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Locience, my lad, is made up of mistakes, but they are mistakes which
it is useful to make, because they lead little by little to the truth.”
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Abstract

In the last decade, Additive Manufacturing (AM) has evolved from a specialized niche application to
a widely used standard tool that has become indispensable in many areas of research and industry.
Due to new technologies and materials enabling the fabrication of high quality products, AM is not
only relevant for Rapid Prototyping, but also in the fabrication of products for end users. Especially
when a high degree of customization or geometrical complexity is involved, AM methods can be
considered as viable options. In medicine and biochemical engineering, AM is typically employed
for applications like the fabrication of dental implants and mouthguards or for customized lab
equipment, microfluidic devices and even chromatography columns. The combination of biological
materials and living cells with AM methods has resulted in the establishment of bioprinting as a
separate field with new opportunities and challenges. Bioprinting methods allow the fabrication of
soft, water-based materials suitable for the physical entrapment of enzymes. This allows biocatalytic
reactors to be directly printed using enzyme-loaded inks.

The present thesis aims at extending the toolbox for the fabrication of biocatalytically active
materials with a focus on extrusion-based bioprinting. Novel inks are established in combination
with specifically adapted printing setups to achieve enhanced printability. To assess the performance
of different materials regarding the resulting biocatalytic activity, microplate-based activity assays
are established for two different enzymes. The inks and hydrogels are characterized using a range
of additional analytical methods like rheology, mechanical testing or scanning electron microscopy.
To determine the permeability of hydrogels for substrate molecules, a microfluidics-based method
for the estimation of diffusion coefficients in hydrogels is developed. As a general contribution to
the improvement of process monitoring and control in extrusion-based bioprinting, a PID-based
pressure control is established to generate a constant and reproducible ink flow.

In an initial study, a novel material system for the printing of enzymatically active structures
was established by employing high internal phase emulsions (HIPEs) as inks. HIPEs are emulsions
that contain at least 74 % (v/v) of internal phase which corresponds to the densest possible packing
of droplets before deformation occurs. Polymerizable oily monomers were used as the external
phase of the HIPEs and poly(ethylene glycol) diacrylate and acrylic acid were added to the aqueous
internal phase. Oil- and water-soluble photoinitiators were added to the respective phases, as well.
Polymerizing these inks resulted in the formation of an open-porous polymer scaffold filled with
an interconnected hydrogel. This approach enables the fabrication of composite materials with
hydrogel-like properties like the diffusibility for substrate and product molecules, while exhibiting
higher mechanical stability due to the supportive effect of the polymer scaffold. Also, the formulation
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of inks as emulsion results in rheological properties favorable for extrusion-based printing. To allow
the production of small HIPE batches, a customized setup was established based on a 3D-printed
helical stirrer blade that allowed the production of HIPEs in 50 mL Falcon tubes. The small scale
production allowed adding the enzyme [3-galactosidase to the aqueous phase by minimizing material
waste. Rheological measurements with a range of different HIPE compositions showed that HIPEs
with a high amount of surfactant in the external phase and with a high volume fraction of inner
phase displayed higher yield stress values which correlate with printability. In general, the produced
HIPESs displayed excellent rheological properties. Electron scanning microscopy showed that both
the external and internal phase of the HIPEs could be polymerized. A cure-on-dispense setup with
four UV LEDs was developed to allow the polymerization of the inks during extrusion which reduced
ink spreading and improved printing quality further. Hollow cylinders of enzyme-containing inks
were printed to perform activity assays in 48-well microplates. The results showed that the HIPEs
were more biocatalytically active when they contained high amounts of monomer in the aqueous
phase and a high aqueous phase volume fraction. The presence of at least 7% (w/w) monomer in
the aqueous phase caused a more than fivefold increase in measured activity compared to HIPEs
without monomer in the aqueous phase. The diameter of the printer nozzle could be identified
as another important parameter influencing the resulting specific activity. This observation could
be attributed to the mass transfer limitations caused by the matrix material which makes high
surface-area-to-volume ratios favorable.

To cover a wider range of ink types, the second and third study of the thesis aimed at investigating
inks based on agarose and agar. These inks demonstrated very different material properties compared
to HIPEs, both in a fluid state as inks and in a solidified state as hydrogels. To adapt to the
requirements of these inks, the hardware of the printing setup and the employed analytical techniques
were again specifically adapted to the investigated inks. Diffusibility for substrate and product
molecules was identified as one of the most important properties of the materials regarding their
suitability for the immobilization of enzymes. Thus, a microfluidics-based method to estimate the
diffusion coefficient of an analyte within transparent hydrogels was established. A microfluidic
chip with three inlets and a y-junction was employed to create an interface between the hydrogel
to be investigated and an analyte solution. For that purpose, liquid ink was injected at elevated
temperature into the chip from one side, until it reached the y-junction. After the gelation of
the ink, the analyte solution was injected through one of the other inlets and the diffusion of the
analyte through the hydrogel was monitored using a UV area imaging system. Diffusion coefficients
could be estimated by fitting the obtained analyte concentration profiles along the microfluidic
channel with an analytical solution of Fick’s second law of diffusion. As a case study, the diffusion
coefficient of lysozyme was compared in a range of hydrogels made from different concentrations of
unmodified agarose and low-melt hydroxyethyl agarose. It was found that the diffusion coefficient of
5(6)-carboxyfluorescein was slightly higher in unmodified agarose hydrogels compared to low-melt
agarose hydrogels. This aligns well with the theoretical prediction that the polymer networks of
low-melt agarose hydrogels exhibit smaller pore sizes. The same trend was found for polymer
concentration where higher concentrations were associated with lower diffusion coefficients and
smaller pores.

In a third study, inks based on low-melt agarose and agar were investigated as a less complex
alternative to HIPE-based inks. The thermogelling behavior of agarose- and agar-based inks required
a different printing setup than the photopolymerizable HIPEs. A heatable nozzle consisting of a
3D-printed metal body, a temperature sensor and a heating filament was implemented in the printer
setup to ensure that the inks could be extruded in a liquid state at a defined temperature. The setup
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also drastically reduced nozzle clogging. The inks were extruded onto a cooled substrate to accelerate
the gelation process and reduce ink spreading. While the customized setup enhanced printability
significantly compared to previous studies with agarose-based inks, it was still drastically inferior to
the printability of HIPEs, both regarding strand thickness and achievable complexity like overhangs.
Only basic grid structures without overhangs could be printed. A polymer concentration of at least
4.5% (w/w) was found to be beneficial for printing and grid structures of 2 cm in height could be
fabricated. Using rheological methods, the inks were analyzed for their flow properties and their
melting and gelling behavior. The low-melt agarose showed drastically reduced gelling and melting
temperatures compared to the agar inks. The solidified hydrogels were subjected to mechanical
testing. A set of analytical methods established in the previous studies was reapplied to evaluate
the agarose- and agar-based hydrogels with regards to their application in enzyme immobilization.
For that purpose, the thermostable enzyme esterase2 from Alicyclobacillus acidocaldarius was
added to the liquid inks before printing. Microplate-based activity assays were used to analyze the
enzymatic activity and leaching behavior of printed hydrogel samples, while the microfluidics-based
method was employed to determine the diffusibility of the hydrogels for 5(6)-carboxyfluorescein, the
product of the reaction catalyzed by esterase 2 in the employed activity assay. It was found that the
agar-based hydrogels showed higher diffusibility and activity, but also increased enzyme leaching.
The tendency for enzyme leaching not only demonstrated the lacking suitability of agar-based
hydrogels for the employment in perfused reactors, it also explains the seemingly positive results
in the performed activity assays, as leached enzyme is not exposed to the same mass transfer
limitations as immobilized enzyme resulting in enhanced observed activity. Due to their low enzyme
leaching and acceptable printability, agarose inks with a concentration of at least 4.5 % (w/w) were
recommended as suitable inks for the application in biocatalytic reactors.

Independent of ink type, the previous studies revealed a general lack of reproducibility in
pneumatically driven bioprinting caused by unsteady and poorly reproducible ink flow rates. Besides
ink viscosity and extrusion pressure, additional factors like cartridge fill level, partial nozzle clogging
and ink inhomogeneities were suspected to influence the extrusion flow rate and cause imperfections
in the resulting prints. Batch-to-batch variations and temperature fluctuations influencing the ink
viscosity posed additional challenges. In the study investigating agarose- and agar-based inks, every
printed sample was weighed before being used for activity assays and discarded if it did not comply
with the set target weight within a specified margin of error. When necessary, the extrusion pressure
was manually adapted to ensure the comparability of the printed samples. As a consequence, a
study was initiated to establish in-line process monitoring of the ink flow rate as an essential process
parameter and to develop an automated and reproducible method to generate a constant target
flow rate by continuously adapting the extrusion pressure based on real-time flow rate data. To
obtain the required data in an in-line measurement, a liquid flow meter was integrated into the
setup of a pneumatically driven bioprinter using a 3D-printed mount. A Python-based software
tool was developed to communicate with the flow sensor and to process the data input. A PID
loop was implemented and fed with the real-time flow rate data. Based on the data input, the
software continuously adapted the extrusion pressure of the printer. Three different case studies
were performed to assess the performance of the PID control setup:

a) Continuous dispensing: Several runs of continuous dispensing demonstrated the automatic
pressure adjustment to consistently meet a specified target flow rate independently of the user.
Compared to the constant pressure setting, the adaptive pressure control proved effective in
compensating for environmental or system-related influences like nozzle clogging. b) Adaptation to
ink inhomogeneities: A more realistic use case was investigated by printing hollow cylinders from
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a cartridge filled with layers of two differently concentrated poloxamer 407 inks to simulate ink
inhomogeneities. The adaptive pressure control was able to generate a constant flow rate by adapting
the pressure appropriately during the printing process. As a result, relatively consistent cylinders
could be printed, whereas the constant pressure setting resulted in cylinders with strongly deviating
wall thicknesses. c) Process transfer to other nozzle types: To demonstrate the simple process
transferability between different experimental setups, test prints were carried out with three different
nozzle types with the same orifice diameter. The adaptive pressure control was able to generate
the same constant flow rate with all three nozzle types within an adjustment phase of 30 to 60s.
The resulting cylinders were of consistent quality, independent of the nozzle. Prints with constant
pressure setting suffered from a lack or abundance of extruded ink, if not performed with a pressure
specifically determined for the corresponding nozzle type. The performance of the PID-regulated
adaptive pressure control demonstrated that it can contribute to making extrusion-based bioprinting
more reliable and reduce the need for extensive parameter screenings in process development.
Overall, the present work provides a toolbox for the printing of biocatalytically active materials.
Novel inks with individually adapted printing methods and analytical techniques are presented. The
application of emulsion-based inks demonstrates the wide range of materials that can be applied
in combination with enzymes despite not being suitable matrices in tissue engineering. Material
screenings can be accelerated by employing microplate-based activity assays and the adaptation of
the printing setup specifically for each type of ink shows the need for fine-tuning between ink and
printing method. The more universal approach to improve reproducibility in bioprinting using a
PID-based pressure control could be valuable for applications outside the scope of biocatalysis.
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Zusammenfassung

In den letzten zehn Jahren hat sich die Additive Fertigung (AM) von einer spezialisierten Nischen-
anwendung zu einem weit verbreiteten Standardwerkzeug entwickelt, das in vielen Bereichen der
Forschung und Industrie unverzichtbar geworden ist. Dank neuer Technologien und Materialien, die
die Herstellung hochwertiger Produkte erméglichen, ist AM nicht nur fiir das schnelle Anfertigen
von Prototypen relevant, sondern auch fiir die Herstellung von Produkten fiir Endverbraucher. Vor
allem bei Produkten mit hohem Bedarf fiir kundenspezifische Anpassungen oder bei Produkten
mit hoher geometrischer Komplexitidt konnen AM-Methoden als sinnvolle Alternative zu anderen
Fertigungsverfahren in Betracht gezogen werden. In der Medizin und Bioverfahrenstechnik wird
AM typischerweise fiir Anwendungen wie die Herstellung von Zahnimplantaten und Zahnschienen
oder fiir mafigeschneiderte Laborgerite, mikrofluidische Systeme und sogar Chromatographiesdulen
eingesetzt. Die Kombination von biologischen Materialien und lebenden Zellen mit AM-Methoden
hat dazu gefiihrt, dass sich das Bioprinting als eigenstédndiger Bereich mit neuen Moglichkeiten und
Herausforderungen etabliert hat. Bioprinting-Methoden ermdéglichen die Herstellung von Objekten
aus weichen, wasserbasierten Materialien, die sich fiir den physikalischen Einschluss von Enzymen
eignen. Dadurch konnen biokatalytische Reaktoren direkt mit enzymhaltigen Tinten gedruckt
werden.

Die vorliegende Arbeit zielt darauf ab, neue Werkzeuge fiir die Herstellung biokatalytisch
aktiver Materialien zu schaffen, wobei der Schwerpunkt auf extrusionsbasiertem Bioprinting liegt.
Neuartige Tinten werden in Kombination mit speziell angepassten Druckmethoden etabliert, um eine
verbesserte Druckbarkeit zu erreichen. Um die Eignung der verschiedenen Materialien hinsichtlich der
resultierenden biokatalytischen Aktivitdat zu bewerten, werden mikroplattenbasierte Aktivitdtsassays
mit zwei verschiedenen Enzymen und einer Reihe von 3D-gedruckten Materialien durchgefiihrt. Die
Tinten und Hydrogele werden mit einer Reihe weiterer Analysemethoden wie Rheologie, mechanischen
Tests oder Rasterelektronenmikroskopie charakterisiert. Um die Durchléssigkeit von Hydrogelen fiir
Substratmolekiile zu bestimmen, wird eine auf Mikrofluidik basierende Methode zur Abschétzung
von Diffusionskoeffizienten in Hydrogelen entwickelt. Als allgemeiner Beitrag zur Verbesserung der
Prozessiiberwachung und -steuerung beim extrusionsbasierten Bioprinting wird eine PID-basierte
Drucksteuerung etabliert, um einen konstanten und reproduzierbaren Tintenfluss zu erzeugen.

In einer ersten Studie wurde ein neuartiges Materialsystem fiir das Drucken enzymatisch
aktiver Strukturen etabliert, indem hochkonzentrierte Emulsionen (high internal phase emulsions
— HIPES) als Tinten verwendet wurden. HIPEs sind Emulsionen, die mindestens 74 % (v/v) an
innerer Phase enthalten, was der dichtesten moglichen Packung von Tropfchen entspricht, bevor
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eine Verformung eintritt. Als &uflere Phase der HIPEs wurden polymerisierbare 6lige Monomere
verwendet und der wéssrigen inneren Phase wurden Poly(ethylenglycol)diacrylat und Acrylsdure
zugesetzt. Auch 6l- bzw. wasserlosliche Photoinitiatoren wurden den jeweiligen Phasen zugesetzt.
Die Polymerisation der Tinten fiihrte zur Bildung eines offenporigen Polymergeriists, das mit
untereinander vernetzten Hydrogeltropfchen gefiillt ist. Dieser Ansatz ermdéglicht die Herstellung von
Kompositmaterialien mit hydrogeldhnlichen Eigenschaften wie der Durchléssigkeit fiir Substrat- und
Produktmolekiile bei gleichzeitig héherer mechanischer Stabilitdt aufgrund der stiitzenden Wirkung
des Polymergeriists. Tinten fiir den extrusionsbasierten 3D-Druck als Emulsionen zu formulieren
bringt deutliche Vorteile hinsichtlich der rheologischen Eigenschaften der Tinten, da Emulsionen
aufgrund ihrer FlieSigrenze ideal fiir Extrusionsdruck geeignet sind. Um die Herstellung kleiner
Volumina von HIPEs zu ermdoglichen, wurde ein mafigeschneiderter Aufbau auf der Grundlage
eines 3D-gedruckten spiralférmigen Riihrblatts entwickelt, der die Herstellung von HIPEs in 50-mL-
Falcon-Rohrchen ermoglichte. Durch die Minimierung von Materialverlust erlaubte die Produktion in
kleinem Mafistab die Zugabe des Enzyms [3-Galactosidase. Rheologische Messungen mit einer Reihe
verschiedener HIPE-Zusammensetzungen zeigten, dass HIPEs mit einem hohen Anteil an Tensid in
der dufleren Phase und mit einem hohen Volumenanteil an innerer Phase eine hohere Fliegrenze
aufwiesen, was als Indikator fir Druckbarkeit gilt. Im Allgemeinen wiesen die hergestellten HIPEs
hervorragende rheologische Eigenschaften auf. Rasterelektronenmikroskopische Aufnahmen zeigten,
dass sowohl die duflere, als auch die innere Phase der HIPEs polymerisiert werden konnte. Ein
Versuchsaufbau mit vier um die Extrusionskaniile des Biodruckers herum angeordneten UV-LEDs
wurde entwickelt, um die Polymerisation der Tinten wéihrend der Extrusion zu erméglichen, was das
Zerlaufen des Materials reduziert und so die Druckqualitét weiter verbessert. Es wurden Hohlzylinder
mit enzymhaltiger Tinte gedruckt, um Aktivitdtsmessungen in 48-Well-Mikroplatten durchzufiihren.
Die Ergebnisse zeigten, dass die HIPEs biokatalytisch aktiver waren, wenn sie groffe Mengen an
Monomer in der wéassrigen Phase und einen hohen Volumenanteil an wéssriger Phase enthielten.
Die Anwesenheit von mindestens 7% (v/v) Monomer in der wéssrigen Phase fiihrte zu einer mehr
als filnffachen Steigerung der gemessenen Aktivitdat im Vergleich zu HIPEs ohne Monomer in der
wéssrigen Phase. Der Durchmesser der Extrusionskantle konnte als weiterer wichtiger Parameter
identifiziert werden, der die resultierende Aktivitdt beeinflusst. Diese Beobachtung kénnte auf die
durch das Trégermaterial bedingte Verringerung des Stofftransports zuriickzufiihren sein, die ein
hohes Verhéltnis von Oberfliche zu Volumen allgemein vorteilhaft macht.

