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, Wer immer tut, was er schon kann,

bleibt immer das, was er schon ist“

Henry Ford (1863-1947)



Kurzfassung

Kurzfassung

Die additive Fertigung, auch bekannt unter der Bezeichnung ,,3D-Druck®, hat sich ldngst
in etlichen Herstellungsbereichen als vielfdltig einsetzbares, niitzliches Werkzeug bewéhrt.
Die schnelle Fertigung selbst komplexer Systeme bei gleichzeitig hoher Auflosung birgt ein
enormes Potential als disruptive Technologie klassische Fertigungsverfahren zu ersetzen.
Der Einsatz der additiven Fertigung in biologischen und medizinischen Anwendungen ist
jedoch noch verhéltnisméflig beschréankt. Vor allem die Auswahl an charakterisierten und
fiir eine biologische Anwendung geeigneten Materialien begrenzen den Einsatz. In der vor-
liegenden Doktorarbeit wurden Materialien der additiven Fertigung eingehend auf eine
Eignung fiir biotechnologische Zwecke evaluiert und die Anwendung in spezifisch-entwi-

ckelten Systemen demonstriert.

Im ersten Teil dieser Arbeit wurde der Einfluss verschiedener Desinfektions- bzw. Sterili-
sationsverfahren auf die biologische Vertriglichkeit (Biokompatibilitéit) additiv gefertigter
Elemente untersucht. Zudem wurde ein Vergleich dreier Verfahren zur Analyse der Bio-
kompatibilitdt angestellt, bei dem sich eine bildbasierte Echtzeitanalyse als iiberlegen er-
wies. Insgesamt konnte die Eignung des untersuchten 3D-Druckmaterials fiir biologische

Anwendungen festgestellt werden.

Im zweiten Teil dieser Arbeit wurde ein Zellkultursystem fiir die Kultivierung adhérent
wachsender Zellen entwickelt und 3D-gedruckt. Nach eingehender Charakterisierung des
3D-Druckmaterials hinsichtlich der Oberflicheneigenschaften konnte die biologische Ver-
tréaglichkeit in Studien zur Zellproliferation, -viabilitit, -morphologie und Apoptose/Nek-

rose-Verteilungen sichergestellt werden.

Der dritte Teil dieser Arbeit zeigt das grofie Potential der additiven Fertigung zur indivi-
duellen Herstellung mafigeschneiderter, autarker Versuchssysteme auf. Es wurde unter an-
derem ein Ko-Kultivierungssystem zur Analyse der Angiogenese entwickelt, das die sepa-
rate Kultivierung zweier Zelllinien in einem gemeinsamen Kultivierungsmedium ermog-
licht. In einer Anwendung konnte gezeigt werden, dass das angiogene Potential von ko-
kultivierten mesenchymalen Stammzellen zur Ausbildung gefifidhnlicher Strukturen bei

Endothelzellen fithrt.

Im vierten Teil dieser Arbeit werden additiv gefertigte, statische und dynamische Durch-
flusszellen vorgestellt, die als Apparatur fiir elektrochemische Messungen in der (Bio)Sen-
sorik dienen. Mithilfe des statischen Systems konnte eine aptamerbasierte impedimetrische

Detektion eines Escherichia coli Crooks Stammes realisiert werden.

Schlagworter: 3D-Druck, additive Fertigung, Tierzellkultivierung, Materialuntersu-

chung, Biokompatibilitit, Zellkulturtechnik, Polymere, elektrochemische Biosensoren
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Abstract

Abstract

Additive manufacturing, also known as "3D printing", has proven to be a versatile and
useful tool in numerous manufacturing sectors, enabling an efficient production of complex
devices in high resolution. Already called a disruptive technology, it has an enormous
potential to replace conventional manufacturing methods. However, the use in biological
and biomedical applications is still limited. Especially the variety of characterized materials
that are suitable for biological applications limits the possible use. In the present doctoral
thesis, various 3D printing materials were evaluated with regard to their suitability for
biotechnological applications and their use was demonstrated with specially developed 3D-

printed systems.

In the first part of this work, the influence of different disinfection and sterilization proce-
dures on biological compatibility (biocompatibility) of 3D-printed parts was investigated.
In addition, a comparison of three methods for the analysis of biocompatibility was con-
ducted, in which an image-based real-time analysis proved to be advantageous. Overall,
the suitability of the examined 3D printing material for biological applications could be

determined.

In the second part of this work, a cell culture system for the cultivation of adherent growing
cells was developed and 3D-printed. After detailed characterization of the 3D printed ma-
terial with respect to surface properties, biological compatibility was ensured in studies on

cell proliferation, viability, morphology and apoptosis/necrosis distributions.

The third part of this thesis demonstrates the great potential of additive manufacturing
for the individual production of tailor-made systems. A co-cultivation system for the study
of angiogenesis was developed, which allows the separate cultivation of two cell types in a
single, shared cultivation medium. It could be shown that the angiogenic potential of co-
cultivated mesenchymal stem cells leads to the formation of tubular-like structures in en-

dothelial cells.

In the fourth part of this thesis, additive manufactured static and dynamic flow cells are
presented, which serve as a device for electrochemical measurements in (bio)sensor tech-
nology. By means of the static system an aptamer-based impedimetric detection of an

Escherichia coli Crook’s strain could be realized in biosensor experiments.

Keywords: 3D printing, additive manufacturing, mammalian cell culture, material test-

ing, biocompatibility, cell culture technology, polymers, electrochemical biosensing
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Einleitung

1 Einleitung

“Game-changing, groundbreaking, enabling and disruptive”.

Dies sind nur einige der vielen Umschreibungen, die im Zusammenhang mit der additiven
Fertigung, auch bekannt als ,,3D-Druck®, genannt werden. Dabei ist die revolutionére
Idee der Technologie auf ein einfaches Prinzip zuriick zu fithren: das gewiinschte Objekt
wird durch Auftragen neuen Materials, additiv, Schicht-fiir-Schicht aufgebaut. Die addi-
tive Fertigung erwirkt damit ein Umdenken — wo sich bisweilen die Komplexitét eines
Bauteils nach den Moglichkeiten der Herstellungsverfahren richtete, kann nun die ge-
wiinschte Funktion und das Design im Vordergrund stehen. Mittels additiver Fertigung
lassen sich selbst komplexe Geometrien herstellen, die mit konventionellen Verfahren
nicht oder nur unter hohem Aufwand realisiert werden kénnen. In der Natur des Verfah-
rens liegen die Vermeidung von Abfillen und die Einsparung von Materialressourcen. Die
potentielle Verkiirzung globaler Herstellungsketten durch eine Produktion vor Ort redu-
ziert dariiber hinaus deutlich den Transport- und Logistikaufwand. Nachhaltigkeit und
Umweltschutz als globale Herausforderungen sind somit als zentrale Grundséitze in der

Technologie verankert *.

All diese Vorteile lagssen es wenig iliberraschend erscheinen, dass der weltweite Markt
additiv gefertigter Produkte 2020 auf 16 Milliarden US-Dollar geschétzt wird und sich
dieser bis 2024 voraussichtlich auf mehr als 40 Milliarden US-Dollar verdoppeln wird 2
Limitierungen und Restriktionen betreffen gegenwértig in erster Linie die verfiigbaren
Materialien, welche fiir eine additive Fertigung genutzt werden konnen. Die Auswahl an
kommerziell erhaltlichen Materialien ist begrenzt und die physikalischen Eigenschaften
der verarbeiteten Materialien lassen héufig nicht gleichwertige Ergebnisse erzielen, wie
durch konventionelle Fertigungsverfahren erreicht werden kénnen. Aus der Flexibilitit
im Design bei gleichzeitig hoher Auflosung ergibt sich ein enormes Potential der additiven
Fertigung im biotechnologischen und medizinischen Sektor, um beispielsweise maBgefer-
tigte Versuchssysteme, experiment-spezifisches Equipment oder perfekt auf den Patien-
ten zugeschnittene Prothesen zu fertigen. Den auf dem Markt verfligbaren Materialien
mangelt es jedoch haufig an umfassenden Charakterisierungen hinsichtlich einer Eignung
fiir biologische Applikationen oder sie kénnen fiir diese direkt ausgeschlossen werden. Das
Risiko fir die biologische Umgebung muss allerdings zwingend evaluiert und minimiert
sein, um die Sicherheit fiir Produkt und, im Falle von Implantaten und Prothesen, letzt-

endlich den Patienten zu gewéhrleisten.
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2 Zielsetzung

Ziel dieser Arbeit ist die Charakterisierung und Evaluation polymerbasierter 3D-Druck-
materialien hinsichtlich einer Eignung fiir biologische Anwendungen und die Integration
dieser in mafigeschneiderten Systemen fiir die biotechnologische/biomedizinische For-

schung.

Dazu soll zunéchst der Einfluss verschiedener Desinfektions- bzw. Sterilisationsverfahren
auf die biologische Vertriglichkeit (Biokompatibilitit) additiv gefertigter Bauteile unter-
sucht werden — denn fiir eine biologische Verwendung eines Materials ist eine Desinfek-
tion bzw. Sterilisation zwingend erforderlich. Zudem sollen verschiedene In-Vitro-Test-
verfahren zur Analyse der Biokompatibilitdt miteinander und hinsichtlich einer Eignung
fiir Hochdurchsatz-Screenings verglichen werden. Mithilfe der In-Vitro-Testverfahren,
die eine Analyse der Zellproliferation, -viabilitét, -morphologie und der Apoptose/Nek-
rose-Verteilungen in Kontakt mit dem Material umfassen, sollen Riickschliisse auf die
biologische Vertriaglichkeit von polymerbasierten 3D-Druckmaterialien gezogen werden.
Insbesondere die Verwendung der Materialien in der (adhérenten) Zellkulturtechnik setzt
weitere Materialuntersuchungen voraus. Dazu sollen die durch den additiven Fertigungs-
prozess bedingten Oberflachenstrukturen beziiglich Rauheit und Topographie umfassend
analysiert werden. Das Proliferations- und Adhésionsverhalten von adhérent wachsenden
Zellen wird von der Benetzbarkeit der Materialoberflache beeinflusst, sodass diese in wei-
teren Studien untersucht werden soll. Die optischen Materialeigenschaften sollen zudem

in mikroskopischen Anwendungen beleuchtet werden.

Nach eingehender Charakterisierung der polymerbasierten 3D-Druckmaterialien soll das
Potential der additiven Fertigungstechnologie in biotechnologischen/biomedizinischen
Anwendungen aufgezeigt werden. Dazu sollen Objekte fiir die adhdrente Zellkultivierung
additiv gefertigt werden, die beispielsweise als Kultivierungsgefiafie eingesetzt werden
kénnten. Daneben sollen Versuchssysteme entwickelt werden, mit wessen Hilfe die Wech-
selwirkungen unterschiedlicher Zelltypen und der Prozess der Angiogenese in vitro naher
untersucht werden kann. Fiir die Durchfithrung elektrochemischer Messungen in der
(Bio)Sensorik sollen des Weiteren Durchflusszellen entwickelt und additiv gefertigt wer-
den, die den experimentellen Ablauf erleichtern. Die Vorteile von mikrofluidischen Sys-
temen und einer Automatisierung sollen dabei in einer dynamischen Durchflusszelle ver-

deutlicht werden.
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3 Theoretische Grundlagen

3.1 Additive Fertigung

Kostensenkungen, FEffizienzsteigerungen, Forderung von Innovation — viele Menschen
sind begeistert von den Vorteilen und positiven Einfliissen, die der 3D-Druck auf die
Fertigung hat. Das Konzept moderner additiver Herstellungsverfahren geht dabei bereits
auf die frithen 1980er Jahre zuriick. Der japanische Wissenschaftler Hideo Kodama war
1981 der Erste, der die Ansatze einer schichtweisen Fertigung publizierte ®. Er entwi-
ckelte eine Methode, bei der Photopolymere mittels UV-Licht polymerisiert werden und
beschrieb damit einen Vorldufer der Stereolithographie (SLA). Eine Patentanmeldung
fiir die Technologie scheiterte jedoch. Wissenschaftler aus Frankreich verfolgten wenig
spéter ebenso Ansétze zur dreidimensionalen Fertigung — als Erfinder der additiven Fer-
tigung gilt allgemein allerdings der aus Amerika stammende Ingenieur Charles Hull, dem
1986 ein Patent zum Verfahren der Stereolithographie bewilligt wurde *. Im selben Jahr
griindete er das Unternehmen 3D Systems, das auch heute noch zu den fithrenden Firmen
im Bereich der additiven Fertigung z&hlt. Hull legte wesentliche Grundsteine des moder-
nen 3D-Drucks: er entwarf das STL-Dateiformat (STL als Abkiirzung fiir ,,Stereolitho-
graphie®), das sich mittlerweile als anerkanntes Dateniibertragungsformat in der additi-
ven Fertigung etabliert hat. In diesem Zusammenhang entwickelte er auch erste Ansétze
des digitalen Slicing, das zur Umwandlung eines 3D-Objekts im STL-Format in spezifi-
sche Druckerbefehle dient °.

In den letzten Jahrzehnten wurden eine Vielzahl von additiven Fertigungsverfahren und
-technologien entwickelt, die dennoch allesamt auf das gleiche Grundprinzip zuriickzu-
fithren sind: das gewiinschte Produkt wird Schicht-fiir-Schicht, additiv, aus Material auf-
gebaut. Die 3D-Drucktechnologie unterscheidet sich somit fundamental von traditionel-
len Fertigungsverfahren, bei denen entweder subtraktiv Material abgetragen wird (Schlei-
fen, Friasen, Bohren) oder Objekte durch Formen des Materials hergestellt werden (Gie-
Ben, Biegen, Pressen) ¢ Mithilfe der additiven Fertigung kénnen geometrisch komplexe
Formen gefertigt werden, die mit den konventionellen Fertigungsverfahren nicht oder
nur schwierig realisiert werden kénnen. So ist zur Herstellung von verzweigten, dreidi-
mensionalen Hohlrdumen, wie beispielsweise Kanalstrukturen, eine Kombination mehre-
rer traditioneller Verfahren notwendig, wihrend die 3D-Drucktechnologie eine Fertigung
in einem einzigen Schritt erlaubt. Damit entfallen Arbeitsschritte, wie umfangreiche Vor-
und Nachbereitungen, wodurch der Arbeitsaufwand erheblich reduziert wird. Zusétzlich

werden Materialressourcen eingespart und Abfille vermieden, da generell das gesamte
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zuvor einberechnete Rohmaterial zu dem gewiinschten Objekt verarbeitet wird 7. Zu einer
nachhaltigen, umweltfreundlichen Produktion tragen auch die Moglichkeit der Pro-
duktherstellung nur auf Nachfrage und die just-in-time Fertigung direkt am Verbrauchs-
ort bei . Ferner konnen Anderungen am Modell im Vergleich zu konventionellen Her-
stellungsverfahren sehr viel schneller umgesetzt werden. Beziiglich des Zeitaufwandes ist
die additive Fertigung vor allem bei der Herstellung von Einzelstiicken den traditionellen
Verfahren iiberlegen. Je nach 3D-Druckverfahren und Produkt kénnen Objekte innerhalb

weniger Stunden gefertigt werden.

Dennoch gibt es Einschrinkungen und Nachteile des 3D-Drucks, die nicht aufler Acht
gelassen werden diirfen. Obwohl die 3D-Druckbranche in den letzten Jahren wirtschaft-
lich stark gewachsen ist, weist sie eine vergleichsweise geringe Materialvielfalt auf ™.
Weiter verschéarft wird diese Problematik dadurch, dass der Verbraucher durch die Wahl
eines 3D-Drucksystems héufig auf die vom Hersteller angebotene Materialauswahl be-
schrankt ist °. Eine Trendwende scheint sich jedoch bemerkbar zu machen: immer mehr
Unternehmen beteiligen sich aktiv an der Entwicklung und Produktion neuer Materialien
und reagieren damit auf die hohe Nachfrage '*'. Ferner werden zwar Herstellungskosten
durch reduzierten Transport-, Lager- und Arbeitsaufwand eingespart, die Preise fiir Roh-
materialien zur additiven Fertigung sind allgemein jedoch sehr hoch. Die hohen Materi-
alkosten und die gleichzeitig begrenzte Auswahl an Materialien bilden somit die entschei-
dendsten Engpésse der Technologie . Weitere Limitierungen ergeben sich bei der Druck-
auflosung und -qualitét, insbesondere der mechanischen Eigenschaften. Gegenwértig kon-
nen mittels 3D-Druck nicht immer gleichwertige Ergebnisse erzielt werden, die durch
traditionelle Fertigungsverfahren erreicht werden. H&aufig lasst sich dies jedoch durch

Nachbearbeitungsschritte der additiv gefertigten Produkte kompensieren.

Von der Idee bis zum fertigen Produkt sind es bei der additiven Fertigung nur wenige
Schritte. Das gewiinschte Objekt wird zunéchst mittels computergestiitzter Konstrukti-
onsprogramme (computer-aided design, CAD) geplant und gezeichnet. CAD-Programme
werden in der Fertigungstechnik vielseitig eingesetzt, um beispielsweise Simulationen und
Berechnungen durchzufiihren. Sie ermdglichen es somit noch vor der eigentlichen Her-
stellung einen ersten Eindruck vom Objekt zu gewinnen. CAD-Dateien konstruierter Ob-
jekte konnen auf online Plattformen der Allgemeinheit zugénglich gemacht werden. Da-
mit wird die Grundlage fiir eine hohe Transparenz und wissenschaftlichen Austausch
geschaffen . In der vorliegenden Arbeit wurde das CAD-Programm SolidWorks von
Dassault Systeémes verwendet, das neben Autodesk Inventor (Autodesk Corporation) zu

den meist verwendeten Konstruktionsprogrammen zéhlt 2. Das im CAD-Programm er-
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stellte 3D-Objekt wird in das STL-Dateiformat konvertiert und abgespeichert. Die Mo-
delloberfliache wird dabei iiber Dreiecke angendhert und beschrieben (Polygondaten) *.
Dabei gilt: je komplexer die Form, desto mehr Dreiecke sind nétig, um die Oberflache
abzubilden . Um nun aus der STL-Datei das gewiinschte Produkt zu fertigen, ist noch
ein weiteres Bindeglied notwendig. Mithilfe eines sogenannten Slicer wird die STL-Datei
in Schichten unterteilt und diese in einen fiir den 3D-Drucker verstindlichen Code {iber-
setzt 1. Die Slicer-Software ist hidufig Druckermodell-spezifisch und erlaubt dem Anwen-
der, weitere Einstellungen vorzunehmen. So kénnen an dieser Stelle beispielsweise Para-
meter wie Drucktemperatur und -geschwindigkeit festgelegt werden. Die einzustellenden
Parameter kénnen dabei je nach additiver Fertigungstechnologie und Druckermodell va-

415 Ferner werden in der Slicer-Software der Materialverbrauch und die Druck-

riieren
dauer berechnet. Die Dauer eines Drucks wird neben dem Druckermodell und der zu-
grunde liegenden 3D-Drucktechnologie auch von den Qualititseinstellungen beeinflusst.
Nach Festlegen aller Parameter im Slicer kann die Code-Datei an den Drucker iibermit-
telt werden, wo sie iibersetzt und das gewiinschte Modell 3D-gedruckt wird. Nach Been-
den des Drucks koénnen je nach verwendeter Drucktechnologie, Material und Objektgeo-
metrie zusétzliche Nachbearbeitungsschritte ( Post-Processing) notwendig sein, bevor das

gefertigte Objekt gebrauchsfertig ist .

Getrieben durch das Auslaufen fritherer Patente, verzeichnete der Markt der additiven
Fertigung ab 2006 ein grofies Wachstum °. Die Technologie wurde zugénglicher und Her-
stellern wurde ermdéglicht neue 3D-Druckverfahren zu entwickeln und zu optimieren.
Laut einer Studie existierten im Jahr 2018 weltweit iiber 24000 Patente im Bereich der
additiven Fertigung wahrend es 2007 lediglich 2355 Patente waren — damit hat sich die
Anzahl der Patente innerhalb nur eines Jahrzehnts verzehnfacht '°. Schon heute wird die
additive Fertigung mit ihrer hohen Tragweite auf etliche Herstellungsbereiche als disrup-
tive Technologie bezeichnet und damit dem Einfluss des Automobils und des mobilen

t 17, Die 3D-Drucktechnologie findet Einsatz in weiten Feldern

Internets gleichgestell
der Produktion und Fertigung und bringt dariiber hinaus neue Moglichkeiten fiir Her-
stellungsbereiche hervor (siehe Abbildung 3-1). Einfache 3D-Drucker sind kostengiins-
tig und fiir jedermann kommerziell erhéltlich, CAD-Programme sind im Internet frei
verfiigbar. Diese Umsténde eréffneten mit einer individuellen Fertigung zu Hause einen
ganzlich neuen Anwendungsbereich . Das individuelle Designen und Drucken von All-
tagsgegenstanden revolutioniert die hausliche Werkstatt und hat sich geradezu zu einem

Hobby entwickelt '°.
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Maschinenbau &
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Abbildung 3-1 Aktuelle Einsatzbereiche additiver Fertigungsverfahren. (Verandert

nach )

Auch findet die additive Fertigung Einzug im Bereich der Konsumgiiter und Mode. Bei-
spielsweise kann eine Schuhsohle ergonomisch und individuell auf den Verbraucher an-
gepasst oder Spikes bei Sportschuhen optimal platziert werden *. In der Lebensmittelin-
dustrie wird das additive Herstellungsverfahren zur Entwicklung neuer Texturen und
Kreieren komplexer Strukturen im Siiiwarenbereich verwendet . Ganz andere Dimensi-
onen nimmt der 3D-Druck in der Baubranche ein °. Im Jahr 2014 wurde in Amsterdam
im Rahmen eines Kunstprojektes das erste Haus additiv gefertigt und noch im gleichen
Jahr fertigte die Firma WinSun in Shanghai mehrere Hauser serienméfiig mittels 3D-

Druck in unter 24 Stunden 2.

Der hohe Grad der Individualisierbarkeit bei gleichzeitig rascher Herstellung machen den
3D-Druck zu einem idealen Werkzeug fiir die Fertigung von Prototypen, die bis dato in
zeitaufwandigen und kostenintensiven Arbeitsschritten hergestellt wurden . Anpassun-
gen des Prototyps kénnen innerhalb kiirzester Zeit umgesetzt und selbst komplexe Geo-
metrien realisiert werden. Vom sogenannten Rapid Prototyping profitiert daher besonders
die Produktentwicklung, aber auch allgemein ist das Anwendungsspektrum von Prototy-
pen in der industriellen Fertigung immens % Doch die additive Fertigung eignet sich
langst nicht mehr nur zur schnellen Anfertigung von Prototypen, besonders die Flug-
und Fahrzeugindustrie setzt auf die serienméflige Fertigung von Komponenten aus dem
3D-Drucker. Bei Bauteilen, die komplex aufgebaut sind und/oder Gewichtsbegrenzungen

eingehalten werden miissen, wird gerne auf eine additive Fertigung zuriickgegriffen °. So

6
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wird geschétzt, dass 2030 bis zu 5 % aller Elemente fiir Fahr- und Flugzeuge additiv

gefertigt werden .

Bereits in den frithen 2000er Jahren fand der 3D-Druck erste Anwendungen im Bereich
der Medizin ****. Daten aus bildgebenden Verfahren, die beispielsweise Knochen des
Patienten abbilden, kénnen in ein 3D-Modell umgewandelt und 3D-gedruckt werden,

2627 Auf diesem Wege werden

sodass patienten-spezifische Produkte erzielt werden
mafgeschneiderte Prothesen und Implantate hergestellt, die nicht nur fiir den Patienten,
sondern auch fiir die Arzte von groBem Nutzen sind. MaBgefertigte Prothesen,
medizinische Vorrichtungen und chirurgische Instrumente konnen positive Auswirkungen
sowohl auf die Operationszeit, die Genesungszeit als auch den allgemeinen Erfolg des
medizinischen Eingriffs haben ?°. Des Weiteren helfen 3D-gedruckte anatomische Modelle

703 Besonders mit der Entwicklung des

den Arzten bei Planungen von Operationen
Bioprinting, der das 3D-Drucken von biologischen Systemen wie beispielsweise Zellen
ermoglicht, ist das offentliche Interesse fiir den Einsatz von 3D-Druck im bio-

%2 GroBe Hoffnung wird darauf gesetzt, dass

medizinischen Sektor geweckt worden
zukiinftig das 3D-Drucken von Gewebestrukturen und Organen méglich sein kénnte.
Jedoch wirft dieses Ziel bislang noch grofie Herausforderungen auf, wie beispielsweise eine
gleichméflige Sauerstoffversorgung der Zellen oder das Bioprinting verschiedener

9,29,30

Materialien In der chemischen und biotechnologischen Forschung werden die

Vorziige des 3D-Drucks beispielsweise zur Herstellung von individuellen, experiment-
spezifischen Laborequipment sowie Versuchssystemen genutzt **?. Einen wesentlichen
Einfluss hat die 3D-Drucktechnologie dabei auf das Gebiet der Mikrofluidik, indem sie
sowohl die Fertigungsdauer von mikrofluidischen Systemen bedeutend verkiirzt als auch
die Herstellung komplexer Geometrien ermoglicht **%. In Kapitel 3.3 wird der Einfluss

der additiven Fertigung auf die Biotechnologie und Biomedizin weiter ausgefiihrt.

3.2 TUbersicht iiber additive Fertigungsverfahren

Vorangetrieben durch die Ambition beispielsweise neue Materialien einzubinden, in
hoheren Auflésungen zu drucken, Druckfehler zu reduzieren oder groBere Objekte zu
fertigen, wurden in den vergangenen Jahren eine Vielzahl von additiven Fertigungs-
verfahren entwickelt °. Allen Verfahren ist das aufbauende (additive) Grundprinzip
gemein: Schicht fiir Schicht wird das gewiinschte Objekt gebildet. Mit dem Ziel die
verschiedenen 3D-Druckverfahren und -technologien einzuordnen und zu klassifizieren,
wurde 2015 die Norm DIN EN ISO/ASTM 52900 eingefiithrt. Sie definiert sieben
Prozesskategorien von additiven Fertigungsverfahren, denen jeweils teils mehrere 3D-

Drucktechnologien zugeordnet werden *.



Theoretische Grundlagen

Folgende sieben Prozesskategorien werden beschrieben *:

1. Freistrahl-Bindemittelauftrag (engl.: binder jetting)
- Fertigungsverfahren, bei dem ein fliissiger Bindestoff selektiv an ausgewéhlten
Bereichen eines Pulverbettes aufgetragen wird, um Pulverpartikel miteinander zu
verbinden.

2. Materialauftrag mit gerichteter Energieeinbringung (engl.: directed energy deposi-
tion)
- Fertigungsverfahren, bei dem fokussierte thermische Energie genutzt wird, um
Materialien durch Schmelzen miteinander zu verbinden.

3. Materialextrusion (engl.: material extrusion)
- Fertigungsverfahren, bei dem Material durch eine beheizte Diise zum Schmelzen
gebracht und selektiv ausgegeben wird.

4. Freistrahl-Materialauftrag (engl.: material jetting)
- Fertigungsverfahren, bei dem Materialtropfchen selektiv gesetzt und ausgehéartet
werden.

5. Pulverbettbasiertes Schmelzen (engl.: powder bed fusion)
- Fertigungsverfahren, bei dem thermische Energie zum selektiven Schmelzen von
Pulverpartikeln innerhalb eines Behélters dient.

6. Schichtlaminierung (engl.: sheet lamination)
- Fertigungsverfahren, bei dem Materialschichten zu einem Objekt zusammen-
gefligt werden.

7. Badbasierte Photopolymerisation (engl.: vat photopolymerization)
- Fertigungsverfahren, bei dem fliissige Photopolymere in einem Behélter durch

eine Lichtquelle selektiv ausgehéirtet werden.

Die Anzahl an entwickelten Technologien ist immens, sodass in den folgenden
Abschnitten nur auf einige ausgewéhlte Beispiele eingegangen wird. Eine ausfiihrliche
Beschreibung gegenwartiger additiver Fertigungsverfahren und -technologien lésst sich

in den Ausfiihrungen von Gibsen et al. finden .

Die durch Charles Hull patentierte, erste 3D-Drucktechnologie namens Stereo-
lithographie (SLA) wird der badbasierten Photopolymerisation zugeordnet. Bei dieser
Technologie wird ein Laserstrahl iiber mehrere Spiegel selektiv an ausgewéhlte Bereiche
eines Behélters gelenkt, der mit fliissigem Photopolymer-Gemisch gefiillt ist. Die
aktivierten Polymere bzw. Monomere/Oligomere polymerisieren und bilden die erste
Festkorperschicht %, Nach Beenden des Drucks wird das neu gefertigte Objekt aus dem
Flissigkeitsbehélter entfernt und optional nachbearbeitet. Beispielsweise kann eine

zusatzliche Aushéartung mittels UV-Licht die mechanischen Materialeigenschaften weiter
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verandern °. Mittels SLA konnen Objekte mit einer hohen Auflésung gefertigt werden
(Schichtdicke von bis zu 10 nm), die Druckgeschwindigkeit ist jedoch im Vergleich zu
anderen Fertigungstechnologien relativ langsam und die Auswahl an modglichen
Materialien begrenzt °. AuBerdem limitieren die Mafle des Fliissigkeitstanks die mogliche
GroBle des Objektes und der notwendige Fiillstand des Behélters fithrt zu erhohten

Abfallmengen von fliissigem Ausgangsmaterial °.

Die verbreitetste 3D-Drucktechnologie ist das Fused Deposition Modeling (FDM), die
der Prozesskategorie ,Materialextrusion® zugehort °. Bei dieser Methode wird ein
Filament aus festem, thermoplastischem Material an einer beheizten Diise geschmolzen
und geméafl der gewiinschten Objektgeometrie auf eine Plattform extrudiert >*. Nach
Aushérten der ersten Schicht wird die néchste aufgetragen, bis das Objekt fertiggestellt
ist. Einfache FDM-Drucker sind handelsiiblich verfiigbar, verhaltnisméflig giinstig und
eignen sich daher fiir eine Anschaffung zu privaten Zwecken fiir Zuhause **. Neben den
vergleichsweise niedrigen Kosten ist die schnelle Druckgeschwindigkeit einer der
Hauptvorteile dieses Fertigungsverfahrens °*°. Dagegen sprechen schwache mechanische
Eigenschaften, eine schlechte Oberflachenqualitit, die Erkennung der einzelnen Schichten
des schichtweisen Prozesses und die nur limitierte Anzahl an thermoplastischen

Materialien *¢.

Alle im experimentellen Teil dieser Arbeit beschriebenen 3D-gedruckten Objekte wurden
mittels Polymer Inkjet Printing gefertigt. Polymer Inkjet Printing bezeichnet eine 3D-
Drucktechnologie, bei der kleine Tropfchen eines lichtsensitiven Photopolymerharzes auf
eine Plattform abgegeben und dort mittels UV-Licht selektiv ausgehértet werden (siehe
Abbildung 3-2) "*". Entsprechend wird diese Technologie der Prozesskategorie

,Freistrahl-Materialauftrag (engl.: material jetting)* zugeordnet.

Ein Hauptvorteil dieser Fertigungstechnologie besteht darin, verschiedene Materialien im
selben Druckprozess zu verwenden. Diese Option wird vor allem genutzt, um
unterstiitzendes  Stiitzmaterial —(Supportmaterial) direkt im Druckprozess an
entsprechende Objektstellen zu platzieren. Stiitzmaterial dient dazu Modellstrukturen
wéahrend des Druckvorgangs Halt zu geben. Nach Fertigstellung des Druckvorgangs wird
das Stiitzmaterial mechanisch entfernt oder im Fall von léslichem Stiitzmaterial
thermisch geschmolzen, sodass einzig das Photopolymer als Modellmaterial erhalten
bleibt %, Meist wird das fliissige Support- und Photopolymermaterial durch zahlreiche
Druckkopfe bzw. Druckdiisen auf die Druckplattform aufgegeben. Dort werden die
Materialtropfchen mit einer Planierschiene (leveling blade) geglattet und anschliefend

mittels UV-Licht ausgehértet (siche Abbildung 3-2).
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Reservoir
Modellmaterial

Reservoir
Supportmaterial
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i (ausgehartet)

Druckplattform

Abbildung 3-2 Darstellung der additiven Fertigungstechnologie Inkjet Printing.

Durch diesen Prozessvorgang wird nicht nur eine schnelle Fertigung, sondern auch eine
hohe Druckauflésung (Schichtdicke von bis zu 10 pm) und Oberflichenqualitét
erreicht 7. Jedoch ist auch bei dieser Fertigungstechnologie die Auswahl an moglichen
Materialien begrenzt *. Verschiedene polymerbasierte Materialien sind kommerziell

erhéltlich, darunter sind unter anderem transparente Acrylate sowie Silikonmaterialien.

In den vergangenen Jahren ist das Interesse vor allem an hochaufldsenden additiven

3940 Als hochauflosend” wird dabei die additive

Fertigungstechnologien stark gestiegen
Herstellung mit Schichtdicken kleiner als 50 pm bezeichnet *". Traditionelle Verfahren
zur Fertigung von Modellen im Mikro- oder Nanomafistab weisen neben den
geometrischen  Kinschrankungen, die durch das subtraktive oder formative
Prozessverfahren bedingt sind, hohe Fabrikationszeiten und -kosten auf *°. Diese
Verfahrensbeschrankungen koénnten zukiinftig mit additiven Fertigungstechnologien
umgangen werden. Herausforderungen bieten, wie zuvor beschrieben, weiterhin allerdings
die begrenzte Materialauswahl und der hohe Nachbearbeitungsaufwand *. Beispiele
additiver Fertigungstechnologien, die sich zur Herstellung von Objekten im Mikro- und

Nanomafistab eignen, sind die Zwei-Photonen-Polymerisation (2PP), Mikro-Stereo-
lithographie (MSL) und der Elektrohydrodynamische Tintenstrahldruck (EHDP) #4,
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3.3 Additive Fertigung in der Biotechnologie und

Biomedizin

Obwohl die additive Fertigungstechnologie bereits vor mehr als 30 Jahren entwickelt
wurde, findet sie in der heutigen biotechnologischen und biomedizinischen Forschung
eher beschriankt Anwendung *2. Dabei bietet die additive Fertigung gerade fiir die For-
schung ein wertvolles Werkzeug zur kreativen Problemlésung und zur Schaffung indivi-
dueller Experimentierbedingungen. Das folgende Kapitel soll einen Uberblick iiber aktu-
elle Anwendungsbereiche der additiven Fertigung in der Biotechnologie und Biomedizin
geben. Dabei konzentrieren sich die Ausfithrungen auf polymerbasierte 3D-Druckmateri-

alien.

