 £ 190 141 £ 5 64+17

4. Discussion

In this work, drug incorporated PLLA films were manufactured by spray-coating
using PLLA /drug solutions, which is also the method of choice in industrial settings [64].
This technique allows the generation of homogeneous polymer coatings on complex struc-
tures, such as those represented by scaffolds for cardiovascular intervention in particular.
Still, the removal of solvent residues remains crucial, as these, even in trace amounts, may
show negative effects on biocompatibility as well as influence the mechanical and thermal
properties of the coating. To investigate to what extend drugs influence the polymer matrix,
rinsing protocols for solvent removal are unsuitable, as such treatments lead to washout
of the drugs. For spray-coated thin films, however, thermal annealing above T under
reduced pressure has shown to be sufficient to remove solvent residues, making rinsing
steps unnecessary [35,68]. Nevertheless, thermal treatment may lead to further altering of
the properties of the drug containing films, which must be taken into account.

Our initial interest was in macroscopic film morphology and drug distribution,
whereas no macroscopic changes were observed. Raman and IR spectroscopy were used to
prove the incorporation of drugs in the polymer films. For all drugs except for CYCLO,
which was unmeasurable, Raman mapping showed a homogeneous distribution. Further-
more, contact angle and SFE measurements showed that drug incorporation did not result
in significant changes even at a high concentration of 20 w/w%. This is interesting in a way
such that the drugs addressed in this study exhibit very different logP values. Moreover, the
observed phase separation and formation of microcrystals for DEX and SIR in accordance
to DSC measurements appear to have no influence on surface wettability. This leads to the
assumption that wettability of drug coating is not affected by drug addition, but remains
comparable to the pure PLLA matrix.

The IR-spectra showed no distinct changes in IR bands but appear as overlapping
spectra of PLLA and the incorporated drugs. As for that, we assume no chemical inter-
action of SIR, PTX, DEX, or CYCLO with the PLLA matrix as no shift in characteristic
signals appears.
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Regarding thermal analysis, the drugs showed a different behavior. CYCLO showed little
to no influence on the polymer matrix and thus barely any effect on the thermal properties.

As for PTX, a slight shift of T; of the polymer matrix was observed. In the literature, it
has been reported that PTX is miscible with the amorphous domains of PLLA, in conse-
quence softening the polymer matrix, leading to a decrease in T [69]. Furthermore, this
also leads to the formation of an exothermic peak (T), which increases with increasing PTX
amount, as the incorporated PTX decelerates polymer recrystallization [31,70]. Liggins
and Burt explained it in a way that hydrogen bonding between PLLA and PTX lead to
accumulation of PTX in the amorphous regions and therefore in a reduced rate of polymer
chain diffusion and thus slowed crystallization [71]. In accordance to this, our results indi-
cate a similar behavior for thin films accessible by spray coating. No PTX signal at around
217 °C was detected in the thermogram leading to the conclusion that PTX is completely
blended into the polymer. However, the appearance of an exothermic peak at 104-107 °C
for 20 w/w% PTX indicates that thermal annealing at 80 °C is not sufficient to achieve
thermal equilibrium state and therefore may have an impact on long term properties in
respect to biomedical application of such a drug containing matrix, e.g., shelf life.

For PLLA/SIR films, the presence of a SIR melting peak, up to 199.5 & 0.6 °C, which
is considerably higher than the T}, of the pure SIR component at 183.9 £ 0.5 °C, leads to
the conclusion that SIR is not completely miscible with PLLA and phase separation occurs.
This is underlined by means of the inhomogenities observed in SEM imaging. A similar
observation has been made by Nukula for SIR in poly (butyl methacrylate)/poly(ethylene
vinyl acetate) (PBMA/PEVA) [72]. They assumed from the broaden appearance of the SIR
melting peak close to the melting peak of pure SIR in the thermogram that the drug is
mainly encapsulated in an amorphous state with only little crystallinity. It is still unclear
whether the SIR crystal formation is an effect due to immiscibility of PLLA or appeared
when generating the test samples as SIR showed limited solubility in CHCI;. To bypass
this, the drug had been dissolved in MeOH, which has been added to the CHCl3-polymer-
solution. Precipitation may have been occurred at this point leading to micro crystals,
though this has not been investigated in this study.

In the case of DEX incorporation, the shift of the endothermic peak T,, prx from
231.8 £ 1.5 °C to 240.1 & 1.4 °C indicates an interaction between DEX and PLLA. Conse-
quently, a certain amount of DEX must have been incorporated into the PLLA matrix up to
a threshold whereas phase separation occurs. Otherwise, we observed similar behavior
as it has been reported for DEX containing PCL nanofibers by means of a drug melting
signal [73]. As Martins et al. concluded, DEX precipitates from the polymer/drug solution
during the manufacturing process in a similar way as for SIR. Also, the increased T}, of DEX
leads to the conclusion that the drug exists in amorphous state in accumulated regions in
the PLLA matrix. However, via Raman mapping, no DEX enriched areas could be detected.
Both, for DEX and SIR, we assume that microcrystals have been formed which are below
the resolution limit of the applied Raman mapping technique. As for area scans a 500 pm
x 500 pum field with 50 dots per row and column was used, the resolution limit is >10 pm?.
As for SIR, SEM indicated the formation of submicron crystals when incorporating DEX
in PLLA.

CYCLO resulted in a slight increase in crystallinity of PLLA. The absence of a distinct
Tm,cycLo signal in comparison to the drug T, for SIR or DEX showed complete blending
of the drug with the polymer.