Um ein breiteres Spektrum an Tintentypen abzudecken, wurden in der zweiten und dritten
Studie dieser Arbeit Tinten auf der Basis von Agarose und Agar untersucht. Diese Tinten wiesen
im Vergleich zu HIPEs deutlich andere Materialeigenschaften auf, sowohl im fliissigen Zustand als
Tinte, als auch im verfestigten Zustand als Hydrogel. Um den Anforderungen dieser Tinten gerecht
zu werden, wurden der Versuchsaufbau fiir den Druck und die eingesetzten Analyseverfahren speziell
an die untersuchten Tinten angepasst. Die Durchlissigkeit fiir Substrat- und Produktmolekiile
wurde als eine der wichtigsten Eigenschaften der Materialien hinsichtlich ihrer Eignung fiir die
Immobilisierung von Enzymen identifiziert. Daher wurde eine auf Mikrofluidik basierende Methode
zur Schétzung des Diffusionskoeffizienten eines Analyten in transparenten Hydrogelen entwickelt.
Ein mikrofluidischer Chip mit drei Einldssen und einer Y-Verzweigung wurde verwendet, um eine
Grenzflache zwischen dem zu untersuchenden Hydrogel und einer Analytlésung zu schaffen. Zu
diesem Zweck wurde fliissige Tinte bei erhohter Temperatur von einer Seite in den Chip injiziert,
bis sie die Y-Verzweigung erreichte. Nach dem Ausgelieren der Tinte wurde die Analytlésung durch
einen der anderen Einlédsse injiziert und die Diffusion des Analyten durch das Hydrogel wurde
mit einem UV-Flachendetektor iiberwacht. Die Diffusionskoeffizienten konnten durch das Fitten
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der gemessenen Konzentrationsprofile des Analyten entlang des mikrofluidischen Kanals mit einer
analytischen Losung des zweiten Fick’schen Diffusionsgesetzes geschétzt werden. In einer Fallstudie
wurde der Diffusionskoeffizient von Lysozym in einer Reihe von Hydrogelen bestimmt und verglichen.
Die untersuchten Hydrogele bestanden aus unterschiedlichen Konzentrationen von unmodifizierter
Agarose bzw. modifizierter Hydroxyethylagarose mit niedrigem Schmelzpunkt. Es wurde festgestellt,
dass der Diffusionskoeffizient von 5(6)-Carboxyfluorescein in unmodifizierten Agarosehydrogelen
etwas hoher war als in Agarosehydrogelen mit niedrigem Schmelzpunkt. Dies stimmt gut mit der
theoretischen Vorhersage iiberein, dass das Polymernetzwerk von Hydrogelen aus Agarose mit
niedrigem Schmelzpunkt kleinere Porengrofien aufweist. Der gleiche Trend wurde fiir die Polymer-
konzentration festgestellt, wobei hohere Konzentrationen mit niedrigeren Diffusionskoeffizienten
und kleineren Poren einhergingen.

In einer dritten Studie wurden Tinten auf Basis von Agarose mit niedrigem Schmelzpunkt und
Agar als weniger komplexe Alternative zu Tinten auf HIPE-Basis untersucht. Das Gelierungsverhal-
ten von Agarose- und Agarbasierten Tinten erforderte einen anderen Versuchsaufbau fiir den Druck
als die photopolymerisierbaren HIPEs. Eine beheizbare Diise, bestehend aus einem 3D-gedruckten
Metallkorper, einem Temperatursensor und einem Heizdraht, wurde in den Aufbau implementiert,
um sicherzustellen, dass die Tinten in fliissigem Zustand bei einer definierten Temperatur extrudiert
werden konnten. Die Tinten wurden auf ein gekiihltes Substrat extrudiert, um den Gelierungsprozess
zu beschleunigen und das Zerlaufen der Tinte zu reduzieren. Obwohl das individuell an die Tinten
angepasste Equipment die Druckbarkeit im Vergleich zu fritheren Studien mit agarosebasierten
Tinten deutlich verbesserte, war sie der Druckbarkeit von HIPEs immer noch drastisch unterle-
gen, sowohl hinsichtlich der erzeugten Strangdicke, als auch bzgl. der erreichbaren geometrischen
Komplexitit. Es konnten nur einfache Gitterstrukturen ohne Uberhinge gedruckt werden. Eine
Polymerkonzentration von mindestens 4,5 % (w/w) erwies sich als vorteilhaft fiir den Druck, wobei
Gitterstrukturen mit einer Hohe von 2 cm druckbar waren. Mit rheologischen Methoden wurden die
Tinten auf ihre FlieBeigenschaften sowie ihr Schmelz- und Gelierverhalten untersucht. Die Agarose
mit niedrigem Schmelzpunkt zeigte im Vergleich zu den Agartinten wie erwartet deutlich reduzierte
Gelier- und Schmelztemperaturen. Die verfestigten Hydrogele wurden einer mechanischen Priifung
unterzogen. Eine Reihe der in den vorherigen Studien etablierten Analysemethoden wurden erneut
angewandt, um die Hydrogele auf Agarose- und Agarbasis im Hinblick auf ihre Anwendung fiir die
Immobilisierung von Enzymen zu bewerten. Zu diesem Zweck wurde den Tinten vor dem Druck
das thermostabile Enzym Esterase 2 aus Alicyclobacillus acidocaldarius zugegeben. Zur Messung
der enzymatischen Aktivitdt und des Auswaschens von Enzym aus den gedruckten Hydrogelproben
wurden mikrotiterplattenbasierte Aktivitdtsassays verwendet. Die mikrofluidikbasierte Methode zur
Bestimmung von Diffusionskoeffizienten wurde eingesetzt, um die Durchléssigkeit der Hydrogele
fiir 5(6)-Carboxyfluorescein zu bestimmen. Es wurde festgestellt, dass die agarbasierten Hydrogele
eine hohere Diffusionsfdhigkeit und Aktivitdt aufwiesen, aber auch eine erhohte Auswaschung von
Enzym. Die Tendenz zum Auswaschen des Enzyms zeigte nicht nur die mangelnde Eignung von
agarbasierten Hydrogelen fiir den Einsatz in durchstromten Reaktoren, sondern erklért auch die
scheinbar positiven Ergebnisse bei den durchgefithrten Aktivitdtsassays, da das ausgewaschene
Enzym nicht mehr denselben Stofftransportbeschrankungen ausgesetzt ist wie immobilisiertes Enzym
und dadurch eine hohere Aktivitdt aufweist. Aufgrund der geringen Auswaschung von Enzym und
der akzeptablen Druckbarkeit wurden Agarosetinten mit einer Konzentration von mindestens 4,5 %
(w/w) als geeignete Tinten fiir die Anwendung in biokatalytischen Reaktoren empfohlen.

Unabhéngig vom Tintentyp zeigten die bisherigen Studien einen allgemeinen Mangel an Re-
produzierbarkeit bei pneumatischen Bioprinting-Verfahren, der auf schwankende und schlecht
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reproduzierbare Flussraten bei der Extrusion der Tinten zuriickzufiihren ist. Es wurde vermutet,
dass neben der Viskositit der Tinte und dem Extrusionsdruck noch zusétzliche Faktoren wie der
Fillstand der Kartusche, die teilweise Verstopfung der Diisen und Inhomogenitdten der Tinte
die Extrusionsflussrate beeinflussen und Unregelméfigkeiten in den Druckergebnissen verursachen.
Unterschiede zwischen verschiedenen Tintenchargen und Temperaturschwankungen, die die Vis-
kositét der Tinte beeinflussen, stellten eine zusétzliche Herausforderung dar. In der Studie zu
agarose- und agarbasierten Tinten wurde jede gedruckte Probe gewogen, bevor sie fiir Aktivitats-
messungen verwendet wurde, und verworfen, wenn sie das vorgegebene Zielgewicht nicht innerhalb
einer bestimmten Fehlertoleranz erreichte. Falls erforderlich, wurde der Extrusionsdruck manuell
angepasst, um die Vergleichbarkeit der gedruckten Proben zu gewéhrleisten. Infolgedessen wurde
eine Studie initiiert, um eine Inline-Prozessiiberwachung fiir die Durchflussrate als wesentlichen
Prozessparameter zu etablieren und eine automatisierte und reproduzierbare Methode zu entwickeln,
um eine konstante Zielflussrate zu erzeugen, indem der Extrusionsdruck auf der Grundlage von
Echtzeitflussdaten kontinuierlich angepasst wird. Um die benétigten Daten in einer Inline-Messung
zu erhalten, wurde ein Durchflusssensor in den Aufbau eines pneumatischen Biodruckers mittels
einer 3D-gedruckten Halterung integriert. Fiir die Kommunikation mit dem Flusssensor und die
Verarbeitung der gemessenen Daten wurde ein auf Python basierendes Softwaretool entwickelt. Eine
PID-Regelung wurde implementiert und mit den Echtzeit-Durchflussdaten gespeist. Auf Grundlage
der eingespeisten Daten passte die Software den Extrusionsdruck des Druckers kontinuierlich an. Es
wurden drei verschiedene Fallstudien durchgefithrt, um die Leistung der PID-Regelung zu bewerten:

a) Kontinuierliche Extrusion: Mehrere Durchlédufe mit kontinuierlicher Extrusion zeigten, dass
die automatische Druckanpassung erfolgreich eine vorgegebene Zielflussrate unabhéngig vom Be-
nutzer einstellen konnte. Im Vergleich zur konstanten Druckeinstellung erwies sich die adaptive
Druckregelung als effektiv bei der Kompensation von umwelt- oder systembedingten Einfliissen wie
Verstopfungen der Extrusionskaniile. b) Anpassung an Tinteninhomogenitéiten: Ein realistischerer
Anwendungsfall wurde untersucht, indem Hohlzylinder mittels einer Kartusche gedruckt wurden,
die mit Schichten aus zwei unterschiedlich konzentrierten Poloxamer-407-Tinten gefiillt war, um
Tinteninhomogenitidten zu simulieren. Die adaptive Druckregelung erwies sich als wirksam, eine
konstante Durchflussrate zu erzeugen, indem der Druck wahrend des Druckvorgangs entsprechend
angepasst wurde. Dadurch konnten relativ gleichméflige Zylinder gedruckt werden, wahrend die
konstante Druckeinstellung zu Zylindern mit stark voneinander abweichenden Wandstérken fiithrte.
¢) Prozessiibertragung auf andere Diisentypen: Um die Ubertragbarkeit von Prozessen zwischen ver-
schiedenen Versuchsaufbauten zu demonstrieren, wurden Testdrucke mit drei verschiedenen Typen
von Extrusionskaniilen mit gleichem Offnungsdurchmesser durchgefiihrt. Die adaptive Druckregelung
war in der Lage, mit allen drei Extrusionskaniilen innerhalb von 30 to 60s die gewiinschte Zielfluss-
rate zu erzeugen. Die resultierenden Zylinder waren von gleichbleibender Qualitdt, unabhédngig von
der Kaniile. Beim Drucken mit konstanter Druckeinstellung wurde entweder zu wenig oder zu viel
Tinte extrudiert, wenn der Druck nicht speziell fiir den entsprechenden Typ von Kantle festgelegt
wurde. Es wurde gezeigt, dass die PID-gesteuerte adaptive Druckregelung dazu beitragen kann,
das extrusionsbasierte Bioprinting zuverléassiger zu machen und die Notwendigkeit umfangreicher
Parameter-Screenings bei der Prozessentwicklung zu verringern.

Die vorliegende Arbeit demonstriert neue Methoden fiir das Drucken von biokatalytisch ak-
tiven Materialien. Es werden neuartige Tinten mit individuell angepassten Druckverfahren und
analytischen Techniken vorgestellt. Die Anwendung von emulsionsbasierten Tinten zeigt die grofie
Bandbreite an Materialien, die in Kombination mit Enzymen eingesetzt werden konnen. Material-
screenings konnen durch den Einsatz von Aktivitdtsassays im Mikrotiterplattenformat beschleunigt
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werden. Die speziell fiir jede Tintenart angepassten Druckmethoden zeigen die Notwendigkeit
einer Feinabstimmung zwischen Tinte und Druckverfahren. Der universelle Ansatz zur Verbesse-
rung der Reproduzierbarkeit im pneumatischen Bioprinting unter Verwendung einer PID-basierten
Druckregelung konnte auch fiir Anwendungen auflerhalb der Biokatalyse von Nutzen sein.
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Introduction

The disruptive nature of Additive Manufacturing, commonly called 3D printing, has caused a
substantial hype in manufacturing technology, especially over the last decade. A considerable
amount of research and development effort has been invested to improve printing methods and
materials and to find suitable fields of application to exploit the possibilities offered by the new
technology. In a still continuing process of maturation, 3D printing has found its way into many
fields of industry and research. It is mainly established as a flexible tool for Rapid Prototyping in
research and for the production of specialized products with a low number of units or with complex
geometries that are difficult or impossible to be produced using conventional methods [1]. With the
more widespread commercial availability of 3D printing as a standard tool of fabrication, it has also
found its way into sectors not directly related to the manufacturing industry. In medicine and life
sciences like chemistry, biology or biotechnology, the amount of publications related to 3D printing
has skyrocketed in the last decade. Figure 1.1 shows the number of results for the search term 3D
printing in the PubMed database! which contains abstracts of publications related to fields like
medicine, life sciences or bioengineering. Between 2011 and 2021, the number of annual publications
containing the term 3D printing in the abstract increased from 13 to nearly 4000. A typical example
of a practical application of 3D printing in medicine is the use of 3D-printed mouthguards [2, 3] or
dental implants [4] which can be produced on the basis of intraoral 3D scans [5] and might even
allow personalized oral drug delivery in the future [6].

Alongside the applications with conventional materials like plastics, metal and ceramics, a
particular subbranch of 3D printing employing entirely different types of materials has emerged from
the field of tissue engineering. The aim of this field is the fabrication of artificial substitute materials
mimicking natural tissues. These materials contain living cells and can be used in lab-on-a-chip
applications or as medical implants. To accommodate cells in an adequate aqueous environment,
the use of hydrogels as matrix materials has been shown to be a suitable approach [7]. Hydrogels
are polymer-based materials with a high water content [8] that allow the diffusion of oxygen and
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Figure 1.1 Number of entries in the PubMed database (https://pubmed.ncbi.nlm.nih.gov/)
matching the search keywords 3D printing and bioprinting. The PubMed database selectively
lists abstracts of literature from the fields of biomedicine, life sciences, bioengineering and
related disciplines.

nutrients and provide cell-friendly conditions similar to the extracellular matrix of natural tissues [9,
10]. The application of 3D printing methods specialized for hydrogel-based materials — summarized
under the term bioprinting — allows the fabrication of constructs with customized geometries like
simple grids or more complex structures imitating the vascularization of natural tissues. The
presence of such three-dimensional (3D) structures is essential for the supply of the embedded cells
with oxygen and nutrients. Analogous to 3D printing, there was a strong surge in new publications
covering the topic of bioprinting, as represented by the number of search results in the PubMed
data base which increased from 33 in 2011 to 950 in 2021 (see Figure 1.1).

Recently, bioprinting methods have been increasingly adopted for the fabrication of cell-free
hydrogels which can be applied as smart materials or in biocatalysis. Smart materials exhibit certain
special properties like shape memory or self-healing behavior. Due to the time-related aspect of these
properties, the printing of smart materials is often referred to as 4D printing [11]. The feasibility of
applying bioprinting methods for the fabrication of biocatalytic reactors has been demonstrated
before [12]. The present thesis aims at improving the employed printing methods, establishing novel
inks for the immobilization of enzymes and developing suitable analytical techniques to assess the
performance of the printed materials. The following sections provide a basic theoretical background
on 3D (bio-)printing and biocatalysis.

1.1 Additive Manufacturing and 3D printing

3D printing has emerged in the 1980s as a new approach of manufacturing three-dimensional objects
from virtual computer-aided design (CAD) models by sequentially adding layers of material to
generate the desired three-dimensional shape. The term Additive Manufacturing (AM) has been
established as a counterpart to subtractive manufacturing methods like drilling and machining and
is mostly used synonymously to the more popular term 3D printing [13]. Together with formative
manufacturing (i. e. methods like casting and forging), additive and subtractive manufacturing form
the three pillars of manufacturing technology [14]. Today, the available variety of materials and
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Figure 1.2 Typical workflow in 3D printing, shown exemplarily for FDM. An object is digitally
modeled using CAD software and exported as an STL file. To provide the 3D printer with
instructions, the object is sliced into layers and tool paths in the form of G-code are generated.
The G-code is executed by the 3D printer to fabricate the final object.

printing methods has allowed AM to become a standard tool in research and industry. An overview
of the field of AM with a focus on bioprinting is given in the following sections.

1.1.1 Concept, history and economic implications

The basic principle of AM is the automated stacking and merging of thin layers of material to
generate physical objects from virtual 3D models which can be obtained from 3D scans or created by
computer-aided design (CAD) [13-15]. This process requires several steps that can vary depending
on the employed software and equipment. A typical workflow is exemplarily represented for fused
deposition modeling (see Section 1.1.3.1) in Figure 1.2. First, the 3D CAD model is converted to an
STL file, a file format that approximates the surface of the model by triangles and can be regarded as
an unofficial industry standard [14]. Several different meanings of the abbreviation STL are reported,
e.g. standard transformation language [14], standard tessellation language [15] or stereolithography
language [14]. The 3D printing process is prepared using computer-aided manufacturing (CAM)
software. The STL model is digitally sliced into layers with even thickness. To enable the 3D printer
to fabricate and stack the single layers, appropriate instructions for the movements of the 3D printer
are generated, e.g. in the form of G-code [4, 16]. Finally, the 3D printer executes the generated
instructions to build up the desired structure.

The first report of a functional Rapid Prototyping technique using a photopolymerizable resin
and selective curing dates back to a publication by Hideo Kodama in 1981 [17, 18]. A patent
application from 1980 expired without completing the Japanese patent process [19]. Instead, Charles
»Chuck® Hull invented stereolithography (SLA) in 1984 and was issued a patent in 1986 [20] which
led to the foundation of the company 3D Systems and the first commercial SLA printer in the world
in 1988 [19]. Worldwide developments in the area of 3D printing followed and more patents were
issued for other 3D printing techniques like selective laser sintering (SLS) [21] or fused deposition
modeling (FDM) [22]. The expiration of the FDM patent around 2005 allowed the emergence of
open source 3D printer projects like RepRap and Fab@Home which led to a range of affordable
FDM printers like the Prusa Mendel or MakerBot Thing-O-Matic being widely available to private
consumers. Crowd-funded printers like the B9Creator based on digital light processing (DLP)
technology or the Form 1 stereolithography printer followed [19].