Wie bereits in Kapitel 3.1 beschrieben, fand die additive Fertigung anfangs vor allem
Anwendung zur schnellen, physischen Umsetzung von Konstruktionsentwiirfen bevor ein
Produkt mit anderen Fertigungsverfahren in Serie gefertigt wurde *. Ubertragen auf die
Laborumgebung konnte mittels Rapid Prototyping beispielsweise eine schnelle Anpassung
von Formen oder Formeinsétzen fiir die konventionelle Fertigung von Laborgeriten rea-
lisiert werden . Die Anwendungen der additiven Fertigung sind jedoch ldngst nicht mehr
auf den Bau von Prototypen beschrinkt. Mit einem modernen 3D-Drucker kénnen La-
borartikel mit den gleichen Materialeigenschaften wie kommerziell erhéltliche Produkte

3142 CAD Dateien fiir entsprechende Laborartikel, wie z. B. Gelkamme

gefertigt werden
oder Pipettenhalter, sind in Online-Datenbanken in unterschiedlichen Variationen zur
freien Verwendung bereitgestellt. Das sogenannte Print-on-demand, die Fertigung nur
nach Bedarf, von benétigten Artikeln und Hilfsmaterialien fiir die Laborumgebung leistet
dabei zugleich einen Beitrag zur Nachhaltigkeit und Reduktion von Kunststoffen . Dar-
iiber hinaus kénnen mittels 3D-Druck individuelle, spezialisierte Versuchssysteme und
Laborartikel direkt vor Ort gefertigt werden. Es wird ein Umdenken moglich: Wo bis-
weilen das Experiment an kommerziell erhéltliche Versuchssysteme und Equipment an-
gepasst werden musste, konnen nun Versuchsapparaturen fiir ein spezifisches Experiment
individuell mafigefertigt werden. So wurden beispielsweise Kolbendeckel mit individuellen

Anschliissen eigens fiir ein Experiment entworfen und additiv gefertigt, sowie eine Pro-

benahme ohne Entfernung des Kolbendeckels ermoglicht 4344,

Wesentlichen Einfluss hat die additive Fertigung auf das Gebiet der Mikrofluidik, welches
die Handhabung und Analyse von Fliissigkeiten im Mikrometermafstab beschreibt 4%,
Komplexe Kanalstrukturen und Geometrien konnten bisweilen nur in zeit-, energie- und
kostenaufwendigen Fertigungsverfahren hergestellt werden. Mithilfe von hochauflésenden

3D-Drucktechnologien lassen sich gleichwertige Ergebnisse in nur einem Bruchteil der
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Zeit erzielen und mittels der Verwendung transparenter Materialien wird eine optische
Sichtung ermoglicht ***. Die Fahigkeit, mehrere Prozessschritte auf einem einzigen Chip
zu kombinieren, gibt mikrofluidischen Systemen einen bedeutenden Vorteil gegeniiber

traditionellen Methoden, die in der Laborumgebung verwendet werden

. Diese Sys-
teme, die allgemein als Lab-on-Chip (LoC) bezeichnet werden, ermoglichen die Vereinfa-
chung und Automatisierung komplexer Protokolle und Abléaufe, sowie die Parallelisierung
von Experimenten. Gleichzeitig reduzieren sie das notwendige Proben- und Reagenzien-
volumen *?!. Als in LoC-Systeme integrierbare Einheiten sind beispielsweise mikrofluidi-
sche Separatoren, passive Mikromischer, funktionale Ventile, Inkubationsschleifen oder
Reaktionskammern zu nennen *492% Tn Kapitel 4.4 wird eine 3D-gedruckte, dynamische
Durchflusszelle vorgestellt, die eine homogene Vermischung von Fliissigkeitsstromen
durch Integration von passiven Mikromischer-Einheiten bewirkt. Wie in Abbildung 3-3
schematisch dargestellt, konnten additiv gefertigte LoC-Systeme beispielsweise direkt an

einen Bioprozess gekoppelt werden und eine kontinuierliche Kultivierung ermoglichen.

Hauptkultur / Kontinuierliche
Bioreaktor Kultivierun
I . Analyse I B
Uber ein
3D-gedrucktes
LoC-System

Separieren
Mischen
Inkubieren
Sortieren
Screenen

Abbildung 3-3 Schematische Darstellung von moglichen Analysemethoden eines in ei-

nen Bioprozess integrierten, additiv gefertigten, mikrofluidischen LoC-Systems.

Der 3D-Druck bietet die Méglichkeit Reaktoren und Reaktionssysteme individuell, maf-
gefertigt herzustellen. Die Fertigung ist dabei jedoch in der Grofle limitiert — abhéingig
vom verwendeten 3D-Drucker kénnen nur eher kleine Systeme im Mikroreaktormafstab

gefertigt werden. Der kleine MafBistab bietet aber auch Vorteile. Reaktionen kénnen in
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einer hochkontrollierten Umgebung stattfinden. Das gesamte System kann homogen tem-
periert werden, Reaktionen kénnen unproblematisch iiberwacht und automatisiert ge-
steuert werden *°. Durchflussreaktoren mit teils komplexen Stromungsgeometrien wurden
bereits zur Durchfithrung verschiedenster chemischer Reaktionen additiv gefertigt %
Lederle et al. verdeutlichten in einer Studie die Eignung von aus Acrylnitril-Butadien-
Styrol (ABS) gedruckten Reaktionsgefifien zur Durchfiihrung chemischer Reaktionen un-
ter Inertgasatmosphéire selbst mit hochreaktiven Reagenzien. Sie demonstrierten damit
die aus dem FDM-Fertigungsprozess resultierende Dichtigkeit, sowie die Chemikalienbe-
stindigkeit von ABS ». Einen umfassenden Uberblick iiber gegenwirtige Anwendungen
der additiven Fertigung im chemischen Labor sind in den Ausfithrungen von Hiibner und

Lederle zu finden ®

. Im biotechnologischen Bereich entwickelten beispielsweise Krujatz
et al. ein Bioreaktorsystem fiir die Kultivierung und Uberwachung von Mikroalgen und
photobiotechnologischen Prozessen, das aus Polyamid additiv gefertigt wurde und ein
Arbeitsvolumen von 20 mL fasst . Schmidt et al. entwarfen ein Perfusions-Bioreaktor-
system, das die Kultivierung von adhérenten Zellen in bis zu vier Sauerstoff-kontrollier-
ten, additiv gefertigten Mikrobioreaktoren ermoglicht 2. Durch Automatisierung des Sys-
tems konnte ein gleichméBiges, reproduzierbares Aussien der Zellen ermdglicht werden.
Auch Rimington et al. realisierten Perfusions-Bioreaktoren mithilfe der additiven Ferti-

gung ®. Das 3D-gedruckte Perfusionssystem unterstiitzte die Differenzierung myogener

Vorlauferzellen.

Fiir einen Einsatz im Bioreaktor wurden beispielsweise Riithrer mit komplexen Geomet-
rien additiv gefertigt oder Modelle entwickelt, die mit einer hohen spezifischen Oberfléche

3164 Khan et al. setzten die

einen Biofilm im Reaktor vor vorzeitigem Abldsen schiitzen
additive Fertigung zur Herstellung von Reaktoreinsétzen ein, die mit einer feinen gitter-
artigen und porosen Struktur auf Beads immobilisierte Mikroorganismen einschlieflen .
Die Beads konnten in die 3D-gedruckte pordse Struktur eindringen und wurden dort
zuriickgehalten, wodurch die Exposition der Mikroorganismen mit dem Kulturmedium
erhoht werden sollte. Odeleye et al. optimierten das Wachstum von Stammzellen auf
Microcarrier durch Integration von additiv gefertigten Stromungsverteilern in den Flief3-
bettreaktor . Die Stromungsverteiler stellten eine gleichméfliige Stromung, sowie einen

ausreichenden Nahstofftransfer zu den Partikeln sicher.

Weitere Anwendung findet die additive Fertigung in der Sensorik, Analytik und Uber-
wachung von (biotechnologischen) Prozessen. Durch den Einsatz von leitfihigen 3D-
Druckmaterialien kénnen zum Beispiel Elektroden fiir elektrochemische Sensoren mafige-

67,68

fertigt werden "%, Die auf diese Weise hergestellten Elektroden kénnen mit biologischen
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Komponenten funktionalisiert und zur elektrochemischen Detektion von Analyten ver-

. Nesaei et al. konnten durch Funktionalisierung der 3D-gedruckten

wendet werden
Elektroden mit Glucose Oxidase sogar eine héhere Sensitivitéit gegeniiber Glucose als mit
funktionalisierten, konventionellen Screen-printed electrodes erreichen ™. Eine andere
Moglichkeit stellt die Verwendung des 3D-Drucks zur Fertigung von individuellen, haufig
mikrofluidischen Plattformen und Geréteapparaturen fiir die Biosensorik und Analytik
dar, in die kommerzielle Produkte, wie z.B. Smartphones, Elektroden, Membranen oder
andere Sensorkomponenten integriert werden kénnen ™. In diesem Bereich gibt es zahl-
reiche Beispiele fiir 3D-gedruckte Sensorsysteme, die sich anhand ihrer biologischen Kom-
ponente in zellbasierte, enzymbasierte, antikorperbasierte, aptamerbasierte oder bead-
basierte Sensoren einteilen lassen. Einen umfassenden Uberblick iiber den Einsatz der
additiven Fertigung in der Biosensorik geben Ni et al. ™. Da im experimentellen Teil

dieser Arbeit ein Biosensor mit elektrochemischen Detektionsprinzip beschrieben wird,

fokussieren sich die nachfolgenden Ausfithrungen auf elektrochemische Biosensoren.

Dong et al. haben beispielsweise ein nahezu vollstdndig 3D-gedrucktes, enzymbasiertes
Sensorsystem zur Detektion von Laktat vorgestellt . Sie druckten mit verschiedenen
3D-Druckmaterialien sowohl die Elektroden als auch die Kabelanschliisse und das Ge-
héuse des Systems. Einzig eine aus Polyethylenterephthalat (PET) bestehende Unterlage
fertigten sie nicht mittels 3D-Druck. Fiir die online-Analyse von Glucose- und Laktat-
konzentrationen haben Gowers et al. ein mikrofluidisches System entwickelt, in welches
zwei enzymbasierte Biosensoren integriert werden kénnen ™. Aus einem festen, polymer-
basierten Material druckten sie einen mikrofluidischen Chip und Halterungen fiir die
Elektroden. Um eine hinreichende Abdichtung der Halterungen mit dem Chip zu gewéhr-
leisten, druckten sie zusétzlich Dichtungsringe aus einem weichen, elastischen 3D-Druck-
material. Motaghi et al. setzten die 3D-Drucktechnologie zur Minimierung der notwen-
digen Probenmengen ein, indem sie eine bipolare Elektrode in einen mikrofluidischen
Chip integrierten ™. Auf diese Weise konnten sie sowohl das benotigte Volumen an Ap-
tamerlosung zur Funktionalisierung der Elektrode als auch das Probenvolumen zur De-
tektion reduzieren. Die auch im Rahmen dieser Arbeit verwendeten, kommerziell erhélt-
lichen Screen-printed electrodes (SPE) wurden von Damiati ef al. in ein 3D-gedrucktes,
mikrofluidisches Sensorsystem integriert. Die SPE und das mikrofluidische System wur-
den dabei durch eine doppelseitige Klebeschicht zusammengefiigt. Li et al. stellten ein
tragbares Biosensorsystem vor, das aus einem kleinen Impedanzdetektor und einem 3D-
gedruckten Chipsystem besteht ™. In das Chipsystem kann eine SPE und ein Universal

Serial Bus (USB) Anschlussstiick zur Verbindung mit dem Detektor integriert werden.
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Es existieren verschiedene Anséitze, um polymerbasierte 3D-Druckmaterialien fiir analy-
tische oder sensorische Zwecke zu funktionalisieren. Je nach gewéhlten additiven Ferti-
gungsverfahren und Druckmaterial weist die 3D-gedruckte Struktur eine Topographie
und Rauheit auf, die sich als Trager fiir katalytisch aktives Material eignet “. Zur Um-
setzung chemischer Reaktionen kénnen mit nasschemischen Methoden katalytische Be-
schichtungen auf das Material aufgetragen werden . Ebenso kénnen vorhandene reak-
tive Gruppen des verwendeten 3D-Druckmaterials fiir kovalente Funktionalisierungen
genutzt werden . Kazenwadel et al. entwickelten ein modular aufgebautes Reaktorsys-
tem zur Implementierung und Testung von Enzym Kaskaden *. Zur Immobilisierung von
Enzymen wurden in einem ersten Schritt die im acrylbasierten Druckmaterial vorhande-
nen Carboxylgruppen durch Zugabe eines Carbodiimids aktiviert und daran anschliefflend
Enzyme {iber Amidbindungen kovalent gebunden. Durch ein dhnliches Verfahren erreich-
ten auch Peris et al. eine Aldehyd-funktionalisierte Materialoberfldche eines mittels FDM
gedruckten Nylons, an welche sie eine Transaminase kovalent immobilisierten *'. Im Ge-
gensatz zu einer Funktionalisierung von bereits gedruckten Materialteilen, fligten
Manzano et al. dem Ausgangsmaterialgemisch (polymerbasiert) vor dem additiven Fer-
tigungsprozess fiir ihre Anwendung funktionelle Monomere hinzu *. Auf diese Weise
konnten sie Objekte mit einer intrinsischen chemischen Reaktivitit additiv fertigen. Héu-
fig ist es jedoch nicht moglich, Anpassungen des Ausgangspolymergemisches vorzuneh-

men, da viele 3D-Druckersysteme auf kommerziell erhéaltliche Materialkartuschen ange-

wiesen sind, die nur ungedffnet vom 3D-Druckersystem akzeptiert werden.

Ein weiterer Anwendungsbereich der additiven Fertigung, der hier nur der Vollstandig-
keit halber genannt werden soll, ist das Bioprinting. Besonders im biomedizinischen Be-
reich und im Tissue Engineering wurden durch das 3D Bioprinting neue Mafistibe ge-
setzt. Lebende Zellen, wie beispielsweise Stammzellen, Zelllinien und vom Patienten
stammende Zellen, kénnen mit guter rdumlicher Kontrolle in nahezu jede gewiinschte

83,84

strukturelle Anordnung gedruckt werden *". Infolgedessen ist es moglich, technische

Konstruktionen nachzubilden, die die Form, Struktur, Architektur und/oder Funktion

83-85

von nativen Geweben oder Organen imitieren **. Kinen umfassenden Uberblick iiber die

Fortschritte des 3D Bioprinting und gegenwértige Anwendungen sind in den Artikeln

von Matai et al. sowie Jovic et al. zu finden .

3.4 Materialien fiir die additive Fertigung

Materialien und deren zugrunde liegenden Eigenschaften kommt bei der Frage, ob sich
die additive Fertigung im Bereich der Biotechnologie bewéhren kann, eine Schliisselrolle

zu. Die Auswahl an Materialien ist allerdings trotz starkem wirtschaftlichen Wachstum
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der 3D-Druckbranche bisher sehr begrenzt 9. Weiter verlangen Hersteller haufig die Ver-
wendung ihrer eigenen, proprietdren Materialien in ihren 3D-Druckern — ansonsten ris-
kiert der Verbraucher den Verlust der Garantie °. Diese Situation schriankt den Materi-

alpool zusétzlich ein.

Die Ausgangsmaterialien fiir den 3D-Druck werden je nach Fertigungstechnologie in
Form von Pulvern, Schichten, Fliissigkeiten oder Filamenten verarbeitet (sieche Abbil-
dung 3-4). Die verschiedenen additiven Fertigungstechnologien stellen dabei unter-
schiedliche Anforderungen an die Ausgangsmaterialien. Beispielsweise konnen mittels
FDM ausschliellich thermoplastische Materialien verarbeitet werden und SLA sowie Ink-

jet Printing sind auf photosensitive Polymere angewiesen.

Filament
NN N Ausgangsmaterial )
fir schichtweisen —®°
3D-Druck
FlUssigkeiten rue Pulver

Materialschichten

Abbildung 3-4 Schematische Darstellung der schichtweisen Fertigung bei Verwendung

unterschiedlicher Ausgangsmaterialien (verédndert nach *).

Die gebrauchlichsten Materialien fiir die additive Fertigung sind Metalle und Legierun-
gen, Polymere und Keramiken *°. In den letzten Jahren wurden auflerdem zahlreiche
Verbundwerkstoffe (composites) entwickelt, die mittels 3D-Druckverfahren verarbeitet
werden konnen °*. Verbundwerkstoffe bestehen in der Regel aus einem Polymer-Haupt-

material und einem Verstarkungsmaterial, wie Carbonfaser oder Glasfaser. Im Rahmen
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dieser Arbeit wurde ausschliefilich mit Polymeren als Fertigungsmaterial gearbeitet, so-

dass sich die folgenden Ausfithrungen auf diese fokussieren.

Als Polymer wird ein Stoff bezeichnet, dessen Struktur im Wesentlichen aus sich wieder-
holenden Einheiten besteht *. Diese Einheiten leiten sich im Allgemeinen von Molekiilen
mit geringer relativer Molekiilmasse ab *. Es werden natiirliche und synthetische Poly-

mere unterschieden

%, Natiirliche Polymere, auch Biopolymere genannt, werden in Le-
bewesen synthetisiert . Zu ihnen gehoren sowohl Proteine und Nukleinsauren, die aus
den Monomer-Einheiten Aminosiduren und Nukleotide aufgebaut sind, als auch Cellulose
und Chitosan, die aus B-D-Glucose- bzw. Glucosamin-Einheiten bestehen *'. Als synthe-
tische Polymere werden Stoffe bezeichnet, die durch Reaktionen (Polymerisation, Poly-

9 Die in der additiven Ferti-

kondensation, Polyaddition) kiinstlich hergestellt wurden
gung am héufigsten verwendeten Polymere sind die synthetisch hergestellten Stoffe Ac-
rylnitril-Butadien-Styrol (ABS) und Polylactid (PLA)°. Beide Materialien sind durch
Wiérmezufuhr in einem bestimmten Temperaturbereich verformbar (thermoplastisch)
und werden auf Grund dieser Eigenschaft haufig fiir die additive Fertigung mittels FDM

%2 Synthetische, photosensitive Monomere bzw. Oligomere polymerisieren

verwendet *
nach Aktivierung mittels UV-Licht und werden bei 3D-Drucktechnologien wie SLA oder
Inkjet Printing verwendet *. Bei diesen Fertigungsverfahren umfasst das fliissige Poly-
mer-Gemisch neben den Monomer- bzw. Oligomer-Einheiten weitere Komponenten wie
Photoinitiatoren und Additive (z. B. Pigmente, (Licht-)Stabilisatoren oder Inhibito-
ren) % Photoinitiatoren agieren als Katalysatoren der Photopolymerisation, indem sie
absorbierte Lichtenergie in reaktive Spezies (freie Radikale und/oder Kationen) umwan-
deln . Die reaktive Spezies initiiert tiber radikale oder kationische Reaktionsmechanis-

men das Kettenwachstum der Polymerkette und ist daher von hoher Relevanz fiir den

3D-Druckprozess .

In der vorliegenden Arbeit wurden zwei verschiedene Materialien verwendet, die auf syn-
thetischen Polymeren basieren und mittels Inkjet Printing verarbeitet wurden. In Kapitel
4.1 und 4.4 wird das Material ,,VisiJet® M2R-CL* (vertrieben von 3D Systems Inc.) und
in Kapitel 4.2 und 4.3 das Material ,AR-M2% (vertrieben von Keyence GmbH) charak-
terisiert und in Anwendungen beschrieben. Bei beiden Materialien handelt es sich um
feste, unbiegsame, transluzente Polyacrylate, die jeweils aus zwei verschiedenen Acrylat-

95,96

monomeren bzw. -oligomeren aufgebaut sind *”. Neben starren, unbiegsamen Druckob-

97,98

jekten konnen ebenso elastische Bauteile gefertigt werden . Das Polymergemisch be-

steht in dem Fall zu einem hohen Anteil aus Silikonen (Poly(organo)siloxane).
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Eine weitere Klasse von polymerbasierten Materialien wird durch das 3D Bioprinting
beschrieben. Hier werden Materialien bendtigt, die Gewebe- und Organstrukturen mog-
lichst nah imitieren und/oder den In-vivo-Anforderungen hinsichtlich biologischer Ver-
traglichkeit, Zersetzung und dem Erhalt der Zellfunktionalitit gerecht werden *. Gleich-
zeitig sollten die Materialien ,,3D-druckbar® sein, d. h. sie sollten den Bedingungen des
additiven Fertigungsprozesses standhalten. Als Hauptakteure in dieser Sparte haben sich
hydrogelbasierte Systeme etabliert ***. Der Begriff ,,Hydrogel* bezieht sich auf ein hyd-
rophiles 3D-Netzwerk, das aus natiirlichen oder synthetischen Polymeren mit hohem
Wassergehalt besteht **. In den letzten Jahren haben sich verschiedene Polymere als
Hydrogel-Komponenten bewéahrt, darunter sind Alginat, Collagen, Chitosan, Hyaluron-

saure, Gelatine, methacrylierte Gelatine und Polyethylenglycol 10102,

Gegenwértige Entwicklungen zielen darauf ab, die mechanischen Eigenschaften 3D-ge-
druckter, polymerbasierter Materialien weiter zu verbessern. Reine Polymerprodukte wei-
sen haufig nur eine geringe Festigkeit sowie Temperaturbestdndigkeit auf, weswegen sie
fiir einige Anwendungen ungeeignet sind **. Diese Eigenschaften kénnen durch den Zu-
satz von Verstirkungsmaterialien wie Carbon- oder Glasfasern, verbessert werden *. Die
resultierenden Verbundwerkstoffe werden bereits fiir die industrielle Fertigung an-

spruchsvoller Funktionsprototypen oder Automobilteilen verwendet ',

3.4.1 Materialanforderungen

Ein Material unterliegt verschiedensten Anforderungen hinsichtlich des additiven Ferti-
gungsprozesses oder der beabsichtigten Anwendung °. Wie bereits angesprochen, setzt
die Fertigung mittels FDM beispielsweise thermoplastische und das Inkjet Printing pho-
tosensitive Materialien voraus. Der beabsichtigte Anwendungsbereich stellt weitere For-
derungen an physikalische, chemische und biologische Eigenschaften eines Materials —
oder aus anderer Sichtweise: die physikalischen, chemischen und biologischen Eigenschaf-
ten eines Materials bestimmen iiber dessen Anwendungsspektrum. Abbildung 3-5 gibt
einen Uberblick iiber mégliche Materialeigenschaften, die speziell eine biotechnologische

Anwendung beeinflussen und bestimmen kénnen.
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- Wasseraufnahme

- Biokompatibilitét

- pH-Wert in Losung

- Sdure/Base-
bestandigkeit

- elektrische Leitfahigkeit

- Rauheit

- Benetzbarkeit

- Oberflachenladung
- Oberflichenenergie
- Topographie

Oberflachen- Sonstige
eigenschaften Eigenschaften
- Festigkeit
- Harte
Biotechnologische - Elastizitit
Optische Anwendung Mechanische . Dichte
Eigenschaften Eigenschaften
- Transparenz
- Reflexion Thermische
- Eigenfluoreszenz Eigenschaften
- Lichtbrechung - Schmelztemperatur

- Warmeleitfahigkeit
- Thermische Stabilitat
- Warmeausdehnung

Abbildung 3-5 Auswahl von Materialeigenschaften, die eine Anwendung speziell im

biotechnologischen Bereich bestimmen kénnen.

Zur optischen Kontrolle und Analyse von Fliissigkeitsstromen oder stattfindenden Pro-
zessen innerhalb eines Systems sind die optischen Materialeigenschaften wie Transparenz
und Reflexion bedeutsam. In der Biotechnologie kénnen dies Anwendungen als LoC-
System oder die Uberwachung von Bioprozessen in additiv gefertigten Bioreaktoren sein,
die auf transparente Materialien angewiesen sind. Des Weiteren entscheidet die Eigen-
fluoreszenz eines Materials iiber die Moglichkeit der mikroskopischen Analyse mittels
Fluoreszenzmikroskopie, welches eine Verwendung beispielsweise in der Zellanalytik ein-
schrinken kann. Mechanische Materialeigenschaften wie Harte, Festigkeit und Elastizitat
bestimmen mafigeblich den Anwendungsbereich als auch die Haltbarkeit des Materials in
der jeweiligen Anwendung. Ist ein Material mit geringer Zugfestigkeit einer permanent

hohen Kraft ausgesetzt, kann es frithzeitiger zu Verformungen oder zum Bruch kommen.

Soll ein Material in einer biologischen Umgebung (wie z. B. Anwendungen in der Zell-
kultur) eingesetzt werden, muss dieses gewisse Sterilitdtsanforderungen erfiillen . Ein
Verfahren zur Sterilisation ist die thermische Behandlung mit feuchter Hitze im Auto-
klaven. Dabei wird das zu sterilisierende Material Temperaturen von meist 121 °C fiir
mehrere Minuten ausgesetzt. Thermische Materialeigenschaften wie Schmelztemperatur,
Wiérmeausdehnung und thermische Verformung sind daher wichtige Parameter, die iiber
die Verwendung eines thermischen Sterilisationsverfahrens bestimmen und ultimativ
iiber den Einsatz eines Materials in biomedizinischen und biotechnologischen Anwendun-

gen entscheiden kénnen. Die Warmeleitfahigkeit sowie Warmeausdehnung eines Materi-
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als konnen auflerdem bei temperaturgefithrten Prozessen, wie beispielsweise biotechnolo-
gischen Zellkultivierungen, von Relevanz sein und sollten mit in die Prozessplanung ein-

4 Vor allem durch Zusatz von Verstirkungsmaterialien wie Carbon-

bezogen werden
oder Glasfasern im Polymergemisch kénnen dabei verédnderte thermische Eigenschaften

erhalten werden *.

Der additive Fertigungsprozess hat Auswirkungen auf Oberfldcheneigenschaften wie Rau-
heit und Benetzbarkeit, sowie den Glanzgrad **. Durch den Fertigungsprozess konnen
unterschiedliche Materialoberflachen mit unterschiedlichen Eigenschaften entstehen *2.
Mittels FDM und Inkjet Printing entstehen beispielsweise Modellseiten, die durch den
schichtweisen Materialauftrag charakteristische Oberflachenprofile mit einer hohen Rau-
heit an bestimmten Objektseiten aufweisen. Die Oberflichentopographie kann das Stré-
mungsverhalten von Fliissigkeiten innerhalb eines Systems beeinflussen. Auflerdem haben
Oberflachentopographie, Rauheit und Benetzbarkeit Einfluss auf die Zelladhision und
Proliferation und entscheiden daher mafigeblich iiber die Anwendung eines Materials in
der Zellkultur oder in vivo "', Fiir den Einsatz eines Materials in biologischen Anwen-
dungen sind jedoch noch weitere Figenschaften bedeutend, wie beispielsweise die Ober-
flachenladung und -energie sowie der pH-Wert in Losung. Insgesamt muss die biologische
Vertréglichkeit (Biokompatibilitét) gesichert sein "', Ein negativer Effekt von aus dem
Material entweichenden Verbindungen (leachables) muss dabei ausgeschlossen werden.
Besonders bei polymerbasierten Materialien ist das Austreten/Auslaugen von nicht aus-
polymerisierten (Acrylat) Monomeren, Reaktionsprodukten oder anderen Komponenten
des Polymergemisches ein bekanntes Problem und haufig mit nachteiligen Effekten auf
die biologische Umgebung verbunden !, AuBlerdem konnen sich Reagenzien, die zur
Nachbearbeitung (Post-Processing) additiv gefertigter Objekte verwendet werden, nega-
tiv auf die biologische Umgebung auswirken 2. Wird ein Material in vivo, in den mensch-
lichen Korper eingebracht, sollte eine starke Immunreaktion ausgeschlossen werden 110,
So konnen zytotoxische Effekte ausgehend von Materialien Hautirritationen oder allergi-

114,115

sche Reaktionen auslosen . Materialien werden je nach Verhalten in vivo als biostabil

t 116

oder biodegradierbar klassifizier . Biodegradierbare Materialien diirfen dabei auch

nach Resorption in vivo keine negativen Einfliisse auf den Organismus zeigen '*°.

3.4.2 Aufarbeitung von 3D-gedruckten Objekten (Post-Processing)

Die Nachbearbeitung (Post-Processing) von additiv gefertigten Modellteilen bezieht sich
auf die (in der Regel manuellen) Schritte, die zur Endbearbeitung und Fertigstellung der
Modellteile fiir den Anwendungszweck notwendig sind . Nach Beenden des Post-

Processing sind die gefertigten Teile bereit fiir den Einsatz. Das Post-Processing kann

20



Theoretische Grundlagen

abrasive Bearbeitungsschritte, wie Polieren und Schleifen, aber auch das Aufbringen von
Beschichtungen und Lackierungen umfassen . Die notwendigen Bearbeitungsschritte
sind sehr anwendungsspezifisch und abhéngig von dem zugrunde liegenden additiven
Fertigungsverfahren. Ziele des Post-Processing konnen beispielsweise Verbesserungen der
Oberflichenstruktur oder der Genauigkeit von Endabmessungen sein. Sieht das
Fertigungsverfahren auflerdem eine Verwendung von Stiitzmaterial zur Unterstiitzung
der Modellstrukturen vor, wird dieses im Post-Processing entfernt. Je nach Eigenschaft
des Stiitzmaterials kann es mechanisch entfernt oder im Fall von 16slichen Stiitzmaterial

thermisch geschmolzen oder aufgelost werden .

Die 3D-Drucktechnologien, die im
Rahmen dieser Arbeit zur Fertigung von Objekten verwendet wurden, setzen
wasserlosliche oder thermisch schmelzbare Stiitzmaterialien ein. Durch Verwendung
solcher Stiitzmaterialien wird das Risiko von Beschadigungen am Modell wahrend des
Post-Processing im  Vergleich zur Nutzung von mechanisch zu entfernenden
Stiitzmaterialien stark reduziert. Abhéngig von der intendierten Anwendung kann das
Post-Processing aufwendige Nachbearbeitungsschritte oder eine thermische sowie
chemische Behandlung des Modells umfassen . Besonders bei der Nachbearbeitung von
kleinen und komplexen Modelldetails, z. B. bei mikrofluidischen LoC-Systemen, kann das
Post-Processing Herausforderungen bieten und zeitintensive Schritte umfassen.
AuBerdem stellen sowohl Riickstinde des Stiitzmaterials, als auch weitere Reagenzien,
die wahrend des Post-Processing z. B. zur Desinfektion verwendet wurden, potentielle
Gefahren fiir die biologische Umgebung dar und kénnen sich negativ auf diese
auswirken 2. Aus diesem Grund sollten alle notwendigen Schritte des Post-Processing
iiberlegt durchgefithrt und in Hinblick auf die beabsichtigte Anwendung ausgewéhlt

werden.

3.5 Biokompatibilitdt und In-vitro-Testverfahren fiir die

biologische Beurteilung von Materialien

Werden Materialien in unmittelbaren Kontakt mit dem menschlichen Kérper gebracht,
miissen unerwiinschte Nebenwirkungen und Risiken fiir die Person ausgeschlossen wer-
den. Aus diesem Grund sollten beispielsweise jegliche Medizinprodukte zuvor eingehend
auf die biologische Vertréglichkeit (Biokompatibilitit) untersucht werden . Der Begriff
,Biokompatibilitdt*“ beschreibt die Vertriglichkeit zwischen einem Material (bzw. End-
produkt) und einem biologischen System "*!*. Als offiziell anerkannte Definition wird
haufig auf die Auslegung von David F. Williams auf der ,,Conference of the European

Society of Biomaterials (1986)“ verwiesen, der Biokompatibilitit definierte als:



Theoretische Grundlagen

» The ability of a material to perform with an appropriate host response in

a specific application ',

welches in etwa bedeutet: ,,Biokompatibilitit ist die Fahigkeit eines Materials, in einer
spezifischen Anwendung bei angemessener Wirtsreaktion eine bestimmte Funktion aus-
zuiiben® ', Eine ,angemessene Wirtsreaktion“ umfasst beispielsweise einen normalen,
unkomplizierten Heilungsprozess, Resistenz gegen bakterielle Kolonisation oder Biofilm-
bildung und die Verhinderung von Blutgerinnung '*". Ein Endprodukt ist dementspre-
chend biokompatibel, wenn die verwendeten Materialien mit dem Gewebe, den Zellen
und den Korperfliissigkeiten des Anwenders wechselseitig vertraglich sind 7. Die Bio-
kompatibilitat eines Materials (bzw. Endprodukts) wird dabei sowohl durch dessen Ma-
terialeigenschaften, als auch durch die Art und Dauer der intendierten Anwendung be-

stimmt ',

Richtlinien und Priifmethoden zur Beurteilung von Materialien (bzw. Endprodukten)
hinsichtlich Biokompatibilitdt werden in der Normenreihe EN ISO 10993 beschrieben .
Die erforderlichen In-vitro- und In-vivo-Analysen sind dabei von der beabsichtigten An-
wendung sowie Kontaktart und -dauer mit dem biologischen System abhéingig . Ein
Implantat, das dauerhaft in den menschlichen Koérper eingesetzt werden soll, muss sich
so unter anderem Priifungen auf Genotoxizitdt, Himokompatibilitit, Zytotoxizitéit, sys-
temische Toxizitat, Irritationen und Hautsensibilisierungen unterziehen . Bereits in den
frithen Phasen der Produktentwicklung kénnen In-vitro-Testverfahren niitzliche Infor-
mationen iiber die Sicherheit von Materialien liefern. Nur Materialien, die sich in vitro
als biologisch vertraglich erweisen, werden anschlieend fir eine In-vivo-Testung in Be-
tracht gezogen und sind damit moglicherweise fiir eine klinische Anwendung geeignet.
Die frithe Evaluation der Materialien bietet somit nicht nur die Moglichkeit geeignete
Kandidaten fiir In-vivo-Studien auszuwéhlen, sondern spart zudem Ressourcen und Zeit
ein 7. Insgesamt stellt die biologische Beurteilung nach EN ISO 10993 einen ganzheitli-
chen Ansatz dar, der auf eine griindliche physikochemische Charakterisierung, In-vitro-
Testverfahren und, nach Auswertung der zuvor erhaltenen Daten, begriindeten In-vivo-

Studien beruht 107118120,

Wie bereits in Kapitel 3.4.1 angesprochen, nehmen die physikalischen, chemischen und
biologischen Materialeigenschaften Einfluss auf eine biologische Umgebung und damit
auf die Biokompatibilitdt des Materials. Auch das Design und der Herstellungsprozess
des Materials bzw. Endprodukts sollten so abgestimmt werden, dass toxikologische Risi-
ken minimiert sind *2. Im konkreten Fall eines 3D-gedruckten polymerbasierten Materials

koénnen sich etwa neben den eigentlichen physikochemischen Materialeigenschaften zahl-
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reiche Aspekte auf die Biokompatibilitdt auswirken, wie z. B. aus dem Material austre-
tende Komponenten des Polymergemisches, Riickstdnde des Stiitzmaterials, wihrend des
Post-Processing verwendete Reagenzien sowie das Desinfektions- bzw. Sterilisationsver-

fahren.