Altogether, our results point out complex phase transitioning processes during manu-
facturing. As a drug-polymer-solvent system is present, interaction of the three components
in solution as well as during solvent evaporation and thus shifting of solubilities must been
taken into account for manufacturing and application as it may alter crucial parameters
such as drug release or mechanical resilience. Still, real time analysis of such processes
remains challenging and technically sophisticated. Further research, e.g., by means of
X-ray diffraction, may help to understand the drug PLLA interaction in combination with
solvent influences.
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Mechanical analysis of PLLA films containing PTX gave seemingly contradictory
results regarding DSC analysis, especially crystallinity of the PLLA matrix. In this case,
a decrease in crystallinity of approx. 13%, from 37.8 £ 1.9% down to 33 % 7%, was ob-
served which is accompanied by an approximate doubling of the elongation at break,
from 9.9 £ 0.7% to 23 £ 16% yet an increase in the elastic modulus of up to 25%, from
2250 £ 40 MPa to 3020 &+ 100 MPa was observed. The latter indicates a higher embrit-
tlement. SIR incorporation leads to higher elastic modulus values of about 34%, from
2250 + 40 MPa to 3420 + 220 MPa, indicating a hardening effect. However, elastic modu-
lus values decrease as drug content increases and approximate at 20 w/w% SIR the original
PLLA value. DSC data show an increase of crystallinity of PLLA with increasing SIR
amount. This, in addition to the formation of SIR crystallites, counteracts the elastic modu-
lus increasing influence of SIR molecules interacting with the polymer chains. Therefore,
we assume that SIR shows complex behavior in the polymer crystal lattice. The investi-
gation of such interactions of PTX or SIR with PLLA may be of certain interest for future
work in particular by means of crystal structure analysis, as the formation of multiple
phases crucially alters properties highly relevant for biomedical applications such as drug
release. In addition, such effects are in particular important regarding dilation behavior
and drug carrying coating integrity after the exposure of mechanical stress as it appears at
stent implantation.

DEX incorporation results in a tendency to lower elongation at break at high drug
concentrations. Still, a decrease in elastic modulus of about 10%, from 3000 &+ 200 MPa to
2690 £ 110 MPa, is observed. This may be due to the fact that on the one hand the drug
interacts with the PLLA polymer chains on a molecular level, thus acting as plasticizer.
However, on the other hand, the formation of aforementioned submicron crystals leads to
the development of predetermined breaking points, therefore to a decrease in elongation at
break of about 31%, from 8.8 & 2.0% to 6.1 & 0.9%. CYCLO shows with increasing drug
ratio a reduction of elongation at break of ca. 40%, from 11 & 6% to 6.4 & 1.7% accompanied
by an increase in elastic modulus and tensile strength of ca. 20%.

Regarding the mechanical analysis of PLLA/drug blends, it must be stated that
handling of polymer films of a thickness of around 10 um is challenging, as minimal
defects or insufficient mounting in the testing device may drastically alter the results.
However, the generation of thicker samples, e.g., by solvent casting process, may also
be unsuitable as an increase in sample thickness leads to incomplete removal of residual
solvent by evaporation. The remaining solvent may thus act as plasticizers, impairing
the results on the drug influence. As for that, the literature and our DSC data for thin
films obtained by spray-coating showed complete solvent removal after thermal annealing
for which reason we decided to choose this manufacturing method for PLLA /drug films.
Still, mechanical properties of such films, notably in the field of DES, are of particular
interest. In the literature, some considerations about thermal analysis of drug incorporated
polymers such as PLLA can be found. Yet, only limited data for mechanical investigations
are available for reference. Consequently, further insight regarding the material properties
of drug containing coatings is required.

5. Conclusions

Drug-eluting polymer coatings are an indispensable tool in biomedical device engi-
neering, in particular for so-called combination products. Whereas drug release kinetics
are clearly important and have been in the focus of extensive research, understanding the
interaction of drugs with the drug-carrying polymer matrix is of great interest, especially
in the field of drug-eluting stents.

In this study, PLLA /drug thin films have been investigated regarding the influence
of the drug on thermal and mechanical properties of the polymer matrix. SIR, PTX,
CYCLO and DEX were blended with HMW PLLA in ratios of 10, 15, and 20 w/w% with
respect to the polymer. Our results showed that the selected drugs lead to an increase
in tensile strength of the coating material. Regarding thermal properties, SIR and DEX
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showed PLLA /drug phase separation. PTX and DEX incorporation resulted in thermal
destabilization of the polymer, which is evident by the formation of exothermic peaks in
the DSC thermograms. High amounts of PTX lead to a strong decrease in crystallinity of
PLLA. CYCLO showed complete blending with the PLLA matrix and did only little affect
the polymer properties.