The potentially disruptive nature of AM [23] and its rapid spread in the industrial and private
sector caused a significant hype within the manufacturing industry resulting in often unrealistic
expectations and predictions like the full replacement of mass manufacturing with mass customization
[24]. Despite potential benefits of AM compared to traditional manufacturing like reduced waste
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Figure 1.3 Qualitative depiction of the cost per part in dependence of complexity, customization
and production volume for Additive Manufacturing (AM) compared to conventional manufac-
turing. Using Additive Manufacturing methods is more cost-efficient than conventional methods
for parts with a high degree of complexity or customization and for parts with low production
volumes. Figure adapted from [25, 26].

and increased flexibility [13], the reality of economic constraints still determines reasonable use cases
for AM. The fabrication of custom-made parts or small series parts are typical applications where
the use of AM can be economically viable because high investments for molds are not necessary
[13]. High production volumes are mostly cheaper and faster to produce by conventional methods.
This relationship is qualitatively represented in Figure 1.3 which depicts the cost per part to be
constant for AM while for conventional manufacturing, it increases with complexity and degree of
customization and decreases with production volume [25].

1.1.2 Advantages and limitations

Besides the unmatched flexibility offered by AM which makes it ideal for Rapid Prototyping and
customization, it also offers a range of other potential benefits over conventional manufacturing.
Processes like injection molding are subjected to a range of design limitations like the need for
release angles, cooling channels or injection optimization by flow simulation. AM usually allows the
fabrication of parts with complex geometries in one piece and with few restrictions regarding the
freedom of design [1, 14].

Unlike subtractive manufacturing methods, AM does not inherently produce waste material,
making it potentially advantageous from a sustainability viewpoint. However, additional factors like
energy consumption and different raw materials have to be considered. Paris et al. [27] performed
an environmental impact analysis for the fabrication of an aeronautic turbine made from a titanium
alloy. AM using electron beam melting (EBM) was compared to conventional milling. The study
found EBM to be more environmentally friendly for parts that require a lot of material removal in
milling, but milling was favorable for parts with lower complexity and need for material removal. In
general, the ecological footprint of AM compared to conventional manufacturing has to be evaluated
for each specific use case.

A major limitation of AM is the build speed which is very low compared to mass manufacturing
methods like injection molding. This is why AM is only economically viable for certain applications
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like customized manufacturing [13]. However, new methods like continuous liquid interface production
(CLIP) that allow a massively increased fabrication speed may shift the balance between AM and
conventional manufacturing [28].

Inferior material properties are one of the main challenges of AM compared to conventional
manufacturing. The reasons for limited material quality depend on the respective AM method.
Products made by the fusion of powders exhibit process-related porosity resulting in a weakened
material [13, 29]. The rough surfaces of these materials can be desirable or undesirable depending
on the application [30]. FMD-made products are prone to anisotropy, i.e. different mechanical
strength depending on the spatial direction. This behavior can be influenced by certain process
parameters like object orientation, infill patterns or extrusion temperature [31, 32].

The achievable spatial resolution is another aspect to consider in AM that depends strongly
on the employed method. 3D-printed objects typically exhibit stair step surfaces as a result of
the material deposition in layers (see Figure 1.2). Accordingly, layer thickness is one parameter
determining the resolution. Other parameters are the filament thickness in FDM or the size of the
powder particles in powder-based methods. Typical feature resolutions are 100 to 150 pm for FDM,
50 to 100 pm for powder-based methods and 25 to 100 pm for methods based on photopolymerization
[13]. Specialized methods like multiphoton lithography can reach very high resolutions of 0.1 to
5pm but are restricted to the fabrication of very small objects [13, 33].

1.1.3 Available techniques

AM encompasses a wide range of different methods with specific advantages and disadvantages.
The following section gives a short overview of the most relevant techniques.

1.1.3.1 Fused deposition modeling (FDM) or fused filament fabrication (FFF)

Due to its low cost and simple operation, fused deposition modeling (FDM) or fused filament
fabrication (FFF) is one of the most popular AM methods with a wide range of applications from
the aerospace industry to creative gifts [34, 35]. The principle of FDM is to heat up a plastic
filament and extrude it through a nozzle in a semi-solid state. The extruded plastic is deposited
layer-by-layer on a build platform to produce the desired shape [36]. FDM-printed parts show strong
anisotropic properties due to the suboptimal bonding between the interfaces of extruded strands
[34]. To optimize the resulting material quality, a range of approaches have been suggested, e. g.
using a laser to locally heat up the already extruded material where new interfaces are to be formed
[37]. Another major limitation of FDM is the rather poor resolution of 100 to 150 pm [13].

1.1.3.2 Stereolithography and related methods

Methods based on the polymerization of photosensitive resins are widely spread in both the consumer
and professional area. Layers are formed by selectively polymerizing the resin contained in a vat by
exposure with a laser (SLA) or a selectively masked light source like an LCD display or projector
(digital light processing — DLP) [13]. Stereolithography can provide fine prints with a lateral
resolution of usually 10 to 50 pm and a vertical resolution adjustable by light adsorbing additives
[13]. After decades of development, many different types and systems of stereolithography have
evolved and new developments have massively improved the technology in many areas [38]. This
includes the improvement of production rate using CLIP [28], the expansion of the range of printable
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materials enabling the fabrication of parts made from ceramics [39] or glass [40], and the enhancement
of resolution to the sub-micrometer level using multiphoton lithography [33].

1.1.3.3 Selective laser sintering and selective laser melting

In selective laser sintering (SLS), solid layers are created by selectively fusing material in a bed
of powder using a laser beam. After a layer is finished, a new layer of powder is spread over the
surface of a build cylinder [41]. Laser sintering can be applied with a large variety of materials like
polymers, metals, ceramics and their composites [42, 43]. Objects made by laser sintering exhibit a
certain porosity and a variety of post-processing methods have been established to obtain products
with higher density. This includes different infiltration methods and isostatic pressing [43]. Selective
laser melting (SLM) operates with higher laser powers allowing the full melting of the powder. In
general, SLM is more difficult to control and may cause surface tension-driven issues, but it can
reduce the stair-step effect resulting in higher accuracy [41].

1.1.3.4 Binder jetting

In binder jetting, powder particles are selectively joined to form layers by spraying a liquid binding
agent onto the powder bed similarly to conventional ink-jet printing. This technique is applicable
for a range of materials like metals, polymer and ceramics [30, 44]. To obtain a more stable product,
the printed objects are typically post-processed by sintering which causes shrinkage and has to be
considered when designing the model [45].

1.1.4 Applications in medicine and research

Conventional AM methods have already been widely applied in medical fields, e. g. for the fabrication
of dental implants [4] or mouthguards [2, 3]. In chemical engineering, 3D-printed flow microreactors
and micromixers [46] and metal columns for capillary liquid chromatography [47] are reported.
Microfluidic devices for the capturing of bacteria [48] and 3D-printed ion exchange chromatography
columns for protein purification [49] are examples for applications in biotechnology.

1.2 3D Bioprinting

With the increasing proliferation of 3D printing in research and the diversification of printing
methods, applications involving the use of 3D printing methods started to emerge in biochemical
engineering and biotechnology. While conventional 3D printing methods can be used to fabricate
laboratory hardware [50], microfluidic devices [51, 52] or chromatography columns [49, 53], the
involvement of biologically active molecules or living cells opens up a whole new field of applications.
At the same time, the exploration of this new field requires entirely different materials and printing
methods to adequately accommodate the biological entities in a biocompatible aqueous environment.
The subbranch of 3D printing dedicated to the investigation and development of such materials and
methods is called bioprinting.

The term bioprinting was defined by Guillemot et al. as ,,the use of computer-aided transfer
processes for patterning and assembling living and non-living materials with a prescribed 2D or
3D organization in order to produce bio-engineered structures serving in regenerative medicine,
pharmacokinetic and basic cell biology studies* [54]. As such, bioprinting is part of the larger
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field of biofabrication which is ,,the automated generation of biologically functional products with
structural organization from living cells, bioactive molecules, biomaterials, cell aggregates such as
micro-tissues, or hybrid cell-material constructs, through Bioprinting or Bioassembly and subsequent
tissue maturation processes“ [55]. To arrange cells and biomolecules in a spatially structured and
organized formation, matrix materials are required that provide structural integrity and at the
same time a suitable aqueous environment. In practice, hydrogels have been shown to be suitable
materials to accommodate both cells [56, 57] and biomolecules [58, 59]. Due to their cell-friendly
and highly biocompatible properties [60] and their ability to allow the diffusion of gas and nutrients
[9], hydrogels are widely employed in tissue engineering which aims at the fabrication of tissue
replacements containing living cells. The application of bioprinting expands the capabilities of
tissue engineering, as it allows the fabrication of hydrogels in customized shapes like vascularized
structures which are essential for nutrient and oxygen supply [61]. The following sections provide
an overview of hydrogels and specialized 3D printing methods in the context of bioprinting.

1.2.1 Hydrogels and bioinks

Hydrogels are gel-like materials with a high water content whose structural integrity is maintained
by a network of polymer chains with hydrophilic functional groups which allow them to retain large
amounts of water, while cross-links between the chains prevent the polymer to simply be dissolved
in water [8].

1.2.1.1 Types of hydrogels

Hydrogels can be classified in a number of ways, a few of which are named here [8]:

o Based on source: The polymers forming the hydrogel can either be of natural (e.g. agarose,
alginate, collagen and gelatin [62]) or synthetic origin (e.g. poly(ethylene glycol) diacrylate
and poloxamers [63, 64]). The advantages of natural hydrogels are biocompatibility and
biodegradability, but they may lack the desired mechanical properties. Synthetic hydrogels
can be designed to exhibit certain mechanical or other favorable properties, but do not show
inherent bioactivity [63].

e Based on polymeric composition: Homopolymeric hydrogels contain polymers made from a
single species of monomer [65], copolymeric hydrogels contain polymers made from at least two
different types of monomer [66] and multipolymer hydrogels contain at least two independent,
interpenetrating polymer networks [67].

o Based on the type of cross-linking: The junctions between polymer chains can either be per-
manent covalent bonds or transient physical junctions caused by polymer chain entanglement,
ionic interactions, hydrogen bonds or hydrophobic interactions [8].

1.2.1.2 Requirements for bioinks

To fabricate solid hydrogel structures using bioprinting, a suitable starting material is needed. These
starting materials are typically referred to as bioinks. Unlike the final hydrogels, these inks are
fluid hydrogel precursor solutions that can be purposefully solidified during or after the printing
process. Hence, these materials have to fulfill certain requirements before, during and after the
printing process [68]. Before the printing process, the main focus is cell survival which requires the
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bioink to be cytocompatible. During the printing process, an additional aspect becomes relevant,
namely the rheological properties. Depending on the employed printing method, bioinks with very
different flow behavior can be desirable. Extrusion-based bioprinting (EBB), also called robotic
dispensing, requires bioinks with shear-thinning behavior and a high viscosity or a yield point.
Typically, additives like methylcellulose [69] or nanosilicates [12] are added to bioinks to obtain
the required rheological properties. This allows the ink to maintain its shape after extrusion. For
inkjet printing, lower viscosities are suitable, as the ink has to pass a narrow orifice and form small
droplets [68, 70]. After the printing process, it is important to preserve the shape of the printed
object permanently by crosslinking the bioink to obtain a mechanically stable hydrogel. Different
strategies are available to achieve this goal, ranging from radical photopolymerization to thermal or
ionic crosslinking [71]. After crosslinking, the hydrogel should allow the cells to migrate, proliferate
and differentiate [70]. The main challenge in the design of bioinks is to find compositions that fulfill
the whole range of opposing requirements sufficiently at the same time. The spot where both shape
fidelity and cytocompatibility are acceptable is referred to as the biofabrication window [70].

1.2.2 Bioprinting methods

Bioprinting methods can be categorized in three main groups: laser-induced forward transfer
(LIFT), inkjet printing and extrusion-based bioprinting. Each of these methods has highly specific
requirements for the properties of the employed inks, especially regarding rheological properties and
curing mechanisms [70].

1.2.2.1 Laser-induced forward transfer

The principle of laser-induced forward transfer is to transfer small droplets of cell-containing bioink
from a donor slide to a collector slide using a laser. Underneath a layer of bioink, the donor slide
is covered by a laser-absorbing material that evaporates suddenly when hit by a laser pulse. The
resulting high gas pressure accelerates a bioink droplet towards the collector slide. Advantages
of this method are the cell-friendliness and the lack of a nozzle which eliminates the problem of
clogging [70].

1.2.2.2 Inkjet printing

Inkjet printers use either acoustic waves created by piezoelectric crystals or pressure pulses created
by short heat pulses to generate microdroplets of bioink that are deposited in the specified spots on
a substrate. After depositing, different mechanisms of gelation like photocrosslinking can be applied.
Nozzle clogging can be an issue with inkjet printing and low-viscosity bioinks are required. Very fine
resolutions in the micrometer range (10 to 50 pm) can be achieved [68]. The use of commercially
available inkjet printers optimized for 2D printing is challenging, as orifice diameters are often not
much wider than the cells to be printed which has restrained inkjet printing from becoming more
relevant in 3D bioprinting [70].

1.2.2.3 Extrusion-based bioprinting

Extrusion-based bioprinting (EBB) is the probably most common and most widely applied method
in tissue engineering and biofabrication [68]. Instead of creating bioink droplets, the principle of
EBB is to extrude a highly viscous bioink from a syringe or cartridge through a nozzle and to
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Mechanical force Air pressure
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Piston-based Pneumatic Screw-based
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Figure 1.4 Different extrusion methods employed in bioprinting. Piston-based, pneumatic and
screw-based extrusion can be used to dispense viscous inks from a cartridge in 3D printers.

deposit the resulting hydrogel filament on a substrate [68]. EBB can be categorized by the employed
dispensing system into three subgroups: pneumatically driven, piston-driven and screw-driven EBB,
as schematically represented in Figure 1.4.

Each of these methods has specific advantages and disadvantages [72, 73]. For screw-driven and
piston-driven EBB, there is a direct correlation between the movement of the piston or screw and
the extruded volume. For pneumatically driven EBB, the resulting ink flow does not only depend
on the applied pressure, but also on the viscosity of the ink and other factors, making it harder to
control. Piston-driven EBB has the tendency that a certain amount of ink unintentionally leaks
at the end of the extrusion process. Several approaches have been suggested to counteract this
behavior lik retracting the piston or adding a valve [74, 75]. Screw-based systems offer the best
control of the extruded volume but come with the drawback of tedious cleaning and high dead
volume [76] which can be problematic when working with costly material. Regarding the printing of
cells, the shear forces induced by the screw can lead to unintended cell damage [77]. Due to the
approach of extruding filaments instead of small droplets, EBB only provides inferior resolution
(200 to 1000 pm) and nozzle clogging can be problematic. After extrusion, different crosslinking
mechanisms can be applied to solidify the bioink [68]. Approaches to perform gelation in situ have
also been reported, e.g. employing a coaxial nozzle setup with an alginate ink being extruded
through the inner nozzle while CaCl, solution is extruded through the outer nozzle to immediately
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Figure 1.5 Energy diagram illustrating the mechanism of catalysis. The activation energy of
the uncatalyzed path E4 is compared to the activation energy of the catalyzed path E/,. AG
is the change of free energy of the reaction. Adapted from [80].

induce gelation of the alginate ink [78]. This concept can also be inverted by extruding alginate ink
through the outer and CaCl, solution through the inner nozzle to create hollow alginate microfibres
[79].

1.3 Biocatalysis

Biochemical reactions are the basis of the metabolism of all living organisms. Many of these reactions
have to be catalyzed in order to proceed at an appropriate rate. Catalysts selectively accelerate
chemical reactions by reducing the energy barrier required to initiate the reaction by temporarily
forming an activated transition state with the substrate, as depicted in Figure 1.5. The catalyst
emerges unchanged from the reaction and can theoretically convert substrate indefinitely. Enzymes
are protein-based catalysts that have evolved to catalyze specific reactions under mild conditions.
They show a high degree of specificity, generate high turnover numbers, are biodegradable and
considered natural products. However, they may be costly and are intrinsically susceptible to
inactivation [80, 81].

1.3.1 Enzyme kinetics

The Michaelis-Menten equation is one of the fundamental models in enzyme kinetics. It describes
the irreversible conversion of a substrate into a product. Michaelis and Menten proposed two
sequential steps as the mechanism of enzyme catalysis. First, the substrate binds to the active site
of the enzyme. Second, the amino acid residues of the active site interact with the substrate in a
way that transforms the substrate into a product which is released, leaving the enzyme available for
the next catalytic reaction [80]. This process is represented in Equation 1.1.

k‘on kcat
o ES E+P (1.1)

E+S
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Figure 1.6 Graphical representation of the Michaelis-Mention equation (see Equation 1.2).

Kinetic parameters can be determined experimentally. Typically, the initial reaction rate is
determined at different substrate concentrations. Plotting the reaction rates over the substrate
concentration results in the characteristic shape of a Michaelis-Menten diagram as shown in Figure 1.6
[82].

The respective equation is given as follows:

Umaz * CS
v = 1.2
Ky +cs (1.2)

with the maximum reaction rate v, the substrate concentration cg and the Michaelis constant
Ky which combines the three rate constants ko, kofp and ket

As indicated in Figure 1.6, vpq, is the maximum turnover rate which can theoretically be
achieved in a state of abundance of substrate. K, is the substrate concentration at %vmw. The
parameters Ky and vy, are typically derived from linearized plots like the Lineweaver-Burk plot
[80].

1.3.2 Model enzymes

Esterase 2 from the thermophilic organism Alicyclobacillus acidocaldarius (AaEst2) is a thermostable
enzyme with a molecular mass of 34.89 kDa, an optimum temperature of approximately 70 °C and
an optimum pH of 7.10 £ 0.15. It is classified as a carboxylesterase in enzyme class (EC) 3.1.1.1.
The hydrolysis of 5(6)-carboxyfluorescein dihexylester catalyzed by AaEst2 results in the formation
of 5(6)-carboxyfluorescein which can be detected using fluorescence measurements at an excitation
wavelength Aegcitation = 485 nm and an emission wavelength of Aepission = 528 nm [83-86].