Es existieren eine Vielzahl von In-vitro- sowie In-vivo-Priifmethoden, um die biologische
Vertréglichkeit eines Materials zu bewerten. Im Rahmen dieser Arbeit wurden 3D-ge-
druckte Materialien lediglich ersten Biokompatibilitatspriifungen in In- Vitro-Testverfah-
ren zur Analyse der Zytotoxizitdt unterzogen, um eine sichere Laboranwendung der Ma-
terialien in biotechnologischen/biomedizinischen Bereichen zu gewéhrleisten. Daher kon-
zentrieren sich die folgenden Ausfithrungen allein auf In-vitro-Testverfahren zur Analyse
der Zytotoxizitit. Eine ausfithrliche Ubersicht und Beschreibung simtlicher In-vitro- so-
wie In-vivo-Priifmethoden sind in den Ausfithrungen von Wintermantel et al. und der
Norm EN ISO 10993 zu finden "'

In Abhéngigkeit der intendierten Anwendung des Materials werden vor Analyse der Zy-
totoxizitat die zelluldren Modelle (Zelllinien) fiir die In-vitro-Tests gewéahlt, die die In-
vivo-Situation bestmoglich abbilden sollten ¥, Ferner stehen drei Kontaktmethoden
zur Interaktion von Material und biologischem System zur Auswahl, von denen die wei-
tere Probenvorbereitung und auch das anschlieflende Analyseverfahren abhéngen kann:
der direkte Materialkontakt, der indirekte Kontakt durch eine Schicht Agar oder Filter
und Extraktionsmethoden, bei denen das Material zuvor fiir eine gewisse Zeit in Fliissig-
keit gehalten wurde und diese anschlieend mit dem biologischen System in Kontakt

107,121

gebracht wird

3.5.1 Mikroskopische Analysen zur Bewertung der Zytotoxizitat

Nachdem das zu priifende Material in direkten/indirekten Kontakt mit den Zellen ge-
bracht wurde, gibt die mikroskopische Analyse der Zellmorphologie erste Hinweise auf
die Zytotoxizitat des Materials ''"!**, Eine mikroskopische Beobachtung der Zellprolife-
ration oder zellspezifischer Verhaltensweisen im Verlauf der Kultivierung kann weitere
Informationen iiber die biologische Vertraglichkeit des Materials liefern. Mithilfe ver-
schiedener Farbemethoden kann zudem die Integritdt von Membranen, Organellen oder
die Gegenwart von intrazellularen Molekiilen mikroskopisch kontrolliert werden '**. Der
Farbstoff Trypanblau fungiert beispielsweise als Indikator fiir die Membranintegritat und
wird verwendet, um Zellen mit beeintrachtigter Zellmembran visuell zu identifizieren '%.
Tote oder geschadigte Zellen besitzen eine eingeschrinkte Membranintegritét, die es dem
Farbstoff ermoglicht in die Zelle einzudringen und sie somit zu markieren '*. Auf diese

Weise ist eine quantitative Aussage iiber den Anteil lebender/toter Zellen moglich.
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Mittels des in Kapitel 4.1 vorgestellten bildbasierten Analysesystems kann das Zellver-
halten kontinuierlich, in Echtzeit, verfolgt werden. Es ermodglicht die mikroskopische
Aufnahme mit Durchlicht, Phasenkontrast sowie roter und griiner Fluoreszenz. Das Ge-
rat selbst wird in einen herkémmlichen Inkubator gestellt, um die Temperatur und CO»-
Bedingungen konstant zu halten. Die Steuerung erfolgt {iber einen zuséitzlichen Computer

aufBlerhalb des Inkubators.

3.5.2 Biochemische Methoden zur Bewertung der Zytotoxizitat

Biochemische Priifmethoden liefern haufig ein zuverléssigeres und spezifischeres Ergebnis
als mikroskopische Analysen zur Zytotoxizitat '°'*!, Zahlreiche biochemische Testverfah-
ren sind kommerziell erhaltlich, die vielfiltige Zellfunktionen analysieren und sich mit

verschiedenen Prozessen des Zellstoffwechsels beschéftigen 712,

Im Rahmen dieser Arbeit wurden der Laktatdehydrogenase (LDH)-Assay und der Cell-
TiterBlue® (CTB)-Assay zur Bestimmung der Viabilitét verwendet. LDH ist ein in allen
Korperzellen vorkommendes, intrazelluldres Enzym '*°. Durch die Schadigung der Zell-
membran und den damit verbundenen Verlust der Membranintegritat gelangt das Enzym
in die extrazellulire Matrix, wo es mithilfe des LDH-Assay bestimmt werden kann. LDH
katalysiert die Reduktion von Nicotinamid-Adenin-Dinukleotid (NAD)" zu NADH in
Anwesenheit von Laktat (welches gleichzeitig zu Pyruvat oxidiert wird) **". In einer zwei-
ten gekoppelten Reaktion wird das gebildete NADH oxidiert und das in dem Detektions-
ansatz ebenfalls enthaltene Tetrazolium-Salz zu einem roten Formazanprodukt reduziert.
Die Bildung von Formazan kann bei 490 nm spektroskopisch bestimmt werden und ist

direkt proportional zu der Anzahl an Zellen mit geschédigter Zellmembran .

Der CTB-Test gibt Aufschluss iiber das intrazellulidre Reduktionspotential der Zellen und
beruht auf der Umwandlung von Resazurin in das fluoreszierende Produkt Reso-
rufin 212 Metabolisch inaktiven Zellen ist es nicht moglich Resazurin zu Resorufin zu
reduzieren und entsprechend kann kein Fluoreszenzsignal detektiert werden '*. Die In-
tensitdt des Fluoreszenzsignals steigt daher proportional zur Zellviabilitdt und kann

spektrophotometrisch mittels Mikroplatten-Reader bestimmt werden %,

Viele anerkannte Testmethoden zur Bewertung der Zytotoxizitiat bestimmen die mito-
chondriale Funktion von Zellen durch Messung der Aktivitdt mitochondrialer Enzyme
wie Dehydrogenasen, welches haufig durch einen Reaktionsmechanismus mit Bildung von
Formazan erfolgt 7. Allgemein liefern biochemische Testmethoden in kurzer Zeit zuver-

ldssige, quantitative Ergebnisse. All diese Methoden unterscheiden jedoch nicht zwischen
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den Mechanismen, die zum Zelltod fithren — sie basieren allein auf der Quantifizierung

lebender und toter Zellen .

3.5.3 Durchflusszytometrische Verfahren zur Bewertung der

Zytotoxizitat

Eine noch differenziertere Analyse des Zellverhaltens und -zustandes ermoglicht die
Durchflusszytometrie. Mithilfe der Durchflusszytometrie konnen Zellen beziiglich ihrer
physikalischen und molekularen Eigenschaften analysiert werden. Fiir die Bewertung der
Zytotoxizitdt eines Materials liefern Analysen der apoptotischen und nekrotischen Zell-
mechanismen wichtige Informationen tiber toxische Substanzen 7. Apoptose beschreibt
den Mechanismus eines intern ,programmierten® Zelltods *°. Im Gegensatz dazu ist die
Nekrose ein zelluldrer Mechanismus, der durch externe Faktoren wie Verletzungen oder
toxische Substanzen ausgelost wird "3, Beide Signalwege fithren zur Ausprigung expli-
ziter morphologischer und biochemischer Zellmerkmale, die mit spezifischen Fluoreszenz-
markern detektiert und analysiert werden kénnen 7. Ein frithes Stadium der Apoptose
ist beispielsweise durch die Translokation von Phosphatidylserin an die duflere Zellober-
flache gekennzeichnet ***2, Annexin V besitzt eine hohe Bindungsaffinitdt zu Phos-
phatidylserin und kann daher als Markerprotein fiir den Nachweis von Apoptose fungie-

ren 2. Die Detektion von fluoreszenzmarkiertem Annexin V stellt eine anerkannte und

haufig verwendete durchflusszytometrische Methode zur Analyse der Apoptose dar '*2.
Des Weiteren koénnen beispielsweise Anderungen des mitochondrialen Transmembranpo-

tentials Hinweise auf Apoptose geben und durchflusszytometrisch analysiert werden .

Die Durchflusszytometrie erlaubt zudem die Detektion zelltypspezifischer Molekiile und
Proteine durch fluoreszenzmarkierte Antikorper '*. Folglich kann der Einfluss eines Ma-

terials sehr spezifisch untersucht und analysiert werden.



Experimenteller Teil

4 Experimenteller Teil

Diese Doktorarbeit setzt sich aus vier verschiedenen Teilen zusammen, die sich mit der
Integration von additiv gefertigten Systemen in biotechnologische Anwendungen befas-

sen. Jeder Teil wurde separat in peer-reviewed Fachzeitschriften veroffentlicht.

Um den sicheren Einsatz zweier polymerbasierter 3D-Druckmaterialien in biologischen
Applikationen zu gewéhrleisten, wurden diese zunidchst umfassend charakterisiert. Die
erste Publikation mit dem Titel ,,Real-Time Live-Cell Imaging Technology Enables High-
Throughput Screening to Verify in Vitro Biocompatibility of 3D Printed Materials” be-
schaftigt sich mit dem FEinfluss verschiedener Desinfektions- bzw. Sterilisationsverfahren
auf die Zytotoxizitiat (und damit Biokompatibilitat) additiv gefertigter Objekte, die aus
dem Material VisiJet® M2R-CL von 3D Systems Inc. hergestellt wurden. Des Weiteren
werden verschiedene In-Vitro-Testverfahren zur Analyse der Zytotoxizitdt vorgestellt
und miteinander verglichen. Bei Anwendungen in der adhérenten Zellkultur steht ein
Material iiber einen langeren Zeitraum in direkten Kontakt mit den Zellen. Aus diesem
Grund wurden in der zweiten Publikation mit dem Titel ,,Characterization of a
customized 3D-printed cell culture system using clear, translucent acrylate that enables
optical online monitoring” neben In-Vitro-Zytotoxizititstests auch Untersuchungen der
Oberflédcheneigenschaften des 3D-Druckmaterials AR-M2 von Keyence GmbH angestellt.
Ferner wird ein additiv gefertigtes Zellkultursystem vorgestellt, in welchem adh&rent

wachsende Zellen kultiviert und mikroskopisch beobachtet werden konnen.

Nachdem die polymerbasierten 3D-Druckmaterialien in den ersten beiden Publikationen
eingehend charakterisiert wurden, werden in der dritten und vierten Publikation Anwen-
dungen der additiven Fertigung in der Biotechnologie beschrieben. In der Publikation
mit dem Titel ,,Customizable 3D-printed (co-)cultivation systems for in vitro study of
angiogenesis® wird ein Ko-Kultivierungssystem vorgestellt, welches zur Analyse der An-
giogenese und der Wechselwirkungen unterschiedlicher Zelltypen entwickelt wurde. Uber-
dies zeigen in dieser Publikation weitere mafigeschneiderte, 3D-gedruckte Plattformen
und Systeme das grofie Potential der additiven Fertigung zur individuellen Anpassung
an Experimente auf. Die vierte Publikation mit dem Titel ,,3D-printed flow cells for
aptamer-based impedimetric detection of E. coli Crooks strain” beschreibt statische und
dynamische Durchflusszellen, die fiir die Durchfithrung elektrochemischer Messungen ent-
wickelt und additiv gefertigt wurden. Die Anwendung der statischen Durchflusszelle wird
in aptamerbasierten Biosensor-Experimenten verdeutlicht. Der Einfluss integrierter Mik-
romischer auf die Mischverhaltnisse vor einer elektrochemischen Messung wird mit Ex-

perimenten in der dynamischen Durchflusszelle veranschaulicht.
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4.1 Vergleich dreier Verfahren zur Analyse der
Biokompatibilitdt von 3D-gedruckten Elementen in

einer Studie verschiedener Aufarbeitungsstrategien

POST-PROCESSING, STERILISATION /
DESINFEKTION

3D-DRuUCK EVALUATION DER BIOKOMPATIBILITAT

Durchflusszytometrie
# Biochemischer

s prave Assay
T e |
- ¢
7 "k
Naclo [ jeecdsvess

Abbildung 4-1 Graphical abstract von ,,Real-Time Live-Cell Imaging Technology Ena-
bles High-Throughput Screening to Verify in Vitro Biocompatibility of 3D Printed Ma-

terials®.

Trotz steigendem Interesse an der Integration von additiv gefertigten Objekten in bio-
technologischen und biomedizinischen Anwendungen, mangelt es an Informationen iiber
den Einfluss von Druckmaterialien und deren Aufarbeitungsmethoden ( Post-Processing)
auf lebende Zellen. Neben den Aufarbeitungsschritten, die z. B. zur Entfernung von mit-
gedruckten, unterstiitzenden Strukturen (Stiitzmaterial) notwendig sind, kénnen auch
die Desinfektions- bzw. Sterilisationsverfahren grofie Auswirkungen auf die biologische

Vertréaglichkeit des Materials haben.

Im nachfolgenden Artikel wird der Einfluss verschiedener Desinfektions- bzw. Sterilisati-
onsstrategien auf die Zytotoxizitdt (und damit Biokompatibilitit) 3D-gedruckter Ele-
mente untersucht. Daneben werden drei unterschiedliche In-Vitro-Testverfahren zur
Analyse der Zytotoxizitdt miteinander verglichen und hinsichtlich einer Eignung fiir

Screenings hoher Probenanzahlen bewertet.

Bei dem innerhalb dieser Arbeit verwendeten 3D-Druckmaterial (VisiJet® M2R-CL, 3D
Systems Inc.) handelt es sich um ein transluzentes, festes Polyacrylat, das mittels Inkjet
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Printing mit hoher Auflosung gedruckt wurde. Das Material besteht aus zwei verschie-
denen Acrylatmonomeren bzw. -oligomeren, wobei zum Zeitpunkt der Untersuchungen
keine naheren Informationen zu den Materialeigenschaften vorlagen *. Nach obligatori-
schen Aufarbeitungsschritten, die zur Entfernung von mitgedruckten Stiitzstrukturen er-
forderlich sind, wurde das 3D-Druckmaterial mit drei unterschiedlichen Methoden desin-
fiziert bzw. sterilisiert. Eine Desinfektion bzw. Sterilisation ist fiir alle Materialien zwin-
gend erforderlich, die in direktem oder indirektem Kontakt mit biologischer Umgebung
stehen, um eine Kontamination derselben zu verhindern. In der hier présentierten Arbeit
wurden zwei chemische Reagenzien zur Desinfektion des 3D-Druckmaterials verwen-
det — Ethanol (v/v, 70 %) und Natriumhypochlorit (v/v, 2 %). Als physikalische Sterili-
sationsmethode wurde das Material mit UV-Licht (A = 266 nm) bestrahlt. Nach weiterer
Probenvorbereitung gemafl ISO 10993:2012 wurde der Einfluss der Materialproben auf
adipogene, mesenchymale Stammzellen (AD-MSC) untersucht und die Biokompatibilitét
bewertet. Hierzu dienten neben einem biochemischen Testverfahren im Mikroplatten-
Reader, eine durchflusszytometrische Methode sowie moderne bildbasierte Analysetech-

nologie.

Es konnte gezeigt werden, dass eine vorherige Desinfektion des Materials mit Ethanol
weder negative Einfliisse auf die Zellen noch auf die Materialeigenschaften hat. Kontroll-
kulturen wiesen eine vergleichbare Zellmorphologie, Viabilitiat als auch &hnliches Zell-
wachstum auf, sodass die Aufarbeitungsstrategie mit Ethanol als Desinfektionsmittel als
erfolgreich bewertet und das 3D-Druckmaterial als (in vitro) biokompatibel betrachtet
werden kann. Diese Ergebnisse bilden damit einen Ausgangspunkt fiir vielseitige biotech-

nologische und biomedizinische Anwendungen des 3D-Druckmaterials.

In einem Vergleich der unterschiedlichen In-Vitro-Testverfahren zur Analyse der Bio-
kompatibilitit zeigt sich die Uberlegenheit des bildbasierten Analysesystems hinsichtlich
des Zeitaufwandes, der Benutzerfreundlichkeit und des wissenschaftlichen Informations-
gehalts. Bildbasierte Echtzeitanalysen ermoglichen die gleichzeitige Beobachtung von
Verénderungen der Zellmorphologie sowie kinetische Analysen und Quantifizierungen im
Hochdurchsatz. Damit stellen bildbasierte Analysesysteme nicht nur ein ideales Werk-
zeug fiir die Untersuchung der Biokompatibilitéit dar, sondern erweisen sich auflerdem

als niitzlich fiir den téglichen Gebrauch in zahlreichen Zellkulturanwendungen.

Im folgenden Artikel , Real-Time Live-Cell Imaging Technology Enables High-Through-
put Screening to Verify in Vitro Biocompatibility of 3D Printed Materials* werden die

Ergebnisse detailliert beschrieben und diskutiert.
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Abstract: With growing advances in three-dimensional (3D) printing technology, the availability and
diversity of printing materials has rapidly increased over the last years. 3D printing has quickly
become a useful tool for biomedical and various laboratory applications, offering a tremendous
potential for efficiently fabricating complex devices in a short period of time. However, there still
remains a lack of information regarding the impact of printing materials and post-processing
techniques on cell behavior. This study introduces real-time live-cell imaging technology as a fast,
user-friendly, and high-throughput screening strategy to verify the in vitro biocompatibility of 3D
printed materials. Polyacrylate-based photopolymer material was printed using high-resolution
3D printing techniques, post-processed using three different procedures, and then analyzed with
respect to its effects on cell viability, apoptosis, and necrosis of adipogenic mesenchymal stem cells
(MSCs). When using ethanol for the post-processing procedure and disinfection, no significant effects
on MSCs could be detected. For the analyses a novel image-based live-cell analysis system was
compared against a biochemical-based standard plate reader assay and traditional flow cytometry.
This comparison illustrates the superiority of using image-based detection of in vitro biocompatibility
with respect to analysis time, usability, and scientific outcome.

Keywords: real-time live-cell imaging technology; in vitro study; biocompatibility; 3D printing;
flow cytometry; adipogenic mesenchymal stem cells

1. Introduction

3D printing has become a highly attractive tool with numerous different applications in the last
decade. Already established technologies in the realm of rapid prototyping, 3D printing techniques
are now increasingly being used to fabricate individually-designed devices in a comparatively easy,
time and cost-effective way. Several 3D printing technologies are now available on the market, diverging
mainly in the printing process and/or the physical state of the material bases utilized. The most
established of these technologies create devices by melting and extruding thermoplastic filaments,
fusing small particles of polymer powder together, or curing liquid resins via photopolymerization [1].
There are some fundamental similarities, however, for example, all 3D printing techniques make use of
a “layer by layer” fabrication process, which facilitates almost unlimited complexity with respect to
the final printed product.

Facilitated by 3D printing, the rise of rapid prototyping has great potential to accelerate the
progression of biomedicine, biotechnology, and tissue engineering. Put differently, 3D printing
permits the rapid fabrication of customized medical products and equipment, which can enable more
individualized medical application [1-3]. The generation of implantable, highly porous 3D scaffolds
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has become an increasingly important concept within the field of tissue engineering [3,4]. Such porous,
personalized scaffolds provide a suitable surface for patient-specific cells to proliferate under ideal
conditions. Nevertheless, despite these recent advances in medical applications involving 3D printing,
the in vivo use of 3D printed materials should still be treated with some degree of caution, given the
tremendous complexity of interactions within the human body. One major challenge associated with
introducing foreign material into an organic system is the concept of “biological compatibility” or
“biocompatibility” [1]. A generally accepted definition of this concept was given by D. F. Williams in
1987, “Biocompatibility is the ability of a material to perform with an appropriate host response in a
specific application” [5].

An “appropriate host response” includes a normal healing process, resistances to bacterial
colonization or biofilm formation and the prevention of blood clotting [6]. The biocompatibility of
all materials being considered for use in real-world biomedical applications must first therefore be
carefully assessed and confirmed via in vivo and in vitro studies [6,7]. If leachables or extractables show
a negative impact on mammalian cells in vitro, then a material cannot be characterized as biologically
compatible [8]. International standards—such as ISO 10993—provide extensive information, which can
be used to develop appropriate assays and otherwise inform about biocompatibility testing methods [9].

A variety of cell culture-based in vitro assays are available for investigation of cytotoxicity of
materials. These methods vary widely, from analysis and counting of viable/dead cells via microscope
to biochemical-based assays and flow cytometric analyses. Microscopic observations of changes in
cell morphology and counting of viable/dead cells form the basis [7]. As vital dyes such as Trypan
blue can only enter—and thereby mark out—cells with disrupted cell membranes, use of these dyes in
tissue cultures allows researchers to visually distinguish living and dead cells [10]. Biochemical-based
assays provide a more reliable and specific outcome [7,11]. Numerous commercial assays are available,
each one dealing with a different process of cellular metabolism [7,12]. For example, the Cell Titer-Blue®
assay (CTB assay) used within this study relies on the conversion of resazurin to the fluorescent
product resorufin, which highlights the intracellular reduction potential of living cells [13]. However,
although assays like this are widely used, they can only highlight the fundamental distinction between
living and dead cells—they do not allow any further nuanced analysis into the different mechanisms by
which cell death may occur [7]. Analyses of apoptosis and necrosis provide more detailed information
on this front. The apoptotic pathway describes the mechanism of an internally “programmed” cell
death [14,15]. By contrast, necrosis is a cellular death mechanism that has been triggered by external
factors, such as injury or infection [14]. Both of these pathways display distinct morphological and
biochemical features that can be observed and analyzed using specific fluorescence detection markers.

Due to the versatility of 3D printing technologies, a wide variety of printing materials—as well as
post-processing procedures and surface finishing steps—are now being utilized. The materials can
differ (for example) in their physical state, melting temperature, strength, and/or durability [1]. And the
potential fields of application for any given method—as well as associated necessary post-processing
or sterilization steps—are ultimately dependent on the properties of the underlying materials [7,16].
For example, materials with a high heat distortion temperature can be sterilized by thermal sterilization
(autoclaving) for subsequent use in biological applications, while materials with a lower heat distortion
tolerance require alternative sterilization procedures. Support materials such as wax are used by
many 3D printing technologies to provide a scaffold with which to stabilize the building material.
Following the printing process, this support material must be removed. The post-processing and
removal of support material residues is also material-dependent, and can cause difficulties—especially
with respect to detailed 3D structures and small channels (for example in microfluidic systems [17].
Depending on the post-processing and sterilization procedure, different end products with different
properties can be obtained from the same material formulation. For applications in cell culture, every
material formulation and post-processed product needs an individual investigation for biocompatibility.
Accordingly, there is an apparent need for high-throughput screening assays.
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This study seeks to help to fill in that gap by introducing real-time live-cell imaging technology
as a fast, cost-effective and easy to use screening method to examine the in vitro biocompatibility of
materials. To that end, a translucent clear, solid polyacrylate was printed via a high-resolution MultiJet
3D printing process, and was then post-processed to remove the supporting material. Following
this post-processing procedure, three different disinfection and sterilization methods were examined,
using ultra violet (UV) light as a physical sterilization method, as well as ethanol (70%, v/v) and
sodium hypochlorite (2%, v/v) as chemical reagents. Afterwards, all of the post-processed objects
were analyzed and screened for their suitability in cell culture applications by comparison of different
in vitro biocompatibility methods. For biocompatibility evaluation, extraction media were obtained in
accordance to ISO 10993:2012 standards and its impact on adipogenic mesenchymal stem cells (MSCs)
was observed. Metabolic activity (representing cell viability) was assessed using a CellTiter-Blue® (CTB)
cell viability assay. Analyses of apoptotic and necrotic responses as a measure of biocompatibility were
also performed in a comparative study, using both modern image-based live-cell analysis technology
and traditional flow cytometry.

2. Materials and Methods

2.1. Experimental Procedure

After 3D printing of a translucent polyacrylate material was completed, the printed parts are
then cleaned in post-processing steps and sterilized or disinfected, respectively, using three different
approaches. According to ISO 10993:12, extraction media are obtained for studying the influence
of the 3D printed material on MSCs in in vitro biocompatibility assays. Three different methods to
assess in vitro biocompatibility were compared in this study: (1) A biochemical-based viability assay
(CTB assay) in a standard plate reader; (2) traditional flow cytometry; and (3) novel image-based
live-cell analysis. A schematic overview of the experimental procedure is shown in Figure 1.

3D Printing

Post-Processing
Sterilization/Disinfection
1SO10993-12 Extraction

In vitro Biocompatibility Testing

Biochemical-based Flow Image-based
Assay (CTB-Assay) Cytometry Detection (IncuCyte)

Figure 1. Flow chart of performed experiments. The in vitro biocompatibility of 3D printed material
was evaluated using three different approaches.

2.2. 3D Printing

3D printed constructs were manufactured using the high-resolution MultiJet 3D printer ProJet®
MJP 2500 Plus (3D Systems, Rock Hill, SC, USA). The 3D printing material analyzed in this
study is VisiJet® M2R-CL (3D Systems, Rock Hill, SC, USA). It appears as a translucent clear,
solid polyacrylate following a UV-curing process, and it is printed with a resolution of 800 x 900 dots
per inch and a layer resolution of 32 um [18,19]. As support material for the printing process,
VisiJet® M2-SUP is used. For studying the success of the post-processing and the potential
influence of leachables, 5 x 5 x 5 mm cubes were printed—representing a total surface area of
1.5 cm*-ml~!, The known hazardous components in the liquid state of the present acrylic photopolymer
material are 3-hydroxy-2,2-dimethylpropyl, 3-hydroxy-2,2-dimethylpropionate, the polymerization
initiator diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide, and monofunctional urethane acrylate.
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Together with the constituent tricyclodecane dimethanol diacrylate, these components are all listed as
being potentially harmful to aquatic organisms and/or as otherwise potentially causing adverse effects
on aquatic environments in their liquid state (i.e., before polymerization) [19]. During the printing
process, the polyacrylic material is polymerized by UV light—after which it can be declare harmless.
No additional information regarding the material was provided by the manufacturer.

2.3. Post-Processing of 3D Printed Objects

All steps of the post-processing are shown in Figure 2, and they include freezing the printing
plate for 15 min at —18 °C, and placing 3D printed objects in a heat steam bath of the EasyClean unit
(3D systems, Rock Hill, SC, USA) for 45 min at 65 °C and incubation in an ultrasonic bath (Bandelin
electronic, Berlin, Germany) with detergent (Fairy Ultra Plus, Procter and Gamble, CT, USA) for
30 min at 65 °C. Deionized water, provided by Arium® (Sartorius Stedim Biotech GmbH, Gottingen,
Germany), was used in all experiments.

1. Post- 2. Sterilization/ 3.1S010993-12 4. Biocompatibility
Processing Disinfection Extraction Testing
Freezing Ethanol
ﬁ
g emt ) (2
Heat steam NaClO
R - I,
(..\:P EM2 ' N
Ultrasonic bath UV-light

v

0 6

Figure 2. Schematic process of 3D printing, post-processing and extraction medium preparation.
Cleaning steps (1): freezing of 3D printed objects (15 min, —18 °C), heat steam in a water bath (45 min,
65 °C), ultrasonic bath with detergent (30 min, 65 °C). Sterilization steps (2): disinfection in ethanol (70%,
vfv, 1 h, RT) or sodium hypochlorite (2%, v/v, 1 h, RT) or UV light exposure (1 h, RT). Biocompatibility
testing steps (4) then followed an incubation of 3D printed objects in cell culture medium according to
EN ISO 10993-12 (2012) (3). (EM = extraction medium). EM 1: EM obtained by incubation of 3D printed
material treated with ethanol (70%, v/v) in a disinfection process. EM 2: EM obtained by incubation of
3D printed material treated with sodium hypochlorite (2%, v/v) and EM 3: EM obtained by incubation
of 3D printed material sterilized by UV light.

Extraction medium (EM)

2.4. Sterilization/Disinfection of 3D Printed Objects

One disadvantage of many 3D printed materials is their relatively low heat distortion temperature
and their corresponding incompatibility with thermal sterilization approaches [19-21]. However,
a guaranteed sterile and disinfected product is necessary for the use in biomedical applications [22,23].
The polyacrylic material used in this study has a heat distortion temperature around 80 °C, as a result
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the most common sterilization method (autoclaving) is not a possibility [19,24,25]. But physical and
chemical procedures can also be used to sterilize and disinfect materials [24]. In this study, two different
methods for chemical disinfection were used: The product was subjected to incubation in either
ethanol (Carl Roth GmbH und Co. KG, Karlsruhe, Germany), 70%, v/v, or sodium hypochlorite, 2%,
v/v, (Carl Roth GmbH und Co. KG, Karlsruhe, Germany), for 1 h at room temperature. In addition,
UV irradiation (UV Sterilization Cabinet KT-09DC, Alexnld, Tiberias, Israel, 6 W, A = 266 nm) was
also used as a physical sterilization method. In order to cover every side of the 3D printed cubes
with UV light, the cubes are turned around within a total of 1 h of UV light exposure at room
temperature. After sterilization or disinfection procedure all cubes were washed thoroughly with
sterile phosphate-buffered saline (PBS).

2.5. Preparation of Extraction Media (EM) for Biocompatibility Studies

Potential leaching properties of the 3D printed material, or remaining support material,
were evaluated by obtaining extraction medium (EM) according to EN ISO 10993-12:2012
(Biological evaluation of medical devices—art 12: Sample preparation and reference materials).
After post-processing, the aforementioned 3D printed cubes were incubated in cell culture medium
Minimum Essential Medium Eagle, with alpha modification (e-MEM) (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) containing 10% human serum (c.c.pro GmbH, Oberdorla, Germany) and 1%
Gentamicin (PAA Laboratories GmbH, Pasching, Austria), for 72 h at 37 °C with a surface area/volume
ratio of 3 cm?ml~!. The obtained medium is referred to as extraction medium (EM). EM obtained by
incubation of 3D printed material treated with ethanol (70%, v/v) in post-processing process is referred
to as “EM 1.” EM obtained by incubation of 3D printed material treated with sodium hypochlorite
(2%, v/v) is hereafter referred to as “EM 2”, and EM obtained by incubation of 3D printed material
sterilized by UV light is referred to as “EM 3.” Cell culture medium incubated for 72 h at 37 °C without
3D printed objects served as a control for all biocompatibility experiments.

2.6. Cell Line and Cell Culture Conditions

For all experiments, human adipogenic tissue-derived mesenchymal stem cells (MSCs) were
used. After obtaining the donor’s informed written consent, as approved by the Institutional Review
Board (Hannover Medical School) with the reference number 3475-2017, adipose tissue was received
following abdominoplasty surgery. After isolation, MSCs have been extensively characterized by
surface marker analysis and functional properties as described earlier [26]. Cultivation of MSCs was
performed in cell culture medium in a 5% CO,, 21% O, humidified atmosphere at 37 °C (Heracell
150i incubator, Thermo Fisher Scientific Inc., Waltham, USA). The MSCs were routinely maintained
in 75 cm? cell culture flasks (Corning, CellBind Surface, Corning, NY, USA), and then harvested at
about 85% confluency by accutase treatment (Merck KGaA, Darmstadt, Germany) for detachment [26].
24 h prior to the start of an experiment, cells were seeded in 6-, and 96-well plates (at a density of
18,000 cells-cm 2 and 1100 cells-cm 2, respectively) (Sarstedt AG and Co. KG, Niirnbrecht, Germany).
Experiments were performed with cells of passages two to six.

2.7. CellTiter Blue® (CTB) Viability Assay in Fluorescence Plate Reader

For indirect evaluation of cell viability using a standard method, a CellTiter-Blue® cell viability
assay (Promega, GmbH, Mannheim, Germany) was performed using the background and standard
controls specified in the accompanying manual. Metabolically active cells are able to reduce blue
resazurin into a purple, fluorescent resorufin via action of numerous redox enzymes in different
intracellular compartments [13,27,28]. The fluorescence intensity produced by this reaction is therefore
indicative of the number of viable cells. The product formation is monitored at an extinction wavelength
of 544 nm, and an emission wavelength of 590 nm, using a fluorescence plate reader (Fluoroskan Acent,
Thermo Fisher Scientific Inc., Waltham, MA, USA). MSCs were seeded in 96-well plates at a density of
8000 cells/well in 100 pl cell culture medium and incubated for 24 h at 37 °C in a humid atmosphere
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supplemented with 5% CO,. Subsequently, the MSCs were cultivated in the related extraction medium
(see Section 2.5) or control medium for 24 h. After 24 h, extraction or control medium was removed,
100 pl fresh culture medium containing 10% CTB stock solution was added to each well and the MSCs
were incubated for 1.5 h before measuring the fluorescence in a plate reader. Each experiment was
repeated 13 times (n = 13).

2.8. Cell Viability Analysis by Flow Cyfometry

Flow cytometry represents the traditional method used to monitor and quantitatively examine
cell apoptosis and necrosis [29]. The BD FACSAria™ Fusion (Becton Dickinson, Franklin Lakes, NJ,
USA) used in this study contains four lasers with numerous filters, which allow for a combination
of multiple fluorescence markers within one sample. The basic principle of a flow cytometer is the
analyses of hydrodynamically focused single cells that pass orthogonally through a bundled laser
beam of a suitable wavelength. As they pass through the laser beam, the cells can be identified and
classified by their physical characteristics (i.e., according to cell size, granularity, or specific fluorescence
labeling) [30].

2.8.1. Sample Preparation

MSCs were seeded at a density of 18,000 cells-cm™2 in 6-well plates and then incubated for 24 h
at 37 °C under 5% CO,. Before related extraction media or control medium was used (as described
below in Section 2.5), MSCs were washed once with PBS to remove non-adherent cells. MSCs were
then cultivated in correspondent media for another 24 h. Cell samples for cell counting and flow
cytometry experiments were obtained by detachment of adherent cells using accutase treatment.
Before dyeing and analysis, the detached cells were sedimented by centrifugation for 5 min at 200x g
and then resuspended in fresh culture medium [31,32]. The cell number and viability was estimated
viw cell counting using a 0.4% Trypan blue stain (7 = 4) in a haemocytometer (Brand GmbH + Co.
KG, Wertheim, Germany) [10]. Trypan blue can be used to visually identify cells with disrupted cell
membranes since dead or damaged cells possess a compromised membrane integrity which allows the
dye to enter the cell and visibly mark it as distinct from a healthy living surrounding.

2.8.2. Measurement and Quantification of Apoptosis and Necrosis

MSCs were centrifuged for 5 min at 200X g, resuspended, and then washed with PBS twice.
Necrotic cells were marked and identified using the SYTOX® AADvanced™ Dead Cell Stain, which is
provided in the CellEvent™ Caspase-3/7 Green Flow Cytometry Assay Kit (Thermo Fisher Scientific
Inc., Waltham, MA, USA). These cells were stained as instructed in the manual. Necrotic cells possess
disrupted cell membranes which allow the Dead Cell Stain to enter the cell and intercalate in DNA
structures, thereby visually marking out the cell. Necrosis can be measured at an excitation maximum
of 546 nm and an emission maximum of 647 nm. Apoptotic cells express and activate the enzymes
caspase-3 and caspase-7 [33]. Hence, apoptosis can be evaluated by the detection of active caspase-3/7
using the CellEvent™ Caspase-3/7 Green Stain, provided in the same assay kit. The corresponding
green fluorescence signal has an excitation maximum of 511 nm and an emission maximum of 533 nm,
and was captured with appropriate laser and filter settings using a BD FACSAria™ Fusion flow
cytometer. The same number of cells were stained in each sample, in order to maintain an equal
distribution of fluorescence reagents to cells. To represent a positive control for apoptosis, 50 um
cisplatin (cisplatin-induced apoptosis) was also added to the cells (control experiments were performed
in triplicate). Cisplatin is a platin derivative that blocks DNA synthesis, induces apoptosis via
p53-dependent and independent signaling mechanisms, and activates caspase-3. It is a well-known
DNA-alkylating antitumor agent which is used as a chemotherapeutic drug [34,35]. MSCs cultivated
in normal cell culture medium, without contact to 3D printing material, served as a negative control.
The MSCs were cultivated for a period of 30 h, with cell samples taken every 4-6 h (n = 6). Cell samples
were handled and counted via the Trypan blue exclusion method (described in Section 2.8.1). The BD
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FACS Diva™ Software v8.0 (Becton Dickinson, Franklin Lakes, NJ, USA) was used for analysis.
Flow cytometry analysis is predicated on the principle of “gating”, by placing gates around cell
populations with common characteristics, different cell populations can be segregated and selected
for further investigation. Here, a uniform gating strategy was used for all experiments in order to
separately analyze and quantify apoptotic, necrotic and living cells. Necrotic and apoptotic cells,
respectively, possess higher red and green fluorescence signal intensities compared with living cells.
Gates were determined based on both positive and negative cell controls. At least 10,000 events per
sample were analyzed with an “event” being defined as a single particle detected by the system.
The experiment was performed with three biological replicates.