Our aim was to contribute to the understanding of the complex interaction between
PLLA and API. Different drugs possess crucially different chemical properties and ways of
interacting when blended with polymers, and thus, the influence on the polymer matrix
cannot be easily predicted. Advances in current established DES technology to overcome
limitations and side effects, such as the risk of late stent thrombosis, inflammation and
in stent-restenosis, demand for novel polymer/drug coatings. The present data under-
line that this in turn requires target-oriented thermal treatment to ensure shelf life and
mechanical resilience.
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drug/PLLA =10/90 w/w%. Figure S2: IR spectra of PLLA and PLLA with incorporated cyclosporine
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drug and loaded PLLA films obtained via spray-coating. Figure S5: Raman mapping of PLLA with
incorporated drugs at given drug/PLLA ratios. Mapping has been performed for the drug signal
intensity according to the signal in the related Raman spectra. Figure S6: Representative contact
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Abstract: An ongoing challenge in drug delivery systems for a variety of medical
applications, including cardiovascular diseases, is the delivery of multiple drugs to address
numerous phases of a treatment or healing process. Therefore, an extended dual drug
delivery system (DDDS) based on our previously reported cardiac DDDS was generated.
Here we use the polymer poly(L-lactide) (PLLA) as drug carrier with the cytostatic drug
Paclitaxel (PTX) and the endothelial cell proliferation enhancing growth factor, human
vascular endothelial growth factor (VEGF), to overcome typical in-stent restenosis
complications. We succeeded in using one solution to generate two separate DDDS via
spray coating (film) and electrospinning (nonwoven) with the same content of PTX and the
same post processing for VEGF immobilisation. Both processes are suitable as coating
techniques for implants. The contact angle analysis revealed differences between films and
nonwovens. Whereas, the morphological analysis demonstrated nearly no changes occurred
after immobilisation of both drugs. Glass transition temperatures (7y;) and degree of
crystallinity (y) show only minor changes. The amount of immobilised VEGF on nonwovens
was over 300 % higher compared to the films. Also, the nonwovens revealed a much faster
and over three times higher PTX release over 70 d compared to the films. The almost equal
physical properties of nonwovens and films allow the comparison of both DDDS
independently of their fabrication process. Both films and nonwovens have significantly
increased in vitro cell viability for human umbilical vein endothelial cells (EA.hy926) with dual
loaded PTX and VEGF compared to PTX-only loaded samples.
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Abstract

An ongoing challenge in drug delivery systems for a variety of medical applications, including
cardiovascular diseases, is the delivery of multiple drugs to address numerous phases of a treatment
or healing process. Therefore, an extended dual drug delivery system (DDDS) based on our
previously reported cardiac DDDS was generated. Here we use the polymer poly(L-lactide) (PLLA)
as drug carrier with the cytostatic drug Paclitaxel (PTX) and the endothelial cell proliferation
enhancing growth factor, human vascular endothelial growth factor (VEGF), to overcome typical
in-stent restenosis complications. We succeeded in using one solution to generate two separate
DDDS via spray coating (film) and electrospinning (nonwoven) with the same content of PTX and
the same post processing for VEGF immobilisation. Both processes are suitable as coating
techniques for implants. The contact angle analysis revealed differences between films and
nonwovens. Whereas, the morphological analysis demonstrated nearly no changes occurred after
immobilisation of both drugs. Glass transition temperatures (T,) and degree of crystallinity ()
show only minor changes. The amount of immobilised VEGF on nonwovens was over 300% higher
compared to the films. Also, the nonwovens revealed a much faster and over three times higher
PTX release over 70 d compared to the films. The almost equal physical properties of nonwovens
and films allow the comparison of both DDDS independently of their fabrication process. Both
films and nonwovens have significantly increased in vitro cell viability for human umbilical vein
endothelial cells (EA.hy926) with dual loaded PTX and VEGF compared to PTX-only loaded

samples.

1. Introduction

Currently, the development of multi-drug delivery
systems is attracting increasing interest due to their
great potential as novel therapeutics for different
medical applications, such as cardiology and onco-
logy [1-7]. For complex diseases the combination
of drugs has the benefit of targeting multiple thera-
peutic pathways, while reducing the risk of drug res-
istance and toxicity [8]. Cardiovascular diseases, for
instance, require treatments that address multiple
clinical needs. Bare metal stents are associated with
complications like in-stent restenosis which can be
addressed by the inclusion of cytotoxic or cytostatic
drugs, such as paclitaxel (PTX).

However, PTX also interferes with the natural
vascular healing processes by arresting re-
endothelialisation of the stent surface. Consequently,
new multi-drug delivery strategies often contain sev-
eral active ingredients, such as PTX for the prevention
of restenosis via inhibition of fibroblast growth paired
with biomolecules, NO-releasing molecules, anti-
bodies, proteins, peptides or growth factors meant
to enhance re-endothelialisation. Existing strategies
include bilayered PLGA nanoparticles containing
VEGF plasmids and PTX [9, 10]. Additionally, Zhang
et al described a stent covered with dual drug-loaded
polylactic acid (PLA) electrospun fibers contain-
ing PTX-loaded mesoporous silica nanoparticles
and surface coated with VEGF [11]. However, these
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example strategies still have limitations related to the
undefined clinical risks associated with in vivo deliv-
ery of plasmids and the use of nanoparticles [12]. In
recent years, electrospun polymeric nanofibers have
proven to be an interesting strategy for drug deliv-
ery systems and can overcome these risks. The high
surface to volume ratio of nonwovens can be ideal
for maximising surface conjugation and improving
encapsulated drug release [13]. Furthermore, in con-
trast to nanofibers, nanoparticles cannot create inde-
pendent, implantable structures. These must always
be embedded or immobilized and the danger of over-
coming the blood-brain barrier cannot be excluded.
We believe that electrospinning is particularly well
suited to dual drug delivery because it is an ideal plat-
form for both surface modifications and diffusion
based drug release. Additionally, the biomimetic fiber
structure of electrospun materials can lead to better
cell attachment [14—16]. Modification of implant sur-
faces by means of spray coating has been previously
applied in numerous cases [17-19].