[-Galactosidase from Aspergillus oryzae has a molecular weight of 120.15kDa and is able to
hydrolyze lactose. Accordingly, a typical industrial application of 3-galactosidase is the production
of lactose-free milk. (-Galactosidase is a hydrolase and part of EC 3.2.1.23. A suitable reaction for
the detection of 3-galactosidase activity is the cleavage of ortho-nitrophenyl-p-D-galactopyrano-
side (ONPGQG) into B-D-galactose and ortho-nitrophenol (ONP) which can be detected by UV-Vis
spectroscopy at a wavelength of Agpsorption = 420 nm [87-89].
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Table 1.1 Side-by-side comparison of (3-galactosidase from Aspergillus oryzae ([3-gal) and
esterase 2 from Alicyclobacillus acidocaldarius (AaEst2).

B-Galactosidase (f3-gal)

Esterase 2 (AaEst2)

Organism Aspergillus oryzae
Enzyme class 3.2.1.23
Molecular weight 120.15kDa

Model substrate  ortho-nitrophenyl-f

-D-galactopyranoside (ONPG)

Alicyclobacillus acidocaldarius
3.1.1.1

34.89kDa

5(6)-carboxyfluorescein dihexylester
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Figure 1.7 3D visualizations of [3-galactosidase from Aspergillus oryzae (3-gal, 3D models
obtained from [87, 88]) and esterase 2 from Alicyclobacillus acidocaldarius (AaEst2, 3D models

obtained from [84, 86]).

A summary of the properties of both enzymes is given in Table 1.1 and 3D models of the enzymes
are shown side-by-side in Figure 1.7. The chemical equations of the reactions used for activity

assays are illustrated in Figure 1.8.

1.3.3 Enzyme immobilization

The immobilization of enzymes is a widely established method to simplify downstream processing,
increase reusability and improve operational stability. There are a range of different immobilization
techniques, as exemplarily shown in Figure 1.9. The simplest method is the adsorption of enzymes
to a surface. However, this method suffers from a strong susceptibility to changes in pH and
temperature and from a high amount of enzyme loss due to the weak interactions between enzyme

and support [90].

The attachment to the solid support can be strongly enhanced by using covalent bonding. Due
to its reliability, it is one of the most widely used immobilization methods. However, the enzymatic
activity can be impaired if amino acids from the active center are involved in the binding to the
support [90]. A very simple method for enzyme immobilization is the physical entrapment within
a hydrogel network [91]. Usually, there is no need to adapt the method to a specific enzyme.
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Figure 1.8 Reactions catalyzed by (A) AaEst2 and (B) (3-galactosidase, as used for the deter-
mination of enzymatic activiy in colorimetric assays. Figure adapted from [85] and [89].

The principle of this method is to entrap the relatively large enzyme within a polymer network
while the substrate and product molecules are still able to diffuse within the hydrogel due to their
much smaller size [92]. The choice of a suitable support material with an appropriate pore size is
paramount to minimize diffusion limitations for substrate and product molecules while ensuring the
retention of the enzyme within the hydrogel [90]. The usually reduced mass transfer of substrate and
product is the main disadvantage of immobilization by physical entrapment [12, 92]. Maximizing
the surface-area-to-volume ratio of the hydrogel is a way to counteract this limitation.

A method for the irreversible immobilization of enzymes without the need for a solid support is
enzyme crosslinking, e. g. in the form of crosslinked enzyme aggregates (CLEA). The main limitation
of this method is the reduced substrate and product diffusion with increasing aggregate size [81, 90].
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Physical entrapment Crosslinking

Figure 1.9 Different enzyme immobilization methods in side-by-side comparison. The shown
protein represents {3-galactosidase from Aspergillus oryzae (3-gal, 3D model obtained from [87,
88]).
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2.1 Research Proposal

The emergence of bioprinting has opened up new possibilities for the fabrication of complex three-
dimensional hydrogel structures. These soft materials exhibit a high water content and provide
a suitable environment for living cells and biomolecules. Bioprinting as a useful tool in tissue
engineering allows the combination of biological functionality with complex geometries. Living cells
can be embedded in the printed hydrogels to create vascularized tissues for transplantations or
lab-on-a-chip devices. While applications in the field of tissue engineering involving living cells
remain the predominant focus of bioprinting, other areas of biotechnology have started to adopt the
approach of printing soft materials in complex shapes. Smart hydrogels with the ability to react to
external stimuli and with features like shape memory or self-healing capabilities have been reported.
Cell-free materials with a biological functionality have been created by embedding enzymes in the
printed hydrogels. Due to their enzymatic activity, these materials can be employed in biocatalytic
reactors. 3D bioprinting potentially enables the fabrication of perfusable grid structures with a high
degree of freedom in design and without the need for molds which allows fast iteration cycles. The
most common method in bioprinting is extrusion-based bioprinting which is the spatially controlled
deposition of a bioink through a nozzle onto a substrate. Bioinks are fluid hydrogel precursor
solutions that can be solidified after extrusion to form a stable hydrogel.

While the general feasibility of fabricating biocatalytic reactors using extrusion-based bioprinting
has been demonstrated, the approach is still in the early stages of development. Typical limitations
are low printing quality, limited reproducibility and missing analytical techniques. The main focus
of the present thesis is to tackle these challenges by identifying parameters relevant for the successful
printing of biocatalytic materials and by providing adapted printing methods, improved inks and
suitable analytical techniques.

The first study of the thesis (Chapter 3) focuses on establishing a novel type of inks based on high
internal phase emulsions (HIPEs), emulsions with an internal phase volume fraction of at least 74 %.
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Both the oily external and the aqueous internal phase of the inks contain polymerizable monomers
to allow them to be polymerized after extrusion. For improved printability, a cure-on-dispense
setup is established that allows polymerization during the extrusion process. The resulting material
consists of an open-porous polymeric scaffold filled with hydrogel. 3-Galactosidase is added to the
aqueous phase as a model enzyme to generate biocatalytically active materials. A microplate-based
batch activity assay method is established to quantify the enzymatic activity of printed samples
in an automated, fast and reproducible way. Enzyme leaching from the samples is investigated
using a similar method based on activity assays. Other analytical methods like rheology and
(environmental) scanning electron microscopy are applied to characterize the properties of the liquid
inks and polymerized samples.

Due to the importance of the diffusibility of the employed matrix materials for the effective
activity of entrapped enzymes, a microfluidics-based method for the estimation of diffusion coefficients
in hydrogels is established in a second study (Chapter 4). The channel of a microfluidic chip is
partially filled with hydrogel which is brought into contact with an analyte solution. The diffusion
of the analyte through the material is monitored using a UV area imaging system. Image and data
processing tools are applied to generate analyte concentration profiles along the channel. Diffusion
coefficients are estimated by fitting the concentration profiles with an analytical solution of Fick’s
second law of diffusion. In a case study, the diffusion coefficient of lysozyme is determined in
hydrogels made from different concentrations of either unmodified agarose or agarose with a low
melting and gelling point.

The third study (Chapter 5) evaluates alternative types of inks based on either agarose or
agar. Due to the inks’ thermosensitivity, a customized printing setup including a heatable nozzle
and a cooled substrate is established to improve printing quality and reduce nozzle clogging. The
thermostable enzyme esterase 2 from Alicyclobacillus acidocaldarius (AaEst2) is added to the inks to
print enzymatically active materials. Besides rheological measurements, the previously established
analytical methods are employed to determine the activity and leaching behavior of the embedded
enzyme (Chapter 3) and the diffusibility of the agarose- and agar-based hydrogels (Chapter 4).

The lack of process monitoring and control in extrusion-based bioprinting is addressed in the
last study of this thesis (Chapter 6). To monitor the extrusion flow rate in real time, a liquid flow
meter is integrated into the printing setup and a Python-based software tool is established to record
and process the acquired flow rate data. A proportional-integral-derivative (PID) feedback loop is
implemented to continuously adapt the extrusion pressure of the bioprinter in order to generate a
constant target flow rate. The performance of the setup is evaluated with several exemplary use
cases.

In summary, this work addresses several aspects of printing biocatalytically active materials,
explicitly the development of suitable inks in combination with specifically adapted printing methods
and analytical techniques.
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2.2 Manuscript Overview

An overview of the research manuscripts written within the scope of this thesis is given here.
Chapter 3 establishes the 3D printing of enzymatically active materials from emulsion-based inks
and introduces a batch-based method in a microplate format to assess the enzymatic activity of
these materials. Chapter 4 presents a method for the determination of diffusion coefficients of
analytes in hydrogels. Chapter 5 applies the already established methods for the quantification
of enzymatic activity and diffusion coefficients to agarose- and agar-based hydrogels. Chapter 6
introduces an approach for process monitoring and control in bioprinting based on the integration
of a liquid flow meter and a Python-based software tool.

In the following, the conducted research projects are placed within the context of the thesis and
presented as short summaries and overview flowcharts. A short overview of the entire thesis is given
in Figure 2.1. Detailed statements about the specific contributions of the listed authors are given at
the end of the respective chapters.

Methods

PID-based
pressure control

Heatable nozzle

Small |
ma sc.a © Cure-on-dispense Chapter 6
preparation

Chapter 5 Chapter 3

Agarose
HIPEs Activity assay Chapter 4

Diffusion coefficient

estimation

Inks Analytics

Figure 2.1 Visual overview of the scientific output generated in the scope of the thesis. The
graph represents the positioning of different projects in the interconnected areas of methods,
inks and analytics.
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Chapter 3
3D-Printable and Enzymatically Active Composite Materials Based on Hydrogel-Filled
High Internal Phase Emulsions .......... ... . i 27

Lukas Wenger, Carsten P. Radtke, Jacqueline Gépper, Michael Woérner and Jiirgen Hubbuch

published in Frontiers in Bioengineering and Biotechnology, Volume 8, 2020, Article 713
https://doi.org/10.3389/fbioe.2020.00713

This study presents an approach of using high internal phase emulsions (HIPEs) as inks for
the 3D printing of biocatalytically active materials. The established HIPE formulations can be
photopolymerized resulting in composite materials consisting of a polymeric, porous scaffold filled
with hydrogel. To allow the preparation of HIPEs on a small scale, a tailor-made stirrer blade
design is established. A customized printer setup is presented that allows the photopolymerization
of the extruded ink during the printing process (cure-on-dispense). The favorable rheological
properties of the HIPEs in combination with the cure-on-dispense setup are shown to result in
excellent printability. The enzyme B-galactosidase is embedded in the aqueous phase of the inks to
generate enzymatically active materials. A range of different HIPE compositions is investigated using
rheological methods and (environmental) scanning electron microscopy ((E)SEM). Most importantly,
batch-based activity assays are performed in a microplate format to evaluate the residual enzymatic
activity of printed samples with varying material compositions. The influence of printing with
different nozzle diameters is investigated as an example of a process-related parameter. The study
demonstrates a novel type of ink in combination with a specifically adapted printing method and
provides insight into the relevance of different material and process parameters for the fabrication
of biocatalytic reactors by 3D printing.
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Chapter 4
Investigation of Lysozyme Diffusion in Agarose Hydrogels Employing a Microfluidics-
Based UV Imaging Approach ....... ... 53

Lukas Wenger and Jiirgen Hubbuch

published in Frontiers in Bioengineering and Biotechnology, Volume 10, 2022, Article 849271
https://doi.org/10.3389/fbioe.2022.849271

Diffusibility is a crucial parameter for the application of hydrogels in the immobilization of enzymes.
In this study, a photometric method for the determination of diffusion coefficients of UV-detectable
analytes within transparent hydrogels is established. To obtain measurement data, the channel of a
microfluidic chip is partially filled with hydrogel and an analyte solution is injected through another
inlet of the chip to create an interface between hydrogel and analyte solution. The diffusion of the
analyte through the hydrogel is monitored using a UV area imaging system. Employing automated
image processing and data evaluation tools, the diffusion coefficient of the analyte is estimated by
fitting analyte concentration profiles along the microfluidic channel with an analytical solution of
Fick’s second law of diffusion. As a case study, the diffusion of lysozyme in differently concentrated
hydrogels based on an unmodified and a low-melt agarose is investigated. The presented method
is only applicable for optically transparent hydrogels in combination with analytes that can be
detected at a suitable wavelength. In a subsequent study (see Chapter 5), the method is applied to
analyze the diffusion of 5(6)-carboxyfluorescein within agarose- and agar-based hydrogels.
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Lukas Wenger, Carsten P. Radtke, Eva Gerisch, Max Kollmann, Christof M. Niemeyer, Kersten S. Rabe and
Jirgen Hubbuch

submitted to Frontiers in Bioengineering and Biotechnology

Previous studies have shown the feasibility of using extrusion-based 3D printing methods for the
fabrication of agarose-based hydrogel grids with embedded enzymes that can be employed in
biocatalytic reactors. To improve the printing quality of thermosensitive hydrogels and reduce nozzle
clogging, this study presents a refined experimental setup including a heatable nozzle and a cooled
substrate. A systematic evaluation of the employed material system is provided by covering a range
of differently concentrated agarose- and agar-based inks that are investigated with several analytical
methods. Rheological measurements are applied to study the flow behavior of the liquid inks at
different temperatures, as well as their melting and gelling behavior. The stability of the solidified
hydrogels is examined using mechanical tests and their diffusibility is investigated by applying the
previously established microfluidics-based UV imaging approach (see Chapter 4). The thermostable
enzyme esterase 2 from Alicyclobacillus acidocaldarius (AaEst2) is added to the inks to produce
enzymatically active hydrogel samples. To quantify the activity of the different materials and the
amount of enzyme leaching, the batch-based activity assay method established for emulsion-based
inks (see Chapter 3) is applied with appropriate adaptations. The study demonstrates an improved
printing method for agarose- and agar-based hydrogels and identifies several parameters crucial for
the successful immobilization of enzymes within these hydrogels.

24



Chapter 2 — Thesis Outline

Bioink preparation Flow-controlled printing setup Software development
SpeedMixer® K30 K25 A2L7 K30
K25
Rheology
Sensirion
¢ A SLI-1000
i‘lf ¢
—
Oscillatory and rota-
tional measurements ~ Amplitude sweep

Continuous dispensing Handling of ink inhomogeneities Process transfer

1 et
‘_/Ak V g \_/Ak
2 P MMM - P
aptive pressure
N%VS' A pHYEP Tapered
R R g Linch
Constant pressure Adaptive pressure Constant pressure .5 el Adaptive pressure
Chapter 6
Automated and Dynamic Extrusion Pressure Adjustment Based on Real-Time Flow
Rate Measurements for Precise Ink Dispensing in 3D Bioprinting.................... 99
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published in Bioprinting, Volume 28, 2022, e00229
https://doi.org/10.1016/j.bprint.2022.e00229

Tedious parameter screenings, non-constant ink flow and poor reproducibility are typical limitations
of extrusion-based bioprinting. The common lack of process monitoring poses an additional obstacle.
To overcome these challenges, the study presents a customized printing setup incorporating a liquid
flow meter to provide real-time flow measurement data. A Python-based software tool is established
to allow flow rate monitoring and to dynamically adapt the extrusion pressure of the bioprinter
in order to generate a constant flow rate. The recorded flow rate measurements are fed into a
proportional-integral-derivative (PID) feedback loop that controls the pressure of the employed
bioprinter. The performance of the established setup is evaluated with three different model inks in
three application examples. The general ability of the setup to generate a constant ink flow is tested
by continuously dispensing ink from a cartridge. The handling of ink inhomogeneities is tested by
printing from a cartridge with a deliberately inhomogeneous ink. To assess whether the presented
approach can facilitate process transfer and development, test prints with different nozzle geometries
are performed. The study demonstrates a way to introduce process monitoring into bioprinting
processes and to apply it in real time to automatically control the extrusion pressure of the bioprinter.
The approach enhances reproducibility, improves the handling of non-constant process parameters
like ink viscosity or cartridge fill level and facilitates process transfer and development.
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Abstract

The immobilization of enzymes in biocatalytic flow reactors is a common strategy to increase enzyme
reusability and improve biocatalytic performance. Extrusion-based 3D bioprinting has recently
emerged as a versatile tool for the fabrication of perfusable hydrogel grids containing entrapped
enzymes for the use in such reactors.

This study demonstrates the suitability of water-in-oil high internal phase emulsions (HIPEs) as
3D-printable bioinks for the fabrication of composite materials with a porous polymeric scaffold
(polyHIPE) filled with enzyme-laden hydrogel. The prepared HIPEs exhibited excellent printability
and are shown to be suitable for the printing of complex three-dimensional structures without
the need for sacrificial support material. An automated activity assay method for the systematic
screening of different material compositions in small-scale batch experiments is presented. The
monomer mass fraction in the aqueous phase and the thickness of printed objects were found to
be the most important parameters determining the apparent activity of the immobilized enzyme.
Mass transfer limitations and enzyme inactivation were identified as probable factors reducing the
apparent activity.

The presented HIPE-based bioinks enable the fabrication of flow-optimized and more efficient
biocatalytic reactors while the automated activity assay method allows the rapid screening of
materials to optimize the biocatalytic efficiency further without time-consuming flow-through
experiments involving whole printed reactors.