2.9. Cell Viability Analysis by Real-Time Live-Cell Imaging System

The IncuCyte® Live-Cell Analysis System (Sartorius Stedim Biotech GmbH, Géttingen, Germany)
is an image-based real-time system that allows for an automatic acquisition and analysis of cell images.
With the use of two lasers, both phase contrast as well as fluorescence images can be captured. The entire
system is placed inside a cell culture incubator in order to guarantee controlled cultivation conditions
during real-time monitoring. Phase contrast and fluorescence images are automatically recorded and
analyzed using customized software tools in the IncuCyte® S3 image analysis software (Sartorius
Stedim Biotech GmbH, Géttingen, Germany). With pre-defined imaging masks, fluorescence signals
of the recorded images are then analyzed and counted. Parameters such as minimum fluorescence
signal intensity are considered and defined in advance (e.g., to exclude diffuse background noise
from the evaluation). The same imaging masks are applied to all acquired images. The data is
exported as Counts/Image, which represents the counted fluorescence signals with respect to a single
image. The applied dynamic image processing and analysis enables quantitative real-time analyses of
fluorescence signals in an imaging field. In addition, by using pre-defined cell-specific imaging masks
containing information on cell size and shape, cell growth can be monitored in real-time, by analyzing
the occupied area of an imaging field in phase contrast images. Accordingly, this system provides both
quantitative and kinetic data. A schematic workflow of the real-time live-cell imaging system is shown
in Figure 3.

aquire process analyse

Figure 3. Schematic illustration of the working process of real-time live-cell analysis. (A) Placing of
the real-time live-cell imaging system inside a cell culture incubator; (B) automatically acquire images
over time; (C) receive images of all locations in the culture vessel at once; (D) imaging masks identify
regions of interest; and (E) the results can be monitored in real-time and (F) display quantitative and
kinetic analyses of all culture vessels at once.
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2.9.1. Sample Preparation

MSCs were seeded in 96-well plates at a density of 8000 cells/well in 100 pl cell culture medium
and then incubated for 24 h at 37 °C in a humid atmosphere supplemented with 5% CQO,. Staining
reagents for quantification of apoptosis and necrosis were diluted in respective cell culture medium
obtained as described in Section 2.5. Before the staining reagents containing media were added to
these cultivation wells, the old medium was first discarded and all non-adherent cells were removed
by a washing step with PBS.

2.9.2. Measurement and Quantification of Apoptosis and Necrosis

A quantitative analysis of apoptosis and necrosis of MSCs over time was ascertained during the
cultivation in extraction medium 1 (EM 1) and extraction medium 2 (EM 2), with regular cell culture
medium serving as a control. Staining of the cells was performed using the IncuCyte® Cytotoxicity
and Apoptosis Detection Kits (Sartorius Stedim Biotech GmbH, Gottingen, Germany), according to
the manufacturer’s protocols. Real time measurement of necrosis is based on the cell membrane
integrity—i.e., the same principle as used for necrosis detection in flow cytometry experiments. In the
case of a damaged cell membrane, the IncuCyte® Cytotox dye enters the cell, intercalates into DNA,
and thereby marks out the nuclei. Red fluorescence of the cytotoxicity dye can be measured at
an excitation maximum of 612 nm and an emission maximum of 631 nm. As in flow cytometry
experiments, apoptotic cells were analyzed by detection of active caspase-3/7. IncuCyte® Caspase-3/7
reagent was used for the detection of active caspase-3/7, which is expressed and activated in apoptotic
cells. Apoptotic cells can be identified by measuring green fluorescence at an excitation maximum of
500 nm and an emission maximum of 530 nm. The apoptosis inducer cisplatin was added in three
wells to a final concentration of 50 pm to regular cell culture medium, in order to represent a positive
control for apoptosis. MSCs cultivated in regular cell culture medium, without contact to 3D printing
material, served as a control. As soon as the staining reagents with the corresponding medium were
added to the cell culture wells, the monitoring was started using the IncuCyte® S3 Live-Cell Analysis
System. Phase contrast and fluorescence images were automatically captured every hour for a duration
of 30 h. The experiment was performed with six biological replicates, every measurement in triplicates.
Quantitative analyses of caspase-3/7 and cytotoxicity signals, as well as of cell proliferation were
performed with pre-defined cell-specific masks in the IncuCyte® S3 image analysis software.

3. Results

3D printed polyacrylic material was post-processed using three different sterilization or disinfection
methods. To evaluate the efficiency of each post-processing and disinfection method as well as to
investigate potential leaching properties of the 3D printed polyacrylic material itself, a comparative
study using a biochemical-based standard plate reader assay (CTB Assay), standard flow cytometry,
and an image-based live-cell analysis system was conducted. The leaching of acrylate monomers,
degradation products, or other components from polymer-based materials is a well-known problem
that often has negative effects on the biological environment [7,36-38]. Leachables can lead to
cytotoxic effects on cells (which can manifest as irritations and/or allergic reactions within the human
body) [8,36,39].

3.1. Biochemical-Based CTB Cell Viability Assay

Metabolic activity as an indicator of cell viability of MSCs is analyzed by performing
biochemical-based CTB cell viability assays during cultivation in extraction medium, which is prepared
according to EN ISO 10993-12 (2012) (see Section 2.5). This CTB assay presents a biochemical-based
method for assessing the cytotoxicity of a material. These results are summarized in Figure 4, where the
cell viability observed during MSC cultivation in different extraction media is plotted. The cell viability
is normalized to the control cultivation. Here, the use of ethanol (70%, v/v) (EM 1) as disinfectant did
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not show a significant difference in metabolic capacity and cell viability compared to control cultures.
By contrast, both chemical disinfection methods of the 3D printed objects with sodium hypochlorite
(2%, v/v) (EM 2), and irradiation sterilization (EM 3), caused a significant decrease in metabolic
activity—resulting in only 35.5 + 13,0% and 25.4 + 17.0% viable cells, respectively, when compared to
the control culture. From these results, the following conclusions could be drawn: (1) cleaning and
disinfection of the 3D printed parts using ethanol 70% was successful, and (2) EM 1 did not contain
any toxic leachables.
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Figure 4. Results of CellTiter-Blue® cell viability assay (CTB assay) to analyze the metabolic capacity
(shown as cell viability in %) of MSCs. (EM = extraction medium). EM 1: EM obtained by incubation
of 3D printed material treated with ethanol (70%, v/v) in a disinfection process. EM 2: EM obtained by
incubation of 3D printed material treated with sodium hypochlorite (2%, v/v). EM 3: EM obtained by
incubation of 3D printed material sterilized by UV light. All experiments were repeated several times
(n = 13) and compared to MSC cultivation in regular cell culture medium (Control).

It can further be concluded that UV light is not a suitable sterilization method for the 3D printed
material used in this study. The negative effects of EM 3 on cell viability may be due to several
factors. UV light can have an adverse effect on both the optical and mechanical properties of polymer
materials [40,41]. In our experiments, a slight change in color and translucency, as well as an increased
brittleness of the surface of the material, was noticed after only 1 h of UV light exposure. Applications
involving polymers are restricted due to the capability of photo-degradation, particularly under
exposure of UV light [41,42]. Photooxidative reactions aroused by UV light are also associated with
the formation of free radicals, which can lead to a radical chain mechanism and ultimately result
in the rupture of a polymer structure. The degree of impact depends on the UV light intensity and
duration—but this process initially manifests as a change in the color and an increased degree of
“mistiness” observed in the polymer material [41,43]. These reactions may also lead to a release of
leachables, which can have cytotoxic effects on cells. It should also be noted that the UV sterilization
method was also rather impractical in this instance, because the 3D printed parts had to be rotated
permanently in order to ensure uniform UV exposure. Since it would be difficult to maintain uniform
UV irradiation across all surfaces of complex 3D printed structures—such as embedded channels in
microfluidic systems—they would therefore be difficult to sterilize using this procedure.

Similarly, although sodium hypochlorite is the most widely used disinfectant in the food industry
and a commonly used irritant in endodontic practice, a significant decrease in cell viability of MSCs was
observed in our CTB assays after cultivation in EM 2 using sodium hypochlorite as a disinfection agent
in the post-processing process [10,44-46]. This is perhaps not surprising; a study on mesenchymal
stem cells of the human bone marrow from Alkahtani et al. has previously shown that even low
concentrations of sodium hypochlorite exhibit cytotoxicity [47]. Treatment of sodium hypochlorite
can thus damage cell membrane proteins and lead to cell lysis [48]. Such damage might have been
responsible for the decreased metabolic activity observed in our MSCs. In contrast, the use of ethanol
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(70%, v/v) as a disinfection agent in the post-processing process of the 3D printed polyacrylic material
has no negative impact on metabolic capacity of MSCs. Ethanol functioned as an effective disinfectant
here without impacting either the optical or mechanical properties of the material. In addition,
ethanol (70%, v/v) is also already a commonly used disinfectant in the health services field [23,49].

The CTB assay can score with its fast and user-friendly implementation while also allowing
for high-throughput screenings. As a method performed in a standard plate reader, there is no
need of sophisticated instruments. However, there is one important limitation on the CTB assay:
it only provides information about the count of viable cells, and it is not sensitive to measuring the
different mechanisms that can lead to cellular death, which present important information about
the material formulation under investigation. Accordingly, to more precisely consider the impact
of the post-processed 3D printed material on cell behavior, further studies aimed at measuring the
rate of specific death mechanisms (i.e., apoptosis and necrosis) were also necessary. The use of
specific dyes which mark out particular apoptotic and necrotic intracellular signals allowed for more
detailed evaluations of cellular behavior and cytotoxicity mechanisms to assess in vitro biocompatibility.
The standard plate reader used for CTB assays is not capable of detecting multiple fluorescence signals
simultaneously. The follow section therefore considers the practicability of performing apoptosis
and necrosis staining and analyses in a flow cytometry study vs. using a novel high-throughput
image-based analysis system.

3.2. Analysis of Cell Death Responses via Flow Cytometry

Flow cytometry is a standard method used to monitor and quantitatively examine cell death via
apoptosis and necrosis [29]. As cells undergoing necrosis experience a disruption of the cell membrane,
the use of a red fluorescence dye that enters and labels the DNA of damaged cells with disrupted cell
membranes is an elegant and effective way to visibly mark out such cells [33]. Specific fluorescence
labeling can also be used to visually detect apoptotic cells, which express and activate the enzymes
caspase-3 and caspase-7 [33]. Here, a green fluorescence dye that is sensitive to active caspase-3/7
was used to identify apoptosis (see Section 2.8.2). The relative percentage of necrotic vs. apoptotic
MSCs within a sample can then be assessed and used to analyze the biocompatibility of the 3D printed
material after post-processing and disinfection (see Section 2.5). Figure 5 shows the flow cytometric
analysis of MSCs cultivated over a period of 30 h.
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Figure 5. Results of flow cytometric studies on apoptosis and necrosis of MSCs over a period of
30 h. The percentage of living, apoptotic and necrotic cells are analyzed per cultivation. A caspase
3/7 signal (green) represents apoptotic cells; the cytotox-signal (red) is correlated to necrotic cells.
(EM = extraction medium). EM 1: EM obtained by incubation of 3D printed material treated with
ethanol (70%, v/v) in a disinfection process. EM 2: EM obtained by incubation of 3D printed material
treated with sodium hypochlorite (2%, v/v). The experiments are compared to MSC cultivation in
regular cell culture medium (Control) and were performed three times (1 = 3).

As explained above (see Section 3.1), UV light is not a suitable sterilization method for the 3D
printed material used in this study. Therefore, as shown in Figure 5, UV light as sterilization method
was no longer analyzed. MSCs that were cultivated in extraction medium 1 (EM 1), obtained by
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incubation of 3D printed material disinfected by ethanol (2%, v/v), showed no significant difference
with respect to the relative percentages of living, apoptotic, and necrotic cells when compared to control
cultures; in both cases, the percentage of apoptotic cells was about 4%, the percentage of necrotic cells
was about 16%, and the balance were living cells. Since the same number of cells was stained and
used for each measurement, the data does not show any increase in the count of living cells due to
cell growth. In contrast to the MSCs in EM 1 and the control cultures, the cultivation of MSCs in
extraction medium 2 (EM 2)—obtained by incubation of 3D printed material disinfected by sodium
hypochlorite (2%, v/v)—resulted in a strong increase in both apoptotic and necrotic cells. In this medium,
the percentage of apoptotic and necrotic cells increased over time from 4% and 18%, respectively,
to approximately 30% and 45%, while the percentage of living cells correspondingly decreased from
80% to 50%. Each experiment showed a slight increase in the percentage of apoptotic and necrotic
cells, as well as a simultaneous decrease in the count of living cells (after 5 h). This occurrence may be
related to the change of cell culture medium to relevant extraction or control medium, and adaption of
the cells to their new environment—which is associated with cellular stress [50].

Figure 6 illustrates the calculated cell growth over a cultivation period of 30 h. For MSCs cultivated
in EM 1, no significant difference in cell growth was observed when compared to control cultures.
Over the cultivation period, the number of living cells increased by a factor of approximately 2, both for
cultivation in control medium and in EM 1. By contrast, cultivation in EM 2 leads to a strong decrease
in cell viability, which resulted in a significant decrease in the number of living cells (by more than
half) within 30 h.
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Figure 6. Cell growth of MSCs determined by cell counting using Trypan blue staining. (EM = extraction
medium). EM 1: EM obtained by incubation of 3D printed material treated with ethanol (70%, v/v) in a
disinfection process. EM 2: EM obtained by incubation of 3D printed material treated with sodium
hypochlorite (2%, vfv). The experiments are compared to MSC cultivation in regular cell culture

medium (Control) and were performed three times (n = 3).

In summary, then, apoptosis/necrosis analyses over 30 h reveal no evidence of any behavior
in MSCs cultivated in EM 1 that could be attributed to potential toxic leachables in the 3D printed
material. And a post-processing procedure that included disinfection with ethanol (70%, vfv) proved
to be the most advisable approach tested for handling this high-resolution polyacrylic 3D printed
material. In general, the flow cytometry results confirm the results of the CTB assay, but it provides
more detailed information about the mechanism of cell death that was observed.
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3.3. Analysis of Cell Death Responses via Image-Based Live-Cell Analysis System

Another approach for analyzing apoptotic and necrotic responses of cells in order to assess in vitro
biocompatibility of a material is represented by comparatively novel image-based live-cell analysis
systems. The IncuCyte® Live-Cell Analysis System used in this study is an image-based real-time
system that allows the automatic acquisition and analysis of phase contrast and fluorescence images of
cells using customized software tools.

Using this system, MSCs cultivated either in extraction or in a control medium (see Section 2.5)
were monitored and analyzed automatically over a period of 30 h. Phase contrast, as well as
fluorescence images, were captured every 1 h following the addition of fluorescence reagents for the
purpose of highlighting apoptosis and necrosis. A contrasting juxtaposition—representing the cell
phenotype data of individual cell populations cultivated in extraction or control medium—is shown
in Figure 7 Green fluorescence signals show apoptotic cells; red fluorescence signals show necrotic
cells. As a positive apoptosis control, MSCs were cultivated with the addition of the apoptosis inducer
cisplatin. In keeping with previous investigations (see Sections 3.1 and 3.2 above), no differences in cell
morphology, cell growth, or layer formation was observed for MSCs cultivated in EM 1 compared with
control cultures. By contrast, MSCs cultivated in EM 2 show similar characteristics compared to the
cultivation of MSCs with cisplatin (positive apoptosis control). After 15 h of incubation in EM 2 or
cisplatin, large gaps in cell layer, less connected cells, and cell rounding as well as shrinkage were all
observed. These are common characteristics associated with cell apoptosis [51]. After 30 h of MSC
cultivation in EM 2 and the positive apoptosis control, a high increase in apoptotic and necrotic signals
was observed via measurements of corresponding fluorescence signals.

Control EM1 EM 2 Cisplatin 50 pM

Figure 7. Fluorescence images of MSCs over time by image-based live-cell analysis system (IncuCyte).
Green fluorescence is related to apoptotic cells; red fluorescence shows necrotic cells. (EM = extraction
medium). EM 1: EM obtained by incubation of 3D printed material treated with ethanol (70%, v/v)
in a disinfection process. EM 2: EM obtained by incubation of 3D printed material treated with
sodium hypochlorite (2%, v/v). The experiments are compared to MSC cultivation in regular cell
culture medium (Control) and were performed three times (1 = 3). Cisplatin 50 um: Positive control
for apoptosis.

Figure 8 shows kinetic analyses of MSC growth, as well as apoptotic and necrotic signals obtained
by dynamic image processing of phase contrast and fluorescence images, as described in Section 2.9.
In this Figure, the unit Counts/Image was based on fluorescence signals provoked by apoptotic or
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necrotic cells in a specific imaging field. MSCs were cultivated in corresponding extraction media
or control medium (see Section 2.5, above). As was to be expected from the previous investigations,
there was no relevant difference observed in the cell behavior of MSCs cultured with EM 1 compared to
the control cell culture medium. Over the duration of the experiment, cell confluency (representing the
cell growth) increased. Living cells grow, expand, and divide. Furthermore, the number of apoptotic
and necrotic cells per image field during MSC cultivation in EM 1 and control medium remained
minimal. By contrast, MSC cultivation in EM 2 stagnated, and a strong relative increase in apoptotic
and cytotoxic signals was also observed. A subsequent decline in cell proliferation after 10 h in EM 2
was likely related to the changes in cell morphology (e.g., cell rounding, shrinkage) and detachment
of dead cells from the surface as a result of increased apoptosis and necrosis [14]. Detached dead
cells might migrate into the supernatant, beyond the focal point of the laser, where they cannot be
recognized and counted adequately.
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Figure 8. Analysis of cytotoxicity of the 3D printing polyacrylic material and apoptosis of MSCs by an
image-based live-cell analysis system (IncuCyte). Cell growth, apoptosis and necrosis of MSCs are
analyzed per cultivation. A caspase 3/7 signal (green) represents apoptotic cells; the cytotox-signal
(red) is correlated to necrotic cells. (EM = extraction medium). EM 1: EM obtained by incubation of
3D printed material treated with ethanol (70%, v/v) in a disinfection process. EM 2: EM obtained by
incubation of 3D printed material treated with sodium hypochlorite (2%, v/v). The experiments are
compared to MSC cultivation in regular cell culture medium (Control) and were performed eighteen
times (n = 18).

4. Discussion

The results obtained from the image-based evaluation conducted via live-cell analysis system were
in full agreement with the results obtained via both the CTB assay and flow cytometry method—and all
three methods confirmed that EM 1 had no significant influence on MSCs. It can therefore be assumed
that the post-processing procedure including disinfection with ethanol (70%, v/v) was successful,
and no critical amount of cytotoxic substances leached out of the 3D printed polyacrylic material.
Since the 3D printed polyacrylic material had no negative impact on cell behavior or cell morphology
of MSCs, it can be considered in vitro biocompatible. These findings collectively mark out a solid
starting point for further investigations, and open the door for potential biological and biomedical
applications using the analyzed 3D printed high-resolution polyacrylic material, which is promising
not only for micro-scale and microfluidic applications, but also for rapid prototyping of various devices
for cell culture and lab scale experiments [17].

Comparing the three methodologies used to evaluate in vitro biocompatibility here reveals some
major disadvantages of both the flow cytometry and CTB assay methods. In both oh those cases,
cell sample preparation and analysis must take place outside the cell culture incubator, which is
designed to ensure a constant temperature and high humidity to facilitate cell growth under a CO,
atmosphere. Such handling of the cells outside the incubator disrupts these optimal conditions,
which may impose cellular stress and could also potentially impact cell growth, apoptosis, and/or
necrosis [52,53]. Furthermore, as noted above, analysis of biocompatibility via biochemical-based CTB
assay only provides information about cell viability in general. As a result, it can at best be considered a
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first analysis assay useful to obtaining a general sense of the cytotoxicity potential of a material, before
continuing with further considerations. Flow cytometry and the image-based analysis system both
allow for more detailed and specific analyses of cellular behavior and reactions on potential cytotoxic
material constituents in assessing biocompatibility. For flow cytometry experiments, the cells of an
individual cultivation well were harvested and examined for each measuring point. This means that in
flow cytometry analyses, different cell populations are compared with each other, and therefore temporal
investigation based only on a single cell population is not possible (this applies to adherent growing
cells). Attempting to track dynamic functional cellular processes and morphology over the whole
time frame of an experiment accordingly becomes an arduous task; and flow cytometry is particularly
ill-suited to the task of monitoring rapid cellular changes (e.g., in response to external influences).
Due to well-to-well variations and differences in cell treatment and seeding, the comparability of the
obtained data cannot be guaranteed [54]. In addition, sample preparation for flow cytometry studies is
laborious, requiring substantial time expenditure and good cell culture practices [54]. The extensive
sample handling also results in a substantial delay from cell detachment to analyses. Additionally, the
multiple centrifugation steps required during sample preparation and dyeing procedures expose the
cells to mechanical stress [54]. Disruption and damage of the cell membrane triggered by stress factors
can lead to apoptotic or necrotic responses and thus to false-positive results.

In contrast, image-based live-cell analysis gives the ability to visualize cellular phenotypes images
as well as to perform kinetic analyses and quantifications of apoptotic and necrotic cell responses
simultaneously in high-throughput. Based on microscopic data, numerous cell specific analyses can
be performed directly, using customized tools and software. Live-cell imaging technology offers the
possibility to monitor and study the same cell population for an indefinite period of time by analyzing
the same imaging field. Since the imaging and analysis is realized fully automated inside a cell culture
incubator, there is no need to physically move cells and risk exposing them to lower temperatures
and potential cellular stress. Culture perturbations in performing assays with traditional methods
such as flow cytometry and CTB viability assays are affecting cellular behavior and provoke cellular
stress [52-54]. That includes the physical movement of cultures by removing cell culture flasks or
plates from the laboratory cell culture incubator as well as changes in temperature and atmospheric
conditions while performing the experiment. The real-time analysis system does not have to take into
account any of the aforementioned disturbances.

5. Conclusions

This study presents a comprehensive comparison of three different methodologies for the in vitro
evaluation of biocompatibility of 3D printed polyacrylic material. The superiority of an image-based
live-cell analysis system with respect to time, usability, and scientific outcome was shown. Image-based
real-time analyses allow for simultaneous observations of changes in cell morphology via microscopic
imaging as well as kinetic analyses and quantifications of apoptotic and necrotic cell responses.
Conventional methods for testing in vitro biocompatibility—such as microscopy or biochemically
based assays—were comparatively outshone. The fast and simple handling; the potential of performing
screenings in high throughput; and the high quantity and informative value of cellular data all make
real-time live-cell imaging technology an ideal tool not only for the study of biocompatibility, but also
for the usage in numerous cell culture applications on a daily basis. With the possibility of integrating
up to two fluorescence channels in addition to phase contrast, and the choice between three different
objective nosepieces, countless image-based cell assays can potentially be performed and monitored in
real-time. Long term assays for studying chemotaxis, angiogenesis or stem cell differentiation are just
as simple to realize as measurements of cellular health in drug screenings.

At the same time, this study also highlighted the importance of analyzing and comparing different
post-processing procedures of 3D printed materials considered for biological applications Even though
the tested material itself is in vitro biocompatible, remaining support material or contaminations due
to insufficient post-processing methods could still potentially lead to adverse effects on surrounding
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cellular environment. 3D printing materials produced for a specific printer system are often not
considered for use in cell culture or biomedical applications where biocompatibility is a central
demand [3]. Manufacturers often give no suggestions for a proper disinfection and sterilization of their
numerous material formulations. It is accordingly up to the researcher to investigate the materials in
terms of biocompatibility and appropriate post-processing and sterilization protocols. On that account,
high-throughput screening methods as the image-based live-cell analysis system are critical for both
finding biocompatible material formulations, and also finding the best solution of post-processing for
one given material.
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4.2 Entwicklung und Charakterisierung eines 3D-
gedruckten Zellkultursystems fiir die adhirente

Zellkultur

Geeignete
Oberflacheneigenschaften 149,
Normale Morphologie,

Biokompatibilitat Zellwachstum & Viabilitat

gewahrleistet

_ 3D-gedruckt

Abbildung 4-2 Graphical abstract von ,,Characterization of a customized 3D-printed
cell culture system using clear, translucent acrylate that enables optical online monitor-
ng“.

Im vorherigen Kapitel konnte verdeutlicht werden, wie unerlésslich und bedeutsam eine
geeignete Post-Processing-Strategie fiir die biologische Vertriglichkeit eines Materials ist.
Die einzelnen Komponenten, aus denen das 3D-Druckmaterial besteht, kéonnen dabei
ebenfalls einen entscheidenden Einfluss auf die Biokompatibilitdt haben. Das Auslaugen
von Acylatmonomeren, Degradationsprodukten oder anderen Bestandteilen ist ein
bekanntes Problem bei polymerbasierten Materialien und geht héufig mit zytotoxischen

109.111107 - Ayflerdem werden je nach

Effekten auf eine biologische Umgebung einher
Anwendung neben der Gewéhrleistung von Biokompatibilitdt weitere Anforderungen an
das Material gestellt. Chemische, mechanische und physikalische Materialeigenschaften
kénnen kritische Faktoren darstellen, die den Einsatzbereich eines Materials potentiell

einschranken konnen.

Nachfolgend wird ein additiv gefertigtes Zellkultursystem vorgestellt, das als Kultivier-
ungsgefal in der adhidrenten Zellkultur eingesetzt werden kann. Da bisher keine
Informationen iiber die biologische Vertriglichkeit und Materialeigenschaften vorliegen,

wurde das verwendete 3D-Druckmaterial vorweg eingehend charakterisiert.
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Ahnlich zu dem im vorherigen Kapitel untersuchten 3D-Druckmaterial, handelt es sich
bei dem hier verwendeten Material (AR-M2, Keyence GmbH) ebenso um ein
transluzentes, festes Polyacrylat, das mittels Inkjet Printing hochauflésend gedruckt
wurde. Der Einfluss des 3D-Druckmaterials auf Sdugetierzellen wurde in Studien zur
Zellproliferation, Viabilitat, Zellmorphologie und Apoptose/Nekrose-Verteilungen
umfassend untersucht. Adipogene, mesenchymale Stammzellen (AD-MSCs) dienten
dabei als sensible, humane Modellzellen. Weder in indirektem Kontakt iiber das Zell-
kulturmedium noch in direktem Kontakt zu den Zellen konnte ein negativer Einfluss des
Materials festgestellt werden — alle Untersuchungen zeigten keine signifikanten Unter-
schiede zu durchgefiithrten Kontrollkultivierungen in handelsiiblichen Kulturgeféafien. Aus

diesem Grund kann das 3D-Druckmaterial als (in vitro) biokompatibel bewertet werden.

Werden Zellen in direktem Kontakt zu einem Material kultiviert, sind die
Oberflacheneigenschaften des Materials von grofler Bedeutung. Die Oberfléchenrauheit,
Topographie und Benetzbarkeit kénnen einen entscheidenden Einfluss auf die Adhérenz

134105 - Aus diesem Grund wurden die Oberflichen-

und Proliferation der Zellen haben
strukturen des 3D-Druckmaterials mittels eines hochauflosenden 3D-Mikroskopes
untersucht. Bedingt durch den zugrunde liegenden Druckprozess werden verschiedene
Oberflachenstrukturen erzeugt. Durch Anpassen der Orientierung des CAD-Modells vor
dem Druck kann eine ausgewihlte Oberflichenstruktur fiir bestimmte Modelldetails
festgelegt werden. Fiir das entwickelte Zellkultursystem wurde das CAD-Modell derart
orientiert, sodass die Oberfliche, die mit den Zellen in direkten Kontakt kommt, eine

glatte und homogene Struktur aufweist.

Das entworfene Zellkultursystem passt in eine Vertiefung einer reguldren 6-Well Plate.
Dadurch kénnen nicht nur sterile Bedingungen geschaffen werden — es wird zudem eine
benutzerfreundliche Handhabung erreicht. AD-MSCs wurden in die 3D-gedruckte
Zellkulturkammer ausgesdt und iber mind. 70 h kultiviert. Die klare, transluzente
Erscheinung des Materials erlaubt zugleich eine mikroskopische Beobachtung der
Kultivierung. Insgesamt konnten keine Nachteile des 3D-gedruckten Systems zu
handelsiiblichen Kulturgefafien festgestellt werden. Vielmehr ertffnen die beachtlichen
Eigenschaften des untersuchten 3D-Druckmaterials die Tiiren zu unzéhligen

Einsatzmoglichkeiten, insbesondere in der adhérenten Zellkultur.

Im folgenden Artikel , Characterization of a customized 3D-printed cell culture system
using clear, translucent acrylate that enables optical online monitoring* werden die Er-

gebnisse ausfiihrlich beschrieben und diskutiert.
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Abstract

Cells are very sensitive to their direct environment—they place high demands, for example, on
ambient culture medium, adjacent cell types, and the properties of surrounding material parts. As
a result, mechanical and physical material properties—such as surface roughness, swelling,
electrostatic effects, etc—can all have a significant impact on cell behaviour. In addition, a
material’s composition also impacts whether that material meets biocompatibility requirements
and can thus be considered for potential use in biomedical applications. The entry of
high-resolution 3D printing technology in biotechnology has opened the door to
individually-designed experiment-adaptable devices of almost unlimited complexity that can be
manufactured within just a few hours. 3D printing materials are frequently lacking in the
characteristics that make them suitable for biomedical applications, however.

This study introduces a high-resolution polyacrylic 3D printing material as a potential
alternative material for use in cultivation systems with indirect or direct contact to cells. Viability
analyses, studies of apoptotic/necrotic cell death response, and surface studies all suggest that this
material meets the requirements for (in vitre) biocompatibility, and has surface properties
sufficient to permit uninhibited cell proliferation for cells in direct contact to the material.
Moreover, the translucency of this material facilitates the type of optical monitoring required for
performing experiments in a microfluidic environment, or for facilitating microscopic

observations.

1. Introduction

In 1983, the US American engineer Charles ‘Chuck’
Hull came up with the idea of the first 3D print-
ing apparatus, which was capable of creating objects
in a layer-by-layer fashion [1]. Shortly thereafter, he
filed a patent for his revolutionary idea. 3D print-
ing (also known as additive manufacturing) has since
transformed traditional manufacturing, enabling the
fabrication of individually designed complex sys-
tems in an astonishingly short amount of time. After
Hull’s initial patents expired, 3D printing technology
quickly became widespread across a variety of indus-
tries and disciplines. 3D printing technology also

© 2020 IOP Publishing Ltd
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soon found its way into scientific applications, and it
is now established in the medical sector, where it facil-
itates modern-day ‘miracles’ including complex sur-
gical models and customized patient-specific pros-
theses based upon medical imaging data [2, 3]. In
the wet lab environment, 3D printing has turned out
to be a valuable tool for creating experiment-specific
labware and individually adjusted prototypes (‘rapid
prototyping’) [4, 5]. And with more recent devel-
opments in advanced 3D printers that permit print-
ing in high resolution of under 100 ysm, this techno-
logy has also found important applications in micro-
fluidics and biomedical engineering [6-8]. In micro-
fluidics, high-definition 3D printing technology now
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allows researchers to manufacture 3D geometries
with almost unlimited complexity in virtually no
time.

As diverse as these applications are, so are the
underlying 3D printing technologies that have been
developed. The material bases can vary from pho-
tosensitive liquid acrylates (which are cured via
photopolymerization) to rigid thermoplastic mater-
ials (which are fused and extruded in strands) to
powdered material particles (which are selectively
sintered with a laser)—to give just a few illustrative
examples. Regardless of their differences, however, all
3D printing technologies have one thing in common:
they utilize a ‘layer-by-layer’ fabrication process. In
this study, objects were printed via inkjet 3D printing
technology. The printer uses ultraviolet (UV) light
curable material in liquid form that is ejected from
the inkjet head as it moves forward. During the sub-
sequent backward movement, the material is flattened
by a roller and cured via a UV lamp. This process is
then repeated, layer-by-layer, until the desired object
is fully built up.

For integration of 3D-printed objects into bio-
medical applications, the biological environment
needs to be in compliance with specific material prop-
erties. Whenever a biological system (such as a cell) is
brought into direct contact with a material, interface
interactions can transpire. Properties of the material
can provoke changes in the biological environment—
which can in turn have an additional effect on the
material, etc, creating a feedback loop effect. As a res-
ult, the chemical, mechanical, and physical proper-
ties of a material are all critical factors that can each
potentially limit the incorporation of that material
into biological applications. Aside from considera-
tion of the general non-toxicity of a material, how-
ever, two surface characteristics have been identi-
fied in the literature as having critical parameters for
influencing cellular behaviour: wettability, and sur-
face topography/roughness [9-11]. Surface wettabil-
ity plays a major role in cell attachment and growth,
because it can impact protein adsorption. Cell attach-
ment is regulated via proteins—giving one reason for
using serum-enriched cell culture medium, which is
containing these specific proteins [9]. The proteins
adsorb onto the materials surface, and then provide
binding sites for cell anchorage. Surface topography
at both micro- and nano-scales also has implicated
for cell adhesion and proliferation. After studying
surface wettability and topography independently,
Yang et al have shown the dependency of osteo-
blast adhesion and spreading on surface roughness
of polystyrene films [10]. But other material proper-
ties can also potentially affect the surrounding bio-
logical environment: these include (to name just a
few) material tensile strength, flexibility, hardness,
durability, surface charge, and energy or electrostatics
[12]. To overcome potential adverse material proper-
ties of 3D printing resins, Lu ef al have illustrated the
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effectiveness of using waterborne polyurethane as a
coating material [13]. This improved both cell adhe-
sion and proliferation compared to uncoated mater-
ial. It should be apparent that there are many factors
to consider in this equation. But even if all mech-
anical, physical, and physico-chemical properties of
a material meet the desired requirements, enhanced
cytotoxicity may still disqualify the material for any
biological studies. Put differently (and simply): in
order to qualify for use in biological studies, it must be
shown that a material has no negative influence on cell
growth and proliferation compared to certified cell
culture materials. The biocompatibility of a material
must be established within restrictions or limitations.

Against this backdrop, then, this work repres-
ents a comprehensive investigation of a rigid, clear
3D-printed acrylic resin for potential use in biolo-
gical applications and highlights the application in
adherent cell culture by designing and characteriz-
ing a customized 3D-printed cell culture system. This
study not only demonstrates the applicability of the
3D printing material in countless biological fields
with regard to biocompatibility, but also emphasizes
its suitability for the cultivation of adherent grow-
ing cells. Due to the printing process used, different
surface topographies are formed. Depending on the
desired application, the surface structure may have
an impact. For that reason, the surface roughness
and 3D profile of structures formed by the 3D print-
ing process were analysed. And the potential influ-
ence of ethanol on these surface properties was also
investigated—since ethanol is commonly used for
disinfection of the 3D-printed objects. As mentioned
above, biocompatibility is a central and prerequis-
ite requirement for the use of any material in biolo-
gical applications. The 3D printing material used in
this study has not yet been certified as biocompatible,
and to the best of our knowledge, there are no stud-
ies published yet that integrate additive manufactured
systems into biological applications printed with this
material. Accordingly, in order to evaluate as a matter
of first impression the biocompatibility of this mater-
ial, standard viability analyses based on biochemical
assays as well as flow cytometric studies of apoptotic
and necrotic cell responses were conducted. A cus-
tomized cell culture system for adherent cell cultiv-
ation was designed, 3D-printed and examined for its
suitability in biomedical applications. Since translu-
cency of the 3D-printed material allows for optical
observations, morphological changes in response to
direct cell-material contact could be monitored by
microscopic experiments.

2. Methods

2.1.3D printing and post-processing

The analysed objects, cubes, and co-cultivation
chambers were constructed with the computer-aided
design (CAD) software SolidWorks 2018 (Dassault
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Figure 1. Schematic process of post-processing and illustration of steps for biocompatibility testing. 1. Post-processing: after
scraping off 3D-printed objects of the printing platform, the remaining support material is cleaned in a preheated (60 °C)
ultrasonic water bath with detergent for at least 1 h. Potentially unreacted acrylate monomers are polymerized in a step with UV
radiation for 1 h. 2. Biocompatibility testing: either EM is received from 3D-printed cubes and tested for biocompatibility in cell
culture or cells were directly seeded on 3D-printed cultivation chambers and biocompatibility is evaluated.