Dual drug encapsulation can introduce challenges
due to subsequent changes in mechanical properties
of the drug loaded polymer, potential drug interac-
tions and limited individual control of each drug’s
release profile. In contrast to the aforementioned dual
drug delivery system (DDDS), our proposed strategy
aims to simplify fabrication by directly immobilizing
PTX and VEGF in a single polymer system. We have
focused on combining different drug loading meth-
ods to individually tailor the delivery of each drug. In
2018, we described the development of an innovative
polymer-based DDDS which successtully combined
bulk incorporated PTX, released based on diffu-
sion, and a surface immobilisation of VEGE, release
via hydrolysis. We demonstrated that independent
release of VEGF and Fluorescein diacetate (FDAc),
used as a model of PTX, can be achieved in combina-
tion with multiple single polymer systems [20].

Dual drug systems are often designed to com-
bat complex, multifaceted clinical problems that can
require the combination of dissimilar drug deliv-
ery strategies. The novelty of the new design in
this study is the inclusion of both the transient
diffusion-based release of PTX and stable surface-
conjugated VEGE. Furthermore, we aim to create a
novel DDDS suitable for coating applications and
capable of reducing restenosis and encouraging long-
term re-endothelialisation established by combining
PTX and the angiogenic protein VEGF [9, 21].

In detail, we modified our previous method by
investigating the loading, release and bioactivity of
both PTX and VEGF in a poly lactic acid (PLLA)
polymer system. Moreover, we aimed to demonstrate
the wide applicability and versatility of this novel
DDDS by fabricating thin PLLA film (fPLLA) and
PLLA nanofiber forms (nfPLLA) by using similar
solutions. PLLA is a well-studied, biocompatible,
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applications [22]. Oxygen plasma was used to activate
the polymer surface for stable VEGF surface immob-
ilisation, instead of chemical linkages susceptible to
hydrolysis. Clinical observation of long-term heal-
ing after implant placement indicates that the re-
endothelialisation process can continue for months.
For this reason we wanted to extend the bioavail-
ability of VEGF for as long as possible via stable
covalent surface conjugation [23]. In this work we
could adapted the methods to be compatible with
electrospinning and spraycoating to directly compare
the properties of thin film coatings and electrospun
nanofibers independently of the fabrication method.
We demonstrated successtul dual drug loading in
film and nanofiber forms, revealing that nanofibers
have superior VEGF surface loading and PTX release
characteristics.

The dual delivery of PTX and VEGF in the man-
ner outlined here could be critical in addressing exist-
ing clinical limitations in multi-drug delivery, and
the framework of this method could also be widely
applicable to other medical device coatings and drug
combinations (figure 1).

2. Materials and methods

2.1. Materials
The polymers L 210 S (poly(L-
lactide), PLLA, intrinsic viscosity in chloroform:

Resomer

3.8 dL g7!, was received from Evonik Industries
AG (Darmstadt, Germany)). The crosslinkers (1-
ethyl-3-(3-dimethylamino) propyl carbodiimide,
hydrochloride/N-hydroxysuccinimide (EDC/NHS)
and human vascular endothelial growth factor
(VEGF) were purchased from Fisher Scientific
GmbH (Schwerte, Germany) and tebu-bio GmbH
(Offenbach, Germany). The drug Paclitaxel (PTX)
was received from Cfm Oskar Tropitzsch GmbH
(Marktredwitz, Germany). The Smart-Block solu-
tion was purchased from Candor Bioscience GmbH
(Wangen, Germany).

2.2. Sample preparation

2.2.1. Film preparation

Polymer films were processed according to our pre-
viously established method [20]. Thus, 0.27 g of
PLLA was diluted in 100 ml of chloroform. When
creating drug-loaded polymers films, 14.9 wt% rel-
ative to polymer weight was added to the poly-
mer solution. Films were deposited on glass slides
(@ = 6 mm) using a self-made spray coating set-up.
The slides were spray coated for 1500 s at a pres-
sure of 0.3 bar with a distance of 35 mm between
the nozzle and slide. After spraying, polymer films
(fPLLA) were dried at 80 °C under vacuum. The slides
were weighted before and after spray coating and the
spray coating process was continued until 250 ug of
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Figure 1. Schematic description of the sprayed and electrospun coatings developed in this investigation. Both coatings release
PTX to reduce fibrosis and are surface conjugated with VEGF to encourage re-endothelization. However, electrospun fibers

maximized drug loading and release properties.

2.2.2. Nonwoven preparation

Preparation of nonwoven samples was done by elec-
trospinning using a protocol previously developed in
our lab [24]. Clear and homogenous polymer solu-
tion was obtained by dissolving 5% (w/w) of the poly-
mer in a choroform and tetrafluoroethanol (1:4 v/v).
Polymer solution was loaded with 14.9% (w/w) PTX
with respect to polymer weight. The described spin-
ning process was performed for 1 1/2 hours to reach
a workable layer thickness. For quality assurance of
the produced nonwoven structures, SEM images were
used to observe fiber structure in different areas of the
nonwoven.

2.3. Surface characterisation

2.3.1. SEM

Morphology of the polymer films and nonwoven
samples was examined with scanning electron micro-
scopy (SEM) QUANTA FEG 250 (FEI Company,
Frankfurt, Germany) with an accelerating voltage of
10 kV and a spotsize of 3.0. All samples were fixed
onto aluminum trays with conductive tape and sput-
ter coated with gold. The images were taken at mag-
nification x500.

2.3.2. Water contact angle

A Contact Angle System (OCA 20, Dataphysics
Instruments GmbH, Filderstadt, Germany) was used
for analysing surface modifications by contact angle
measurements of ultra-pure water sessile drops (5 pul,
1 ul/s). Presented mean values (MV) and standard
deviations (SD) were calculated from n = 10 samples.