3.1 Introduction

Biocatalysis is the key to a variety of biotechnological applications, ranging from large-scale industrial
processes like the production of high fructose corn syrup [93] to more sophisticated analytical methods
like biosensors [94, 95]. Enzymes act as catalysts even at mild reaction conditions. Due to their
high chemo- and regioselectivity, they are suitable for the production of high-value products like
enantiomerically pure chiral compounds [96]. Their usually high cost makes it desirable to immobilize
enzymes in order to enhance their stability and shelf life and improve reusability by preventing
enzyme-loss [91]. Immobilized enzymes can be efficiently employed in continuous processes, e. g.
using perfusable fixed-bed reactors [97-99]. While a large variety of immobilization methods like
covalent bonding to particles or monolithic support materials does exist, the entrapment of enzymes
in hydrogels offers a very straight-forward, effective and universally applicable route [91, 100].
Hydrogels are hydrophilic polymer networks with a high water content that are well suited to
accommodate cells and proteins in an aqueous environment [101]. The mesh size of the hydrogel
polymer network can be tuned [102, 103] in order to ensure the retention of the usually relatively
large enzymes while still allowing the diffusion of smaller substrate and product molecules through
the material [91]. Besides increased cost efficiency, the immobilization of enzymes offers a way
to realize processes combining different spatially separated reactions. These compartmentalized
enzymatic cascades may prevent undesirable effects like product inhibition or cross-reactivities.
[104] A drawback of entrapping enzymes in hydrogels is the reduced mass transfer through the
hydrogel matrix which lowers the apparent biocatalytic activity as compared to the freely dissolved
enzyme [12, 91]. This limitation can be counteracted by increasing the surface-area-to-volume ratio
of the hydrogel structures [12].
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Extrusion-based bioprinting methods can be used as a simple tool to produce hydrogel structures in
customized 3D shapes, typically laden with living cells or bioactive molecules [55, 73]. The so-called
bioink, a hydrogel precursor formulation blended with the biological component, is dispensed
layer-by-layer from a cartridge through a nozzle and usually cross-linked after extrusion in order to
retain a stable 3D shape [68, 105]. Extrusion-based printing is widely employed in biofabrication but
resolutions are usually low with extruded strand widths of typically 200 to 1000 pm [68]. Achievable
strand widths and hence printing quality and resolution depend largely on the rheological properties
of the bioink. Shear-thinning behavior is desirable to facilitate the material flow through the
nozzle and allow dispensing at lower pressure [106]. After extrusion, the ink should preserve its
shape without spreading until fixation is achieved by cross-linking. This is ensured by a sufficiently
high viscosity or the presence of a yield stress. [68, 70, 107] However, many hydrogel precursor
solutions are low-viscosity liquids that lack the necessary rheological properties. Strategies to
enhance printability include improving the rheological properties of the ink by the addition of
viscosity-enhancing additives [12, 108] or by pre-crosslinking [109, 110]. Other approaches aim
at improving shape preservation after extrusion by printing into a support bath [111, 112] or
minimizing the time between extrusion and final fixation of the shape in order to reduce spreading
of the material. Depending on the crosslinking machanism, this can be achieved by co-extruding
a crosslinking agent through a coaxial nozzle [78, 113] or by in situ photopolymerization using a
cure-on-dispense setup [114-116].

High internal phase emulsions (HIPEs) are paste-like emulsions containing more than 74 % (v/v)
of internal phase [117]. Below the yield stress, they act as a solid retaining their shape. Applying
a force above the yield stress initiates the flow of the material [118]. This property makes HIPEs
ideal candidates for extrusion-based 3D printing, as shown by Sears et al. [115, 119]. The external
phase of HIPEs can be polymerized creating so-called polyHIPEs, a monolithic and porous polymer
scaffold with void sizes typically in the range of one to several hundred micrometers [120-122]
and interconnecting pores between the voids [122]. There are two approaches towards formulating
low-viscosity hydrogel precursor solutions as printable HIPE-based inks: Using oil-in-water HIPEs
with a polymerizable external phase [119] or using water-in-oil HIPEs with both phases being
polymerizable [123-125]. The first approach yields a hydrogel filled with droplets of liquid oil, while
the second approach yields a typical open-cell polyHIPE scaffold filled with hydrogel.

In (bio-)chemical engineering, 3D printing methods can enable the fabrication of highly sophisticated,
geometrically optimized reactors not producible by conventional methods [46], as has been shown for
bed geometries of chromatography columns [126], heat exchangers [127] or microfluidic reactors [128].
3D printing can also dramatically speed up the production of prototypes [1], allowing the iterative
testing of different designs. Kazenwadel et al. used a commercial inkjet 3D printer to manufacture
biocatalytic flow reactors based on a 3D-printed grid of synthetic material. Glucose oxidase and
horseradish peroxidase were covalently immobilized on the surface of the grid in a subsequent step
[129]. This concept has been developed further by directly printing enzyme-containing hydrogel
grids in a single step using extrusion-based 3D bioprinters [12, 85, 130]. Enzymatically active printed
hydrogels with living yeast cells have been reported as well [131].

The reported methods and inks for extrusion-based 3D printing of enzyme-containing hydrogels
are limited to the fabrication of very basic geometries comprising only a few layers and exhibiting
relatively high wall thicknesses, thereby limiting mass transfer and reducing efficiency. Furthermore,
a systematic investigation of the influence of material parameters on the resulting apparent activity
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Figure 3.1 Schematic of the workflow applied in this study. After preparation, HIPEs are
printed and photopolymerized in situ using a cure-on-dispense setup. The resulting hydrogel-
filled polyHIPE cylinders are analyzed in automated activity assays in a 48-well microtiter plate
format. Samples of liquid HIPEs are analyzed using rheological measurements. (Environmental)
scanning electron micrographs of polyHIPEs are taken to analyze their morphology and confirm
the presence of hydrogel inside the polyHIPE voids.

of the printed hydrogels is missing. The study presented here investigates the approach to enhance
the printability of low-viscosity hydrogel precursor solutions using water-in-oil HIPEs as bioinks
with excellent printability enabling the fabrication of more complex structures. Scanning electron
microscopy techniques are used to analyze the scaffold morphology and confirm the formation of
hydrogel inside the polyHIPE voids. The enzyme [3-galactosidase is entrapped in the hydrogel-filled
polyHIPEs and an automated activity assay method is presented to determine the influence of
different HIPE compositions on the apparent activity of the produced materials. A workflow of the
presented study is shown in Figure 3.1.

3.2 Materials and Methods

3.2.1 Chemicals

All chemicals were purchased from Sigma Aldrich and used as received. For the organic phase of
the HIPEs, 2-ethylhexyl acrylate (EHA), isobornyl acrylate (IBOA), trimethylolpropane triacrylate
(TMPTA), poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (Pluronic®
L-121) and diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (Darocur® TPO) were used. The
aqueous phase contained acrylic acid (AA), poly(ethylene glycol) diacrylate with an average molar
mass of M,, = 700 g/mol (PEG-DA 700), lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP)
and P-galactosidase from Aspergillus oryzae (EC 3.2.1.23, 10.9 units/mg). Activity assays were con-
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ducted using 2-nitrophenyl 3-D-galactopyranoside (ONPG) as the substrate and calibration curves
of the reaction product were determined from serial dilutions of 2-nitrophenol (ONP). All buffers
and solutions were prepared with ultrapure water from a Purelab Ultra water purification system
(Elga, High Wycombe, UK) and filtered through an 0.2 pm cellulose acetate filter (Sartorius AG).

3.2.2 Stock solutions

20% (w/w) AA and 20% (w/w) PEG-DA 700 were prepared as stock solutions for the aqueous
phase, both buffered with 100 mM phosphate and adjusted to pH 7. A stock solution of 1.6 kU/mL
[-galactosidase was prepared in 100 mM phosphate (pH 7). Serial dilutions of ONPG for the activity
assays and ONP for the calibration curves were prepared in 100 mM phosphate, pH 7. The stock
solutions of 3-galactosidase, ONPG and ONP were frozen in aliquots at —30°C and thawed directly
before use.

3.2.3 Preparation of HIPEs

A series of preliminary experiments resulted in the selection of a set of suitable chemicals for HIPE
preparation. The external organic phase of the HIPEs was prepared from the monomers EHA,
IBOA and TMPTA, the surfactant Pluronic® L-121 and the photoinitiator Darocur® TPO. For
all HIPEs, the mass ratio between EHA, IBOA and TMPTA was kept constant at 2.3:4.2:1 while
the amount of Pluronic® L-121 in the organic phase was varied between 6 and 12 % (w/w). The
Darocur® TPO concentration was 0.5 % (w/w) for all HIPEs. All compositions of organic phase are
listed in Table A3.1 in the supplementary material. The internal aqueous phase was always freshly
prepared from buffered stock solutions of AA, PEG-DA 700, LAP and p-galactosidase. The resulting
aqueous phase had constant concentrations of LAP (1 mg/mL) and 3-galactosidase (40 units/mL)
with varying total monomer mass fractions and a constant molar ratio of AA:PEG-DA 700 = 10:1.
In HIPEs with a lower monomer content in the aqueous phase than 14 % (w/w), a corresponding
amount of AA stock solution was replaced by a buffered solution of 100 mM phosphate at pH 7 that
was adjusted to the same conductivity as the AA stock solution by adding NaCl. The corresponding
amount of PEG-DA 700 solution was replaced by 100 mM phosphate buffer, pH 7. All HIPE
variations prepared in this study, as listed in Table 3.1, are derived from HIPE A, a HIPE with
14% (w/w) monomer in the aqueous phase, 12% (w/w) surfactant in the organic phase, 87.5%
aqueous phase volume fraction and printed using a 250 pm nozzle.

Emulsification of the HIPEs was performed in 50 mL Falcon tubes (Corning, Inc.) using an overhead
stirrer (Velp Scientifica DLS) and a specifically designed, 3D-printed, helical stirrer blade made
from nylon, as depicted in Figure 3.2A. For HIPEs with a percentage of 87.5% (v/v) of aqueous
phase, 2.5 mL of organic phase were added to a Falcon tube. Under continuous stirring, 17.5 mL
of aqueous phase were continuously added at a rate of 1.25mL/min using a syringe pump (Cetoni
neMESYS 290N). The stirring rate was initially set to 600 rpm and increased to 800rpm after
2min and 1000 rpm after 7 min. After addition of the aqueous phase, agitation was maintained for
another 5min at 1000 rpm. For HIPEs with a percentage of aqueous phase different from 87.5 %,
the amounts of organic phase and aqueous phase were adjusted to always produce 20 mL of HIPE
in total. The addition rate and time points of stirring rate changes were adjusted relative to the
amount of organic phase, as shown in Table A3.2 in the supplementary material.
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Table 3.1 Overview of the HIPEs prepared and printed in this study. The table shows the mass
fraction of monomer in the internal aqueous phase, the surfactant mass fraction in the external
organic phase, the aqueous phase volume fraction and the nozzle diameter used for printing
hollow cylinders for activity assays. All variations are derived from HIPE A (blue). Parameters
deviating from HIPE A are highlighted in orange.

Varied parameter =~ Monomer in Surfactant in ~ Aqueous phase Nozzle
aqueous phase organic phase volume fraction diameter

(% (w/w)) (% (w/w)) (% (v/v)) (1m)

HIPE A 14 12 87.5 250

10.5 12 87.5 250

7 12 87.5 250

Monomer 3.5 12 87.5 250

1.75 12 87.5 250

s 0 12 87.5 250
o

= 14 9 87.5 250
<

5 Surfactant 14 6 87.5 250
>3

. 14 12 90 250

= 14 12 85 250

= Aqueous phase 14 12 82.5 250

14 12 80 250

. 14 12 87.5 840

Nozzle diameter 14 19 7.5 110

3.2.4 Rheology

Rheological measurements of HIPEs were performed using an MCR 301 rheometer (Anton Paar
GmbH). A measurement geometry with profiled parallel plates with a diameter of 25 mm and a gap
width of 150 pm was used to perform shear stress-controlled rotational tests. Yield stress values
were determined by plotting deformation over shear stress in a log-log graph, fitting the two linear
regions of the plot with tangents and calculating their point of intersection.

Using the same experimental setup, oscillatory measurements with controlled shear stress in a range
of 1 to 1000 Pa were performed at an angular frequency of w = 10 /s. The storage modulus G’ and
loss modulus G” were recorded. All measurements were carried out as technical triplicates.

3.2.5 (Environmental) scanning electron microscopy (ESEM and SEM)

For sample preparation, HIPEs were polymerized on microscope slides in a frame of 2 mm in height.
The polymerization was carried out for 1 min from each side at an intensity of approximately
25mW /cm? and a peak wavelength of 365 nm.

Samples for environmental scanning electron microscopy (ESEM) were stored in 100 mM phosphate
buffer (pH 7) and cut immediately before analysis to investigate the cross-section. ESEM micrographs
were taken using an FEI Quanta 650 FEG (Thermo Fisher Scientific, Inc.) in a water-saturated
atmosphere at a pressure between 704 Pa and 823 Pa, a working distance between 6.8 mm and
8.1 mm, a 2000-fold magnification and an acceleration voltage of 15kV.

32



Chapter 3 — Hydrogel-Filled High Internal Phase Emulsions

For scanning electron microscopy (SEM), samples were freeze-dried, cut and the cross-section coated
with platinum. Analysis was carried out on a Tescan Vega 3 SBU at an acceleration voltage of 8 kV
and a working distance of 14 mm.

3.2.6 3D printing

HIPEs were 3D-printed employing two different extrusion-based printers: a piston-driven, previously
described modified Ultimaker Original+, introduced as Biomaker by Radtke et al. [132], and a
pneumatically driven Gesim BioScaffolder 3.1. Both printers were equipped with a cure-on-dispense
setup similar to a system reported by Sears et al. [115], based on four high-power UV LEDs emitting
at a peak wavelength of 365 nm (LEDengin, San Jose, USA). The setup employed in combination
with the BioScaffolder is depicted in Figure 3.2B.

For activity assays, simple hollow cylinders with a diameter of 8 mm and a height of 2.4 mm were
printed, designed to fit into the wells of 48-well microtiter plates (Figure 3.5C). The Biomaker was
used in combination with conical nozzles with an inner diameter of 250 and 840 pm to print 300 pm
layers while curing at an intensity of approximately 3.5 mW /cm?. The BioScaffolder was equipped
with Micron-S nozzles (Vieweg GmbH) with an inner diameter of 110 pm and 100 pm layers were
printed while curing at an intensity of approximately 13 mW /cm?. In order to prevent clogging,
aluminium foil was wrapped around the end of the nozzle to shield the nozzle opening from UV
irradiation. All printing parameters are summarized in Table 3.2. After the printing process, all
cylinders were post-cured at an intensity of approximately 25 mW /cm? for 2 min.

Table 3.2 Printing parameters employed in the fabrication of polyHIPE cylinders and exemplary

prints.
Printer Printing  Nozzle Nozzle Layer Extrusion Extrusion uv
speed diameter type height  pressure rate intensity
(mm/s)  (jum) —  (m)  (kPa)  (EU*/mm) (mW/om?)
Biomaker 9 840 conical 300 — 9x 1074 3.5
Biomaker 9 250 conical 300 — 6 x 107* 3.5
Bioscaffolder 9 110 Micron-S 100 30+ 10 — 13.0

*EU = extrusion unit, an arbitrary unit to adjust the extrusion rate on the Biomaker

3.2.7 Activity assays with printed polyHIPEs

PolyHIPE cylinders, printed as described above, were washed three times for 5min: once in 30 %
(v/v) ethanol in 100 mM phosphate (pH 7) and twice in 100 mM phosphate (pH 7). The washed
cylinders were transferred into a 48-well microtiter plate, one cylinder per well. ONPG solutions
at concentrations between 1 mM and 30mM in 100 mM phosphate (pH 7) were added using a
Tecan Freedom Evo pipetting platform and the conversion from ONPG to ONP catalyzed by
[-galactosidase was monitored online at a wavelength of 460 nm for 90 min using a Tecan infinite
M200 pro spectrophotometer (Figure 3.3A). All activity assays were carried out at 25 °C. Employing
calibration curves, ONP concentrations were calculated from the absorbance signal and the maximum
volumetric activity per well was calculated by determining the maximum slope of each curve which
occured after a variable delay time t4eq, (Figure 3.3B). The specific activity of each sample was
determined by dividing the volumetric activity by the amount of enzyme in one polyHIPE cylinder.
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Figure 3.2 Illustrations of custom-made equipment used for HIPE preparation and printing.
(A) Setup used for HIPE emulsification. The helical stirrer blade and the lid were custom-made
for 50 mL Falcon tubes. The lid offers an opening for the stirrer blade and a threaded hole to
connect tubing and allow the continuous addition of aqueous phase using a syringe pump. (B)
Cure-on-dispense setup used in combination with a Gesim BioScaffolder 3.1. Four high power
UV LEDs (1) are attached to a metal heatsink (2) which is perfused by air from a fan (3) for
active cooling. The mount (4) allows the direct attachment to 10 mL cartridges (5).

Plots of the specific activity over the substrate concentration were fitted with Michaelis-Menten
kinetics (Figure 3.3C). Combining several of these kinetics resulted in 3D plots showing the influence
of both substrate concentration and a second varied parameter on the specific activity (Figure 3.3D).

3.2.8 Calibration curves and equilibration time

Data for ONP calibration curves for the polyHIPE activity assays were collected following the same
procedure as applied for the activity assays, only adding solutions of up to 25 mM ONP instead of
ONPG before monitoring the absorbance at 460 nm for 90 min. Due to diffusion and evaporation
effects, the observed absorbance was not constant over time but showed an exponential decay at the
beginning, turning into a linear decay after a certain time. The recorded data for the calibration
curves of HIPE A are shown as an example in the supplementary material (Figure A3.1).

Linear calibration curves were determined from the end points of the measurements where an
equilibrium between polyHIPE cylinder and supernatant was already reached. Triplicates of five
different ONP concentrations (2.5 to 20 mM) were used as the calibration points. To determine the
equilibration time as a measure of diffusion limitations, an algorithm was employed that calculated
the earliest point of time at which the slopes of the measured absorbance curves were within 20 %
of the end slope of the curves. The time span from the addition of ONP until this time point was
defined as the equilibration time (see Figure A3.1 in the supplementary material).
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Figure 3.3 Overview of the data processing steps used for the evaluation of activity assays with
polyHIPE cylinders. The example shows data from the analysis of different aqueous phase
volume fractions. (A) The product formation was monitored by measuring the absorbance
at 460nm in a spectrophotometer. The curves show triplicates of six different substrate
concentrations. (B) Using calibration curves, the product concentration was calculated from the
absorbance signal and the maximum slope of the resulting curves was calculated to determine
the maximum volumetric activity. Due to diffusion limitations, the maximum slope does not
occur at the start of the reaction but after an initial delay time tgeqy- (C) The specific activity
was calculated from the volumetric activity and the resulting data points were plotted over the
substrate concentration and fitted with a Michaelis-Menten equation (95 % confidence intervals
shown in gray). (D) Several kinetics curves were combined with a surface plot to compare
different conditions.