Systemes, Waltham, MA, USA). The printing mater-
ial analysed in this study is named AR-M2 (Keyence
Deutschland GmbH, Neu-Isenburg, Germany), and it
is a rigid translucent polyacrylate resin printed using
the high-resolution 3D printer AGILISTA-3200 W
(Keyence Deutschland GmbH, Neu-Isenburg, Ger-
many). Via a UV curing process, and using inkjet
printing technology, a layer thickness of 15 ym and a
resolution of 635 x 400 dots per inch can be achieved.
The material appears as stable and translucently clear,
enabling optical microscopic analyses. The known
material components in a liquid state of the poly-
acrylate are two acrylate monomers, a photoiniti-
ator, a stabilisator, and a urethane-acrylate-oligomer.
AR-51 (Keyence Deutschland GmbH, Neu-Isenburg,
Germany) was used as support material during the
printing process.

The support material is removed via several addi-
tional post-processing steps (figure 1). After roughly
scraping the 3D-printed objects off the printing plat-
form, remaining support material is removed by pla-
cing the objects for at least 1 h in a pre-warmed

(60 °C) ultrasonic water bath (Banedlin electronic,
Berlin, Germany) with detergent (Fairy Ultra Plus,
Procter and Gamble, CT, USA). This water bath
is filled with deionized water provided by Arium®
(Sartorius Stedim Biotech GmbH, Géttingen, Ger-
many). To ensure proper photo polymerization of the
materials acrylate monomers, the 3D-printed objects
are additionally exposed to UV light (UV Steriliz-
ation Cabinet KT-09DC, Alexnld, Tiberias, Israel)
for 1 h.

Since the 3D-printed material deforms at temper-
atures around 80 °C, thermal sterilization approaches
are not applicable here [14, 15]. Instead, a chem-
ical disinfection procedure with ethanol was used in
this study. The 3D-printed objects were immersed
for 1 h in ethanol (Carl Roth GmbH und Co. KG,
Karlsruhe, Germany), 70%, v/v, placed for at least
30 min in a sterile environment (safety bench hood
cabinet) allowing residues of ethanol to evaporate and
washed thoroughly with sterile phosphate-buffered
saline (PBS, Carl Roth GmbH und Co. KG, Karlsruhe,
Germany) afterwards.
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2.2. Chemical stability testing and surface analysis

To determine chemical stability, 5 x 5 x 5 mm
cubes with a total surface area-to-volume-ratio of
1.5 cm? - ml~! were 3D-printed, post-processed, and
incubated for 1 h, 24 h, 7 d and 14 d, respect-
ively, in three different chemical solvents at RT. Iso-
propyl alcohol (70%, v/v) and ethanol (70%, v/v)
were selected as chemical solvents since they are all
commonly used in disinfection approaches for cell
culture applications, Both before and after incuba-
tion, the 3D objects were dried (70 °C, 60 min),
weighed, and subjected to surface studies (i.e. rough-
ness, etc). The mass difference was then calculated,
and both the color and the roughness parameters
were observed using a digital microscope (VHX-
5000, Keyence Corp., Osaka, Japan).

2.3. Preparation of extraction media for
biocompatibility studies

To evaluate the biocompatibility of the aforemen-
tioned material, extraction medium (EM) is obtained
according to EN 1SO 10993-12:2012 (Biological eval-
uation of medical devices—art 12: Sample prepara-
tion and reference materials). 5 x 5 x 5 mm cubes
with a total surface area of 1.5 cm? were 3D-printed,
post-processed, disinfected with ethanol (70%, v/v),
and incubated in a cell culture medium (Minimum
Essential Medium Eagle, with alpha modification
(x-MEM) (Thermo Fisher Scientific Inc. Waltham,
USA), 10% human serum (c.c.pro GmbH, Ober-
dorla, Germany), and 0.5% Gentamicin (PAA Labor-
atories GmbH, Pasching, Austria)). The 3D-printed
cubes were incubated in cell culture medium for
72 h at 37 °C in a 5% CO,, 21% O,, humidi-
fied atmosphere (Heracell 150i incubator, Thermo
Fisher Scientific Inc. Waltham, USA) with a surface
area/volume ratio of 3 cm® - ml™'. The obtained
medium is referred to as EM. As a control, cell culture
medium was also incubated for 72 hat 37 °Cin a 5%
CO3, 21% O,, humidified atmosphere in the absence
of any 3D-printed cubes.

2.4. Cell line and cell culture conditions

In this study, experiments with human adipose tissue-
derived mesenchymal stem/stromal cells (AD-MSCs)
were performed. Following isolation from adipose tis-
sue after abdominoplasty surgery, these cells were
expanded and cryopreserved in passage 2 until used
for biocompatibility studies. The donor has given
informed written consent as approved by the Institu-
tional Review Board (Hannover Medical School) with
the reference number 3475-2017. The isolated cells
have been previously extensively characterized as AD-
MSCs [16]. AD-MSCs were cultivated in cell culture
medium (described in 2.3.) at 37 °C in a 5% CO,,
21% O,, humidified atmosphere and harvested at
about 85% confluency by accutase treatment (Merck
KGaA, Darmstadt, Germany). All experiments were
performed with cells of passages three to nine. Cell
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proliferation was also monitored, and images were
taken, via live cell imaging microscopy in the cell ima-
ging multi-mode reader Cytation-5 (BioTek Instru-
ments, Inc. Winooski, VT, USA).

2.5. CellTiter-Blue® viability assay

To evaluate cell viability, CellTiter-Blue® (CTB) cell
viability assay (Promega, GmbH, Mannheim, Ger-
many) was performed as instructed by the manual,
including background and standard controls. Viable
cells possess the ability to convert an indicator
dye, the blue resaruzin, into a purple, fluorescent
product (resorufin) [17, 18]. Metabolically inact-
ive cells are not able to reduce resaruzin, and, as
a result, they do not produce any florescent sig-
nal. Therefore, the detection of fluorescence intens-
ity gives an indication on cell viability in the
sample.

The fluorescent product formation is monitored
at an extinction wavelength of 544 nm, and an emis-
sion wavelength of 590 nm, using a fluorescence plate
reader (Fluoroskan Acent, Thermo Fisher Scientific
Inc. Waltham, USA). Cells were seeded in 96-well
plates (Sarstedt AG & Co. KG, Niirnbrecht, Germany)
(at a density of 1100 cells - em~2) 24 h prior to
the start of an experiment, and thereafter maintained
at 37 °C in a 5% CO», 21% O,, humidified atmo-
sphere. The cell culture medium is exchanged to EM
or control medium for another cultivation period of
24 h. After 24 h, the medium was removed from each
well, 100 pl fresh culture medium containing 10%
CTB stock solution was added to each well and the
cells were incubated at 37 °C in a 5% CO,, 21% O,
humidified atmosphere for 1.5 h before measuring
the fluorescence signal.

2.6. Lactate dehydrogenase based viability assay
Another colorimetric method commonly used to
determine cell viability is the evaluation of lact-
ate dehydrogenase (LDH) activity in the cell cul-
ture supernatant. Damaged or dead cells with com-
promised membrane integrity release LDH from
the cytosol into the cell culture medium. Here, the
Cytotoxicity Detection Kit (Roche, Basel, Switzer-
land) was used, and a spectrophotometric micro-
plate reader (BioTek Instruments, Inc. Winooski, VT,
USA) allowed for simultaneous measurement of mul-
tiple samples. The amount of leaked, active LDH is
measured by the conversion of tetrazolium salt into
the red formazan, which possess an absorption max-
imum at 500 nm. Therefore, the amount of formazan
is directly proportional to the count of damaged
cells, and can thus be used to measure cell viabil-
ity. The LDH assay was performed as instructed by
the manual, including controls. Cells were seeded as
described in section 2.5 and 100 pl supernatant from
each well were used for the calculation of cell viability
by LDH assay.
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2.7. Cell growth on 3D printing material

Cell cultivation chambers were designed via CAD
software; 3D-printed; post-processed; disinfected
with ethanol (70 %, v/v); and then washed thoroughly
with sterile PBS for the use in cell culture. Figure 5
illustrates the dimensions and handling of the 3D-
printed system. The whole system fits in a well of a
regular 6-well plate, which facilitates user-friendly
handling without compromising sterility. A cultiv-
ation surface for adherent cell growth is placed in a
cavity in the middle of the system that is hereafter
referred to as the ‘cell cultivation well. The growth
surface area of the cell cultivation well is adapted to
the growth area of a regular well in a 24-well plate
and is 1.89 cm’. Therefore, experiments in regular
24-well plates served as a control, an ideal cultiva-
tion. However, it should be noted that the regular
24-well plates used are coated with unknown formu-
lations, designed by the manufacturer to provide an
optimum culture substrate (Sarstedt AG & Co. KG,
Niirnbrecht, Germany). Accordingly, the 3D-printed
system is actually being compared to ideal cultivation
conditions.

Before the start of an experiment, the 3D-printed
cell cultivation chambers were immersed in ethanol
(70 %, v/v; 1 h) for disinfection. Afterwards, they were
placed in a sterile environment on a sterile surface for
at least 30 min allowing residues of ethanol to evap-
orate. Finally, the 3D-printed systems were washed
thoroughly with sterile PBS. Cells were seeded in cell
cultivation wells at a density of 15.000 cells - cm~2. As
control cultures, cells were seeded at the same dens-
ity in 24-well plates (Sarstedt AG & Co. KG, Niirn-
brecht, Germany), which have the same growth sur-
face area of 1.89 cm? as the 3D-printed cultivation
wells. All cultures were maintained at 37 °C in a 5%
C03,21% O3, humidified atmosphere. After 24 h and
48 h, cell viability was evaluated via a CTB viabil-
ity assay (see section 2.5). Cell proliferation was also
determined via Trypan blue exclusion method. The
Trypan blue stain can enter and thereby mark dead
or damaged cells, as they possess compromised mem-
brane integrity. On that account, living and dead or
damaged cells can be distinguished. Cells were stained
with 0.4% Trypan blue stain (n = 3) and living just
as dead cells counted in a haemocytometer (Brand
GmbH + Co. KG, Wertheim, Germany). In addi-
tion, apoptosis and necrosis of cells were analysed by
flow cytometry after seeding of cells directly onto 3D-
printed material. Figure | presents an overview of the
conducted method steps for analysing biocompatib-
ility of the 3D-printed material.

2.8. Contact angle measurement

The contact angle between water droplets and the 3D-
printed material surfaces was determined using a con-
tact angle meter (OCA 50 15EC, DataPhysics Instru-
ments GmbH, Filderstadt, Germany). 1 ul of deion-
ized water was dropped onto the material surface.
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The measurement (optical recording by camera)
was started immediately and corresponding software
(SCA 20, DataPhysics Instruments GmbH, Filder-
stadt, Germany) was used to estimate the contact
angles. All sides of the surface structure formed by the
3D printing process and the surface of a commercial
cell culture well plate were analysed. For each mater-
ial surface five independent measurements were per-
formed.

2.9. Cell viability analysis by flow cytometry

Flow cytometry is a technique used to identify
cell phenotype and characteristics by using light-
scattering properties of cells and their fluorescence
activity. Flow cytometry renders it possible to not
only differentiate between living and dead cells, but
also to draw correlations between cell apoptosis vs.
necrosis using specific fluorescence detection mark-
ers. Analyses of apoptosis vs. necrosis is particularly
useful because it provides a researcher with more
detailed information regarding the influences of the
3D printing material on cell behaviour and cell death.
Single cells are hydrodynamically focused in a liquid
stream, and, as they pass the interrogation point, a
light beam of suitable wavelengths is directed to hit
single cells—permitting the research to analyse the
light scattering effect caused by that cell’s physical
characteristics.

The BD FACSAria™ Fusion (Becton Dickinson,
Franklin Lakes, NJ, USA) flow cytometer was used in
this study. Cells were seeded in 3D-printed cultiva-
tion chambers or regular 24-well plates, respectively,
with a density of 15.000 cells - cm 2 and incubated at
37 °Cina 5% CO, 21% O,, humidified atmosphere.
After a defined period of time, cells were detached via
accutase treatment, centrifuged for 5 min at 200 xg,
and washed with PBS twice. Apoptotic and necrotic
cells were then visualized via specific fluorescence
staining. An early event happening during apoptosis
is the translocation of phosphatidylserine to the cell
surface. The detection of these residues on the sur-
face of the cell can therefore be considered to consti-
tute a clear sign of apoptosis. Annexin V has a high
binding affinity for phosphatidylserine and there-
fore can be used as a marker protein for detecting
apoptosis. Here, apoptotic cells were identified using
a PE Annexin V stain (Becton Dickinson, Franklin
Lakes, NJ, USA). The corresponding green fluores-
cence signal has an excitation maximum of 496 nm,
and an emission maximum of 578 nm. Necrotic cells
are visually marked using a red fluorescent dead cell
stain—here, propidium iodide (Becton Dickinson,
Franklin Lakes, NJ, USA). As in the Trypan blue
exclusion method, propidium iodide enters cells with
disrupted cell membranes, resulting in a fluorescent
label of dead cells as a consequence of DNA intercala-
tion. The red fluorescent signal was then measured at
an excitation maximum of 493 nm and an emission
maximum of 636 nm.
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Figure 2. Characteristics of the different surface structures evidenced on the sides of the 3D-printed material. A microscopic image
of the analysed surface (50x), the corresponding 3D surface profile, and roughness profile are shown for each printing side. (A)
Ilustrates the side that is defining the start/end point of the ink nozzles forming the layers; (B) illustrates the smooth, flat upper
side; (C) illustrates the bottom side, which is placed on the printing platform, and (D) illustrates the layer-by-layer-structure side.

As a negative control, cells were cultivated in ori-
ginal cell culture medium, without any contact to 3D-
printed material. For analysing flow cytometry data,
the BD FACS Diva™ Software v8.0 (Becton Dickin-
son, Franklin Lakes, NJ, USA) was used. The basic
principle of analysing flow cytometry data is predic-
ated on ‘gating’ cell populations of interests. Cells
with common characteristics will appear in one pop-
ulation, and can be analysed and quantified separ-
ately from other cells. In this way, living, apoptotic,
and necrotic cell populations have been identified. In
order to ensure a sufficient sample size to draw accur-
ate conclusions, a uniform gating strategy was main-
tained and at least 10 000 events per sample were ana-
lysed, with an ‘event’ being defined as a single particle
being detected.

3. Results and discussion

3.1. Analysis of the 3D printing materials’ surface
topography

In order to use a material in cell culture applications,
the material must not only be sterile and biologically
compatible, but it must also have a surface structure
and other properties, which are suitable for the inten-
ded application. The surface topography and prop-
erties of a material can therefore have a high impact
on potential applications for that material [19, 20].
For example, an opaque material would not be a good
choice for any applications requiring optical analyses.
For this reason, the investigation of the surface struc-
tures of individual cultivation vessels produced by
rapid prototyping is of great importance.

Here, the 3D printing process creates four dif-
ferent surface structures. The specific characteristics
of each surface structure with regard to the object-
ive appearance and surface roughness are presented
in figure 2. The first surface structure is the bottom
side, which is directly placed on the printing platform
(see figure 2(C)). The stripes visible in this surface
structure are generated by the ink nozzles of the 3D
printer, and are therefore entirely dependent on the
distance that exists between those nozzles. As shown
in the roughness profile of figure 2(C), this first sur-
face exhibits small irregularities in height due to the
structure of the printing platform. During forward
movement of the printing head, the ink is pushed
through the nozzles. A roller sitting right behind the
nozzles smooth the printed bands into a flat layer
before a UV-lamp cures the ink. The smoothing of
the roller creates a flat layer, which constitutes the
second surface structure (see figure 2(B)). This upper
side always has the flattest surface structure in any
object printed using this process. In the further course
of the printing process, layer upon layer is stacked to
form the desired object. This creates a striped appear-
ance on two sides of the cured material resulting in a
third surface structure type—as defined as the layer-
by-layer structure side (see figure 2(D)). These struc-
tures evidence highest surface roughness. Figure 2(A)
represents the fourth formed surface structure, which
results from the start and end points of the ink nozzles
forming the layers. It also shows a slightly striped
appearance generated by the different ink layers.

For applications with direct cell-material inter-
action, the materials’ surface topography must allow
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for cell adhesion and proliferation without influen-
cing cell morphology [21]. Distinct irregularities in
height of the material’s structure can result in accu-
mulations and detachment of cells at specific loca-
tions, and thereby cause problematic inhomogeneity
of cell growth on the surface 21, 22]. For this reason,
the upper material side smoothed by the roller of the
3D printer was chosen for growth experiments with
cells. Here, the printing process did not cause any dis-
tinct height irregularities, neither in the direction par-
allel to the printing direction nor at a 90° angle to the
printing direction, as the roughness profiles show (see
figure S3 in supporting information (available online
at stacks.iop.org/BMM/15/055007/mmedia)). By reg-
ulating the orientation of the intended 3D-printed
object before printing, the desired surface structure
can be selected for specific object details. In this study,
we orientated the CAD model—and thus the result-
ing 3D-printed system—in order to ensure that the
smoothed, uniform surface structure was located at
the area where cells would be seeded. In contrast to
our application—e.g. general cultivation with simul-
taneous observation of cells growing on 3D print-
ing material—other applications may actually require
surfaces with a higher relative degree of roughness, so
the extent that an increased adhesion or accumulation
of cells and corresponding cellular behaviour could be
deemed beneficial in other contexts [23-25].

Furthermore, the physical shape of an object may
have a significant impact on a biological application,
just as hardness and flexibility are important values
that must be taken into account [12]. For all biomed-
ical applications, sterile systems are absolutely man-
datory. Previous published work has demonstrated
the importance of a suitable sterilization or disinfec-
tion procedure for 3D-printed objects used in cell
culture applications [26]. Many 3D-printed materials
lack a high heat distortion temperature, which fore-
closes the possibility of using any thermal steriliza-
tion techniques (e.g. autoclaving) [14, 15]. Because
the polyacrylate material used in this study deforms
at temperatures around 80 °C, thermal sterilization
is not possible. Therefore, a chemical disinfection
method using ethanol (70 %, v/v) was used in this
study.

However, contact with chemical solvents as eth-
anol can affect the surface properties of a material.
Thus, a surface study using different organic solvents
used in conventional laboratory routine was also con-
ducted. Treatment with isopropyl alcohol (70 %)
and ethanol (70 %) were shown to have no signific-
ant impact on the surface roughness, weight, colour,
or overall appearance of the investigated 3D-printed
material up to an incubation period of 24 h. The cor-
responding results can be found in the supporting
information in figures S1 and S2. Furthermore, previ-
ous work demonstrated the suitability of ethanol as an
effective disinfectant without influencing optical or
mechanical properties of a 3D-printed material [26].
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Many 3D-printed materials also evidence a high
water uptake and associated swelling—which can
result in deformations of the printed systems, and
may have a corresponding impact on durability
and strength of the material [12]. Especially for
devices where small details are of critical importance
(for example, microfluidic channels), deformations
should be avoided at all costs since they can render the
printed device unfunctional. The 3D-printed mater-
ial used in this study was particularly developed by the
manufacturer (Keyence Deutschland GmbH, Neu-
Isenburg, Germany) to minimize water uptake and
swelling. Indeed, no water uptake was detected for an
incubation period of 14 d in performed weight exper-
iments (figure S2 in supporting information).

3.2. Testing the biocompatibility of the 3D printing
material in accordance to ISO 10993-12:2012
Whenever foreign material is considered for use
in biomedical applications, guaranteed biological
compatibility is also an absolute prerequisite. For
polymer-based materials, potentially cytotoxic effects
on cells can emanate from leaching of remaining
acrylate monomers or degradation, and can result in
irritations and/or allergic reactions within the human
body [12, 27, 28]. The 3D printing material used
has not yet been certified as biocompatible, nor has
it been introduced to a biological environment with
mammalian cells. Therefore, general biocompatibil-
ity studies were initially carried out.

To investigate the potential cytotoxicity of the
3D-printed polyacrylic material, two different in
vitre viability assays were conducted—each relying
on a different process in the cellular metabolism.
Both assays are biochemical-based and widely used,
providing results that are both reliable and specific in
nature [12, 29]. For both the CTB assay and the LDH
assay, AD-MSCs were cultivated in EM, which was
prepared beforehand according to EN ISO 10993-12
(2012) (see section 2.3). The results of both viability
assays are presented in figure 3, in which cell viability
is normalised to the control.

Neither assay revealed any significant differences
in cell viability when compared with control cultures
(cell viabilities of cells incubated in the EM of around
107% in CTB assay and 102% in LDH assay). In sum-
mary, then, this EM does not contain any toxic sub-
stances leading to negative effects on the cell’s viabil-
ity. Therefore, the analysed 3D printing material can
be considered as (in vitro) biocompatible according to
ISO 10993-12:2012.

3.3. Cell growth in 3D-printed cultivation
chambers

Depending on the application, biological systems may
be in either direct or indirect contact with the mater-
ial of a cultivation vessel or other equipment. In
the case of direct contact, many material’s prop-
erties can influence the suitability of the material
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Figure 3. Evaluation of the biocompatibility of the 3D printing material: results of CTB assay (A) and LDH assay (B) to analyse
the cell viability after incubation of cells for 24 h and 48 h in EM, obtained in accordance to [SO 10993-12:2012. All experiments
were repeated several times (n > 10) and compared to AD-MSC cultivation in regular cell culture medium (control).

in the desired biological application, since cells are
very sensitive to their direct environment [12]. As
mentioned above, mechanical and physical proper-
ties such as surface roughness, swelling, and wet-
tability can all have a major impact on cell adhe-
sion and proliferation [19, 20]. Optical properties
such as transparency and color of the material are
also of great importance for microscopic applica-
tions. Here, a transparent solid cultivation cham-
ber was 3D-printed. Depending on the thickness of
the 3D-printed object, the cured material can take
on a slightly yellowish tinge—however, the transpar-
ency of the 3D-printed material still allows for dir-
ect microscopic monitoring of cell cultures even when
this tinge is present. Application fields, that partially
require optical monitoring of experiments—such as
microfluidics or cell culture technology—can benefit
from the material’s optical properties [30].

Figure 4 illustrates a 3D-printed prototype of a
cell cultivation chamber. The dimensions of this sys-
tem are adapted to fit in a well of a regular 6-well plate.
By placing the system within a sterile 6-well plate, not
only sterile conditions but also a user-friendly hand-
ling approach can be achieved. AD-MSCs were seeded
ina cavity in the middle of the system—the cell cultiv-
ation well—which has a material thickness of 0.3 mm
to the bottom. The growth surface area of the cell cul-
tivation well is 1.89 cm?, and is designed to match
the growth area of regular 24-well plates. Thus, it is
possible to perform control cell cultivations in regu-
lar 24-well plates with equal growth surface area for
comparison. However, it should be noted that con-
trol cultivations represent the optimal growth of AD-
MSCs as the regular 24-well plates used in this study
are coated with an unknown formulation in order to
obtain an optimal culture substrate on the part of the
manufacturer.

Figure 5 demonstrates representative microscopic
images of cells growing directly on 3D-printed

material in the cell cultivation chamber and control
cells plated in regular well plates after a cultivation
period of 30 h. Microscopic analyses of cell growth,
cell morphology, and layer formation showed no dif-
ferences for AD-MSCs growing on 3D-printed mater-
ial when compared with control cultures in regular
well plates. In addition, contact angle measurements
were performed on the different sides of the mater-
ial surfaces formed by the 3D printing process. The
contact angle quantifies the wettability of a surface
and can be used as an indicator for cell adhesion [31].
All surfaces analysed, including the control surface of
regular cell culture well plates, exhibited comparable
water contact angles around 80° (78.41°-83.73°).
The comparable contact angles thus indicate similar
cell adhesion tendency to the 3D printing material as
well as the regular cell culture plates. However, other
material properties such as surface charge and energy
can also potentially affect cellular adhesion and
proliferation.

In addition, the cell growth and viability of AD-
MSCs cultured in 3D-printed cultivation chamber
was determined by cell counting using Trypan blue
staining and CTB assays (see sections 2.7 and 2.5).
Results of both analyses are presented in figure 6.
Both analyses showed no significant differences—
regardless of whether AD-MSCs grew on the 3D-
printed material or on the material surface of regu-
lar well plates. Up to a cultivation period of 44 h, the
number of living cells increased in the average by a
factor of 4.5 for control cultivations, and 4.1 for cells
growing on 3D-printed material (see figure 6(A)).
After 44 h, only minor additional changes in cell
growth can be observed (since a cell confluency of
100% has been achieved by that point). Further-
more, viability analyses of cells growing in direct
contact to the 3D-printed material showed no sig-
nificant differences to control cultures—resulting in
95 + 7.4% after a cultivation period of 24 h and
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Figure 4. Images of the 3D-printed cell cultivation chamber and CAD drawings of structure details. All dimensions of the CAD

drawings are in mm.

Figure 5. Microscopic images of cells growing directly in a 3D-printed cultivation chamber (A), and of cells cultured in regular
well plates (B). Images were taken 30 h after AD-MSCs were seeded in 3D-printed cell cultivation chamber or regular 24-well cell

culture plates. The total magnification is 4.

104.5 = 4.95% after 48 h of cultivation on 3D-printed
material. In summary, neither cell growth nor cell
viability appears to be restricted by this 3D-printed
material.

However, CTB assay only allows for conclusions
based on the fundamental distinction between living
and dead cells—it does not provide any more gen-
eral information about the different mechanisms by
which cell death may occur. Apoptosis and necrosis
analyses contain important additional data, which
can help a researcher to assess the impact of the
3D-printed material on cell behaviour. As a res-
ult, additional apoptosis and necrosis analyses were
also conducted via flow cytometry. While apoptosis
represents the endogenous mechanism of a regu-
lated or ‘programmed’ cell death, the necrosis path-
way is often described as an unregulated form of
cell death occurring in response to external stresses

such as physical injuries, chemical substances, or
pathogens [32, 33]. Both pathways present diver-
gent morphological and biochemical characteristics,
from which specific fluorescent detection markers for
flow cytometry analyses can allow conclusions to be
drawn.

3.4. Characterization of cell state using flow
cytometry

Physical cell characteristics such as size and inform-
ation about the internal complexity (i.e. granular-
ity), as well as fluorescent signals, can easily be ana-
lysed via flow cytometry. By using specific fluorescent
markers to detect and differentiate between apoptotic
and necrotic cell features, cell death response can be
monitored and quantitatively investigated (see sec-
tion 2.9). Cells undergoing apoptosis can be identi-
fied by using a fluorescence annexin V dye, which

9
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Figure 6. Analysis of cell growth and cell viability of cells growing directly in 3D-printed cultivation chamber in comparison with
cells cultured in regular 24-well cell culture plates (control). (A) Cell growth was analysed by cell counting of living cells using
Trypan blue staining and the results were normalised to display absolute cell growth. Experiments were performed seven times
(n = 7). (B) Results of CTB assay to analyse cell viability (control). Cell viability was determined after a cultivation period of 24 h

and 48 h. Experiments were repeated six times (n = 6).
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Figure 7. Flow cytometric studies on apoptosis and necrosis of AD-MSCs growing in 3D-printed cultivation chambers. The
percentage of living, apoptotic and necrotic cells are analysed for a cultivation period of 72 h. As a control, AD-MSCs were grown
in regular 24-well cell culture plates. Experiments were performed six times (n = 6).

is detecting the translocation of phosphatidylser-
ine to the cell surface—a typical attribute of apop-
tosis [33]. Since necrotic cells possess a comprom-
ised cell membrane, specific fluorescence dyes (here
propidiumiodide) can enter the cell and intercal-
ate in DNA structures [33]. As a result, cells with

disrupted cell membranes can be visually detected
and quantified using this method. The relative per-
centages of living, apoptotic, and necrotic cells—
cultured directly in 3D-printed cultivation chambers
and in regular well plates as a control—is presented in
figure 7.
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Across both cultivation systems (i.e. AD-MSCs
growing in direct contact to 3D-printed material,
and AD-MSCs cultivated on regular well plate sur-
faces), no obvious difference with respect to the rel-
ative percentages of living, apoptotic, and necrotic
cells was detected. The relative percentages of liv-
ing cells decreased for both cultivation systems from
about 91% at the beginning of the experiment to
percentages ranging between 81% and 86% during
the further cultivation process. The relative percent-
age of apoptotic cells increased from 2.5% at the
beginning of the cell cultivations to about 15% after
29 h of cultivation. In the further cultivation pro-
cess, a decline of 4% in respect to the relative percent-
age of apoptotic cells cultured 3D-printed cultivation
chambers was observed—while control cultures again
showed a slight increase of the percentage of apop-
totic cells after 72 h. The simultaneous decrease in
the count of living cells and increase in the percent-
age of apoptotic cells at the beginning of the exper-
iment may be related to the adaption of the AD-
MSCs to their new environment and cell culture
medium. Changes of cell culture medium and envir-
onment can be associated with cellular stress, which
causes a decrease in cell viability [34, 35]. Except for
a point of time of 44 h after AD-MSCs were seeded
in the respective cultivation wells, both cultivation
systems showed similar courses of the relative per-
centages of necrotic cells. After a cultivation time of
44 h, AD-MSCs growing in 3D-printed cultivation
chambers showed a slightly increased count of nec-
rotic cells but no significant differences to the control
cultivation,

In keeping with previous investigations, no signi-
ficant differences in regard to apoptotic and necrotic
cell death responses were observed between cells cul-
tured directly in 3D-printed cell cultivation systems
and in regular well cell culture plates. The 3D print-
ing material used here has no negative effect on the
AD-MSCs. It is important to mention that the used
material has not yet been certified as biocompatible
and there have been no publications demonstrating
the use of this material for biological applications.
Therefore, our results show for the first time that the
3D printing material used here has a high potential
for the production and application of customized cell
culture vessels and devices.

4, Conclusions

This study not only presents a thorough examination
of a not yet certified 3D printing material with regard
to surface quality and biocompatibility, but also it
shows a comprehensive characterization of a custom-
ized 3D-printed cell culture system for potential use
in biological applications. Considered collectively,
the experiments discussed above demonstrated that
this 3D-printed material is suitable for applications
requiring either direct or indirect cell contact—which

I G Siller et al

opens the door for its use in countless applications
in the fields of biotechnology and biomedicine.
Because no significant differences in cell behaviour
and response, morphology, or proliferation could be
identified between this material and control cultiv-
ations, this material can also be characterized as (in
vitro) biocompatible. Moreover, the translucent clear
appearance of the 3D-printed material enables optical
experiments—such as microscopic monitoring of cell
cultures, or tracing of liquids within microfluidic
applications.

The relevance of the 3D printing material ana-
lysed here is indisputable: taking into account both
the benefits of 3D printing technology and the out-
standing properties of this material, we believe that
this study should open the door to a wide range of
biological applications going forward—in particular
in the field of personalized cell culture technology and
3D cell culture.
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Influence of organic solvents on surface properties of the 3D printing material

The 3D printing material analyzed in this study lacks a high heat distortion temperature, which prohibits
for use of thermal sterilization techniques (e.g. autoclaving). Since sterile systems are mandatory for all
biological application, a suitable sterilization or disinfection procedure had to be found for systems
printed with the 3D printing material. Therefore, the chemical disinfectants ethanol (70 %, v/v) and
isopropyl alcohol (70 %, v/v) were analyzed with regard to their influence on surface properties of the
3D printing material.

L =— Control (PBS)
1104 Ethanol
100 4—*— Isopropyl alcohol

Sa [um]

10 T T T T T T
0 0.5 2 24 168 336

Time [h]

Figure S1. Analysis of the materials upper sides surface by determining the area roughness
parameter Sa. Sa is defined as the arithmetical mean deviation of the assessed area of a
materials surface. The assessed area was 9.81 mm?. The 3D printed material was incubated in
PBS, ethanol (70 %, v/v) and isopropyl alcohol (70 %, v/v) for a total of 14 days (336 h).

The results of determining the surface roughness of the upper material side formed in the 3D
printing process are shown in Figure S1. In addition to an incubation with the chemical solvents
ethanol and isopropyl alcohol, the 3D-printed material was incubated in phosphate buffered saline
(PBS) as a control. In comparison with the control, no noteworthy influences of ethanol and
isopropyl alcohol on the surface roughness can be identified over an incubation period of 14 days.
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Figure S2. Analysis of weight differences before and after incubation of 3D printed material
in PBS, ethanol (70 %, v/v) and isopropyl alcohol (70 %, v/v) for a total of 14 days (168 h).

In order to determine the water uptake and associated swelling of the 3D printing material, weight
experiments were conducted (Figure S2). In addition to an incubation in PBS as a control, 3D-
printed cubes were incubated in ethanol and isopropyl alcohol. Up to an incubation period of 24 h,
no significant differences between the different fluids can be seen. After 168 h, an incubation of
3D-printed material parts in isopropyl alcohol resulted in an increased weight of the corresponding
material parts. This is an evidence for water uptake or swelling and deformations of the 3D printing
material cannot be excluded. However, incubation in ethanol or PBS did not lead to any
conspicuous weight differences over an incubation period of up to 14 days. Taken together, both —
analysis of the surface roughness as well as weight experiments — show, that ethanol can be used
without any concerns as a disinfectant for the 3D printing material.
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Analysis of surface roughness on the surface selected for interaction with cells

As mentioned in this study, the 3D printing process creates four different surface structures each holding
different topography details. Furthermore, each surface side can be analyzed in two directions: in the
direction parallel to the print direction and at a 90° angle to the print direction.

Figure S3. Analysis of surface topography on the 3D printing material surface selected for
interaction with cells. (A) shows the roughness profile in the direction parallel to the print
direction. (B) indicate the roughness profile at a 90° angle to the print direction.

For the cultivation of adherent cells, the flattest surface structure was chosen — the surface structure
representing the upper side of a model, which is smoothed by the roller in the printing process.
Both surface roughness profiles of this structure side are shown in figure S3 and possess comparable
topographies. Neither the roughness profile in the direction parallel to the print direction nor the
profile at a 90° angle to the print direction present irregularities in height of more than 100 um.
Correspondingly, the printing process did not cause any distinct irregularities in height.
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4.3 Individuell anpassbare 3D-gedruckte Ko-
Kultivierungssysteme fiir die Analyse von Angiogenese

in vitro

+ Angiogenese-anregende
Wachstumsfaktoren Ausbildung Gefa-ahnlicher

Strukturen

3D-gedruckt

Abbildung 4-3 Graphical abstract von ,,Customizable 3D-printed (co-)cultivation sys-

tems for in vitro study of angiogenesis”.

Die Bearbeitung naturwissenschaftlicher Fragestellungen erfordert haufig die Entwick-
lung geeigneter, individueller Methoden und Verfahren. Fiir diese Entwicklungen sind
Wissenschaftler jedoch oft auf kommerziell erhéltliche Versuchsgerdte und zugehériges
Equipment angewiesen, welche nicht zwangslaufig den tatsdchlich gewiinschten Anforde-
rungen entsprechen. Die Einfithrung hochauflésender additiver Fertigungstechnologien
kann diese Einschrankungen in einigen Wissenschaftsbereichen iiberwinden, indem sie die
individuelle, passgenaue und schnelle Erstellung verschiedenster Objekte ermoglicht. So
erlaubt die 3D-Drucktechnologie die Fertigung von komplexen, experiment-spezifischen

und individuell-anpassbaren Versuchssystemen und zugehoérigem Equipment.