2.3.3. Differential scanning calorimetry (DSC)
The thermal behaviour of the polymer films were

specimens were heated from —30 °C up to 270 °C
in a DSC 1 system (Mettler-Toledo, Schwerzenbach,
Switzerland) at a rate of 10 °C/min operating at nitro-
gen atmospheric pressure. The samples were ana-
lysed with respect to glass transition (7j), melting
temperature (T),), and degree of crystallinity (x).
The heats of fusion and crystallisation were quant-
itatively evaluated by determining the endothermic
and exothermic peak areas, which were compared
with the melting peak area of totally crystalline PLLA
(X100 =93,7] g~ ') [26]. All results were averaged over
at least n = 5 samples.

2.3.4. Attenuated total reflection Fourier transform
infrared spectroscopy (ATR-FTIR)

A Vertex 70 infrared-spectrometer (Bruker, Ettlingen,
germany) was used for FTIR-ATR measurements of
fPLLA and nfPLLA with and without PTX. Spectra
were measured between 4000 cm™' and 500 cm™!
with 32 scans. Spectra were baseline corrected,
smoothed and vector normalized between 1900 cm™!
and 600 cm™! using Bruker OPUS software.

2.4, VEGF immobilisation

2.4.1. Plasma activation

Polymer films and nonwoven samples were activated
as previously described in Rudolph et al [5]. Briefly,
plasma activation was performed at 0.3 mbar for 30 s
min with a plasma etching (PE) electrode and 40 W
generator output in an oxygen (O, ) radio frequency
(RF) plasma (frequency 13.56 MHz, Diener electronic
GmbH & Co. KG, Ebhausen, Germany).

2.4.2. Covalent coupling
The VEGF biofunctionalisation of the activated
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carbodiimide hydrochloride)/N-hydroxysucccinimide
(EDC/NHS) as a crosslinker system was realised as
follows: The modified PLLA samples (@ = 6 mm)
were added to a 150 mM/100 mM EDC/NHS solu-
tion, diluted in 2-(N-morpholino)ethanesulfonic
acid buffer (MES, 50 mM, pH 5,0), for 1 h at
room temperature (RT). After modification with
EDC/NHS, samples were rinsed in PBS once and
then rinsed twice in deionized water. Samples were
then soaked at RT in 1 pg ml~! VEGF in PBS for
1 h. Samples were rinsed at least three times with PBS
and water and then dried overnight under vacuum.
The supernatant washing solutions were analysed via
indirect ELISA in order to detect the soluble VEGF
amount. VEGF-coupled samples were stored at 4 °C
until use.

2.4.3. Quantification of VEGF loading

The VEGF loading for the PLLA films and PLLA
nanofibers was determined via an indirect ELISA.
Therefore, the VEGF soaking solutions were ana-
lysed after the surface coupling in order to determ-
ine the remaining VEGF amount in solution. Also,
the supernatant washing solutions were analysed via
indirect ELISA to determine if any VEGF detached
during washing. The difference between before and
after the coupling process corresponds to the VEGF
surface loading of the samples. ELISA was per-
formed using a Sandwich ELISA Kit (human VEGF
ELISA Kit RayBio", Holzel Diagnostika, Koln, Ger-
many) and was carried out according to the man-
ufacturer’s instructions. Antibody detection was
done via a horseradish peroxidase and 3,3",5,5"-
tetramethylbenzidine reaction. The reaction was
measured based on absorbance at 450 nm using a
plate reader (FLUOstar Optima, BMG LABTECH,
Ortenberg, Germany). N = 5 samples were measured
for each group.

2.5.In vitro drug release

2.5.1. PTX release

The in vitro PTX release studies were carried
out under sink conditions. Each polymer sample
(@ = 9 mm) was left in the dark on a shaker at
37 °C immersed in 1 ml Dulbecco’s Phosphate but-
fered saline (DPBS) with additional 0.06% Tween
20 between defined withdrawal time-periods. At
the specific time, the elution medium is completely
removed, replaced with 1 ml fresh DPBS and ana-
lysed via HPLC according to [27]. The chromato-
graphy was performed under isocratic conditions
with a mobile phase consisting of acetonitrile/PBS
solution 0.005 M pH 3.5 (50/50 v/v). The flow rate
was set to 1.0 ml min~". UV detection was conducted
at a wavelength of 230 nm. MV and SD were calcu-
lated from n = 5 samples. In order to compare the
release, the released amounts were converted into

K Wulf et al

(100%) in the samples. The total PTX amount in the
samples ranged from 140-153 ug.

2.6. Biocompatiblity studies

2.6.1. Cell viability assay

The biocompatibility studies of the PTX- and VEGF-
surface functionalised PLLA samples were done using
a protocol previously developed in our lab [20]. Prior
to use, all polymer samples were disinfected with eth-
anol. EA.hy926 cells were then seeded on the disinfec-
ted PLLA samples with a density of 4 x 10* cells cm™?
in DMEM with 10% FCS and incubated for 46 h
at 37 °C and 5% CO;. Cells were then incubated
in a solution of 10% CellQuanti-Blue in DMEM for
2 h. The fluorescence of the media was measured
(Aemission = 590 nm, Aexcitation = 544 nm) with
a FLUOstar OPTIMA plate reader. N = 6 biological
replicates were measured for each group. To emphas-
ize the effects of PTX and VEGF, data were presen-
ted with pure polymer cell viability defined as 100%
viability.

2.6.2. Statistical analysis

All statistical analyse was done using either SPSS 15.0
or GraphPad Prism 5.0 (La Jolla, CA, USA) soft-
ware. The statistical significance between means for
contact angles and drug release rates was assessed
with a Wilcoxon-test. The results of the cell viability
assays were compared with 1-way ANOVA analysis.
Asterics indicate significances (*p < 0.05, **p < 0.01,
***p <0.001).