3.2.9 Enzyme leaching

To determine the amount of leached enzyme during different process steps, activity assays were
performed with the supernatants of the polyHIPE cylinder wash procedure described above. Also,
single polyHIPE cylinders were incubated with 300 nL. phosphate buffer (100 mM, pH 7) for 90 min
mimicking the polyHIPE activity assay to analyze the amount of leached enzyme during the whole
incubation period. The supernatant activity assays were carried out in 96-well microtiter plates
by adding 150 nL. 30 mM ONPG in 100 mM phosphate (pH 7) to a 50 nL. sample of supernatant
(dilution factor f = 4) and recording the conversion of ONPG to ONP at a wavelength of 460 nm
for 20 min. In order to account for samples from different wash solutions (30 % ethanol and 100 mM
phosphate), separate calibration curves with a range of ONP and (3-galactosidase concentrations
were recorded for the respective samples and used to calculate the volumetric activity of the samples
and the amount of active enzyme leached from the polyHIPE cylinders. For error analysis of the
polyHIPE activity assays (see following section), the volumetric activity of the supernatant samples
after a 90 min incubation period (Vieqched, 90min) Was determined taking into account the dilution
factor f.

3.2.10 Error analysis of polyHIPE activity assays

An error analysis was performed in order to estimate the influence of leached enzyme on the activity
assays performed with printed polyHIPEs. The maximum error F,,,, and minimum error E,,;, were
calculated by introducing a best-case and a worst-case scenario. These scenarios assume that the
total apparent volumetric activity vapparent Observed in the polyHIPE activity assays is composed
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of a proportion caused by the enzyme immobilized in the polyHIPES (vimmobilized) and a proportion
caused by leached enzyme (Vjegcheq). The error E is defined as

Vieached

E= (3.1)

Vapparent

The worst-case scenario assumes that vjeqched, maz €quals the volumetric activity in the supernatant
after a 90 min incubation period (vVjeqched, 90 min)-

Vleached, maxz = Vleached, 90 min (32)

The best-case scenario assumes that enzyme is leaching from the polyHIPE at a constant rate over
90 min and accumulates in the supernatant of the polyHIPE cylinders. As the maximum volumetric
activity of the polyHIPE cylinders occurs after an initial delay time tgeqy (see Figure 3.3, the
amount of leached enzyme that has accumulated during this time period determines vieqched, min -

tdela
Y
Vleached, min = 90 min * Vleached, 90 min (33)

These scenarios result in the following definitions of maximum and minimum error.

Vleached, 90 min

By = —cached; 90min (3.4)
Uapparent

o tdelay * Uleached, 90 min

Emin -
90 min - Vepparent

3.2.11 Statistical analysis

The statistical significance of data was tested employing a one-way analysis of variance (ANOVA)
and the Tukey method for multiple comparisons.

3.3 Results

3.3.1 Rheology

Rheological measurements were performed in order to investigate the influence of changing HIPE
compositions on yield stress and storage and loss moduli as important parameters for printability.
Figure 3.4 shows both yield stress and storage and loss moduli for HIPEs with a varying monomer
mass fraction in the aqueous phase (A), surfactant mass fraction in the organic phase (B) and
aqueous phase volume fraction (C). Yield stress values could be determined for all prepared HIPEs.
The different formulations of aqueous phase not formulated as HIPEs did not exhibit a yield point.
Of all parameters tested, the surfactant concentration in the organic phase had the largest impact on
yield stress with a 10-fold increase between 6 % and 12 % (w/w) surfactant. Increasing the aqueous
phase volume fraction from 80 % to 90 % (v/v) led to a 3.5-fold increase in yield stress. For different
monomer concentrations in the aqueous phase, the yield stress fluctuated between (123.1 + 2.1) Pa
and (148.2 £+ 4.4) Pa without any clear trend.
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Figure 3.4 (A1-C1) Yield stress of all prepared HIPEs, as determined by rotational tests and
the tangent fit method. The results are presented as mean values + standard deviation (n = 3,
technical triplicates). (A2-C2) Shear stress-controlled oscillatory measurements showing storage
and loss moduli of all prepared HIPEs. The results are presented as mean values and standard
deviations are indicated by shaded areas (n = 3, technical triplicates). All variations are derived
from HIPE A (depicted in blue in each graph). The influence of (A) monomer mass fraction in
the aqueous phase, (B) surfactant mass fraction in the organic phase and (C) aqueous phase
volume fraction is shown.

Similar trends could be observed for the loss and storage moduli in shear stress-controlled oscillatory
measurements. All samples showed a higher storage than loss modulus at low shear stress, i.e. a
loss factor tan(d) < 1, indicating a gel-like nature of the HIPEs.

3.3.2 Printability

Hollow cylinders of different HIPE compositions, as depicted in Figure 3.5C, were printed for batch
activity assays using the Biomaker. Samples of printed cylinders made from HIPEs with five different
compositions (n =5 x 5 = 25) representing the whole measured yield stress range were weighed
to assess how reproducibly cylinders could be printed using identical printing parameters with
different HIPEs. ANOVA showed no significant differences between the analyzed groups (p = 0.68).
The overall mean weight of the printed cylinders was (45.7 + 0.9) mg. To illustrate the excellent
printability of HIPE inks, more complex structures were printed from HIPE A using a pneumatically
driven Gesim BioScaffolder 3.1. Figure 3.5A shows a grid with a 10 mm edge length and a height of
5mm consisting of 100 pm layers. All inter-strand spaces are free of obstructing artefacts making the
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Figure 3.5 Various scaffolds printed with HIPE A to demonstrate printability. (A1-A4) Top,
side, angled and SEM view of a cuboid grid structure with an edge length of 10 mm and a
height of 5mm. (B1-B4) Top, side, angled and SEM view of a cubic gyroid structure with an
edge length of 8 mm. Model adapted from [133]. (C) 48 hollow cylinders, as used for activity
assays, printed on a glass plate in microtiter plate format. Scale bars represent 5mm (A1-A3,
B1-B3, C) and 1 mm (A4, B4), respectively.

grid entirely perfusable. The gyroid structure depicted in Figure 3.5B demonstrates the applicability
of HIPEs as inks for prints of more complex reactor geometries including overhangs without the
need for sacrificial material. While the printability of all prepared HIPEs was sufficient to print the
simple hollow cylinders needed for the activity assays, a certain yield stress was essential for prints
of more complex structures as shown in Figure 3.5.

3.3.3 PolyHIPE morphology

SEM and ESEM micrographs of polyHIPE cross-sections were taken to investigate the scaffold
morphology and the presence of polymerized hydrogel in the voids of the scaffolds. PolyHIPEs with
different surfactant mass fractions in the organic phase and no monomers in the aqueous phase
(Figure 3.6A-C) were compared to the corresponding polyHIPEs containing 14 % (w/w) monomer
in the aqueous phase (Figure 3.6D-F and G-I). HIPEs without monomers in the aqueous phase
resulted in samples exhibiting typical polyHIPE morphologies with empty voids and interconnecting
pores between the voids (Figure 3.6A-C). Increasing the surfactant mass fraction in the organic
phase resulted in smaller voids. SEM micrographs of polyHIPEs with 14 % (w/w) monomer in
the aqueous phase are represented in Figure 3.6D-F. Here, the typical polyHIPE scaffold is only
visible in the samples with 6 and 9% (w/w) surfactant in the organic phase. Some of the voids
are filled with hydrogel spheres slightly smaller than the surrounding voids. It is noticeable that
the interconnecting pores of these samples are smaller and less frequent compared to the samples
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without monomers in the aqueous phase, resulting in a lower degree of openness of the scaffold. The
SEM micrograph of the sample with 12 % (w/w) surfactant in the organic phase shows a collapsed
scaffold structure (Figure 3.6F) indicating a reduced mechanical stability of the porous scaffold. As
a comparison, the samples containing monomers in the aqueous phase were also analyzed by ESEM
(Figure 3.6G-I) which does not require the samples to be freeze-dried before analysis. Here, not
only a few but most voids were filled with hydrogel spheres and even at a surfactant concentration
of 12% (w/w) in the organic phase, the ESEM micrographs show an intact polyHIPE scaffold,
implying the freeze-drying step to be the cause for the collapsed scaffold obvserved in SEM. Despite
the preparation of the ESEM samples in a hydrated state, the hydrogel spheres were smaller than
the surrounding voids implying a certain degree of shrinkage.

In order to analyze the effect of the printing process on the material morphology, additional SEM
micrographs were taken of polyHIPEs printed with a 250 pm nozzle and with different surfactant
concentrations (see Figure A3.2 in the supplementary material). The cross-sections of these samples
showed intact polyHIPE scaffolds indicating that the printing process did not impair the structure
of the resulting material. Furthermore, micrographs of the surface of these printed samples revealed
an open-porous surface potentially suitable for the penetration of the material by substrate solutions.
Micrographs of a printed cylinder of HIPE A at a lower magnification showed a homogeneous
cross-section without any visible interfaces between different printed layers (see Figure A3.3 in the
supplementary material).

3.3.4 Equilibration time

The equilibration time when adding ONP solutions to polyHIPE cylinders was determined from
calibration data as a measure of diffusion limitations. Data for calibration curves were generated
by adding serial dilutions of ONP to printed polyHIPE cylinders and recording the absorbance at
460 nm for 90 min. The observed signals showed an exponential decay at the beginning, turning into
a linear decay after a certain time span depending on the polyHIPE composition and the thickness
of the cylinder. The linear decay of the absorbance signal was caused by evaporation of ONP,
as confirmed experimentally. The time span until a steady slope was reached was defined as the
equilibration time. It was determined for all measured samples and is shown in Figure 3.7. The mass
fraction of monomer in the aqueous phase was found to have no significant effect within the analyzed
range (Figure 3.7A). Both a higher mass fraction of surfactant in the organic phase and a higher
aqueous phase volume fraction correlated with a decrease in equilibration time (Figure 3.7B and
3.7C). The highest impact of all tested parameters was observed for the nozzle diameter where the
equilibration time increased from (6.6 £ 3.1) min to (52.0 £ 0.9) min when changing nozzle diameters
from 110 pm to 840 pm.

3.3.5 Enzyme leaching

In order to quantify the amount of active enzyme leached from the polyHIPE cylinders during
the three wash steps and a 90 min incubation period, activity assays were conducted with the
supernatants of the wash and incubation steps (Figure 3.8). The most remarkable result was found
for wash step 1 of the polyHIPE sample with a monomer concentration of 0 % (w/w) in the aqueous
phase. Here, the determined amount of leached active enzyme is only a sixth of the second lowest
value determined for step 1. Furthermore, this was the only sample exhibiting a similar amount
of leached active enzyme for all three wash steps. For all other conditions, the amount of active
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Surfactant in organic phase / % (w/w)

Monomer in aqueous phase / % (w/w)

Figure 3.6 (E)SEM micrographs of polyHIPE cross-sections with 0 % and 14 % (w/w) monomer
in the aqueous phase and 6 % to 12% (w/w) surfactant in the organic phase. (A-C) SEM
micrographs of polyHIPEs without monomer in the aqueous phase display a typical polyHIPE
morphology with empty voids and interconnecting pores between the voids. (D-F) SEM
micrographs of polyHIPEs with monomers in the aqueous phase. (G-I) ESEM micrographs of
polyHIPEs with monomers in the aqueous phase. The scale bars represent 10 pm (A-F) and
25 um (G-I), respectively.

enzyme leached during the first step was at least fourfold higher than for the two subsequent steps.
A clear trend could be observed for the volume fraction of aqueous phase where a higher volume
fraction correlated with a higher amount of active leached enzyme in the supernatant of wash step 1.
The relative loss of enzyme during the first wash step was also inversely correlated with the nozzle
diameter. However, with a maximum deviation of 6 % between the samples, the absolute amount
of leached enzyme was nearly identical for all three nozzle diameters. Regarding the supernatants
of the 90 min incubation samples, only two showed more than 0.5 % leached enzyme: (1.8 +0.2) %
for samples with 90 % aqueous phase volume fraction and (8.0 & 0.9) % for samples printed with
110 pm nozzles.
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Figure 3.7 Equilibration time as determined from measurements for ONP calibration curves
with different polyHIPE cylinders. All variations are derived from HIPE A printed with a
250 um nozzle (depicted in blue in each graph). The box plots represent the median and
the upper and lower quartile. The whiskers represent the most extreme value still within a
1.5-fold interquartile range (IQR) from the upper and lower quartile, respectively. All data
points outside the 1.5-fold IQR are depicted as outliers. Each box represents triplicates of six
different ONP concentrations (n = 6 x 3 = 18). For clarity, only significant differences to the
nearest significantly different data points are highlighted by asterisks (p < 0.05). The compared
parameters are (A) monomer mass fraction in the aqueous phase, (B) surfactant mass fraction
in the organic phase, (C) aqueous phase volume fraction and (D) nozzle diameter.

3.3.6 Activity assays

Activity assays with printed hydrogel-filled polyHIPE cylinders containing 3-galactosidase in the
aqueous phase were performed to investigate the influence of various parameters on the resulting
enzymatic activity. All values discussed here are specific activity values calculated per mg of
-galactosidase crude cell extract from Aspergillus oryzae. Figure 3.3 shows the typical evolution
of absorbance (A) and product concentration (B) over time for different substrate concentrations.
Unlike in assays with freely dissolved enzyme, the maximum turnover rates did not occur immediately
after substrate addition but after a delay of several minutes with steadily increasing turnover rates.
The maximum turnover rate of each sample was determined and the specific activity calculated to
ensure comparability between experiments with different amounts of enzyme. Plotting the specific
activities over substrate concentration resulted in curves resembling Michaelis-Menten kinetics
which were fitted accordingly (Figure 3.3C). Combining different kinetics curves with a 3D surface

plot allows depicting variations in activity over substrate concentration and a second parameter
(Figure 3.3D).

The resulting kinetics of all performed activity assays are presented in Figure 3.9. Of the three
HIPE composition parameters being varied, the monomer mass fraction in the aqueous phase had
the highest impact on specific activity. An increase in monomer mass fraction from 0% to 7%
correlated with a more than fivefold increase in specific activity at 30 mM substrate concentration
(Figure 3.9A). Increasing the amount of monomer further to 14 % (w/w) had no significant additional
effect. PolyHIPEs with 12% (w/w) surfactant in the organic phase showed a 1.5 times higher
specific activity at 30 mM substrate than polyHIPEs with 9 % or 6 % (w/w) surfactant (Figure 3.9B).
The aqueous phase volume fraction had an influence on the specific activity at 30 mM substrate
in the range between 82.5% and 87.5% (v/v) with a 1.7-fold increase (Figure 3.9C). Below 82.5 %
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Figure 3.8 Determination of the amount of active enzyme leached from the printed polyHIPE
cylinders during the wash procedure and a 90 min incubation in a microtiter plate. The results
are presented as mean values £ standard deviation (n = 3). The influence of (A) monomer
mass fraction in the aqueous phase, (B) surfactant mass fraction in the organic phase, (C)
aqueous phase volume fraction and (D) nozzle diameter is shown.

and above 87.5%, no further significant changes could be observed. Besides the variations of
HIPE composition, HIPE A was printed using nozzles with different diameters in order to evaluate
the influence of cylinder thickness on the resulting specific activity (Figure 3.9D). The lowest
activity at 30mM substrate was determined for a nozzle diameter of 840 pm with a value of
(1.1 £0.1) mM/(min - mg). In comparison, cylinders printed with a 250 pm nozzle showed a nearly
twofold increase in specific activity and a nearly fourfold increase was determined for the 110 pm
nozzle. This was also the highest specific activity of all analyzed samples, more than two times
higher than any other condition.

3.3.7 Error analysis of polyHIPE activity assays

An error estimation with a worst-case scenario (error E,q,) and a best-case scenario (error Ep)
was performed in order to estimate the proportion of activity observed in the polyHIPE activity
assays that was caused by leached rather than immobilized enzyme, as described in section 3.2.10.
The highest FE,q, of 12.79% was found for polyHIPEs printed with 110 pm nozzles, E,,;, was
1.28 %. PolyHIPEs with 90 % (v/v) aqueous phase volume fraction showed the second highest Eq4
with 5.85%. All other samples showed values between 0.14 % and 2.30 % for E,,.; and between
0.03% and 1.74% for E,,;p, as listed in Table A3.3 in the supplementary material.
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Figure 3.9 Results of batch activity screenings of printed polyHIPE cylinders containing f3-
galactosidase. The apparent specific activity is shown over the substrate concentration and a
second varied parameter. All variations are derived from HIPE A printed with a 250 pm nozzle
(depicted in blue in each graph). Varied parameters were (A) the monomer mass fraction in
the aqueous phase, (B) the surfactant mass fraction in the organic phase, (C) the aqueous
phase volume fraction and (D) the nozzle diameter. Data points are represented as mean +
standard deviation (n = 3). The black and blue lines represent Michaelis-Menten fits with
95 % confidence intervals in semi-transparent shading. For clarity, only significant differences to
the nearest significantly different data points at 30 mM substrate are highlighted by asterisks
(p < 0.05).
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3.4 Discussion

This study aims at formulating aqueous solutions of AA and PEG-DA 700 as the internal phase of
HIPEs in order to enhance printability and allow the 3D printing of composite materials consisting
of porous polymeric scaffolds filled with enzyme-laden hydrogels. Different HIPE compositions were
systematically characterized to assess rheological and morphological properties, equilibration time
as a measure of diffusion behavior, leaching and enzymatic activity.

3.4.1 Rheology and printability

Yield stress is an essential predictor of printability, especially for structures involving overhangs,
as it substantially determines the bridging and shape retention capabilities of the material after
extrusion [119]. While the aqueous phase volume fraction and the surfactant concentration in the
organic phase were found to strongly influence the yield stress, the monomer concentration in the
aqueous phase had a minor effect (Figure 3.4). This indicates that little or no adverse effects on
the printability of HIPEs are to be expected from the addition of AA and PEG-DA 700 to the
aqueous phase. However, high surfactant concentrations and high aqueous phase volume fractions
are desirable to enhance printing quality and allow the fabrication of more complex geometries.
Shear stress-controlled oscillatory measurements indicated a gel-like character for all samples and
could confirm the trends observed for yield stress.