Im folgenden Kapitel werden die Méoglichkeiten der additiven Fertigung in einem Anwen-
dungsbeispiel zur Analyse der Angiogenese verdeutlicht. Ein 3D-gedrucktes Ko-Kultivie-
rungssystem wird vorgestellt, das die Ausbildung geféfiéhnlicher Strukturen von En-
dothelzellen und deren Beobachtung ermoglicht. Zudem werden weitere additiv gefertigte

Plattformen vorgestellt, die In-vitro-Studien (der Angiogenese) unterstiitzen.
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Der Prozess der Angiogenese ist an der Ausbildung und Steuerung des menschlichen
Gefafisystems beteiligt und beschreibt sowohl das Wachstum und die Bildung neuer Blut-
gefifle aus bereits vorhandenen Geféfistrukturen als auch die Reorganisation und Umge-

12156 Sie wirkt daher mafigeblich an Regenerations-

staltung des vaskuldren Netzwerks
prozessen mit und nimmt somit eine wichtige Rolle im Bereich des Tissue Engineerings
ein —ein Grund, weswegen das Interesse an neuartigen Analyseverfahren und Methodiken

immens ist %7,

Das entwickelte Ko-Kultivierungssystem wurde mit dem im vorherigen Kapitel 4.2 cha-
rakterisierten 3D-Druckmaterial (AR-M2, Keyence GmbH) gedruckt. Um eine sterile und
einfache Handhabung zu gewéhrleisten, wurden die Dimensionen des Ko-Kultivierungs-
systems an eine Vertiefung einer 6- Well Plate angepasst, sodass es darin platziert werden
kann. Eine mittige Barriere teilt die Kultivierungsfliche in zwei Bereiche. Jeder Bereich
prasentiert die Kultivierungsflache fiir einen Zelltyp, sodass zwei Zelltypen gleichzeitig
im System ko-kultiviert werden kénnen. Die Barriere trennt die beiden Zelltypen physisch
voneinander, erlaubt aber ab einem bestimmten Volumen die gleichzeitige Kultivierung

in einem gemeinsamen Zellkulturmedium (indirekte Ko-Kultivierung).

In einer indirekten Ko-Kultivierung von AD-MSCs und Endothelzellen aus humanen Na-
belschnurvenen (HUVECs) in dem 3D-gedruckten System konnte gezeigt werden, dass
die Endothelzellen mit der Zeit gefdfiihnliche Strukturen ausbilden. Dies kann auf das
angiogene Potential von AD-MSCs zuriickgefiihrt werden ***%7, Wahrend der Ko-Kulti-
vierung geben die AD-MSCs Angiogenese-anregende Wachstumsfaktoren und Hormone
ab, die iiber das Zellkulturmedium zu den HUVECs gelangen und dort die Gefafibildung
anregen. Besonders hervorzuheben ist, dass dies ohne zuséitzliche Verwendung von un-
terstiitzenden Matrixsubstraten erreicht wurde. Da das 3D-Druckmaterial nur eine ge-
ringe Figenfluoreszenz besitzt, konnte die Bildung gefafldhnlicher Strukturen von
HUVECS, die das griin fluoreszierende Protein (GFP) exprimieren, nicht nur durch Pha-

senkontrast- sondern auch mittels Fluoreszenzmikroskopie beobachtet werden.

Die Studie zeigt das enorme Potential von individuell-anpassbaren 3D-gedruckten Platt-
formen auf und signalisiert, dass die additive Fertigung das Spektrum der den Forschern

zur Verfiigung stehenden Versuchssystemen und Laborequipment erweitern kann.

Im folgenden Artikel ,, Customizable 3D-printed (co-)cultivation systems for in vitro study

of angiogenesis” werden die Ergebnisse detailliert ausgefiihrt und diskutiert.
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Abstract: Due to the ever-increasing resolution of 3D printing technology, additive manufacturing
is now even used to produce complex devices for laboratory applications. Personalized
experimental devices or entire cultivation systems of almost unlimited complexity can potentially
be manufactured within hours from start to finish—an enormous potential for experimental
parallelization in a highly controllable environment. This study presents customized 3D-printed co-
cultivation systems, which qualify for angiogenesis studies. In these systems, endothelial and
mesenchymal stem cells (AD-MSC) were indirectly co-cultivated —that is, both cell types were
physically separated through a rigid, 3D-printed barrier in the middle, while still sharing the same
cell culture medium that allows for the exchange of signalling molecules. Biochemical-based
cytotoxicity assays initially confirmed that the 3D printing material does not exert any negative
effects on cells. Since the material also enables phase contrast and fluorescence microscopy, the
behaviour of cells could be observed over the entire cultivation via both. Microscopic observations
and subsequent quantitative analysis revealed that endothelial cells form tubular-like structures as
angiogenic feature when indirectly co-cultured alongside AD-MSCs in the 3D-printed co-cultivation
system. In addition, further 3D-printed devices are also introduced that address different issues and
aspire to help in varying experimental setups. Our results mark an important step forward for the
integration of customized 3D-printed systems as self-contained test systems or equipment in
biomedical applications.

Keywords: additive manufacturing; co-cultivation; mammalian cell culture; angiogenesis;
biomaterials; biomedical application

1. Introduction

One of the major goals in the field of tissue engineering is the generation of artificial tissue grafts
for replacement and/or reconstitution of damaged tissues and organs [1]. Maintaining adequate
oxygen and nutrient supply within the tissue graft poses a particular challenge—and the use of
diffusion as the main underlying transport principle of soluble nutrients is often insufficient in this
context (especially in larger and dense tissues) [2]. To overcome this diffusion limit and to facilitate a
fine distribution, a well-organized vascular vessel network must be generated [3]. The development
of the human vascular system is mainly controlled by two different mechanisms: vasculogenesis and
angiogenesis. Vasculogenesis describes the formation of new vessels from endothelial progenitor
cells. In contrast, the reorganization and remodelling of an existing vascular network is mostly driven
by angiogenic processes [3]. Angiogenesis is defined as the formation and growth of new blood
vessels from existing vessels, as well as the restructuring of the vascular network [3]. As such,
angiogenesis plays a fundamental role in numerous regeneration processes within the human body —
and, consequently, a key act in tissue engineering [4]. The process of angiogenesis is determined by
several cell types and the surrounding matrix (in particular, the basement membrane). Endothelial

Materials 2020, 13 www.mdpi.com/journal/materials
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cells are the primary cell type involved [5]. After endothelial cells received signalling and activation,
key steps in the subsequent generation of new vessel structures include the degradation of basement
membrane, as well as the proliferation and cell migration of endothelial cells before they form and
stabilize tubular structures and loops [5,6]. The alighment and arrangement of endothelial cells in
tubes is referred to as tubular-like structures in this study.

There are numerous methods for assessing angiogenesis — all of which vary drastically in the
particular part of the angiogenic cascade to which they refer, and in their clinical relevance [7].
Whereas in vivo approaches possess high potential to capture the complex processes of the human
body, in vitro assays tend to be less laborious, achieving faster results and providing great
quantification possibilities [6,7]. However, although in vive assays are more time-consuming,
expensive and limited in quantification, their high clinical relevance makes them indispensable in
many respects [7]. But before taking the steps towards conducting in vivo tests, in vitro assays can be
beneficial in providing valuable initial information about test conditions. Since in vitro angiogenesis
assays often focus on only one particular step in the angiogenic cascade, they exhibit high potential
to consider the specific effects, interactions and role of tested drugs in the process of angiogenesis
[6,8].

Traditionally, in vitro cell culture assays have been performed using only one single cell type—
although the cells’ natural environment in vivo often comprises of various cell types [9]. Even if cells
of different cell types are not in direct contact in vivo, they may at least be able to communicate with
other cell types [9]. A common attempt to imitate an in vivo environment is represented in the
simultaneous cultivation of several cell types within in vitro co-cultures. In principle, co-culture
systems allow the cultivation of two or more cell types with a certain degree of
contact/communication facilitated between them [10]. Especially for studying angiogenesis, co-
culture approaches frequently prove beneficial, since angiogenic processes are stimulated by
intercellular factors [3,11]. A well-known known and clinically relevant co-culture model for analysis
of angiogenesis involves the co-cultivation of mesenchymal stem cells and endothelial cells [12,13].
Mesenchymal stem cells possess an angiogenic potential supporting the formation of tubular-like
structures and characteristics in endothelial cells by releasing angiogenic factors [12-14]. Therefore,
these cell types were selected as co-culture models in this study. In general, co-culture models cover
direct cultivations of different cell types, which enables both direct cell-cell contact and interaction as
well as indirect co-cultivation approaches, where different cell types are physically separated but
sharing one cell culture medium that permits an intercellular communication and exchange of
molecules [10,15,16]. Different co-culture models are commercially available —including co-culture
inserts for well plates which facilitate the cultivation of two cell types that are physically separated
from each other in one cell culture medium (for example, those distributed by ibidi GmbH, Germany
or Thermo Fisher Scientific, USA) [17]. Petri dishes are also commercially available that have a surface
separated in two, three, or even four compartments by a small barrier—a design which allows for a
shared use of cell culture medium (for example, those distributed by Thermo Fisher Scientific Inc.,
USA). Numerous experimental co-culture setups have been developed and found their application
in virtually all biological disciplines [10].

For studying vascularization and angiogenesis, in vitro approaches include indirect co-
cultivation in commercial transwell inserts via use of membranes or in micropatterned systems [18—
21]. Especially useful for analysing endothelial tube formation, one basic method involves seeding
cells onto a layer of gel matrix, which provides those cells with nutrients and stimulates angiogenesis
by releasing angiogenic factors [11,22]. Common matrix substances in such systems are collagen,
fibrin, and Matrigel®, whereas Matrigel® comprises of a solubilized basement membrane (from
Engelbreth-Holm-Swarm mouse sarcoma) and evolved to be a standard substrate material in all kind
of angiogenic tube formation assays in co- or mono-cultures [11,23]. Carter ef al. have taken another
approach and developed a porous and permeable membrane, which is similar in thickness to the
vascular basement membrane and functions as a barrier or growth surface in co-cultivations [24].
Intensive research on cell-cell interactions, communication, and behaviour has also been conducted
in direct co-cultivation studies in vitro—for example, through the use of endothelial and stromal
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cells [22,25,26]. More recent studies in the field of regenerative medicine have aimed to mimic the in
vivo environment by (co-)culturing cells in 3D hydrogel or matrix structures, as well as on scaffold
materials and beads [22,27-30]. These methods show a great potential for imitating the in vive
situation, but are often regrettably limited in their capacity to ensure efficient oxygen and nutrient
supply within the hydrogel or scaffold. In addition, analysis of cell behaviour and interaction in three
dimensions still poses a considerable challenge [22]. Several approaches have been undertaken in
microfluidics in recent years in an attempt to address this problem [11,18,31].

Importantly, however, all of these studies require appropriate experimental equipment, test
beds, or — in the case of microfluidics and scaffolds — suitable microfluidic chambers and scaffolding
elements. Indeed, the vast majority of reported microfluidic chambers have been fabricated by
laborious, traditional manufacturing processes that require special training and are particularly time-
consuming. And unless they wish to fabricate their own chambers, researchers currently have no
choice but to revert to commercially available test equipment. Nowadays, additive manufacturing
technology does enable the rapid production of customized labware and high definition experiment-
specific equipment—but limitations remain. Even though many 3D printing materials are
commercially available, not all of them are suitable for biomedical applications, due to the lack of
biocompatibility or sufficient surface properties, for example [32,33].

Against this backdrop, this study introduces a customized 3D-printed co-cultivation system for
use with indirect co-culture assays. Together with further developed 3D-printed (co-)cultivation
platforms, this study illustrates the high potential of the 3D printing material in question — not only
for the in vitro study of angiogenesis, but also for potential integration in biomedical applications
more generally. To analyse the applicability of the customized co-cultivation system in angiogenesis
studies, mesenchymal stem cells and endothelial cells were indirectly co-cultivated in the system. The
release of angiogenic factors into the cell culture medium is expected to result in the formation of
tubular-like structures by the endothelial cells. Endothelial tube formation was monitored via
microscopic observation which was facilitated by the transparent appearance of the 3D printing
material. Recently published work already indicated the great potential of the material in question
with respect to proliferation and biocompatibility studies with mesenchymal stem cells [34]. Here,
we further illustrate other excellent application possibilities for this versatile and highly promising
material.

2. Materials and Methods

2.1. Design, 3D Printing and Post-Processing

As a first step in the manufacturing process, a 3D computer-aided design model was
constructed. 3D computer-aided design (CAD) software SolidWorks 2018 (Dassault Systems,
Waltham, MA, USA) was used for the design of all 3D-printed devices. The constructed CAD model
was then directly sent to the 3D printer, where it is fabricated. A rigid, translucent, clear polyacrylate
resin named AR-M2 (Keyence Deutschland GmbH, Neu-Isenburg, Germany) was selected as the 3D
printing material, and processed using high-resolution 3D printer AGILISTA-3200 W (Keyence
Deutschland GmbH, Neu-Isenburg, Germany). This printer manufactures objects via inkjet
technology using an ultraviolet (UV) curing process, which results in a layer thickness of 15 pm and
a resolution of 635 x 400 dots per inch.

Since surrounding supporting material must ultimately be removed from 3D-printed parts, a
final “post-processing” phase is required after the printing phase is completed. Because the support
material used (AR-51; Keyence Deutschland GmbH, Neu-Isenburg, Germany) is soluble in water, the
printed parts were placed for at least 1 h in a pre-warmed (60°C) ultrasonic water bath (Bandelin
electronic, Berlin, Germany) filled with deionized water and detergent (Fairy Ultra Plus, Procter and
Gamble, Petit-Lancy, Switzerland), which was sufficient to remove all support material. After
washing the parts thoroughly with deionized water, they were then “post-cured” with UV light (UV
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Sterilization Cabinet KT-09DC, Alexnld, Tiberias, Israel) for 1h, in order to ensure full photo
polymerization of the materials acylate monomers.

Immediately prior to its deployment in the biological environment, all 3D-printed parts were
chemically disinfected via incubation in ethanol (70 %, v/v) (Carl Roth GmbH und Co. KG, Karlsruhe,
Germany) for 1 h; then placed on a sterile surface for 1 h to allow the ethanol to evaporate; and,
finally, washed thoroughly with sterile phosphate-buffered saline (PBS) (Carl Roth GmbH und Co.
KG, Karlsruhe, Germany).

As highlighted in previous published work, the 3D printing material in question has a
translucent clear appearance which facilitates optical microscopic observations. Known material
components in the liquid state of the polyacrylate are two acrylate monomers, a photoinitiator, a
stabilizer, and a urethane-acrylate-oligomer [34].

2.2. Cell Lines and Cell Culture Conditions

Two different cell lines were used in this study: GFP Human Umbilical Vein Endothelial Cells
(HUVECs), and human adipose tissue-derived mesenchymal stem/stromal cells (AD-MSCs).
HUVECs were purchased from Cellworks (Caltag Medsystems Limited, Buckingham, UK) and
cryopreserved until usage. These cells are an angiogenesis co-culture that has been validated by the
manufacturer. They were cultivated in basal Endothelial Cell Growth Medium 2 (EGM-2), with
added supplement mix as instructed by the manufacturer (Promocell, Heidelberg, Germany), 8 %
fetale kalv serum (FKS) (Sigma Aldrich Chemie GmbH, Munich, Germany) and 0.5 % gentamycin
(PAA Laboratories GmbH, Pasching, Austria), at 37°C in a 5% COz and 21 % O» humidified
atmosphere. The AD-MSCs were isolated from adipose tissue following abdominoplasty surgery,
extensively characterized as AD-MSCs, and cryopreserved in passage two until usage [35]. The donor
provided informed written consent as approved by the Institutional Review Board (Hannover
Medical School), with the reference number 3475-2017. For cultivation of AD-MSCs, a cell culture
medium containing Minimum Essential Medium Eagle with alpha modification (a-MEM) (Thermo
Fisher Scientific Inc., Waltham, USA), 10 % human serum (c.c.pro GmbH, Oberdorla, Germany) and
0.5 % gentamycin (PAA Laboratories GmbH, Pasching, Austria) was prepared, and the cells were
cultivated at 37°C in a 5 % COz and 21 % O: humidified atmosphere. Both cell lines were sub-
cultivated with a confluence of 80 % - 90 % via accutase treatment (Merck KGaA, Darmstadt,
Germany). All experiments were performed with cells of passages lower than nine.

2.3. CellTiter Blue (CTB) Viability Assay

The CellTiter Blue® (CTB) cell viability assay was performed according to the manufacturer’s
protocol (Promega GmbH, Mannheim, Germany). In brief, cell culture medium was removed from
each sample under examination, and 200 pl of fresh cell culture medium containing 10 % CTB stock
solution was then added, respectively. Samples were subsequently incubated at 37°C in a 5 % CO:
and 21 % Oz humidified atmosphere for 1.5 h, and fluorescence signal was thereafter measured using
a fluorescence plate reader (Fluoroskan Ascent, Therma Fisher Scientific Inc., Waltham, USA). Viable,
metabolically active cells are able to convert resazurin—which is contained in the reagent solution—
into the fluorescent product resorufin. This conversion to resorufin can be monitored at an extinction
wavelength of 544 nm and an emission wavelength of 590 nm.

2.4. Lactate Dehydrogenase (LDH) based Viability Assay

Using the Cytotoxicity Detection Kit (Roche, Basel, Switzerland), the release of lactate
dehydrogenase (LDH) into the culture supernatant was measured. Lactate dehydrogenase is a
cytosolic enzyme which is released upon cell lysis or damage of the cell membrane. That way, the
assay can be used to determine cell viability. The amount of LDH in the culture supernatant is
measured by a coupled enzymatic reaction that causes tetrazolium salt to convert into a red formazan.
The red formazan product holds an absorption maximum at 500 nm, which can be monitored. The
assay kit was performed as specified by the manufacturer’s protocol, and a spectrophotometric
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microplate reader (BioTek Instruments, Inc., Winooski, VT, USA) was used to measure formazan
formation.

2.5. Cell proliferation studies

Cell proliferation was monitored by performing the Trypan blue exclusion method. The Trypan
blue stain is able to enter cells with compromised membrane integrity (i.e., damaged or lysed cells)
and marks them with a blue colour. This allows for the differentiation between living and
damaged/dead cells. After staining of the cells with 0.4 % Trypan blue stain, the cell suspension is
then pipetted in a haemocytometer (Brand GmbH + Co. KG, Wertheim, Germany), and a count of
blue cells is taken.

Viability and proliferation studies of AD-MSCs and HUVECS growing on 3D printing material
were performed as described in detail in previous published work [34]. While AD-MSCs were seeded
in 3D-printed wells at a density of 15.000 cells-em?, HUVECs were seeded at a density of 25.000
cells-cm? (since these cells are smaller).

2.6. Co-cultivation of AD-MSCs and HUVECs, separated through dividing barrier

For indirect co-cultivation experiments, a cell cultivation system was designed that allows for
separate cultivation of two adherent growing cell types within a single shared cell culture medium.
The growth surface area is divided into two spaces by a rigid barrier wall. Each side represents the
surface area for cell adhesion and growth of one cell type. The 3D-printed barrier provides a sufficient
height (2 mm) to prevent cell-cell contact among the different cell types but still simultaneously
enable both sides to share the same cell culture medium. This allows endothelial cells (here: HUVECs)
to be physically separated from stromal cells (here: AD-MSCs), and to develop tubular-like structures
due to stimulating substances released from feeder cells. The separate cultivation of AD-MSCs and
HUVECs using a physical barrier within a single shared cell culture medium is referred to as “indirect
co-cultivation” in this study. The designed co-cultivation system fits in a well of a commercially
available 6-well cell cultivation plate, which provides sterile and user-friendly handling. Cultivation
surfaces for adherent cell growth of two cell types are separated through a barrier. The CAD-design,
dimensions, and the handling are all illustrated in Figure 1.

Following 3D printing, post-processing, disinfection, and an evaporation procedure, the co-
cultivation systems were washed thoroughly with PBS. Both cell types were then seeded separately
and independently from each other within a cell-type-specific culture medium. HUVECs were
seeded at a density of 30.000 cells per side within the co-cultivation chambers, while AD-MSCs were
seeded at a density of 20.000 cells per side. Cells were seeded in a volume of 200 ul cell culture
medium. This volume allowed for discrete seeding, without overflowing the barrier. For cell seeding
and adhesion, cells were kept in their regular cell-type-specific culture medium. After 24 h, the
medium of both cell types was removed, and a co-cultivation medium was added. The co-cultivation
medium contains half EGM-2 and half a-MEM, at 3 % human serum and 0.5 % gentamycin. A volume
of 550 pl of co-cultivation medium permits an overflow and exchange of the medium across the
physical barrier. The cultivations were maintained at 37°C in a 5 % COz and 21 % O: humidified
atmosphere. Cell growth, behaviour, and angiogenesis were all subsequently monitored using a cell
imaging multi-mode reader (Cytation 5; BioTek Instruments, Inc., Winooski, VT, USA).
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Figure 1. Illustration of a 3D-printed co-cultivation system that is separating two cell types through a
dividing barrier. Both cell types can still share one cell culture medium and thereby enable exchange
of substances. All dimensions in CAD drawing are in mm.

2.7. Co-cultivation of AD-MSCs and HUVECs without physical separation

For further co-cultivation and screening approaches, co-cultivations of AD-MSCs and HUVECs
in which both cell types were not physically separated from each other were also performed. The
collective cultivation of AD-MSCs and HUVECs without a physical barrier is referred to as “direct
co-cultivation” in this study. Within this experimental setup, AD-MSCs and HUVECs were seeded
in different cell mixture ratios in a screening assay. A screening platform was designed and 3D-
printed, and then fitting into a regular 60 mm petri dish, in order to facilitate sterile and user-friendly
handling. In a first approach, a cell count of 70.000 cells per cultivation well was set, and the
correspondence ratios were respectively calculated. Chosen cell mixture ratios were 1:1, 1:2, 1:3, 1:5,
2:1, 3:1, and 5:1 (HUVEC:AD-MSC). The 3D-printed cultivation platform was maintained at 37°C in
a5 % CO2 and 21 % Oz humidified atmosphere. Cell growth, behaviour, and angiogenesis were all
subsequently monitored using a cell imaging multi-mode reader (Cytation 5; BioTek Instruments,
Inc., Winooski, VT, USA).

2.8. Crystal Violet Staining Method

All attached cells were marked using a method of crystal violent staining. Crystal violet is a
triarylmethane dye that can bind to DNA and proteins [36]. For staining, the cell culture medium was
removed, and the cells themselves were washed with PBS. 200 ul of a prewarmed crystal violet
staining solution (Merck KGaA, Darmstadt, Germany), which was added to each well and incubated
for 10 min at room temperature. Afterwards, the staining solution was removed, and the chambers
thoroughly washed with PBS. Microscopic images were then taken with a 3D digital microscope
(VHX; Keyence Deutschland GmbH, Neu-Isenburg, Germany).

2.9. Evaluation of Angiogenesis

To detect and quantitative analyse angiogenic tube formation, the free open source software
AngioTool® (National Institute of Health, National Cancer Institute, Bethesda, MD, USA) was
utilized [37]. For analysis of experiments, AngioTool® can detect the output of various morphometric
parameters related to angiogenesis (such as the vessel area, total number of junctions, or the average
vessel length). Vessel profiles and networks were then identified according to the parameters set. In
this study, fluorescence images were analysed using the following settings present in AngioTool®:
vessel diameter =12 um; vessel intensity =15-255; and fill holes=240. These parameters were
selected because they had previously proven to be suitable.

72



Experimenteller Teil

Materials 2020, 13 7 of 17

For better imagination, a figure demonstrating the output of AngioTool® and a detailed
description of analysis parameters are given in the supplementary material (see Figure SI,
supplementary material).

3. Results and Discussion

3.1. Viability and Growth Analyses of Cells growing on 3D Printing Material

Guaranteed biocompatibility is an essential prerequisite for all materials that are introduced to
a biological environment (for example, within biomedical applications). Any potential negative
effects on cells—for example, via leaching of substitutes or degradation of products—must be
definitively ruled out, since these characteristics can induce irritations and/or allergic reactions [38-
40].

Recently published work in studies using AD-MSCs had already demonstrated the general
biocompatibility of the 3D printing material in question [34]. As co-cultivations are generally
performed with various cell types, further biocompatibility studies of the printing material with
HUVECs were also conducted. Therefore, AD-MSCs—just as HUVECs—were cultured in direct
contact with the 3D printing material, and cell viability, morphology, and proliferation were all
carefully monitored. HUVEC cell viability and proliferation was compared to AD-MSCs viability, as
well as to the cell growth on the cell culture-treated surfaces of commercially 24-well plates (as a
control). For these experiments, cell cultivation chambers were 3D printed. The cultivation chambers
are designed to fit into the well of a regular 6-well cell cultivation plate, which helped to ensure sterile
and user-friendly handling. By adapting the growth surface area of the 3D-printed cultivation
chamber to the growth surface area of a commercial 24-well cell cultivation well, control cultivations
can be performed using commercially available 24-well cell cultivation plates. The growth surface
area of both of the cultivation systems that were used was 1.89 cm?. Here, cultivations in commercial
24-well cell cultivation plates represent the optimal cell growth with optimal conditions.

In order to ensure that the 3D-printed material in question has no toxic effects on the cells, two
biochemical-based in vitro viability assays were also performed —each based on a different metabolic
activity and function in the cellular metabolism (see Sections 2.3 and 2.4). Figure 2 shows the results
of these viability assays, as well as proliferation studies of both cell types that were grown directly
on the 3D-printed material. No significant differences in cell viability for either cell types (in
comparison to the control cultures) were observed. In fact, over a cultivation period of 72 h, the
average cell viability observed within the 3D-printed chambers was slightly higher than that
observed within the commercial 24-well plates. Furthermore, an analysis of cell growth showed no
significant differences in growth rates for either cell types—regardless of whether cells were
cultivated in 3D-printed systems or in commercial cell cultivation well plates.

The transparent clear appearance of the 3D-printed material also allows for optical microscopic
monitoring of the cell morphology. Such observation did not reveal any changes in either the cell
morphology or behaviour for cells that were cultivated in direct contact with the 3D-printed material.
Taken together, neither cell viability and proliferation nor morphology appears to have been
influenced by the 3D printing material for either of the cell types that were analysed.
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Figure 2. Evaluation of cell viability and proliferation of cells growing in direct contact to the 3D
printing material. Cell viability of both cell types (AD-MSCs and HUVECs) was analysed in LDH
assays (a) and CTB assays (b) after cultivation of cells for 24 h, 48 h and 72 h in 3D-printed chambers.
Control cultures of both cell types were performed in commercially available regular 24-well cell
culture plates and are considered to present cell growth under optimal conditions. Cell viability is
normalized to the corresponding control, respectively. Cell growth was determined by cell counting
of living cells using Trypan blue staining and illustrated for HD-MSCs (c) and HUVEGCs (d). All
experiments were repeated several times (n > 6), and compared to control.

3.2. Co-cultivation of HUVECs and AD-MSCs in 3D-printed Cell Cultivation Systems

A common approach to mimicking an in vive environment for the purposes of studying
intercellular interactions is the in vitro cultivation of different cell types in co-cultures, which implies
a simultaneous cultivation of several cell types. There are many such approaches: For example, direct
co-cultivation systems enable both cell-cell contact and interaction between different cell types. By
contrast, in indirect co-cultivations, the different cell types are physically separated but still share one
culture medium, which allows for the exchange of signalling molecules via the medium.

3D printing represents an ideal, flexible tool to satisfy the widely varying demands of different
experimental setups. For an indirect co-cultivation of AD-MSCs and HUVECs, a cultivation system
was designed and 3D-printed (see Figure 1). The cavity in the middle was divided into two spaces
by a rigid, 3D-printed barrier. Each side represents the surface area for cell adhesion to facilitate the
growth of one cell type. The barrier was high enough to physically separate the two cell types but
still simultaneously allow both sides to share a single cell culture medium. To maintain a sterile
environment while still enabling user-friendly and convenient handling, the dimensions of the co-
cultivation system were also adapted to fit in the well of a commercially available 6-well cell
cultivation plate (see Figure 1).

One of the most well-known and clinically relevant in vifro co-culture models facilitates
cultivation of mesenchymal stem cells and endothelial cells [12,13]. These models are frequently used
(for example) to study the angiogenic potential of MSCs from different sources and donors, as one of
the required potency assays [14,41,42]. Such assays evaluate MSCs supporting the formation of
tubular-like structures of endothelial cells through release of angiogenic factors [13,42]. In this work,
we analysed the suitability of using a 3D-printed co-cultivation platform for the development and
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assessment of endothelial tubes in the presence of AD-MSCs. Figure 3 demonstrates the principle of
an indirect co-cultivation within the 3D-printed chamber. While HUVECs cultured in mono-culture
do not display characteristics of angiogenesis, HUVECs cultured in a shared medium alongside AD-
MSCs form tubular-like structures that are considered a characteristic of angiogenesis.

HUVECs in mono-culture - only HUVECs in 3D-printed Chamber

,//. o

No angiogenic
 characteristics
\

Co-cultivation of HUVECs and AD-MSCs in 3D-printed Chamber

,7/ \\\\
( - Angiogenic
- characteristics

— ~
\\b—’//

Figure 3. Schematic illustration of the underlying principle of indirect co-cultivation pointed out.
While HUVECs cultured alone in the 3D-printed chamber show no signs of angiogenesis, HUVECs
cultured in co-cultivation with AD-MSCs in 3D-printed chambers develop characteristics of
angiogenesis.

To analyse the suitability of the 3D printing material, as well as the customized 3D-printed co-
cultivation system in the context of indirect co-cultivation approaches, co-cultures of HUVECs and
AD-MSCs were conducted over a period of 144 h (6 d), and endothelial tube formation was carefully
monitored. In this study, all experiments were performed with HUVECs expressing green fluorescent
protein (GFP) to facilitate monitoring via fluorescence. Because the 3D printing material in question
holds no notable degree of autofluorescence, it readily permitted microscopic monitoring of
fluorescence. Figure 4 shows fluorescence images of HUVECs grown in the 3D-printed co-cultivation
chamber taken over a cultivation period of 144 h, as well as a quantitative analysis of tubular-like
structures. Both cell types were seeded independently in their cell specific cell culture medium, in a
volume that allowed for discrete seeding without overflowing the barrier in the middle. After a
cultivation period of 24 h, culture media were removed and changed to co-cultivation medium in a
volume that permitted the indirect interaction of both cell types via the transmission of signalling
molecules.

75



Experimenteller Teil

Materials 2020, 13 10 of 17

A

1000 ym 1000 pum 1000 pm

1000 um 1000 pm 1000 pm

) 350 - -
| " Hl 24h
5o B 48h
22504 .. m 72h
E 8 aex
S 5 200+ . = 9h
g% . 3 120h
S 2 150+
B

g @ 3 144h
Q 1004
E
(= 50—

Vessel area Total number of  Average vessel

junctions length

Figure 4. Analysis of angiogenic tube formation in indirect co-cultivation in 3D-printed system. (a):
Fluorescence images of HUVECs cultivated in co-cultivation with AD-MSCs, physically separated
through a barrier. After 24 h, the medium was changed to co-cultivation medium. In all, cells were
co-cultivated for 144 h. (b): Results of quantitative analysis of the vessel area, total number of junctions
and average vessel length of tubular-like structures of HUVECs using the software AngioTool®.
HUVECs cultured in monoculture in 3D-printed system served as negative control. All experiments
were repeated several times in independent experiments (n > 3) and significant differences to negative
control are indicated: *p < 0.05. **p < 0.01, **p <0.001.

The obtained fluorescence images illustrate that a tubular network was, indeed, formed in the
course of time (see Figure 4 (A)). Already after 48 h the slow migration and the associated
accumulation of HUVECsS can be seen, as smaller gaps are formed in the cell layer. These gaps become
much wider after 72 h and over time, as the HUVECs accumulate more and more in a tubular
structure. The cells gradually develop into a tubular-like network with increasing vessel or tube
length, while the thickness of the formed tubes is declining. Quantitative analyses also revealed that
the dimensions of tubular-like structures increased over time (see Figure 4 (B)) when compared to
HUVECs only cultured in mono-culture within 3D-printed systems. The dimensions of the vessel
area, the total number of junctions, and the average vessel length was more than doubled after around
72 h. The average length of the vessel in particular notably continued to extend as time progressed
(i.e.,t0 286 % + 47 % after 96 h, and ultimately to 280 % + 48 % after 144 h). By contrast, the vessel area
and total number of junctions both decreased again after 144 h — with a p-value of 0.0399, the
dimensions of the vessel area are only slightly significant different, and no significant difference was
observed for the total number of junctions compared to the dimensions after 24 h. Fluorescence
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images taken after 144 h of co-cultivation also highlighted that the tubular-like networks formed wide
holes, while the thickness of the developed tubes declined. One potential reason for the reduced
vessel area and thickness of tubular structures after 144 h could be due to the loss of cells via
detachment of dead cells.

In all, this experiment demonstrates that endothelial cells form tubular-like networks within the
context of an indirect co-cultivation approach with AD-MSCs in a customized 3D-printed system.
There was no need of applying Matrigel® or any other substrate materials to stimulate angiogenesis;
rather, due to the angiogenic potential of AD-MSCs, and a potential release of angiogenic factors in
the cell culture medium, co-culture alongside AD-MSCs facilitated the development of angiogenic
features within endothelial cells [4]. The process of angiogenic tube formation may of course be
accelerated by applying matrix substances (which could easily be coated onto the 3D-printing
material). The material used for 3D printing has also been proven to be suitable for cell cultivation—
particularly in the context of this customized 3D-printed co-cultivation system. This could represent
a promising starting point for further investigations of intercellular interactions, or for assessing the
effects of potential regulators on vessel formation. To the best knowledge of the authors, this
experiment marks one of the first indirect co-cultivation assay in this vein that has been performed
within a 3D-printed system—and thereby represents an important step towards the integration of
customized 3D-printed devices in biomedical and/or tissue engineering applications [43,44].

3.3. Further customizable, experiment-specific 3D-printed platforms for the study of angiogenesis

In vitro angiogenesis studies provide valuable initial information about (for example) drug
substances, suitable test concentrations, and cell therapy candidates, to name just a few applications.
Essential test variants can be performed in vitro before considering their use in in vive experiments.
In addition, in vifro angiogenesis assays often address only one particular step in the angiogenic
cascade—such as the degradation of

basement membrane or endothelial cell proliferation and migration —and thus hold the potential
to provide relevant information about specific interactions, or classify roles of tested drugs in a
particular phase of the angiogenesis process [6]. For these reasons, there are numerous studies
reporting on in vitro angiogenesis assays [7,22].

However, general in vitro test setups and requirements in research can vary widely between
experiments. Suitable experimental equipment, test beds, or supporting scaffold structures may be
needed —which can pose a significant challenge for researchers. Unless they are prepared to produce
their own labware, researchers are dependent on commercially available products. At this point, 3D
printing technology represents an advantageous tool to fabricate individually and experiment-
specific products in high-resolution and with almost unlimited complexity. Some possible
applications of 3D-printed systems supporting in vitro studies (of angiogenesis) are illustrated in
Figure 5 and 6.

One example of how 3D printing can be used to create new opportunities or circumvent
limitations imposed by existing commercially-available equipment is demonstrated in the following,.
As a proof of concept, a platform with seven cell cultivation wells was specifically designed and 3D-
printed for a direct co-cultivation approach with endothelial cell (HUVECs) and stromal cells (AD-
MSCs). For the direct co-cultivation, the wells were not divided by a barrier and, consequently, the
two cell types were cultivated with direct cell-cell contact. This custom 3D-printed system was then
fitted into a commercial petri dish (& 60 mm) as pictured in Figure 6 (C), to ensure sterility and user-
friendly handling of the 3D-printed platform. It must be emphasized that the chosen design format
represents only one of many design possibilities and shows the great potential of the 3D printing
technology used in this study for cell culture applications.
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HUVEC: AD-MSC

Figure 5. Example of direct co-cultivations (without physical barrier) performed in a 3D-printed
screening platform fitting in a commercial petri dish. HUVECs and AD-MSCs were seeded in
different cell mixture ratios (1:2, 1:3, 1:5, 1:1, 2:1, 3:1, 5:1), while cell density per well was held constant
and co-cultivated in co-cultivation medium for 96 h. Images of cells were taken with a 3D digital
microscope after crystal violet staining; scale bar is 150 um.