3. Results

3.1. Surface morphology

All investigated polymer surfaces were characterised
via SEM, contact angle measurements, FTIR and
DscC.

The PLLA surface morphology for fPLLA and
nfPLLA seemed unaffected by the incorporation of
PTX (figure 2) and by the O, plasma activation
(supplementary materials; figures S1, S2 (https://
stacks.iop.org/BMM/15/015022/mmedia)) and the
VEGF (data not shown) coupling process. Even the
diameter of the PLLA nanofiber remained similar
with addition of PTX.

These results are also supported by the contact
angle measurements. The PTX incorporation showed
only minor effects on the contact angle. However,
the contact angles for both systems are significantly
decreased after the modification via plasma, indicat-
ing a more hydrophilic polymer surface (figure 3).

3.2. FTIR-ATR measurements

FTIR-spectra for nfPLLA and fPLLA with and
without PTX are presented in figure 4. According to
Renuga Devi et. al. Signal 1 at 1716 cm ™" corresponds
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Figure 2. Representative SEM micrographs of {PLLA incorporated with (a) 0 %; (b) 14.9% PTX and ntPLLA incorporated with
(c) 0%; (d) 14.9% PTX.
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Figure 3. Average contact angle of water @W + SD of
unmodified and O; plasma modified PLLA slides (fPLLA)
and PLLA nanofiber (nfPLLA) surfaces measured via sessile
drops method (5 pl drop volume; 10 samples), Ldetected
contact angle was below 10°; Statistical data were analysed
using SPSS 15.0 by Wilcoxon-test, (*** p < 0.001
significantly different between untreated or PTX-loaded
and O; plasma modified polymer system).
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Figure 4. Attenuated total reflection fourler transform
infrared spectroscopy (ATR-FTIR) spectra of nfPLLA,
nfPLLA-PTX, fPLLA and fPLLA-PTX in the range of
900-1900 cm~; corresponding signals to PTX;signal

1 € = O stretching, signal 2 C-C stretching, signal 3 C-N
stretching and signal 4 C-O stretching,

C—C stretching, signal 3 at 1263 cm ™' to C—N stretch-
ing and signal 4 at 1058 cm™"' to the C-O stretching

Table 1. Glass transition temperature T, (°C) and degree of
crystallinity x (%) = standard deviation (SD) of PLLA films and
nanofibers using differential scanning calorimetry.

Ty Degree of
[FC£SD]  crystallinity (x)
[% =+ SD]
PTX (pure) / /
fPLLA 68.6 2.2 350+ 1.4
fPLLA O, plasma 71.84+0.2 34.6 2.7
fPLLA-PTX 71.7 0.2 333405
fPLLA-PTX O; plasma 7234 1.0 329+ 1.8
ntPLLA 71.2 £ 0.4 42,3+ 1.3
nfPLLA O; plasma 71.0 £ 0.2 41.0 £ 1.0
nfPLLA-PTX 74.5 + 0.6 39.6+ 3.6
nfPLLA-PTX O; plasma 734+ 14  37.34+2.3

as nfPLLA-PTX and fPLLA-PTX reveal the same IR-
spectra and therefore no chemical difference in the
composition were visible.

3.3. Thermal properties

DSC measurements were performed for PTX (pure),
non-modified PLLA films and nanofibers, O, plasma
activated systems and the PTX immobilised PLLA
samples. All DSC curves are presented in supplement-
ary materials. For all samples, T, and the degree of
crystallinity were determined (table 1). For pure PTX,
solved in chloroform during the preparation, no T, or
crystallinity could be measured (figure $3). The T, of
PLLA films is slightly increased from 68.6 £+ 2.2 °C
to 71.7 £ 0.2 °C and for PLLA nanofibers from
71.2 + 0.4 °C to 74.5 £ 0.6 °C with addition of PTX
(figures S4 and S5). The T, for the investigated sys-
tems are nearly unaffected by the O, plasma treat-
ment, which we already described in former publica-
tion (figures S4 and S5) [20]. The degree of crystallin-
ity is negligibly decreased with the addition of PTX for
the PLLA films and nanofibers.

3.4, PTX release

The in vitro PTX release from the PLLA-based
samples (with and without VEGF) is shown in
figure 5. In order to compare the release, the released
amounts were converted into percentages and refer to
the total amount of PTX (100%) in the samples. The
total PTX amount in the samples ranged from 140—
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Figure 5. Cumulative in vitro release of incorporated PTX on PLLA films (fPLLA, black dots) or PLLA nanofibers (ntPLLA, red

triangles) with and without VEGF modification in DPBS medium under agitation and at 37 °C (@ = 9 mm; PTX:PLLA ratio
14.9:85.1 wt%, each with n = 5). Statistical data were analysed using SPSS 15.0 by Wilcoxon-test, (***p < 0.001, significant

ditferent between the PLLA films and PLLA nanofibers).

influence the in vitro PTX release slightly. The PTX
release profiles with and without VEGF follow the
same long-term release. After 69 d only 20% of PTX
was released into the medium. In contrast, the PTX
release from the PLLA nanofibers system showed an
accelerated release compared to the fPLLA. Within
the first 20 d around 50% PTX is already released.
At later time points, less PTX was released from the
nfPLLA-PTX-VEGF samples with around 72% of the
total PTX release after 69 d, compared to around
81% in the same time frame from the nfPLLA-PTX
samples.