The void size of the prepared polyHIPEs was found to be inversely correlated to the surfactant
concentration in the organic phase (Figure 3.6). These results are in accordance with results
described by Princen et al. who showed that the yield stress of HIPEs is a function of aqueous
phase volume fraction, droplet size and interfacial tension [134, 135]. HIPE A, one of the HIPEs
with a high yield stress, exhibited excellent printability, as demonstrated by the printed grid and
gyroid structures shown in Figure 3.5. High-quality prints are essential to reduce mass transfer
limitations in biocatalytic reactors, as they enable the fabrication of flow-optimized geometries with
thin walls [100].

3.4.2 PolyHIPE morphology

It was expected that the addition of AA and PEG-DA 700 as monomers and LAP as a photoinitiator
to the aqueous phase of the HIPEs would result in polyHIPE scaffolds filled with hydrogel. This
was intended in order to retain the enzyme within the material and prevent it from leaching through
the interconnecting pores of the polyHIPE while still allowing the diffusion of the relatively small
substrate and product molecules. ESEM micrographs (Figure 3.6G-I) revealed that most voids of
samples with 14 % (w/w) monomer in the aqueous phase were indeed filled, while the control samples
with 0% (w/w) monomer showed empty voids. This implies a successful formation of hydrogel inside
the voids. Previous studies about hydrogel-filled polyHIPEs have addressed aspects like monomer
content in the aqueous phase and locus of initiation [123], pre-polymerization of the organic phase
[124], degree of cross-linking [125] or shape-memory properties [136]. These studies mostly used
scanning electron microscopy (SEM) micrographs of dried samples for morphology analysis and
typically found bi-continuous systems with an interconnected hydrogel that collapsed onto the
polyHIPE walls covering the interconnecting pores of the polyHIPE scaffold. Also, depending
on locus of initiation and monomer content in the aqueous phase, hydrogels covering only the
polyHIPE walls while leaving the interconnecting pores open were described [123]. However, all of
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the cited studies were conducted with styrene-based organic phases, thermal initiators and different
surfactants than used here, so comparability is limited. The SEM and ESEM micrographs of the
samples prepared in this study show mostly separate hydrogel spheres, not connected with the
hydrogel in neighboring voids or the surrounding polyHIPE scaffold. This may imply the presence
of a liquid interface layer between hydrogel and surrounding polyHIPE which could be beneficial for
mass transport, as it offers an alternative route through the composite material avoiding passage
through the hydrogel phase. The high number of empty voids found in SEM as opposed to ESEM
micrographs can probably be attributed to the sample preparation method which in the case of
SEM involves a freeze-drying step causing the hydrogel to shrink and dry out which may promote
the detachment of the hydrogel from the scaffold. ESEM samples were prepared in a hydrated state
which may have caused an increased adherence of the hydrogel to the polyHIPE scaffold and hence
a reduced loss. The observed shrinkage of hydrogel spheres in ESEM samples can be attributed to
a drying effect due to the exposure to air directly after sample preparation.

The decreased stability of the polyHIPE scaffold with 12% (w/w) surfactant in the organic phase
and 14 % (w/w) monomer in the aqueous phase may be caused by the incorporation of water-soluble
monomers into the external scaffold which has been reported to have a destabilizing effect leading
to the collapse of the scaffold upon drying [123, 124]. The intact polyHIPE morphology of printed
samples (see Figure A3.2 in the supplementary material) shows the suitability of HIPEs for the
application in extrusion-based 3D printing.

3.4.3 Mass transfer limitations

Immobilizing enzymes in hydrogel-filled polyHIPEs may result in two main disadvantages: reduced
mass transfer caused by the hydrogel and the polyHIPE scaffold and stress-induced enzyme
inactivation due to harsh conditions during HIPE preparation. As a measure of mass transfer
limitations, ONP solutions were added to the printed polyHIPE cylinders and the equilibration
time was determined (Figure 3.7). A shorter equilibration time can be attributed to a higher mass
transfer through the material or a shorter path length due to a thinner cylinder. Both enable the
embedded enzyme to work more efficiently due to an improved substrate supply.

No clear influence on equilibration time was found for the monomer mass fraction in the aqueous
phase. However, both a higher surfactant mass fraction in the organic phase and a higher aqueous
phase volume fraction correlated with a shorter equilibration time. Assuming that all cylinders had
approximately identical dimensions, it can be concluded that polyHIPEs with a higher amount of
surfactant or internal phase allow a higher mass transfer through the material. This may be caused
by an increased degree of openness of the polyHIPE scaffold. The degree of openness is the ratio
of open surface to total surface of a scaffold cavity and typically increases with both surfactant
concentration and aqueous phase volume fraction [137]. Assuming that substrate and product
molecules are able to diffuse through the internal hydrogel phase but not through the polyHIPE
scaffold itself, a high degree of openness would allow for a less tortuous and hence shorter path
through the material. This may explain the decreased equilibration time for samples with high
amounts of surfactant and aqueous phase observed in this study.

As discussed in section 3.4.2, a second pathway through a liquid-filled interface between hydrogel
and polyHIPE scaffold may be available for a more efficient mass transport. Due to the absence of
hydrogel, this pathway would offer a higher rate of diffusion for both substrate and product but a
higher tortuosity due to the necessity of bypassing the hydrogel. Mass transport via this pathway
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would benefit from a smaller void size and hence decreased tortuosity. As has been shown here
(Figure 3.6) and in other studies [138, 139], smaller void sizes can be achieved by higher amounts of
surfactant.

The lowest equilibration time was determined for cylinders printed with a 110 pm instead of a
250 pm nozzle. Here, the low equilibration time can be attributed to a lower path length through
the cylinder which demonstrates the importance of printing fine structures to reduce mass transfer
limitations.

3.4.4 Apparent enzymatic activity, leaching and enzyme inactivation

The main focus of this work was to establish printable HIPE formulations as bioinks for enzymes
and to evaluate the effect of different HIPE compositions and nozzle diameters on the apparent
enzymatic activity of the printed and polymerized material. Besides mass transfer limitations,
stress-induced enzyme inactivation and leaching during the wash steps may cause a reduced apparent
activity. Potential sources of stress-induced enzyme inactivation in the applied process are the
contact with highly hydrophobic organic compounds in the organic phase [140] or monomer species
in the aqueous phase, high shear forces during the emulsification process [141] or UV irradiation [142,
143], free radicals [144] and increased temperature [145] during the exothermic photo-crosslinking
reaction. The measured activities alone cannot give any indication about the predominant aspect
leading to reduced apparent activity. However, in combination with the determined equilibration
time (Figure 3.7) as a measure of mass transfer limitations and the amount of active enzyme leached
during the wash procedure (Figure 3.8), certain conclusions can be drawn about the causes for
activity differences of different samples.

For both surfactant mass fraction in the organic phase and aqueous phase volume fraction, a decline in
equilibration time (Figure 3.7B and C) correlated with an increase in apparent activity (Figure 3.9B
and C). This indicates that the change in apparent activity for these parameters can at least partly
be explained by differences in mass transfer limitations of the polyHIPE compositions. In contrast,
the monomer mass fraction in the aqueous phase had no significant effect on the equilibration time
while still influencing the apparent activity between 0% and 14 % (w/w) monomer by a factor of 5.
In this case, the reduced activity at 0 % monomer cannot be attributed to mass transfer limitations.
A reasonable assumption would be that the enzyme is lost during the wash steps due to the lack of
a retaining hydrogel, but analysis of the wash solutions showed a decreased rather than increased
amount of leached active enzyme in these samples (see Figure 3.8). This eliminates the leaching of
active enzyme as a cause for the decrease in apparent activity at lower amounts of monomer in the
aqueous phase and leaves enzyme inactivation as the most probable explanation. Depending on
concentration and chain length, PEG is known to stabilize proteins in aqueous solutions [146], so
the presence of PEG-DA 700 might preserve the enzymatic activity of the 3-galactosidase during
the emulsification and polymerization process.

A very simple and efficient way to reduce mass transfer limitations is to decrease diffusion path
lengths by increasing the surface-area-to-volume ratio of the printed material [12], as demonstrated
here by the equilibration time analysis of cylinders printed with different nozzles (Figure 3.7D).
In an enzymatic reactor, this can be realized in the form of finer grids. Hence, the influence of
printing with different nozzle diameters was investigated to determine the achievable increase in
apparent specific activity. It should be noted that the nozzle diameter does not correspond to the
thickness of the printed strand but is also dependent on printing parameters like extrusion rate and
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layer height. Using 110 pm instead of 840 pm nozzles caused a 5-fold increase in apparent activity
at 30mM ONPG for an identical polyHIPE composition (see Figure 3.9). This demonstrates that
decreasing the diffusion path length and increasing the surface-area-to-volume ratio is an essential
prerequisite for efficient biocatalytical processes.

Regarding leaching behavior, all polyHIPEs containing hydrogel lost a significant amount of enzyme,
especially during the first wash step (see Figure 3.8). To avoid this, enzymes could be covalently
incorporated into the hydrogel with appropriate linker molecules. During the 90 min incubation
period following the wash steps, most samples lost less than 0.5 % of enzyme. However, the cylinders
printed with a 110 pm nozzle lost an amount of enzyme several times higher than all other samples.
Due to their thin strands, these cylinders were more flexible than others and underwent higher
mechanical deformations during the wash process and transfer to microtiter plates. This stress may
have caused defects in the polyHIPE scaffold leading to increased leaching of enzyme or enzyme-
containing hydrogel particles. The influence of leached enzyme on the results of the polyHIPE
activity assays is discussed in the following section.

3.4.5 Error analysis of polyHIPE activity assays

Results of activity assays with enzyme immobilized in polyHIPEs could be influenced by leached
enzyme. An error estimation with a worst-case scenario (error E,,4,) and a best-case scenario (error
Epin) was performed in order to estimate the proportion of the observed activity that was caused
by leached rather than immobilized enzyme. The calculation is based on the volumetric activity
of supernatant samples incubated for 90 min with a polyHIPE cylinder. The worst-case scenario
assumes the leached enzyme to be present from the beginning of the activity assay reaction while the
best-case scenario assumes a linear release profile over 90 min, as described in section 3.2.10. Hence,
FEpq: only depends on the volumetric activity of the supernatant after a 90 min incubation and the
maximum activity occuring during the polyHIPE activity assay, while F,,;, is also proportional to
the time delay until the maximum activity occurs.

Due to the high amount of leached enzyme during the 90 min incubation, a high E,,q, of 12.79 %
was found for polyHIPEs printed with 110 pm nozzles. The high discrepancy between FE,,,, and
Epin (1.28%) can be attributed to the short diffusion path lengths in these samples allowing the
maximum activity to occur after a short time delay of 9min after substrate addition. For all
other samples, E,,q; was below 6 % and E,,;, below 2 %. Further experiments would be necessary
to determine a realistic release profile instead of a best- and worst-case scenario. However, even
assuming the worst-case scenario, errors can be neglected for most samples and all trends observed
in the polyHIPE activity assays (Figure 3.9) can be confirmed. The observed differences in activity
can indeed be attributed to the polyHIPE material properties, not different amounts of leached
enzyme in the supernatant.

3.4.6 Conclusion

This study demonstrates the applicability of HIPEs as enzyme-containing bioinks for the extrusion-
based 3D printing of enzymatically active composite materials to be employed in biocatalytic
reactors. Most prepared HIPEs exhibited excellent printability allowing the fabrication of complex
3D structures without the need for sacrificial support material. The inks could be polymerized
employing a cure-on-dispense setup resulting in polyHIPE scaffolds filled with hydrogel, as confirmed
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by (E)SEM micrographs. Automated activity assays showed that (3-galactosidase could be preserved
within the polyHIPEs in an active state and that it could be supplied with the substrate ONPG. The
presented activity assay method allows the time-efficient screening of a large variety of materials,
printing parameters and reaction conditions enabling a systematic optimization with regard to
apparent activity. Mass transfer limitations and enzyme inactivation were identified as the most
important factors limiting the apparent activity. While not significantly affecting the mass transfer
of the material, the presence of monomer in the aqueous phase was found to be essential for
the preservation of enzymatic activity: PolyHIPEs with 14 % (w/w) monomer showed a more
than fivefold higher apparent activity than polyHIPEs with 0% (w/w) monomer in the aqueous
phase. Printing thin structures was shown to reduce diffusion path lengths and hence mass transfer
limitations, causing a nearly fourfold increase in specific apparent activity for prints from 110 pm
nozzles, as compared to 840 pm nozzles. The surfactant mass fraction in the organic phase and the
aqueous phase volume fraction were found to have a less pronounced but still significant effect on
mass transfer and hence apparent activity. Due to their excellent printability, the presented bioinks
are suitable for the additive manufacturing of more sophisticated and finer resolved biocatalytic
reactor designs with reduced mass transfer limitations.

In order to reduce mass transfer limitations even further, oil-in-water instead of water-in-oil HIPEs
could be produced with an external enzyme-laden hydrogel phase and an internal phase consisting
of inert oil droplets. However, these materials are likely to exhibit relatively low mechanical stability
and may require time-consuming wash steps in order to remove the internal phase. An alternative
field of use for the materials presented in this study could be sustained release applications with
tunable release kinetics by altering both HIPE composition and the geometry of the print.
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Abstract

Hydrogels are polymer-based materials with a high water content. Due to their biocompatible and
cell-friendly nature, they play a major role in a variety of biotechnological applications. For many of
these applications, diffusibility is an essential property influencing the choice of material. We present
an approach to estimate diffusion coefficients in hydrogels based on absorbance measurements of
a UV area imaging system. A microfluidic chip with a y-junction was employed to generate a
fluid-hydrogel interface and the diffusion of lysozyme from the fluid into the hydrogel phase was
monitored. Employing automated image and data processing, analyte concentration profiles were
generated from the absorbance measurements and fits with an analytical solution of Fick’s second
law of diffusion were applied to estimate diffusion coefficients. As a case study, the diffusion of
lysozyme in hydrogels made from different concentrations (0.5 to 1.5 % (w/w)) of an unmodified and
a low-melt agarose was investigated. The estimated diffusion coefficients for lysozyme were between
(0.80 4 0.04) x 107 m?s7! for 1.5% (w/w) low-melt agarose and (1.14 £ 0.02) x 10719m? s~ for
0.5% (w/w) unmodified agarose. The method proved sensitive enough to resolve significant
differences between the diffusion coefficients in different concentrations and types of agarose. The
microfluidic approach offers low consumption of analyte and hydrogel and requires only relatively
simple instrumentation.

4.1 Introduction

Hydrogels are polymer-based materials with a high water content [8]. They are employed in a
variety of medical and biotechnological applications like the immobilization of enzymes [147, 148],
tissue engineering [60, 149] or as bioinks in bioprinting [150, 151]. Both synthetic polymers like
poly(ethylene glycol)-diacrylate [152] or poly(vinyl alcohol) [153, 154] and natural polymers like
agarose [155], alginate [156] or gelatin [157] can serve as the base material of hydrogels. The aqueous
matrices of hydrogels mimic native soft tissues and provide a cell-friendly and highly biocompatible
environment [60] that is ideally suited to accommodate living cells or stress-sensitive biomolecules
like enzymes. An essential property of hydrogels that is relevant for many applications is their
diffusibility. In tissue engineering, cells embedded in or growing on top of hydrogels rely on the
diffusional transport of oxygen, nutrients and waste products through the hydrogel to sustain
their metabolism [158]. In biocatalytic applications involving physically entrapped enzymes, the
hydrogel should ensure the retention and immobilization of the relatively large enzyme within the
hydrogel, while allowing the diffusion of small substrate and product molecules [91]. The diffusion of
a molecule through a hydrogel depends mainly on the size of the molecule, the crosslinking density
of the hydrogel polymer network [159] and potential physical interactions between the diffusing
molecule and the polymer chains of the hydrogel. This includes van der Waals forces [159] and
electrostatic interactions [160, 161].

Precise knowledge about the diffusional behavior of compounds in hydrogels is essential for many
applications. A large variety of methods for the determination of diffusion coefficients has been
described. Methods like fluorescence recovery after photobleaching (FRAP) [103, 162, 163], dual-
focus fluorescence correlation spectroscopy (FCS) [164] or the tracking of diffusing molecules using
a fluorescence microscope [165] are only applicable to fluorescent compounds or require fluorescent
tagging of the target molecule which may alter the compound’s behavior and requires additional
conjugation and purification steps [166]. Holographic laser interferometry (HLI) [167, 168], electron
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speckle pattern interferometry (ESPI) [169] and pulsed-field-gradient nuclear magnetic resonance
(PFG-NMR) [170, 171] require specialized and costly equipment not typically available in most
laboratories. Other methods like Taylor dispersion analysis (TDA) [172, 173], refractive index
methods [174] or certain spectrophotometric methods [175, 176] may suffer from limitations like
requiring relatively large sample volumes or being only applicable for liquid samples.

UV area imaging systems have been employed for the spatial observation of diffusion processes in
hydrogels to estimate diffusion coefficients. Studies with several different compounds and hydrogels
have been conducted, e.g. addressing the diffusion of human serum albumin and piroxicam in
Pluronic F127 hydrogels [177], piroxicam in subcutaneous tissue models based on agarose and
Pluronic F127 [178], insulin in agarose hydrogels [173] and lysozyme and several other proteins in
different agarose-based cartilage models [161]. The described methods consume relatively large
amounts of sample due to the use of quartz cells requiring hydrogel sample volumes between 310 to
600 pL.. The high amount of material consumption may prevent these methods from being applied
with cost-intensive materials or materials with limited availability, as scaling effects caused by high
numbers of experiments and replicates may render the methods prohibitively expensive. Even
commercially available bioinks may cost more than a hundred dollars for 1 mL of hydrogel. Even
more challenging may be the often very limited availability of novel, custom-made materials only
synthesized on a small lab scale.