With the goal of finding the most promising cell mixture ratio, HUVECs and AD-MSCs were
thereafter seeded into the cell cultivation wells in different ratios, while the cell density per well was
held constant. Here, variation of cell mixture ratios led to different degrees of formation of holes and
tubular-like structures as angiogenic features— probably in response to different local concentrations
of pro- or anti-angiogenic signalling molecules secreted by AD-MSCs. In this experimental approach,
a high ratio of AD-MSCs caused overgrowth or domination over the endothelial cells as the whole
cell cultivation well became pervaded by AD-MSC-typical cell layer morphologies (see cell mixture
ratios of 1:5 and 1:3 in Figure 5). In conclusion, a cell mixture ratio of 2:1 (HUVEC:AD-MSC) was
determined to be advisable for future experiments.

This experiment illustrates what a useful tool 3D printing technology can be for meeting
experiment-specific challenges. As long as the 3D printing material in question is biocompatible and
can also fulfil all experimental requirements with respect to mechanical and optical material
properties, it can function as a self-contained test system; supporting scaffold structures for 3D cell
culture experiments; individually-designed labware; or even a high-throughput system and cell
culture vessel.

Figure 6 illustrates further variations of 3D-printed (co-) cultivation platforms and approaches
designed to study angiogenesis in vitro. These screening platforms were again fitted in commercial
petri dishes to function as a test bed — with the possibility to apply Matrigel® or other hydrogel matrix
substances as a supporting base, if desired — and proved helpful in finding a suitable test
concentration of a pro- or anti-angiogenic drug in more complex 3D culture systems. Screening
platforms with co-cultivation wells — i.e., where the growth area is divided through a rigid barrier -
may help to facilitate the study of angiogenic potential of stromal cells from different sources and
donors (see Section 2.2.). 3D-printed Co-culture systems with printed barriers dividing the growth
area into thirds enable the separate growth of three different cell types even as the cells continue to
still share one cell culture medium.
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Figure 6. Presentation of different experiment-specific co-cultivation platforms and approaches. (a):

Scaffold structure that can directly be seeded with cells, coated or filled with matrix substrates (b):
Screening platform, which is fitting in a regular petri dish @ 60 mm. (c): Illustration of the handling
of 3D-printed screening platforms, which are fitting in commercial petri dishes with diameters of 60
mm or 90 mm. (d): Example of a co-cultivation platform with 19 wells for screening approaches. The
system is fitting in a regular petri dish with a diameter of 90 mm. (e): Co-cultivation system allowing
separate growth of three different cell types, while sharing still one cell culture medium.

The provision of adequate nutrient and oxygen supply within a tissue graft continues to
constitute a significant challenge in the field of tissue engineering [3]. Indeed, overcoming limitations
on diffusion is a major goal in modern graft engineering [3]. In order to achieve this, both the
physiologic and pathologic appearance of the vascular system must be carefully analysed and
replicated [45]. In an attempt to mimic vascular networks, Kang et al. fabricated porous scaffolds via
stereolithography, coated them with a collagen layer, seeded cells onto the matrix, and then
integrated the construct in a perfusion system to imitate blood flow through the scaffold [45]. Similar
approaches could potentially be pursued and enhanced via 3D-printed scaffolds printed with the
material used in this study. Scaffold structures of almost unlimited complexity (indeed, even in
microscale format) can be 3D-printed, and cells can be grown directly on the scaffold, on coating
matrix substances (e.g. hydrogels or Matrigel®), or in hydrogel substances in pores. The whole
system can then be integrated into a flow chamber. Customizable 3D-printed platforms therefore
hold tremendous promise to broaden the spectrum of in vitro systems available to researchers.

4. Conclusions

This study introduces a customized 3D-printed co-cultivation system useful for indirect co-
cultivation approaches, as well as further 3D-printed devices useful for the in vitro study of
angiogenesis. The results first confirmed that the 3D printing material does not exert any negative
influences on cell behaviour. The customized 3D-printed co-cultivation system was then proven to
be a suitable platform for performing and monitoring indirect co-cultivations. Angiogenic tube
formation of endothelial cells was observed to develop within this system in response to the potential
release of angiogenic factors by co-cultured mesenchymal stem cells—without the need for any
supporting substrates (such as, for example, Matrigel®). Since the 3D printing material also enables
phase contrast and fluorescence microscopy, the behaviour of cells could be observed over the entire
cultivation period via both. To the best of the authors” knowledge, there have been only few work
published that demonstrates how 3D-printed systems can be used as customizable platforms in
indirect 2D co-cultivation approaches [43,44]. We believe this paper therefore marks an important
step forward for the integration of customized 3D-printed systems as self-contained test systems or
equipment in biomedical applications.
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Angiogenesis studies, and indeed cell culture work in general, frequently confront researchers
not only with difficult scientific questions but also profound implementation challenges. Researchers
are forced to find suitable assays and methods to address and assess complicated experimental
problems. But all too frequently, researchers are already restricted even in the very first phase of
problem-solving (i.e., formulating experimental design) because they are reliant on commercially
available experimental equipment. The rise of experiment-specific, customized 3D-printed labware
can remove this artificial and regrettable limitation. Moreover, high-resolution 3D printing
technology can open the door to manufacturing even complex devices at a micro scale [46].
Personalized experimental equipment or whole cultivation systems of almost limitless complexity
can potentially be produced from start to finish within just a few hours— offering for a tremendous
potential for pursuing experimental parallelization within a highly controllable environment. The 3D
printing material used in this study outshines and also convinces by its suitability in cell cultivation
experiments, as it can be exposed to ethanol (without negative effect on the material or later on the
cells). Furthermore, autoclavable 3D printing materials are also commercially available. Thus, the
sterility of the 3D-printed parts can be assured. Moreover, the mechanical and optical properties of
the 3D printing material used here make it a very promising candidate for producing customized cell
culture products. Whether as customized test system (as highlighted in this study) or as a high-
throughput screening platform, as scaffold material or as experiment-specific labware - the 3D
printing material in question may have almost unlimited application in future research setups.
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Evaluation of Angiogenesis by using AngioTool® software

For quantitative analysis of angiogenesis, the open source software AngioTool® (National Institute of
Health, National Cancer Institute, Bethesda, MD, USA) was used. Images were analysed regarding
different parameters that are related to angiogenesis. As one of the parameters, the vessel area was
analysed, which is defined as the area of all segmented vessels while a vessel is defined in AngioTool®
as a segment between two branching points. Furthermore, the total number of junctions or branching
points between vessels was determined as well as the average vessel length of all vessels in the image.
Figure S1 illustrates the output of AngioTool® for an exemplary image. Additionally, an Excel sheet

with the calculated results for the analysis parameters was issued by the software.

Analysis by AngioTool® software

1000 um

Figure S1. Exemplary images of cell analysis using AngioTool®. (A): Fluorescent image of
GFP Human Umbilical Vein Endothelial Cells (HUVECs) cultivated for 120 h in the 3D-printed co-
cultivation system. Total magnification is 4. (B): Output of AngioTool®. All vessels that are

considered by the software are marked in red and all branching points are highlighted in blue.

85



Experimenteller Teil

4.4 Entwicklung 3D-gedruckter statischer und

dynamischer Durchflusszellen fiir elektrochemische

(Bio)Sensoren
« | |
| ‘ \\ &% ‘

Abbildung 4-4 Graphical abstract von ,,3D-printed Flow Cells for Aptamer-Based Im-

pedimetric Detection of E. coli Crooks Strain”.

Wie bereits in Kapitel 3.3 angesprochen, gibt es vielfiltige Anwendungsmoglichkeiten
von 3D-Druck in der (Bio)Sensorik. Es kénnen nicht nur mafigeschneiderte Versuchsge-
héuse oder Apparaturen gefertigt werden, sondern sogar Elektroden mit geeigneten Ma-
terialien 3D-gedruckt werden ™. Dabei bietet die additive Fertigung die Moglichkeit, kon-
ventionelle Sensorkomponenten, wie Elektroden, in das System zu integrieren. Soge-
nannte Screen-printed electrodes (SPEs) stellen hierbei eine attraktive Alternative zu
konventionellen Elektroden dar. Mit einer Gréfle von nur wenigen Zentimetern unter-
stiitzen sie insbesondere die fortschreitende Entwicklung zu miniaturisierten, sensitiven
und tragbaren Sensorsystemen. Auflerdem stellen sie im Gegensatz zu herkémmlichen

Elektroden eine kostengiinstige Einweg-Variante dar '

SPEs kénnen ,blank“, d. h. ohne weitere Hilfsmittel, fiir elektrochemische Messungen
verwendet werden — sie bendtigen einzig eine Verbindung zu einem Potentiostaten. Viele
Anwendungen erfordern jedoch die Integration von SPEs in Geréteapparaturen oder In-
kubations- und Waschschritte, die mit der ,blanken“ SPE nur schwierig realisiert werden
konnen. Zur Umsetzung dieser Anwendungen bietet die additive Fertigung herausragende

Moglichkeiten um experiment-spezifisch mafigefertigte Systeme herzustellen.
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Nachfolgend werden 3D-gedruckte statische und dynamische Durchflusszellen vorgestellt,
in die eine SPE passgenau montiert und entsprechende elektrochemische Messungen
durchgefiihrt werden kénnen. Die Anwendung wird als proof-of-concept in einem apta-
merbasierten, impedimetrischen Biosensor zur Detektion eines E. coli Crooks Stammes
demonstriert und die Vorteile eines automatisierbaren, dynamischen Systems sowohl in
CFD (Computational Fluid Dynamics) Simulationen als auch praktischen Mischexperi-

menten aufgezeigt.

Die additiv gefertigten Systeme bestehen aus zwei Bauelementen: einem Deckelaufsatz
und einem Bodenteil. In beiden Elementen befindet sich eine speziell auf die Abmessun-
gen einer SPE angepasste Vertiefung, die einen festen Halt der SPE in der Durchflusszelle
gewihrleistet. Der Deckelaufsatz besitzt eine Offnung bzw. Kammer, die die Elektroden
der SPE umschliefit und diese einem definierten Fliissigkeitsvolumen, wie z. B. Pufferlo-
sungen oder Bakterienproben, aussetzt. Wahrend der Durchfithrung eines Biosensor-Ex-
periments muss der obere Aufsatz ausgetauscht werden — nur die Arbeitselektrode soll
mit Aptameren funktionalisiert werden, wihrend bei den elektrochemischen Messungen
alle Elektroden in Kontakt mit der jeweiligen Pufferlosung stehen sollen. Daher wurden
fir die statische Durchflusszelle zwei austauschbare Deckelaufsitze konstruiert, die sich
im Durchmesser der Offnung zur Fliissigkeitszugabe unterscheiden: ein Aufsatz um-
schlieBt einzig die Arbeitselektrode der SPE, der andere Aufsatz alle Elektroden (Ar-
beits-, als auch Referenz- und Gegenelektrode) der SPE. Das System wird durch einen

Verschlussmechanismus mit Magneten sowie O-Ringen abgedichtet.

In der aptamerbasierten Biosensor-Anwendung konnte erfolgreich eine impedimetrische
Detektion eines E. coli Crooks Stammes in der statischen Durchflusszelle demonstriert
werden. Die entwickelte statische Durchflusszelle hat die Durchfithrung des Biosensor
Experiments mafigeblich unterstiitzt — die Wasch- und Inkubationsschritte wéren ohne
Durchflusszelle, mit der ,blanken“ SPE, in dem Umfang nicht méglich gewesen. Dariiber
hinaus veranschaulichen Experimente in einer speziell fiir SPE-Anwendungen entwickel-
ten, dynamischen Durchflusszelle die Vorteile von integrierten Mikromischern. Durch sie
konnte eine homogene Vermischung der Analytprobe vor der Messung gewahrleistet wer-
den. Die Kopplung des Systems an eine Spritzenpumpe ermoglicht eine automatisierte
und zeitgesteuerte Inkubation, bspw. von Puffer- oder Probenlésungen. Ebenso koénnte
das System an einen Bioprozess gekoppelt werden, um bspw. eine kontinuierliche Detek-

tion von Zielanalyten aus einem laufenden Kultivierungsprozess zu ermoglichen.

Im folgenden Artikel ,,3D-printed Flow Cells for Aptamer-Based Impedimetric Detection

of E. coli Crooks Strain“ werden die Ergebnisse detailliert beschrieben und diskutiert.
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Abstract: Electrochemical spectroscopy enables rapid, sensitive, and label-free analyte detection
without the need of extensive and laborious labeling procedures and sample preparation. In addition,
with the emergence of commercially available screen-printed electrodes (SPEs), a valuable, disposable
alternative to costly bulk electrodes for electrochemical (bio-)sensor applications was established
in recent years. However, applications with bare SPEs are limited and many applications demand
additional/supporting structures or flow cells. Here, high-resolution 3D printing technology presents
an ideal tool for the rapid and flexible fabrication of tailor-made, experiment-specific systems. In
this work, flow cells for SPE-based electrochemical (bio-)sensor applications were designed and
3D printed. The successful implementation was demonstrated in an aptamer-based impedimetric
biosensor approach for the detection of Escherichia coli (E. coli) Crooks strain as a proof of concept.
Moreover, further developments towards a 3D-printed microfluidic flow cell with an integrated
micromixer also illustrate the great potential of high-resolution 3D printing technology to enable
homogeneous mixing of reagents or sample solutions in (bio-)sensor applications.

Keywords: additive manufacturing; impedimetric biosensor; aptasensor; screen-printed electrodes

1. Introduction

Electrochemical biosensors are widely used in areas such as health care, food control, or
environmental analysis [1]. Especially the high selectivity of the biological recognition element and
the sensitivity of electrochemical measuring methods (transducers) are potential key benefits of such
sensors. Besides biorecognition elements like antibodies [2], lectin molecules [3], or bacteriophages [4],
aptamers are of high interest [1]. In brief, aptamers are single-stranded nucleic acids that can display
a high affinity to a target analyte. They are selected in vitro by an evolutionary process (SELEX,
Systematic Evolution of Ligands by Exponential Enrichment) [5-7]. This class of biorecognition
elements is often compared to antibodies. Aptamers benefit from their high stability in different
chemical environments and to temperature changes [7]. Moreover, commercial, in vitro synthesis of
nucleic acids enables a cost-efficient and flexible production and even allows site-specific modifications
for attachment chemistries (e.g., thiol, amine, or biotin groups). Owing to their stability, consistent
quality, small size, and broad possible target range, many assays can be designed utilizing aptamers as
receptor molecules.

Electrochemical measurements, such as electrochemical impedance spectroscopy, offer label-free,
rapid, and sensitive detection—a real benefit towards point-of-care testing. For instance, detection
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limits close to single-molecule detection have been reported (lipopolysaccharide concentration of
0.01 attomolar) [8]. Herein, we focused on impedimetric aptamer sensors. Previously reported
targets include: Small molecules like progesterone [9] or Ochratoxin A (OTA) [10], proteins such
as clinically relevant Vascular Endothelial Growth Factor (VEGF) [11,12] or carcinoembryonic
antigen (CEA) [13], spore simulants of Bacillus anthracis [14], and various bacterial pathogens (e.g.,
Salmonella typhimurium [15,16], Escherichia coli (E. coli) [17-20], Staphylococcus aureus [21,22]). Infections
with specific pathogenic E. coli, for instance, are the cause of multiple severe medical conditions [23].
Thus, rapid and reliable testing is needed to validate the safety of food or environmental samples.
However, this presents only one example of why rapid detection methods are needed. Traditional
methods based on bacterial culturing are laborious and take days, while specific amplification (e.g.,
polymerase chain reaction-based detection) needs only a few hours but does not differentiate between
dead and living cells and requires costly devices and reagents. In comparison, electrochemical methods
offer rapid and sensitive testing. Combined with aptamers as biorecognition element, the binding
of whole cells enables selective detection of bacteria with no or little sample preprocessing. Besides
electrochemical biosensors with antibodies and other biorecognition elements [24] with detection limits
down to single-digit CFU (colony-forming units) mL~1, also a few electrochemical aptamer-based
biosensors have been reported for the detection of E. coli [25-27]. However, they all have in common
that electrodes are either self-made or custom-made, which hampers simple and open-access transfer
to in-field applications, due to a lack of standardization of the electrode setup.

In recent years, an increasing number of publications—focused on screen-printed electrodes
(SPE)—have been presented. SPEs are a disposable alternative to bulk electrodes. Besides in-house
screen-printing facilities, different commercial suppliers are established, offering cost-efficient mass
production [10,28,29]. Their products encompass disposable SPEs with different electrode materials
(e.g., graphite, gold, platinum) or even nano-engineered surfaces (e.g., deposited gold nanoparticles or
carbon nanotubes). Working electrodes with a diameter of only a few millimeters enable miniaturized
assays [30].

Several authors state that a specific volume of reagents or sample of interest is placed onto the
working electrode [31-33]. However, for many applications a static or dynamic flow cell might be of
interest. Potential advantages include the handling of samples with defined volumes, a controlled
environment, or, especially with regard to flow cells, an automation of experiments. A few authors
mounted the electrode setup/screen-printed electrodes into dynamic flow cells or open/static cells.
Polydimethylsiloxane (PDMS) [34,35] or 3D printing-based cells [36,37] are the most common, but
also electrochemical cells based on glass [38], polypropylene [39], or poly(methyl methacrylate)
(PMMA) [10] have been reported. Especially research laboratories may benefit from 3D printing as
a flexible small-manufacturing tool not limited to flow cells or open cells. Instead, it opens access
to a range of useful laboratory tools, while no special training is needed for the manufacturing
process [40-45]. In brief, based on CAD (computer-aided design) modelling, a 3D model is structured
into a finite number of layers to be printed layer by layer. In this way, a range of even complex 3D
structures can be manufactured. The 3D-printed open cells may include a chamber for screen-printed
microinterdigitated electrodes, which also enable a connection via Universal Serial Bus (USB) [30]
and a chamber for bipolar electrodes [46]. An example of a 3D-printed microfluidic chamber was
presented by Damiati et al. The SPE and the microfluidic chamber were bonded by a double-sided
adhesive layer [37]. Moreover, there are some examples for open cells which are not based on 3D
printing. Those include an open cell for the SPEs made of glass [38] and a one-compartment cell made
of a not-further-specified material [47].

The potential of flow cells is illustrated by a study by Rhouati et al. [10]. They developed an
automated aptamer-based detection of ochratoxin A in a custom PMMA flow cell for SPEs, which
included a multiple-step processing of beer sample and reagents. For other flow cells, 3D printing
has been utilized to manufacture master molds for PDMS and to provide (complex) housing for
microfluidic channels made of PDMS [48].
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In this study, we present 3D-printed cells that allow direct assembly of commercially available SPEs.
Since there are different suppliers of SPEs of different size and shape, 3D printing offers customized
integration of electrodes dependent on the specific needs for the experiments. The advantage of a
static 3D-printed flow cell is demonstrated in an impedimetric and label-free aptamer-based biosensor
approach for the detection of E. coli Cook'’s strain as a proof of concept. An aptamer-based biosensing
experiment involves several incubation and washing steps. Therefore, a system that allows the
treatment of the SPE with defined volumes of liquids would be beneficial. In addition, for aptamer
functionalization an exclusive exposure of only the working electrode is required. The static flow cell
was designed and 3D-printed to meet these demands.

Moreover, this study also presents a 3D-printed microfluidic dynamic flow cell with an integrated
micromixer, which can be operated automatically. Automated mixing of reagents or sample solutions
before electrochemical measurements would not only ensure homogeneous mixing of the sample
applied to the electrodes, but also contribute to reproducibility. A comparison of the mixing performance
withand without micromixer unit in the flow cell demonstrates the great effect of integrated micromixers.

2. Materials and Methods

2.1. Design, 3D Printing, and Post-Processing

Flow cells were constructed with the computer-aided design (CAD) software SolidWorks (Dassault
Systems, Waltham, MA, USA) and 3D printed using a high-resolution 3D printer (ProJet® MJP 2500
Plus, 3D Systems, SC, USA). As printing material, a rigid translucent polyacrylate resin was used
(VisiJet® M2R-CL, 3D Systems, SC, USA) via MultiJet printing technology, involving a UV-curing
process. The 3D parts were printed with a resolution of 800 x 900 dots per inch and a layer thickness of
32 um. VisiJet® M2-SUP functioned as the supporting material for the printing process. For removal
of support material after printing, 3D-printed parts were placed for 15 min at —18 °C, then removed
from the printing platform and placed for 45 min in a heat steam bath and paraffin oil bath at 65 °C
(EasyClean unit, 3D Systems, SC, USA). Afterwards, the parts were rinsed in an ultrasonic water bath
with the use of detergent (Fairy Ultra Plus, Procter and Gamble, CT, USA) for 30 min at 65 °C. The
microfluidic structures of the dynamic flow cells were additionally flushed with paraffin oil (Carl Roth
GmbH, Karlsruhe, Germany), soapy water, and water at the respective steps to remove remaining wax
and oil residues.

Both constructed 3D-printed cell systems consisted of two parts—a bottom and a top part. Two
exchangeable top parts were designed—one enclosing only the working electrode of the SPE and
one enclosing all electrodes. For sufficient sealing, disc magnets (diameter: 6.4 mm, length: 1.6 mm;
National Imports LLC, dba Magcraft, Vienna, VA, USA) and the corresponding electrodes enclosing
O-rings (11 x 2 mm; 7 x 2 mm; Marco Rubber & Plastics, LLC, Seabrook, NH, USA) were embedded in
the 3D-printed parts. The Standard Triangle Language (STL) files of the 3D-printed parts are provided
as supporting information.

2.2. Biosensing Experiment in 3D-Printed Static Flow Cell

2.2.1. Cultivation of Bacteria and Sample Preparation

Escherichia coli (E. coli) (Crooks strain, ATCC® 8739, American Type Culture Collection, Manassas,
VA, USA) was cultivated in appropriate nutrient broth and incubated at 37 °C, 150 rpm. To estimate
the concentration of bacteria, optical density (OD) was measured at a wavelength of 600 (ODgpg) with
a spectrophotometer. As the optical density (ODgpg) reached 0.5 (equals approximately 108 cells/mL),
1-mL samples of the culture were taken and spun down in a regular lab centrifuge for 10 min at 5000 g.
Supernatant was carefully discarded and the pellet was resuspended in 1 mL fresh nutrient medium.
Centrifugation and washing steps were repeated twice and cells were diluted in ferri-/ferrocyanide
buffer (FeSB) (see Section 2.2.4) to receive the required dilution.
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2.2.2. Preparation of Screen-Printed Electrodes (SPE)

Screen-printed gold electrodes (SPE) (DRP-220AT SPE) were purchased from Metrohm DropSens
(Oviedo, Spain). The SPE consisted of a gold working electrode (4 mm in diameter), a gold counter
electrode, and a silver pseudo-reference electrode and was made of high-temperature curing inks. The
SPE was connected via a cable (CAC, Metrohm DropSens, Oviedo, Spain) to a potentiostat (VSP-300
with ultra-low current cable, BioLogic, Seyssinet-Pariset, France). All measurements were conducted
at room temperature in an air-conditioned laboratory.

Before the start of a biosensing experiment, the SPE was mounted in the 3D-printed static cell
with the top part enclosing all electrodes, cleaned, and activated according to the procedure described
and optimized by Henihan et al. [49]. In brief, 100 uL of 0.1 mol L1 sulfuric acid (H,SO4) was applied
on all electrodes of the SPE. Then, 10 electrochemical cyclic voltammetry (CV) cycles with a voltage
between 0 and 1.6 V, followed by three CV cycles with a voltage between 0 and 1.3 V, were run. After
a biosensing experiment was done, the SPE was washed thoroughly with deionized nuclease-free
water (Millipore Milli-Q® system, Merck KGaA, Darmstadt, Germany) and cleaned with the same
CV procedure.

2.2.3. Aptamer Functionalization of the SPE

DNA oligonucleotides were purchased from Integrated DNA Technologies, Inc. (Coralville, TA,
USA), with a thiol modification at 5. The oligonucleotide sequence of the used aptamer was described
by Bruno et al. and was as follows: 5-ATC CGT CAC ACC TGC TCT GTC TGC GAG CGG GGC
GCG GGC CCG GCG GGG GAT GCG TGG TGT TGG CTC CCG TAT-3 [50]. Until the start of an
experiment, aptamer stock solution of 300 uM in deionized nuclease-free water was stored at 4 °C.

Chemical modification of oligonucleotides with thiol groups is a simple and often-used method
for aptamer immobilization on gold surfaces [51]. Due to chemisorption of the activated thiol-modified
aptamers on the gold surface, self-assembled monolayers were created.

For aptamer immobilization on the SPE, oligonucleotides were diluted to 1 uM in aptamer selection
buffer (SB) containing 0.5 M sodium chloride (NaCl), 10 mM Tris buffer (Tris-hydrogen chloride (HCI)),
1 mM magnesium chloride (MgCly); pH was set to pH 7.5. All buffer constituents used in this study
were purchased from Sigma-Aldrich (St. Louis, MO, USA), unless noted differently. Furthermore, all
buffer and solutions were diluted with deionized nuclease-free water. One uM aptamer solution was
preconditioned with 200 pM Tris-(2-carboxyethyl)-phosphine-hydrochloride (TCEP) for 20 min for the
reduction of disulfides, as described by Reich et al. [21]. Afterwards, the mixture was heated up to
95 °C for 5 min to break up hybridizations and potentially avoid incorrect folding. Cooling to room
temperature then enabled the correct and functional folding of the oligonucleotides.

Only the working electrode should be functionalized with oligonucleotides. Thus, the top part of
the 3D-printed cell was chosen, which was only enclosing the working electrode of the SPE.

When functionalizing the SPE with oligonucleotides, a balance has to be found between a
high surface coverage density, which allows for a high capture capacity, and correct folding of the
aptamer, which can be hampered at high immobilization density and, thus, hinder target binding [52].
Co-immobilization with mercaptohexanol (MCH) can be beneficial for a functional and well-ordered
oligonucleotide monolayer. As a co-immobilized chemical, MCH has been found to support an upright
position of immobilized DNA strands and can be used to control the aptamer density on the surface.
Both contribute to correctly folded and functional aptamers. Another purpose is to fill in gaps on
the gold surface. MCH blocks possible interaction sites and, thus, supports proper folding of the
DNA oligonucleotides [21,53]. However, MCH can also displace aptamers. Therefore, a balance of
concentration and incubation time has to be found [21]. The organization of the DNA strands to an
ordered monolayer can take more than 8 h [21,54]. Therefore, to ensure a correct arrangement, the
co-immobilization of aptamer and MCH was performed in an incubation step over night (for at least
15 h). Furthermore, in previous studies a ratio of 1:20 (1 uM aptamer and 20 pM MCH) was indicated
as most suitable. Thus, this ratio was used for biosensing experiments [55].
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In brief, reduced aptamer solution was mixed with 20 uM 6-mercapto-1-hexanol (MCH, 99%) for
co-immobilization and 100 pL were applied on the working electrode in the corresponding 3D-printed
static flow cell. As a precautionary measure, the system was placed in a wet chamber to additionally
prevent evaporation. After immobilization was carried out at room temperature overnight, the solution
was removed and electrodes were washed three times with SB. As an additional blocking step, the
working electrode was exposed to 1 mM MCH for 15 min and subsequently washed again three times
with SB [55].

After the MCH blocking step, all electrodes were exposed to boiling water for 2 min to break up
hybridizations and then washed three times with SB (see Figure 1). As illustrated in Figure 1, aptamer
structures could still possess incorrect folding or interactions. Breaking up the hybridizations can
rectify incorrect folding and, thus, nonfunctioning aptamers. The next step was the incubation in SB for
30 min at room temperature to promote correct folding of the aptamer. Subsequently, electrochemical
impedance spectroscopy (EIS) measurements were performed (see Section 2.2.4).

4

*mm@ 25, — QIR

gold electrode gold electrode gold electrode
Co-immobilization Blocking of spare
overnight electrode Functional folding

Figure 1. Schematic illustration of biosensor preparation. Co-immobilization step overnight,
mercaptohexanol (MCH) blocking, and boiling step.

2.2.4. Biosensor Experiment with Bacteria in 3D-Printed Static Flow Cell

With the aptamer-functionalized SPE mounted in the 3D-printed static flow cell, kinetic EIS
measurements were conducted. As described in previous studies, all EIS measurements were
performed in ferri-/ferrocyanide buffer (FeSB) containing 2 mM potassiumhexacyanoferrate (II) and
(ID) (K53[Fe(CN)g]; K4[Fe(CN)g], equimolar) in SB [21,49]. For all biosensor measurements, the top part
enclosing all electrodes for the 3D-printed static flow cell was used. Impedance was measured at open
circuit potential at an amplitude of 10 mV Root Mean Square (RMS) at 7 logarithmic spaced frequencies
per decade in the range of 200.000-0.1 Hz, as these parameters have proven to be suitable in previous
studies related to this subject [21,49]. Measurements were repeated four times, whereas the last three
cycles were included in fitting and analysis. Spectra were fitted to the modified Randles circuit, which
describes the present circuit between the electrodes [3]. Here, Ry represents the solution resistance,
Rt is the charge transfer (interface) resistance, W represents the Warburg element (diffusion of ions to
electrodes), and CPE is the constant phase element for the double layer at the surface. Rt was chosen
for further analysis since a binding event on the surface especially affects the charge transfer [21,49,56].

As a control for the biosensing experiment, electrochemical impedance was measured of the
aptamer-functionalized SPE (before E. coli samples were applied on electrodes). Afterwards, electrodes
on the SPE were washed with SB and dried before the prepared E. coli cell sample (100 pL) was applied
to the working electrode and incubated for 1 h. Electrodes were thoroughly washed three times with
SB and EIS was performed subsequently.

For regeneration of the aptamer-functionalized SPEs, the bacterial sample was removed, electrodes
were washed thoroughly with SB, and the surfaces were exposed to boiling water for 2 min. After
washing steps and incubation in SB (30 min, room temperature), SPEs were ready for another
biosensing experiment.
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2.3. Experiments in Dynamic 3D-Printed Microfluidic Flow Cell

The 3D-printed flow cell presented here features a micromixer upstream of the system, which
ensures a homogeneously mixed solution before it reaches the electrodes. The mixer, known as
HC-mixer, makes use of a split-and-recombine technique and H-shaped channel modules to intensify
and enhance mixing performance [57,58]. The mixer was designed according to Enders et al. and
connections to the tube and pump system were set up [58]. Right behind the micromixer unit, a fluid
chamber enclosing the relevant electrodes of the SPE was integrated. The fluid chamber enclosing all
electrodes of the SPE holds a volume of 30 pL. For connection of the microfluidic system to syringes
and the pump system, the design of the system was adapted to the dimensions of a Dolomite 4-way
microfluidic connector (Dolomite Center Ltd., Royston, UK). A syringe pump (AL-100, World Precision
Instruments, Sarasota, FL, USA) was taken for this study.

The mixing performance of the integrated micromixer unit was determined by computational
fluid dynamics (CFD) simulation experiments and compared with a reference design (T-mixer). CFD
simulations were performed using COMSOL Multiphysics 5.4 (COMSOL Inc., Stockholm, Sweden).
For the simulation, an aqueous liquid with a corresponding density (1 g cm “Hand dynamic viscosity
(1000 x 10° kg m~! s7) was set. Flow rate of 3 uL s™" for both inlets was chosen and a laminar flow as
present in microfluidic channels was assumed. To simulate mixing, a solute concentration of 1 mol m™3
at one inlet and 0 mol m 2 at the other inlet was defined. A diffusion coefficient of 1072 m? s~! was set,
presenting a commonly used constant [58,59]. Remaining simulation settings were chosen according
to Enders et al. [58].

Practical experiments with the two-mixer designs (T-mixer and HC-mixer) were performed to
confirm the results of the simulations. Acidic 100 mM sodium dihydrogen phosphate and basic 50 mM
di-potassium hydrogen phosphate (both from Carl Roth GmbH, Karlsruhe, Germany) with 50% (v/v)
(volume concentration) bromothymol blue solution (Sigma-Aldrich, St. Louis, MO, USA) were used
to visualize mixing. Bromothymol blue indicates acidic pH by a yellow color, neutral pH by a green
color, and basic pH by a blue color. In selecting the concentrations, care was taken to ensure that equal
proportions of both solutions resulted in a neutral pH value (green). For the experiments, a flow rate
of 3 uL s~ was set at each inlet for 1 min to ensure a steady state. Pictures were taken using a digital
microscope (VHX-6000 digital microscope, KEYENCE Deutschland GmbH, Neu-Isenburg, Germany).
The magnification was set to 30x.

3. Results and Discussion

3.1. Introduction of Static 3D-Printed Flow Cell

For performing biosensing experiments with SPEs, a static cell was designed and 3D printed. It
consisted of two parts—a bottom and a top part. Both parts held a slot specifically adapted to the
dimensions of the SPE that was providing the necessary support and ensured a firm fit in the static flow
cell. The top part included a cavity, focusing the corresponding electrodes of the SPE, which enabled
the exposure of electrodes to a defined volume of liquid, such as buffer solutions or bacteria samples.
During the biosensing experiment, the top part of the static flow cell has to be exchanged. Only the
working electrode should be functionalized with aptamers, whereas for electrochemical measurements
all electrodes have to be in contact with the respective buffer solution. Therefore, two exchangeable
top parts were designed—one enclosing only the working electrode of the SPE and one enclosing all
electrodes. Changing the top parts required easy (dis)assembly while holding sufficient sealing at
the same time. This was guaranteed by magnets and an O-ring, which was perfectly enclosing the
corresponding electrodes (see Figure 2).
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Figure 2. Image of the 3D-printed static flow cell with mounted screen-printed electrode (SPE) and
connected cable (A) and illustration of the setup (here with top part enclosing only the working
electrode of SPE) (B).

3D printing technology not only opened the door to the production of small batches or prototypes
in a short amount of time, it also allows researchers to create individually designed experimental
setups and devices of almost unlimited complexity, leaving them no longer reliant on commercially
available goods. There are several reports on custom cell systems, for example, made of methyl
methacrylate material or glass, that supported electrochemical measurements [10,60]. However,
traditional manufacturing methods are often disadvantageous as they involve time-consuming process
steps that often require special training, resulting in an overall laborious and cost-intensive process.

The 3D printing material used in this study is considered to be (in vitro) biocompatible, as has been
shown in previous publication [61]. Therefore, the material is suitable for biotechnological applications.
Furthermore, the chemical stability against ethanol or isopropyl alcohol solvents, which are frequently
used in the laboratory for material disinfection, was also shown [61]. Since a variety of different 3D
printing materials are already commercially available, compatible material with suitable properties
can be selected for the most diverse applications and experimental requirements. Autoclavable 3D
printing materials are also available, ensuring sterility of 3D-printed parts for biological applications.

3.2. Biosensing Experiments

To verify the successful aptamer immobilization on the working electrode, EIS measurements
were conducted. Impedance is a mathematically complex value that consists of a real and an imaginary
part. A common presentation of the data is to plot the real and imaginary parts against each other
(Nyquist plot). Each point on the plot presents the impedance parts at one frequency. A comparison of
Nyquist plots before and after aptamer functionalization is shown in Figure 3. A significant increase in
impedance can be observed after aptamer is immobilized. Due to the immobilized oligonucleotides on
the gold surface, the electron transfer is hindered and impedance increases.
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Figure 3. Typical electrochemical impedance spectra (Nyquist plots) before and after aptamer
immobilization. The number of spectra curves in one graph indicate the number of EIS cycles.

The general principle of an aptamer-based impedimetric detection of a target involves a redox
probe, which is supplied in a buffer solution. The redox probe is responsible for the electron transfer
from the working electrode to the counter electrode. Here, the ferri-/ferrocyanide couple was used as a
redox probe due to its fast electron transfer rate [62]. To assess the applicability of the 3D-printed static
flow cell in combination with the SPE for detection of E. coli Crooks strain, direct capture experiments
with E. coli were performed as proof of concept (see Figure 4).