3.5. Quantification of VEGF coupling

The PLLA films and fibers were activated by O,
plasma to generate hydroxyl groups on the poly-
mer surface. These hydroxyl groups acted as sites
for the zero length crosslinker EDC/NHS to cova-
lently surface-couple VEGE. Table 2 shows the abso-
lute VEGF loading in fPLLA and nfPLLA samples
measured via an indirect ELISA. The reaction solu-
tions and the washing solutions were analysed and the
values combined.

The detected VEGF amounts were similar for
the PTX loaded films. PLLA nanofibers had a much
higher VEGF loading than the films. Surprisingly, the
VEGF loading is significantly increased with addition
of PTX for the nfPLLA.

3.6. Biocompatibility and biofunctionality of PTX
and VEGF-functionalised PLLA
Cell viability of human endothelial EAhy926 cells

Table 2. VEGF content on PLLA films and PLLA nanofibers
immobilised by coupling with EDC/NHS as crosslinker (n = 5).
***p < 0.001; significant difference between the tPLLA-VEGF and
nfPLLA-PTX-VEGF).

Absolute VEGF amount
[ng/mm? + SD]

fPLLA-VEGF 0.018 £ 0.003
fPLLA-PTX-VEGF 0.016 £ 0.004
nfPLLA-VEGF 5.99 + 0.87
nfPLLA-PTX-VEGF™™~ 8.97 £ 0.75
2404 .
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Figure 6. Relative cell viability of human endothelial
EA.hy926 cells after 48 h on VEGF- and PTX-functionalised
films (t) and nanofibrous (nf) PLLA surfaces normalised to
untreated fPLLA and nfPLLA, respectively. (mean + SEM,
n=6,%**p <0.001,*p < 0.05).

PTX- and VEGF-surface modification is shown in
figure 6. Relative cell viability was normalised to
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functional effect of PTX and VEGF on endothelial
cell viability. For both PLLA surfaces similar effects
of VEGF and PTX-functionalisation on EA.hy926
viability could be observed. In detail, cell viability
was significantly increased on fPLLA-VEGF (184.0%)
as well as on nfPLLA-VEGF (145.2%) when com-
pared to the unmodified fPLLA and nfPLLA samples,
respectively. Similarly, cells grown on the VEGF-PTX
dual-functionalised surfaces, {PLLA-VEGF-PTX and
nfPLLA-VEGF-PTX, exhibited 107.7% and 122.1%
viability, respectively. This is a slightly higher viabil-
ity in comparison to unmodified fPLLA and nfPLLA
samples but a lower cell viability compared to those
grown on only VEGEF-treated surfaces. PTX sur-
face functionalisation significantly diminished cell
viability of human endothelial EA.hy926 cells on
both PLLA surfaces with 71.7% for fPLLA and
93.9% for nfPLLA. In general, the effect of surface
functionalisation with VEGF and PTX was simil-
arly detectable on smooth and nanofibrous PLLA
while being more pronounced on fPLLA than on
nfPLLA.

4, Discussion

Combining multiple therapeutic substances in order
to address several problems simultaneously has
become an attractive option in the treatment of
diseases, tissue regeneration and cancer therapies.
For instance, the challenge of designing a DDDS
which can simultaneously inhibit cell proliferation
and promote re-endothelialisation has not yet been
solved. The bulk incorporation of drugs, such as PTX
or VEGE in a polymeric drug delivery system was
already successfully described, but it is becoming
increasingly clear that a single drug cannot address
the complexities of vascular healing [29-33]. In 2018,
we presented an alternative strategy to create bulk
PTX (modelled by FDAc) loaded polymeric systems,
which were surface coated with VEGF with minor
changes to PTX incorporation and release. This sys-
tem resulted in independent diffusion diffusion-
controlled release of PTX and chemically-controlled
release of VEGF and represented the development of
a novel DDDS design [17]. In contrast to the pub-
lication described earlier, PLLA, a well-established
polymer for biomedical applications, was used as
the coating polymer and different coating methods
were examined. For this purpose, polymer spray-
ing and electrospinning processes methods were
developed using the same polymer solution. Whereby
the release curves could be compared and similar
properties (thermal and crystallinity) of the film and
non-woven were achieved. Furthermore, FDAc was
replaced with the chemotherapy agent PTX so that
the actual bulk loading effects on polymer character-
istics, VEGF loading and bioactivity could be evalu-

A o ——
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the coating process, while VEGF incorporation was
achieved via surface acitvation process.

The PLLA polymer surfaces were activated by O,
plasma to generate hydroxyl groups. These hydroxyl
groups acted as sites for the zero length crosslinker
EDC to covalently surface-couple VEGF. The method
used to quantify VEGF before and after coupling can-
not differentiate between adsorptively and covalently
immobilized VEGE However, Guex et al showed
that EDC/NHS conjugated VEGF has similar effects
on endothelial cell proliferation when compared to
free VEGF in the media [34]. Previous work has
shown that VEGF retains its beneficial effects on
endothelial cells even when covalently bound to a
surface [29]. Thus, it can be assumed that coating
surfaces with covalently immobilised and adsorbed
VEGF will enhance re-endothelialisation primarily by
immobilized VEGE.

We also believe that incorporating a long term,
stable, bioactive source of VEGF is well suited for
polymer coatings. Evaluations of implants in clinical
application suggest that the re-endothelialisation pro-
cess can continue for months after implant place-
ment, underscoring the need for an extended VEGF
presence [30].