4 MCH® fm?cy":':i " ?Aptamer i E. coli
-

Figure 4. Schematic illustration of aptasensor experiment.
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After the SPE was functionalized and prepared, samples with varying E. coli Crooks strain
concentrations were loaded onto the electrodes by means of the 3D-printed static flow cell and EIS
was conducted. As mentioned in Section 2.2.4. electrochemical impedance data were fitted to the
modified Randles circuit, subsequently, and the charge transfer (interface) resistance (Rct) was chosen
as parameter for analysis (see Figure 5). It was expected that upon binding of E. coli Crooks strain, the
electron transfer between electrode and buffer solution containing the redox probe was influenced and
that this was reflected in an altered R;.

3001 cPE
Rso\
Re W
200+
s [ E. coli 10°cells/mL
% E. coli 106cells/mL
M £ ol 107cells/mL
1004 W r o 108cells/mL
B £ faecalis 10%cells/mL
O_

Figure 5. Results of biosensing experiments. Electrochemical Impedance Spectroscopy (EIS)
measurements of biosensor experiments with varying Escherichia coli Crooks and Enterococcus faecalis
(E. faccalis) concentrations were fitted to the modified Randles circuit with Rg,): solution resistance, Ret:
charge-transfer resistance, W: Warburg impedance, and CPE: constant phase element. Extracted charge
transfer resistance AR is displayed. All experiments were repeated several times in independent
experiments (technical replicates, n = 3) and significant differences to Enterococcus faecalis as a control
are indicated: * p < 0.05, ** p < 0.01, ** p < 0.001.

The charge transfer resistance (Ry) increased with the concentration of E. coli in the sample
solution (from AR = 86.25 + 32.31 at 10° cells/mL E. coli to ARt = 249.99 + 39.58 at 108 cells/mL E. coli).
The more E. coli cells that were present in the sample, the higher and more substantial was the influence
on the electron transfer between electrode and redox probe. However, even low concentrations of
E. coli Crooks strain were detectable. In addition, no cross-reactivity of the aptamer used in this study
was observed, here to Enterococcus faecalis, and other previous published work already reported no or
no significant binding of the used aptamer to Staphylococcus aureus, Salmonella typhimurium, or E. coli
K12 [25].

After one biosensing run was done, the aptamer-functionalized SPE was regenerated in a cleaning
step with boiling water. Thereby, aptamer structures unfold and potential captured targets (here,
whole E. coli) can be released. A subsequent incubation step in aptamer selection buffer allowed the
oligonucleotides to fold again in functional conformation and the biosensor was ready for another
biosensing experiment. Nyquist plots of EIS indicated that the regeneration step successfully restored
the SPE: The electrochemical condition of the regenerated SPE was identical to the status before sample
incubation (see Figure 6). Aptamer structures were successfully regenerated.
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Figure 6. Typical electrochemical impedance data (Nyquist plots) of aptamer-functionalized SPE, after
a biosensing run with E. coli and after regeneration of the SPE. The number of spectra curves in one
graph indicates the number of EIS cycles.

The custom-designed, 3D-printed static flow cell has proven to be a prerequisite for performing
the biosensing experiment—the 3D-printed system not only provides a stable fit of the SPE and thereby
facilitates the handling, it also enables accurate washing and incubations with defined volumes of
liquids. An exchangeable top part allows for the selective treatment of only the working electrode
or all electrodes by the choice of top. Without this feature, a biosensing experiment following the
approach of this study would have been difficult to carry out.

In all, aptamer functionalization of the mounted SPE and subsequent direct capture experiments
with E. coli Crooks strain were successfully performed in a 3D-printed static flow cell. Due to the
electrochemical detection method, bacteria were detected label-free, without the need of laborious
and costly labeling procedures. With the use of aptamers as biological recognition element, a highly
selective and sensitive biosensor was created. The aptamer used in this study has already been
intensively characterized [25,26,63] but, to the best knowledge of the authors, it has never been used
in combination with a 3D-printed chamber. The 3D printing material, in general and particularly
the customized 3D-printed static flow cell, have proven to be expedient and beneficial in the context
of electrochemical sensors. In fact, the 3D-printed static cell could find application in all kinds of
SPE-based electrochemical studies.

3.3. Investigation of 3D-Printed Microfluidic Dynamic Flow Cell for SPE Applications

The 3D-printed static flow cell introduced in this study is based on manually performed washing
and incubation steps. However, an automated flow cell system may be profitable in other aspects or
for other applications. There are several reports demonstrating the advantages of flow systems for SPE
applications [10,64]. A consistent, continuous liquid flow may improve washing or lower the limit
of detection (LOD) of aptasensors. In addition, an automated system has great potential to improve
reproducibility and lower the workload. Here, 3D printing technology offers tremendous potential for
the rapid fabrication of complex flow systems that can be integrated in pump systems for automation.

A 3D-printed dynamic flow cell for SPE applications is shown in Figure 7A. The flow cell has
three inlets and an outlet, which can be connected directly to sample and reagent solutions via
tubing. The inflow and outflow into the flow cell can thus be controlled and enables reproducible
and continuous sample processing. To enable mixing-dependent applications with the flow cell, a
microfluidic HC-mixer was integrated upstream of the fluid chamber and the mixing performance was
compared with an integrated T-mixer, referring to a T-shaped channel module [58].
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Figure 7. (A) Image of a 3D-printed dynamic flow cell with an integrated SPE. (B) computer-aided
design (CAD) drawings of the top parts with HC-mixer and T-mixer and the bottom part of the flow
cells. (C) COMSOL simulation of the interior structure of the dynamic flow cells (inlet flow rates of
each 3 pL s71). The left inlet and the right inlet were simulated with concentrations of 1 mol m~3 and
0 mol m~3, respectively (see legend). (D) Pictures of the fluid chambers during mixing experiments
with flow rates of 3 uL s for both inlets. Yellow-colored solution was pumped into the left inlet and
blue-colored solution into the right inlet. The red scale bar represents 1 mm width.

The mixing performance of the integrated micromixer units was analyzed in both by CFD
simulation and in practical experiments. For an overview, Figure 7A,B shows a picture of an assembled
dynamic flow cell and CAD drawings of the individual parts, respectively. The mixing efficiency was
determined by simulation (see Figure 7C). A homogeneous mixing is shown as green (0.5 mol m~?),
while no mixing is shown as blue (0 mol m~) and red (1 mol m™3). After four of seven subunits of
the HC-mixer, a homogeneous mixing was evident. The simulation with a T-mixer showed that there
was almost no mixing of the liquids within the channel. Therefore, most parts of the liquid chamber
appeared blue and red. This is due to the laminar flow present in microfluidic channels, which is why
diffusion is the only mixing effect in straight microfluidic channels [58]. These results were confirmed
by practical experiments. Since a homogeneous mixing with equal proportions of the solutions used
resulted in a neutral pH value, a color change from blue or yellow to green is an indicator of successful
mixing. The integration of an HC-mixer resulted in a uniform green color inside of the fluid chamber
(see Figure 7A,D). In contrast, the T-mixer showed a mostly two-part segmentation of the liquids (right
side is yellow, left side is blue). Between the segments, a narrow, green transition area was visible,
which indicates a certain diffusive mixing, but not a homogeneous mixing within the fluid chamber of
the flow cell.

Both the simulation and the practical experiments demonstrated the excellent and superior
performance of the HC-mixer. The HC-mixer ensures a rapid and homogeneous mixing and is,
therefore, of great interest for integration into 3D-printed flow cells-especially when using small
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sample volumes. A possible application of the flow cell presented here is the automated and
time-controlled incubation of buffers, aptamer, and sample solutions. Concentration gradients can be
run or sample concentrations can be adjusted automatically. The integrated micromixer allows for a
fast and efficient mixing of reagents and/or mixing of the sample before it comes into contact with
the electrodes of a mounted SPE. In future work, sensor experiments with real samples have to be
performed to validate the functionality of the 3D-printed dynamic flow cell.

4. Conclusions

This work demonstrates the successful development of a 3D-printed static flow cell for SPE-based
applications. An aptamer-based impedimetric detection of E. coli Crooks strain as a proof of concept
served to demonstrate the successful implementation of the system. With the use of commercially
available SPEs, we presented not only a cost-effective and disposable alternative to bulk electrodes,
but, moreover, demonstrated regeneration and reuse of the biosensor. Electrochemical biosensing
experiments performed in 3D-printed static flow cell showed sensitive and selective binding to the
target, even after multiple SPE regenerations. In summary, the direct capture biosensor presented rapid
and sensitive detection without the need of costly labeling procedures or laborious sample preparation.
The customized 3D-printed static flow cell proved to be indispensable for performing a biosensing
experiment. The intensive/various washing and incubation steps required would have been difficult to
perform without the 3D-printed system. In fact, the 3D-printed cells could serve as a fundamental
base for SPE-based biosensors of any kind. The basic design allows easy fabrication with almost all
3D printing technologies and also allows researchers to customize the system to their applications
and specifications.

A dynamic, 3D-printed microfluidic flow cell was presented, which enabled automated control of
the fluid flow. By integration of a micromixer unit into the design, a homogeneous mixing of solutions
prior to electrochemical measurement was provided. This not only replaces intensive, manually
performed mixing steps, but also contributes to reproducible measurements and experiments. In
combination with an automated pumping system, the fluid flow can be controlled from continuous
(e.g., for washing the electrodes) to paused flow (e.g., to allow time-dependent incubations).

Compared to commercially available static and dynamic flow cells, the 3D-printed cells presented
here are much more cost-effective. Depending on the 3D printing technology and printer system used,
fabrication and labor costs may vary. The production of the ready-to-use 3D-printed cells in the proposed
printer system cost a total of about $18, taking into account material consumption and all consumables
used, whereas comparable commercially available systems made of polytetrafluoroethylene (PTFE)
are more than 50 times more expensive. As the operation of most 3D printers and the design of objects
with CAD software is easy to use and does not require special training, the entire manufacturing
process can be carried out with little training. In addition, 3D printing technology enables fabrication
of experiment-specific devices on demand, directly on site in the laboratory. In case no 3D printer is
available on site, commercial or academic 3D printing services offer contract printing at low cost.

This study demonstrated the great potential of customizable 3D-printed devices. Holding almost
unlimited design options, 3D printing technology is of incredible interest for rapid fabrication of
experiment-specific labware, test equipment, or whole test systems. With immense flexibility, 3D
printing technology provides a platform for individual adaptations or system integrations, as well as
the parallelization of complex systems. That way, not only electrochemical biosensing can benefit from
3D printing technology, but all scientific disciplines.
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5 Zusammenfassung und Ausblick

In der vorliegenden Doktorarbeit wurden die Moéglichkeiten, Herausforderungen und Per-
spektiven der additiven Fertigung in biotechnologischen/biomedizinischen Fragestellun-
gen und Anwendungen betrachtet. Das Ziel war es die Eignung verschiedener polymer-
basierter 3D-Druckmaterialien fiir biologische Anwendungen zu analysieren, zu evaluie-
ren und das Potential der additiven Fertigungstechnologie anhand individuell-entwickel-

ter Systeme fiir die biotechnologische sowie biomedizinische Forschung aufzuzeigen.

Wird ein Objekt mit einem biologischen System, wie beispielsweise lebenden Zellen, in
Kontakt gebracht, so ist eine umfassende Charakterisierung des verwendeten Objektma-
terials von grofler Bedeutung. Die physikalischen, chemischen und biologischen Materi-
aleigenschaften kénnen einen Einfluss auf die biologische Umgebung haben und bestim-
men iiber die Anwendbarkeit des Materials in einer biologischen Applikation. Im ersten
Kapitel des praktischen Teils dieser Arbeit (Kapitel 4.1) konnte gezeigt werden, dass die
Bearbeitungsschritte des Post-Processing die Materialeigenschaften und die biologische
Vertraglichkeit eines 3D-Druckmaterials mafigeblich beeinflussen. Die untersuchten Des-
infektions- bzw. Sterilisationsverfahren zeigten unterschiedlich starke Auswirkungen auf
die Zytotoxizitdt (und damit Biokompatibilitiat) des Materials auf. Eine iiberlegte Aus-
wahl der notigen Post-Processing-Schritte, insbesondere eines geeigneten Desinfektions-
bzw. Sterilisationsverfahrens, ist somit unerlésslich und sollte in Hinblick auf die beab-

sichtigte Anwendung erfolgen.

Es existieren zahlreiche Priifmethoden, um die Biokompatibilitdt eines Materials zu eva-
luieren und damit Risiken fiir die biologische Umgebung auszuschlieen. Im Rahmen
dieser Arbeit dienten biochemische Testverfahren, eine durchflusszytometrische Methode
sowie ein bildbasiertes Analysesystem zur In-Vitro-Analyse der Zytotoxizitat. Dabei er-
wies sich das bildbasierte Analysesystem hinsichtlich des noétigen Arbeits- und Zeitauf-
wandes, der Benutzerfreundlichkeit und des wissenschaftlichen Informationsgehalts als
besonders vorteilhaft. Mit Hilfe des Systems konnten gleichzeitig sowohl Verdnderungen
der Zellmorphologie beobachtet als auch kinetische Analysen und Quantifizierungen in
Echtzeit und im Hochdurchsatz realisiert werden — Attribute, die das Analysesystem zu
einem wertvollen Werkzeug fiir den téglichen Gebrauch im Labor machen. Insgesamt
konnte mit den In- Vitro-Testverfahren die Eignung beider untersuchter 3D-Druckmate-

rialien fiir biologische Anwendungen festgestellt werden.
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Je nach Einsatzgebiet additiv gefertigter Systeme in der Laborumgebung sind neben einer
gewahrleisteten Biokompatibilitdt weitere Materialeigenschaften bedeutend. Als entschei-
dende Einflussfaktoren fiir das Adhésions- und Proliferationsverhalten von Zellen gelten
Oberflacheneigenschaften wie Rauheit und Benetzbarkeit. Umfassende Materialuntersu-
chungen, welche in Kapitel 4.2 aufgefiihrt sind, zeigten dabei auf, dass das 3D-Druckma-
terial ,AR-M2“ (Keyence GmbH) nicht nur biologisch vertréglich ist, sondern auch ge-
eignete Oberflacheneigenschaften fiir eine Kultivierung von adhéirenten Zellen in direk-
tem Kontakt mit dem Material besitzt. Es konnte verdeutlicht werden, dass der zugrunde
liegende additive Fertigungsprozess zur Ausbildung unterschiedlicher Oberfléchenstruk-
turen fiihrt, die das Zellwachstum und -verhalten beeinflussen kénnen. Aulerdem konnte
in dieser Arbeit die Relevanz optischer Eigenschaften, wie die Transluzenz und die Fi-
genfluoreszenz des Materials, flir Anwendungen in der Zellkulturtechnik hervorgehoben
werden. So konnte die Kultivierung adhédrent wachsender Zellen in einem individuell-
designten Kultivierungssystem durch die vorteilhaften optischen Materialeigenschaften

(fluoreszenz-)mikroskopisch beobachtet werden.

Nachdem die polymerbasierten 3D-Druckmaterialien in den Kapiteln 4.1 und 4.2 einge-
hend charakterisiert worden waren, konnten die breiten Anwendungsmoglichkeiten der
additiven Fertigung in der Biotechnologie und Biomedizin in den Kapiteln 4.3 und 4.4
verdeutlicht werden. Mit Hilfe eines entwickelten Ko-Kultivierungssystems konnten die
Wechselwirkungen zweier adhérent wachsender Zelltypen im Kontext der Angiogenese
analysiert werden (Kapitel 4.3). Dariiber hinaus wurden weitere additiv gefertigte Platt-
formen vorgestellt, die In-vitro-Studien (der Angiogenese) in der Zellkultur unterstiitzen.
Es konnte verdeutlicht werden, dass die additive Fertigung das Spektrum der den For-
schern zur Verfiigung stehenden, kommerziellen Versuchssystemen und Laborequipment
erheblich erweitern kann. Die Vorziige der additiven Fertigung konnten innerhalb dieser
Arbeit zudem fiir Anwendungen in der Biosensorik genutzt werden. Fiir die Durchfiih-
rung elektrochemischer Messungen mit kommerziell erhéltlichen Screen-printed electro-
des wurden statische und dynamische Durchflusszellen entwickelt (Kapitel 4.4). Mit Hilfe
einer statischen Durchflusszelle konnte eine aptamerbasierte, impedimetrische Detektion
eines E. coli Crooks Stammes realisiert werden. Ohne die maBgefertigte Durchflusszelle
wéren die dafiir notwendigen Wasch- und Inkubationsschritte nur mit hohem Energie-
und Zeitaufwand umzusetzen gewesen. Die entwickelte dynamische Durchflusszelle ver-
deutlicht die Moglichkeiten des hochauflosenden 3D-Drucks zur Fertigung von komple-
xen mikrofluidischen Kanalstrukturen. Durch integrierte Mikromischer-Einheiten konnte
eine homogene Vermischung von bspw. Puffer- und Probenlésungen vor der elektroche-
mischen Messung gewéhrleistet werden. Zudem konnte durch Kopplung des Systems an

eine Spritzenpumpe ein automatisierter und zeitgesteuerter Ablauf ermoglicht werden.
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Zusammenfassung und Ausblick

Die Fiille an Anwendungsmoglichkeiten zeigt auf, dass die additive Fertigung grofles
Potential fiir die biotechnologische und biomedizinische Forschung besitzt, sei es zur
Herstellung von individuellen, experiment-spezifischen Laborequipment, Hilfsapparatu-
ren oder ganzen Versuchssystemen. Noch birgt die additive Fertigung jedoch einige Her-
ausforderungen, besonders in Bezug auf biologische Anwendungen. Die auf dem Markt
befindlichen, kommerziell erhéltlichen Materialien sind oftmals nur unvollstédndig cha-
rakterisiert oder kénnen aufgrund ihrer Eigenschaften fiir eine biologische Anwendung
direkt ausgeschlossen werden. Toxische Materialkomponenten, sowie die Suche nach ge-
eigneten Sterilisationsverfahren fiir spezifische Materialien stellen weiter Herausforderun-
gen dar, die die unmittelbare Integration von 3D-Druck in biotechnologische/biomedizi-
nische Prozesse verlangsamen. Ferner ist die generelle Fertigung eines Objekts durch das
additive Verfahren zwar sehr schnell, die Nachbearbeitungsschritte im Post-Processing
kénnen jedoch viel Zeit in Anspruch nehmen. Insbesondere die Entfernung von Stiitzma-
terial bei kleinen Modelldetails und komplexen Kanalstrukturen kann sich als problema-
tisch erweisen. Weiterentwicklungen der additiven Fertigungstechnologien kénnten dies-
beziiglich neue Stiitzmaterialien hervorbringen, die effizienter und einfacher im Post-
Processing entfernt werden und keine Behandlung mit weiteren Reagenzien erfordern,

welche sich negativ auf die biologische Vertréiglichkeit des Materials auswirken kénnten.

Auch wenn weitere Forschungsaufwendungen hinsichtlich der Optimierung von Materi-
aleigenschaften und der Nachbearbeitungsschritte des Post-Processing fiir die Integration
in biologische Systeme dienlich wiren, so sind die Vorteile der additiven Fertigung un-
verkennbar. Schon heute vermag es die additive Fertigung einen wertvollen Beitrag in
der biotechnologischen Forschung zu leisten. Allein die in dieser Arbeit vorgestellten
Anwendungen reichen von der Entwicklung individueller Kultivierungssysteme iiber die
Erstellung mafBigefertigter Hilfsapparaturen bis hin zur Realisierung automatisierter Ver-
suchssysteme. Solange die Materialeigenschaften der beabsichtigten Anwendung entspre-
chen, sind Applikationen fiir additiv gefertigte Objekte in jedem Bereich des biotechno-
logischen/biomedizinischen Labors denkbar und dem Forscher kaum Grenzen gesetzt.
Zukiinftig konnten 3D-Drucker zur Ausstattung eines jeden Labors gehéren und die Fer-
tigung von individuellen, spezialisierten Versuchssystemen sowie Laborartikeln nach Be-
darf und direkt vor Ort ermdéglichen. Dadurch kénnte sowohl ein Beitrag zur Nachhal-
tigkeit und Reduktion von Kunststoffen geleistet, als auch zeitintensive Transportwege

eingespart werden.
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Anhang

Weitere Projekte, die wiahrend der Promotionszeit bearbeitet wurden

A.1 Entwicklung eines additiv gefertigten, mikrofluidischen

Zelltransfektionssystems

Der Bedarf an (personalisierter) Biopharmazeutika, die mit immer héherer Produktivitét
und gleichzeitig niedrigen Herstellungskosten produziert werden konnen, steigt stetig 40,
Um dabei eine méglichst hohe Wirksamkeit und Vertréglichkeit fiir den Menschen zu
gewahrleisten, werden fiir die Produktion von Biopharmazeutika oftmals Sdugetierzellen
verwendet !, Die dafiir am haufigsten genutzte Zelllinie sind Chinese Hamster Ovary
(CHO)-Zellen. Diese erzeugen ein human éhnliches Glykosylierungsmuster, wodurch Im-
munreaktionen vermieden werden. Um eine flexible Produktion von Zielproteinen in
CHO-Zellen zu erméglichen, wurde im Rahmen dieser Arbeit an einem Projekt zur Ent-
wicklung eines kontrollierten und kontinuierlichen Zelltransfektionssystems mitgearbei-
tet. Dieses Zelltransfektionssystem soll unter anderem auf einer transienten Transfektion
von CHO-Zellen beruhen und additiv gefertigt werden. Zur Umsetzung der Anforderun-
gen wurden mikrofluidische, funktionelle Einheiten in ein LoC-System integriert und An-
schliisse zur direkten Verbindung an einen Bioreaktor geschaffen. Auf diese Weise soll

zukiinftig eine automatisierte, kontinuierliche Transfektion fiir die Herstellung rekombi-

nanter Proteine realisiert werden.

A.2 Entwicklung und Etablierung von durchflusszytometrischen
Methoden zur Detektion, Selektion und Rekultivierung von

hochproduzierenden Zellklonen einer CHO-Zelllinie

Um eine effizientere Produktion von rekombinanten Proteinen mit beispielsweise hoheren
Produktausbeuten oder optimierten Prozessbedingungen bei geringeren Herstellungskos-
ten zu ermoglichen, kommt der stetigen (Weiter)Entwicklung von Zelllinien eine wichtige
Rolle zu "2, Fiir die Analyse spezifischer Charakteristika bei der Klonauswahl eignet
sich besonders die Durchflusszytometrie '*. Diese erlaubt neben einer schnellen und semi-
quantitativen Analyse von Zellen beziiglich mehrerer Parameter auch die Sortierung ein-
zelner Zellen mit definierter Charakteristik. Im Rahmen dieser Arbeit wurde eine anti-
korperproduzierende CHO-Zelllinie auf Zusammenhénge zwischen Zellcharakteristika
und der Zellproduktivitéit untersucht. Die Zellkultivierung wurde dafiir iiber die gesamte

Kultivierungszeit beziiglich Lebendzellzahl, Viabilitat, Glutamin-, Glutamat-, Laktat
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und Glucosekonzentrationen sowie Produkttiter und der Zellgrofie iiberwacht. Zur De-
tektion hochproduzierender Zellklone wurden Protokolle am Durchflusszytometer etab-
liert und Zellpopulationen mit ausgewéahlten Charakteristika sortiert und rekultiviert. In
Abbildung A-1 ist eine Ubersicht {iber den Prozessablauf dargestellt. Eine ausfiihrliche
Beschreibung dieses Projekts ist in der Masterarbeit von Katharina Vera Meyer mit dem
Titel ,,Analyse einer produzierenden CHO-Zelllinie mittels Durchflusszytometrie (2019)¢

zu finden, welche im Rahmen des Projekts angefertigt wurde.
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Abbildung A-1 Schematische Ubersicht iiber den Projektablauf zur Analyse, Selektion

und Rekultivierung von Zellklonen einer produzierenden CHO-Zelllinie.

Einen Teil der Ergebnisse wurde zur wissenschaftlichen Veroffentlichung eingereicht
(Meyer K.V, Siller I.G., Schellenberg J., Gonzalez Salcedo A., Solle D., Matuszczyk J.,
Scheper T., Bahnemann J. (2020): Monitoring Cell Productivity for the Produc-tion of
Recombinant Proteins by Flow Cytometry: An Effective Application using the Cold Cap-

ture Assay, Engineering in Life Science).
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Betreute Abschlussarbeiten

Bachelorarbeiten

Jannick Reppin — Design und Herstellung von 3D-gedruckten mikrofluidischen Systemen

fiir die Separation von CHO-Zellen, 2017 (geteilte Betreuung)

Phil-Oliver Thiel — Einfluss von 3D-gedruckten Materialien auf die Viabilitdt von CHO-

Suspensionszellen, 2017

Niklas-Maximilian Epping — Transiente Transfektion von CHO-Zellen mit Cy5-markier-
ter DNA, 2018 (geteilte Betreuung)

Laura Sophie Rosner — Untersuchungen verschiedener 3D-Druckmaterialien beziiglich

Biokompatibilitét fiir einen Einsatz in der Zellkultur, 2019

Masterarbeiten

Katharina Vera Meyer — Analyse einer produzierenden CHO-Zelllinie mittels Durch-

flusszytometrie, 2019

122



Veroffentlichungen und Konferenzbeitriage

Veroffentlichungen und Konferenzbeitrage

Veroffentlichungen (antichronologisch, peer-reviewed)

Gellermann P., Griinert S., Bothe S., Siller I.G., Késehagen J., Scheper T., Pepelanova
I. (2020): Production of a recombinant fibrinogen-based material in E. coli for use in

mammalian cell culture (in Bearbeitung)

Meyer K.V., Siller 1.G., Schellenberg J., Gonzalez Salcedo A., Solle D., Matuszczyk J.,
Scheper T., Bahnemann J. (2020): Monitoring Cell Productivity for the Production of
Recombinant Proteins by Flow Cytometry: An Effective Application using the Cold Cap-

ture Assay, Fngineering in Life Science

Siller I.G., Epping N-M., Lavrentieva A., Scheper T., Bahnemann J. (2020): Customi-
zable 3D-printed (co-)cultivation systems for in vitro study of angiogenesis, MDPI Ma-

terials

Siller I.G., Preuss J-A., Urmann K., Hoffmann M.R., Scheper T., Bahnemann J. (2020):
3D-printed compression cell for aptamer-based impedimetric detection of E. coli Crook’s
strain, MDPI Sensors

Siller I.G., Enders A., Gellermann P., Winkler S., Lavrentieva A., Scheper T., Bahne-
mann J. (2020): Characterization of a customized 3D-printed cell culture system using
clear, translucent acrylate that enables optical online monitoring, IOP Biomedical Ma-

terials

Siller I.G., Enders A., Steinwedel T., Epping N-M., Kirsch M., Lavrentieva A., Scheper
T., Bahnemann J. (2019): Real-Time Live-Cell Imaging Technology enables High-
Throughput Screening to verify In Vitro Biocompatibility of 3D Printed Materials, MDPI

Materials

Enders A., Siller I.G., Urmann K., Hoffmann M.R., Bahnemann J. (2018): 3D printed

Microfluidic Mixers — a Comparative Study on Mixing Unit Performances, Small

Bader A., Bintig W., Begandt D., Klett A., Siller I.G., Gregor C., Schaarschmidt F.,
Weksler B, Romero 1., Couraud P.-O., Hell S W. and Ngezahayo A. (2017): Adenosine
receptors regulate gap junction coupling of the human cerebral microvascular endothelial
cells hCMEC/D3 by Ca(2+) influx through CNG channels, Journal of Physiology

123



Veroffentlichungen und Konferenzbeitriage

Konferenzen und Workshops (antichronologisch)

Vortrage

Siller I.G., Enders A., Preuf} J.-A., Bahnemann J. (2020): 3D-printed microfluidic sys-
tems for cell culture and biotechnological applications, 3rd International Conference on

Industrial Biotechnology and Bioprocessing, Paris, France

Posterbeitrige

Winkler S., Lavrentieva A., Peplanova I., Hoffmann A., Siller I.G., Bahnemann J.
(2019): 3D cell cultivation in 3D-printed biocompatible microfluidic devices, EuroMBR,

Braunschweig, Germany

Enders A., Siller I.G., Preuf§ J.-A., Bahnemann J. (2019): Fabrication of microfluidic
systems for use in biotechnology via 3D printing using MultiJet Printing technology,
Conference of Scientific Cooperation between Lower Saxony and Israel, Hannover, Ger-

many

Siller I.G., Preuf§ J.-A., Habib T., Enders A., Urmann K., Bahnemann J. (2019): De-
velopment of electrochemical and electromechanical aptasensors for bioprocess monitor-
ing, Conference of Scientific Cooperation between Lower Saxony and Israel, Hannover,

Germany

Enders A., Siller I.G., Preufl J-A., Bahnemann J. (2019): Herstellung mikrofluidischer
Systeme fiir die Biotechnologie mittels Multi Jet Modelling, DECHEMA ,Chemie hilft
3D-Druck®, Frankfurt, Germany

Urmann K., Siller I.G., Bahnemann J., Hoffmann M. R. (2018): Electromechanical and
Electrochemical Detection of Pathogens with Self-Assembled Nucleic Acid Biosensors,
CEMI-Meeting at California Institute of Technology, Pasadena, USA (Im Rahmen eines

fiinfmonatigen Auslandsaufenthalts am California Institute of Technology)

Siller I.G., Enders A., Steinwedel T., Preuf§ J.-A., Bahnemann J. (2018): Biocompati-
bility studies of 3D-printed microfluidics, Lab-on-a-chip & Microfluidics Europe, Rotter-
dam, The Netherlands (Auszeichnung mit dem Posterpreis der Royal Society of Chemis-
try fiir den besten Posterbeitrag)

124



Veroffentlichungen und Konferenzbeitriage

Enders A., Siller I.G., Preuf§ J.-A., Bahnemann J. (2018): Comparative Study of 3D
printed Microfluidic Mixers, Lab-on-a-chip & Microfluidics Europe, Rotterdam, The
Netherlands

Preuf J.-A., Enders A., Siller I.G., Bahnemann J. (2018): Electrostatic Induction in 3D
printed Microfluidic Devices, Lab-on-a-chip & Microfluidics Europe, Rotterdam, The
Netherlands

Siller I.G., Enders A., Ahamed S., Scheper T., Bahnemann J. (2017): Development of
continuous microfluidic flow systems for transient transfection of CHO cells, Lab-on-a-
Chip & Microfluidics World Congress, San Diego, USA

Workshops

Cellular Bioprocess Technology Short Course, Prof. Wei-Shou Hu, University of Minne-
sota, 2018

125



Lebenslauf

Lebenslauf

Personliche Angaben

Name: Ina Gerhild Siller
Geburtsdatum und —ort: 31.12.1991 in Nordhorn
Staatsangehorigkeit: deutsch
Ausbildung
2017 - 2020  Promotionsstudium im Fach Chemie an der Leibniz Universitét
Hannover
2014 - 2017  Masterstudium Life Science an der Leibniz Universitidt Hannover
2011 - 2014  Bachelorstudium Life Science an der Leibniz Universitdt Hannover
2002 - 2011 Allgemeine Hochschulreife am Lise-Meitner-Gymnasium Neuenhaus

Beruflicher Werdegang

2017 - 2020
2018
2015 - 2016
2014 - 2016
2015

Wissenschaftliche Mitarbeiterin am Institut fiir Technische Chemie der

Leibniz Universitat Hannover

Fiinfmonatiger Forschungsaufenthalt am California Institute of Tech-
nology (Caltech), Pasadena, USA

Praktikum und Masterarbeit bei Emsland-Starke GmbH in Emlichheim

Wissenschaftliche Hilfskraft am Institut fiir Biophysik der Leibniz Uni-

versitdt Hannover

Forschungspraktikum am Institute of Life Science der Hebrew Univer-

sity Jerusalem, Israel

126



Danksagung

Danksagung

An dieser Stelle mochte ich mich bei Herrn Prof. Dr. Thomas Scheper bedanken, dass er
mir die Méglichkeit gab, im Institut fiir Technische Chemie zu promovieren. Danke fiir
die Bereitstellung des spannenden Themas, die angenechme Arbeitsatmosphére und die

freundliche Unterstiitzung wéihrend der Promotion.

Ganz herzlich bedanke ich mich bei Frau Dr. Janina Bahnemann fiir die hervorragende
Betreuung wihrend meiner Zeit am TCI. Vielen Dank fiir das immer offene Ohr, den
kreativen Input und die grofie Freiheit bei der Ausgestaltung des Themas. Besonders
bedanken mochte ich mich fiir die Unterstiitzung zur Realisierung eines Auslandsaufent-

halts.

Herrn Prof. Dr. An-Ping Zeng danke ich vielmals fiir die Ubernahme des weiteren Kor-
referats. Fiir die Ubernahme des Priifungsvorsitzes méchte ich mich herzlich bei Herrn

PD Dr. Ulrich Krings bedanken.

Herrn Prof. Dr. Michael Hoffmann und Frau Dr. Katharina Urmann danke ich fiir die
Moglichkeit einen Teil meiner Forschungsarbeiten am Caltech durchzufiihren. Danke fiir

die herzliche Betreuung und die freundliche Aufnahme in die Arbeitsgruppe.

Ein grofies Dankeschén mochte ich auflerdem Frau Dr. Antonina Lavrentieva fir die
kompetente Hilfe bei allen Fragen rund um die Zellkultur aussprechen. Danke! Bei Thors-
ten Strempel und Friedbert Gellermann bedanke ich mich fiir die groBartige Unterstiit-
zung bei technischen Fragestellungen. Martina Weif§, Martin Pahler, Dr. Ivo Havlik, Dr.
Michael Dors, Christiane Hellwig und Ulrike Dreschel danke ich fiir die Hilfe bei sdmtli-

chen Angelegenheiten im betrieblichen Alltag.

Bei meinen Bachelor- und Masterstudenten sowie Hilfskraften bedanke ich mich an dieser
Stelle ebenfalls, dass sie mich wissbegierig und mit groflem wissenschaftlichem Engage-

ment bei meiner Arbeit unterstiitzt haben.

Den Tierzellkultivierern, den 3D-Druck-Spezialisten und allgemein meiner Arbeitsgruppe
danke ich fiir die Hilfe und Unterstiitzung, wenn sich mir beim Planen, Durchfiihren oder

Auswerten von Experimenten Probleme ergaben.

Ein ganz besonderer Dank geht an das junge, neue, und alte TCI — ihr habt diese Zeit
so besonders gemacht. Danke fiir die fréhlichen Stunden wihrend und nach der Arbeit,
die meine Promotion unvergesslich machen. Dem gesamten TCI danke ich fiir die wun-

derschénen Jahre in einmaliger Arbeitsatmosphére.

127



Danksagung

Insbesondere Marline, Kimia, Elsa und Svenja mochte ich fiir die gegenseitige Motivation,
den Zuspruch und die schénen Abende danken. Ich hoffe, dass noch viele gemeinsame

Unternehmungen folgen.

Pia, Doris und Sabrina danke ich fiir die tiefe Freundschaft, die uns seit dem ersten Tag
des Studiums verbindet — ohne euch hétte das Studium nur halb so viel Spaf§ gemacht
und die letzten 9 Jahre sehr viel trister ausgesehen. Auf euch kann man sich immer
verlassen — danke dafiir. Ich bin froh, dass du, Pia, auch wéhrend der Promotion meine

Sitznachbarin warst. Das war eine tolle Zeit, danke!

Zu guter Letzt mochte ich mich bei Jonas und meiner Familie bedanken. Danke, Jonas,
fiir deinen starken Riickhalt und die bedingungslose Unterstiitzung, die du mir entgegen-
bringst. Meiner Familie mochte ich dafiir danken, dass sie mir in allen Lebenslagen in
jeglicher Hinsicht den Riicken gestérkt und an mich geglaubt haben. Danke fiir das gren-

zenlose Vertrauen und die immerwéhrende Unterstiitzung!

128