The selected parameters for VEGF coupling were
chosen so that only neglitible morphological changes
occurred for fPLLA and nfPLLA but the highest pos-
sible amount of functional groups were generated.
This is confirmed by the SEM images as well as the
contact angle measurements. Here it can be seen that
the surface of the nonwovens becomes significantly
more hydrophilic after the O, plasma treatment. No
contact angle could be detected after plasma treat-
ment for nfPLLA.

Also, the thermal properties of the PLLA based
samples were changed negligible after the O, plasma
activation compared to the non-activated form. This
has also been confirmed by the results of the DSC
measurements.

Although the surface activation seems to have
minor influence on the bulk properties of the poly-
mer, different amounts of VEGF were detected on
the sample surfaces. The higher VEGF loading by
an order of magnitude in nfPLLA compared to the
fPLLA is most likely due to the larger surface area
and the resulting increased target area for the form-
ation of functional groups. The VEGF loading for the
fPLLA is similar for the fPLLA-PTX. Surprisingly, the
VEGEF loading is increased with addition of PTX for
the nfPLLA. A possible cause can be that the surface
became rougher due to the plasma activation and an
increase in surface area is the result. As a result, a
higher interaction between the surface and the VEGF
or crosslinker can occur. This can be more obvious
for the nanofibers due to the extisting higher surface
to volume ratio.

Even if the PTX incorporation partially influen-
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seems to have a negligible influence on the PTX
release for fPLLA and nfPLLA, which is highly
beneficial.

In contrast to the nfPLLA it seems that the PLLA
films did not exhibits a burst release. Furthermore,
a much higher total PTX amount of about 75%
was released for the nanofibers compared to 20%
from the films within the 70 d. This is most prob-
ably caused by the higher surface area, and the bet-
ter permeability and the significantly better wettab-
ility by the medium of nfPLLA. Furthermore, we
can assume also a molecular weight degradation over
a time of 70 d [31] and the reduction of molecu-
lar weight resulting in higher crystallinity and lower
release [32]. Most PTX is located within the bulk of
fPLLA and only small amounts are located near the
surface. Previous studies have shown that drugs are
only partially released from PLLA coatings by dif-
fusion. Degradation of PLLA must occur in order
to enable further release of PTX incorporated in the
film [33].

For both, fPLLA and nfPLLA coatings, function-
alisation with VEGF without the addition of PTX
had the expected outcome of increasing cell viab-
ility. Although the effect was significant only for
fPLLA, nfPLLA also showed an increase in cell viab-
ility of almost 50%. Thus, the effect of VEGF seems
to improve cell viability only slightly with increasing
VEGF amount in nfPLLA. Miyagi et al reported no
significant differences in the number of endothelial
cells for porous chitosan scaffolds with high and low
VEGF loading [35]. As expected, the cytotoxic drug
PTX on its own had a negative effect on cell viabil-
ity in both coatings. fPLLA and nfPLLA systems have
remarkably different PTX release with profiles. Nev-
ertheless, in both systems a sufficiently toxic concen-
tration of the cytotoxic ingredient PTX was prob-
ably released in the cell culture media despite the low
water solubility of PTX [36]. However, the inhibit-
ory effect of PTX was significantly diminished when
combined with surface VEGF modification. The viab-
ility returns to levels similar to the pure polymer,
demonstrating the significance of VEGF to the system
and therefore underlining the benefit of the presen-
ted DDDS. This effect is also supported by work in
Yang et al demonstrating that VEGF plasmid/PTX-
co-eluting stents better supported both, normal re-
endothelialisation and reduced in-stent restenosis
compared to commercial DES [10].

The increased drug loading and release of PTX
and VEGF support by electrospun nanofibers are very
promising for our presented DDDS. In addition to
having ideal functional characteristics, electrospin-
ning is extremely versatile and adaptable for various
medical applications.

Electrospinning can also be used to directly coat
biomedical devices as a way to modify existing tech-
nologies such as bone implants, esophageal stents
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fibers the ideal carrier for poorly water-soluble or
low-bioavailability pharmaceutical components like
PTX [40].

Nanofibers as drug carriers can be formed into
stand-alone, implantable sheets used for localized
drug delivery for tissue engineering scaffolds, drug
release systems, wound dressings, cancer treatments
and other applications [41].

5. Conclusion

For fPLLA and nfPLLA, nearly identical physical
properties in crystallinity and T, were observed.
Therefore, when comparing film and nonwoven
samples and their advantages as DDDS, differences in
performance are due to the different biofabrication
methods. As expected, the nonwoven nfPLLA has a
much higher amount of immobilized VEGF than the
film fPLLA. Interestingly, the incorporation of PTX
turther increases the amount of VEGF immobilized
on nfPLLA, while no such influence is observable for
fPLLA. Also, the release of incorporated PTX from
nfPLLA is 3 times higher than the release from fPLLA,
with over 70% released after 70 d. The changes in
vitality of the EA.hys926 endothelial cells are the same
for both fPLLA and nfPLLA. PTX-loaded material is
cytotoxic, VEGF-loaded material enhances cell vital-
ity and PTX-VEGF dual-loaded material overcomes
the cytotoxic effect of PTX for the tested endothelial
cells.

Thus, our nfPLLA and fPLLA systems are highly
promising as a novel DDDS to address some current
critical limitations of DDDS for cardiovascular dis-
eases. Both PTX and VEGF modified systems seem
suitable and have high differences in drug release
over 2 month. Their application can be chosen to
suit to the desired drug release needs. Our DDDS is
designed to both inhibit the proliferation of fibro-
blasts (non cell specific PTX) and encourage re-
endothelialisation by the endothelial specific growth
factor VEGE. Moreover, the basic principle of this
method could also be widely applicable to other med-
ical device coatings and drug combinations.
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