We present a modified approach employing a microfluidic chip to observe the diffusion of an analyte
within a hydrogel-filled microchannel using an ActiPix'= UV area imaging system. The presented
technique reduces both hydrogel and analyte consumption down to 40 pLL and 25 nL, respectively.
Automated image processing and data evaluation is employed to analyze the acquired raw absorbance
data provided by the imaging system. Diffusion coefficients are estimated by fitting a solution of
Fick’s second law with obtained analyte concentration profiles along the channel. The applicability
of the method is demonstrated by a case study involving lysozyme as the analyte and hydrogels
made from different concentrations (0.5 to 1.5% (w/w)) of an unmodified and a low-melt agarose.
The applied workflow of the study is schematically summarized in Figure 4.1.

4.2 Materials and Methods

4.2.1 Manufacturing of the microfluidic chip

A simple microfluidic chip with three inlets and a y-junction was custom-made using a silicone
molding technique as described by Waldbaur et al. [179]. In short, a specific replication master
made by stereolithography was kept in place by a molding tool and a spacer to allow the casting of
the top part of the microfluidic chip. To achieve a smooth and clear surface suitable for absorbance
measurements, a spacer made from polished stainless steel was used [180]. Elastosil®RT 601 (Wacker
Chemie AG), a pourable, two-component silicone rubber that cures at room temperature was used
as the base material for the chip. After curing, the silicone part was bonded with a second, planar
silicone part to seal the channels. To achieve bonding, the silicone surface was activated by plasma
treatment with a hand-held corona treater (BD-20AC, Electro-Technic Products Inc.) [181]. The
channels were 1000 pm in width and 500 pm in height. A scheme of the employed microfluidic chip
is shown in Figure 4.2A, a 3D rendering in Figure 4.2B and photographs in Figure 4.2C.
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Figure 4.1 Schematic of the workflow applied in this study. The microfluidic chip is preheated
to allow the injection of liquid agarose into the channel and ensure the controlled gelation by
cooling at room temperature. The diffusion measurement is started right after the injection of
the analyte. The acquired data is converted and exported using the ActiPix"" software. Image
and data processing for the estimation of diffusion coefficients is done in MATLAB.

4.2.2 Chemicals and buffer preparation

Unmodified agarose (Roti®garose for DNA/RNA electrophoresis) and low-melt agarose (Roti®ga-
rose with low melting and gelling temperature) were obtained from Carl Roth GmbH & Co. KG.
Lysozyme (lyophilized, from chicken egg white, Hampton Research) was used for the analyte
solution. The hydrogels and lysozyme solutions were prepared with phosphate buffered saline (PBS),
pH 7.4. Sodium chloride (NaCl), potassium chloride (KCl), disodium hydrogen phosphate dihydrate
(Nay,HPO, - 2H,0) and potassium dihydrogenphosphate (KH,PO,) were purchased from Merck
KGaA. The PBS buffers were prepared with ultrapure water from a Purelab Ultra water purification
system (ELGA LabWater) and filtered through an 0.2 pm cellulose acetate filter (Sartorius AG).

4.2.3 Hydrogel preparation

Agarose hydrogels were prepared at different concentrations (0.5 %, 1.0 %, and 1.5% (w/w)) in PBS
buffer, pH 7.4. Appropriate amounts of agarose powder were dissolved in PBS buffer by heating up
the mixtures several times to boiling point using a microwave oven (WP800L20-5, Hanseatic). The
resulting solutions were transferred to preheated syringes, sealed and stored at 60 °C until use in a
drying oven (T 6120, Heraeus Instruments) to avoid gelation.

4.2.4 Preparation of the microfluidic chip for the measurement

The microfluidic chip was preheated at 60 °C in a drying oven (T 6120, Heraeus Instruments) for
10 min. Liquid agarose solution (~40nL) was injected into the preheated chip using a blunt needle
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Figure 4.2 (A) Schematic of the microfluidic chip. The imaging area being observed by the
ActiPix™ is roughly indicated with a rectangle. The bottom part of the subfigure shows
the observed diffusion of the analyte through the hydrogel over time. (B) Overview of the
essential components of the employed setup. The illustration demonstrates the integration of
the microfluidic chip within the Actipix' imaging system. Absorbance area measurements are
generated by guiding light from a pulsed xenon lamp through a 254 nm bandpass filter and the
microfluidic chip before being detected by a CMOS sensor. (C) Photographs of the microfluidic
chip with the casing.

(Sterican® MIX, 1.2 x 40mm, B. Braun SE), until it reached the Y-junction of the channel, as
shown in Figure 4.2A. The chip was left at room temperature for 10 min to cool down and allow
the gelation of the hydrogel. This duration was chosen based on experiments with 0.5% (w/w)
low-melt agarose where a gelling time of 5min was found to be sufficient to avoid dissolving the
gel when injecting buffer into the other inlets of the chip. After gelation, the analyte solution
(~25pL) was injected into the chip through one of the other inlets immediately before the start of
the measurement, generating an interface between analyte solution and hydrogel at the y-junction.
The y-junction design was chosen to allow the air contained in the microfluidic channel to escape
during the injection of the analyte solution.

4.2.5 Diffusion measurements: UV imaging and data export

T™

An ActiPix =~ D100 UV area imaging system (Paraytec Ltd.) was employed to observe the propagation
of the analyte through the hydrogel over time. It was equipped with a pulsed xenon lamp, a 254 nm
bandpass filter and a complementary metal-oxide-semiconductor (CMOS) sensor for detection. A
simplified schematic of the parts of the setup is shown in Figure 4.2B. The microfluidic chip was
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positioned in the appropriate location using a custom-made, 3D-printed casing which provided
access to the channel inlets and shielded the chip from external light sources. To reduce the potential
influence of stray light further, all measurements were performed in a darkened room and the
inlets of the chip were sealed with aluminium foil. With the employed setup, the imaging area
(9 x 7mm, 1280 x 1024 pixels) was limited to the region of the microfluidic chip immediately after
the y-junction, as indicated in Figure 4.2A.

Each measurement was started immediately after the injection of the analyte solution. After dark
images and reference images were collected for 60s each, imaging data were collected for 4h at a
frame rate of 0.18s71. All measurements were performed at an ambient temperature of (22 4 2) °C.
Using the ActiPix"" software version 1.5 (Paraytec Ltd.), the acquired data were converted to
absorbance data and exported as wmv (Windows Media Video) files for further processing.

4.2.6 Image processing

The exported wmv files containing the collected absorbance data were processed in MATLAB R2020a
(The MathWorks®, Inc.) using an automated script. The raw video files were read in and converted
to grayscale. Due to the flexibility of the microfluidic silicone chip and some clearance between the
chip and the casing, the orientation of the channel deviated from a perfect horizontal alignment in
most measurements. This deviation was constant during the measurement, hence the last frame of
each measurement was evaluated to provide a suitable correction. The channel was detected using
a thresholding function and its orientation was determined. Each frame of the measurement was
rotated by the appropriate angle to obtain a horizontally aligned channel. To reduce the image
size to the relevant minimum, each frame was cropped to an area of 100 pixels in height containing
the middle of the channel over the whole observed channel length. This extracted part of the
frame served as the analysis area that provided the data for the generation of analyte concentration
profiles along the channel over time (see section 4.2.8.1). The described image processing steps are
exemplarily illustrated in Figure 4.3.

4.2.7 Calibration curves

Calibration curves with different lysozyme concentrations (0 to 10 mg/mL) were prepared by filling
the channel of the microfluidic chip with the respective analyte solution and recording the absorbance
for 5min. Measurement, data export and image processing steps were performed in the same way
as for the diffusion measurements (section 4.2.5 and 4.2.6). To obtain a value for the calibration
curve, a mean pixel intensity value was calculated from a part of the analysis area (100 x 100 pixels)
of the last frame of each measurement. PBS buffer (0 mg/mL lysozyme) served as a blank. All data
points of the calibration were in the linear range of Beer’s law.

4.2.8 Data processing

4.2.8.1 Determination of concentration profiles

The extracted and corrected image data of the analysis area were further processed in MATLAB
R2020a. A blank value was obtained from the end part of the analysis area of the first valid data
frame. This area (100 x 100 pixels) covered a part of the channel that only contained hydrogel,
but no analyte (¢jysozyme = 0). The mean of the pixel intensities of this region served as a blank
value and was subtracted from the image data of all frames. From each 240 min long measurement,
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Raw data Absorbance data Channel detection Tilt correction

Channel area

Analysis area

4
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Figure 4.3 Image processing steps as performed with the ActiPix™ software and MATLAB.
The example shows the last frame of a measurement with 10 mg/mL lysozyme as the analyte
solution and 1.5 % (w/w) low-melt agarose as the hydrogel. Raw data files were converted to
absorbance data using the ActiPix"" software. In MATLAB, the channel was detected based
on the last frame of the measurement to correct for inaccuracies in positioning and alignment.
Based on the channel detection, the tilt was corrected and the channel area extracted. An area
of 100 pixels in height was taken from the middle of the channel and used as the analysis area.
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Figure 4.4 (A) The observed analysis area of a measurement at different time points shows the
propagation of the lysozyme through the hydrogel. (B) The lysozyme concentration profiles
of the same measurement were obtained from the analysis area by column-wise calculation of
mean values. The shown measurement was performed with 0.5% (w/w) low-melt agarose as
the hydrogel and 10 mg/mL lysozyme as the analyte solution.

a frame was extracted every 15 min, starting at 30 min. All absorbance values were converted to
lysozyme concentration values using the obtained calibration curves. Figure 4.4A exemplarily shows
the extracted and converted analysis areas of a measurement with 0.5 % low-melt agarose at different
time points. To create lysozyme concentration profiles along the channel length, column-wise mean
values were calculated with one column corresponding to 7 um of channel length. Figure 4.4B shows
the resulting lysozyme concentration profiles of the extracted frames of the same measurement.
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4.2.8.2 Estimation of diffusion coefficients using Fick’s second law

To estimate diffusion coefficients from the recorded concentration profiles, diffusion in one dimension
(along the microfluidic channel) according to Fick’s second law of diffusion was assumed [182]:

oC 9%C
ot D 0z2

(4.1)

where C' is the analyte concentration, ¢ is the time, z is the distance along the channel and D is the
diffusion coefficient of the analyte in the medium. Different analytical solutions for Fick’s second
law exist, depending on the assumed boundary and initial conditions [182]. To find a solution
suitable to describe the observed concentration profiles, three different solutions were applied in
this study, all assuming a system of two phases (in the present case fluid and hydrogel phase) with
different analyte concentrations. The diffusion coefficient D is assumed to stay constant during
the measurement. The initial (¢ = 0) concentration of analyte is C in the fluid phase (z < 0) and
zero in the hydrogel phase (z > 0). The phases are in contact at a boundary layer at x = 0. The
solutions assume either both the fluid-containing and the hydrogel-containing channel as infinitely
long (infinite system) or only the hydrogel-containing channel (semi-infinite system) with a constant
analyte concentration Cy at the boundary layer. The assumption of infinity demands the condition
t < L?/D to be met, with the duration of the measurement ¢ and the length of the hydrogel-filled
channel L. This assumption implies that the analyte concentration at the end of the measurement is
still zero at the end of the hydrogel-filled channel and still Cp at the end of the fluid-filled channel
[178].

The first applied solution assumes a composite system composed of two phases with different
diffusion coefficients. Assuming no accumulation of the analyte at the boundary layer (z = 0), the
boundary condition can be expressed as follows [178, 182]:

oC, roge. oC ul
Dhydrogel% = Dfluid af; d (42)

with the diffusion coefficients and concentrations of the analyte in the hydrogel (Dpydroger and
Chydroget) and in the fluid, respectively (D fpyiq and Cfryiq). From this, a solution for the analyte
concentration in the hydrogel phase (x > 0) can be derived [178]:

Do
CO 5 fluid "
C (x, t) — hydrogel 1 o eI‘f
1+ K liDDﬂ“id 2\/ Dhydrogelt
hydrogel

(4.3)

with the equilibrium ratio of analyte concentration between the two phases K = Cuia/Chydrogel-

The other two applied solutions do not assume a composite system with two different values for D,
but a constant D within the whole system. The second solution assumes a semi-infinite medium
with a boundary layer that is kept at a constant analyte concentration Cy throughout the whole
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measurement (¢ > 0). The analyte concentration in the hydrogel-filled channel over time t and
distance z is then given by [182]:

C (z,t) = Cy (1 —erf (2\;”&» (4.4)

The third applied solution of Fick’s second law assumes an infinite system with the fluid phase
(xr < 0) acting as an extended analyte source of infinite extent. With the initial conditions C' = Cy
in the fluid phase and C' = 0 in the hydrogel phase (z > 0), the analyte concentration is given by
[182]:

C(2,1) = G (; _ %erf (22}7» (4.5)

In this case, the concentration at the boundary layer is %CO throughout the measurement and
diffusion processes take place on both sides of the boundary layer.

As mentioned before, all equations assume a fixed boundary layer at the position z = 0. In
practice, the employed experimental setup did not allow a precise and reproducible positioning
of the hydrogel-fluid interface at x = 0 for each measurement. Differences in positioning of the
microfluidic chip and slightly varying hydrogel fill levels introduced a variability that was accounted
for by introducing an additional parameter xy. This allowed expressing the Equations (4.3), (4.4)
and (4.5) with a variable position of the boundary layer at z = z¢ [177]:

D .

Cy 5 Fluid -

. . . Toge 0
infinite composite system: C (z,t) = hydroge! 1—erf| —————— (4.6)

1+ K /% 2\/ Dhydrogelt
hydroge
semi-infinite system: C (z,t) = Cy <1 —erf %)) (4.7)
) ) 1 1 T — T ))

infinite system: C' (x,t) = Cy | = — = erf 4.8
ystens: € (o,1) = Co (5 = gort (228 (45)

To estimate diffusion coefficients, the observed concentration profiles of all samples were fitted
with the presented solutions of Fick’s second law using MATLAB. For Equation (4.6), a diffusion
coefficient for lysozyme in the fluid phase D0 = 1.2 X 10719 m? /s (lysozyme in 67 mM phosphate,
pH 7.4 at 25°C) was assumed [161]. In the course of the manuscript, Equation (4.8) was finally
chosen for further analysis. For a clearer overview, the assumptions and boundary conditions of the
three equations are summarized in Table 4.1.

4.2.9 Influence of temperature

All measurements were performed at an ambient temperature of (22 + 2) °C. The actual temperature
within the microfluidic chip could not be determined, but it can be estimated that the employed setup
involving the ActiPix"" UV imaging system generates a temperature gradient of up to 5 °C compared
to ambient temperature [173]. Due to the high uncertainty with regards to the actual experimental
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Table 4.1 Summary of the general assumptions and the boundary and initial conditions of the
applied equations.

Hydrogel phase

const. Ct>0)=0
0 z=1L
Ct=0)=0

D= Dhydrogel

General assumptions

Infinite composite cn - | _Privid
0 Dy,
ydrogel
Dfluid 7& Dhydrogel C(SL‘ = 0) = D riuid
system 1+K \V %

Semi-infinite system C(z=0)=Cy
Dflm'd = Dhydrogel

Infinite system C(r=0)=35Cy

temperature (ambient temperature +2 °C, unknown temperature gradient), no corrections of the
estimated D values were implemented, but an error estimation was performed.

The influence of temperature on the diffusion coefficient can be estimated using the Stokes-Einstein
equation:

kp-T

D=——
6m-n-r

(4.9)

with Boltzmann’s constant kg, the absolute temperature T, the viscosity of the surrounding solution
1 and the hydrodynamic radius of the analyte r. Assuming a temperature difference AT = 5 K with
the two temperatures 77 = 22°C = 295K and 75 = 27°C = 300K and a constant r, the ratio of
the corresponding diffusion coefficients D1 and Dy is given by:

Dy Ting

-t _ 4.10
Dy Tom (4.10)

with the viscosities of the solution 7 at 77 and 72 at To. The viscosities of the solution were
estimated using an empirical model for water [183]:

B
n = exp (A+T+CT+DT2) mPa - s (4.11)
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with the constants A = —24.71, B = 4209K, C = 0.04527K~! and D = —3.376 x 10> K2,
Combining Equation (4.10) with Equation (4.11) yields:

— =0.88 (4.12)
The result implies an error of 12 % for D assuming AT = 5 K.

4.2.10 Statistical analysis

The statistical significance of data was tested employing one-way analysis of variance (ANOVA)
and the Tukey method for multiple comparisons. Differences between data points were considered
statistically significant when p < 0.05.

4.3 Results and Discussion

An ActiPix ' UV imaging system was used to observe the diffusion of lysozyme through agarose
hydrogels contained in the channel of a microfluidic chip. The acquired absorbance data were
exported as video files and processed in MATLAB to generate lysozyme concentration profiles along
the length of the microfluidic channel. The diffusion coefficient of lysozyme within the agarose
hydrogels was estimated by fitting the concentration profiles with three analytical solutions of Fick’s
second law.

4.3.1 Choice of an appropriate equation for the estimation of diffusion
coefficients

The analytical solutions for Fick’s second law presented in section 4.2.8.2 are based on certain
assumptions like a constant diffusion coefficient D and boundary and initial conditions. These
assumptions as simplifications of reality should represent the experimental setting as accurately
as possible, but it is not always obvious which assumptions match a given case best. For the
presented experimental setup, the boundary layer is given by the interface between fluid phase and
hydrogel phase. The analyte is dissolved in the fluid phase and starts to diffuse into the hydrogel
phase at the beginning of the experiment. Assuming a large and well-mixed reservoir of fluid phase
or a large reservoir in combination with a diffusion coefficient that is considerably higher in the
fluid phase than in the hydrogel phase (D fiuiqd > Dhydrogel), the assumption of a constant analyte
concentration at the boundary as in Equation (4.7) seems valid. Assuming D fiyiq = Dhydroger and a
stagnant fluid phase, Equation (4.8) seems more appropriate, as this equation assumes diffusion
processes on both sides of the boundary layer and requires a constant D throughout both phases.
In reality, both scenarios will not ideally match the presented experimental setup, because D4 is
likely to be higher than Djygroge1, although this difference has been reported to be only marginal or
non-existent for the diffusion of insulin [173] and lysozyme [161] in low-concentration agarose gels.
Equation (4.6) assumes a composite system of two materials with different diffusion coefficients and
should theoretically resemble the given case best.

In order to empirically evaluate the suitability of the equations to fit the observed data, the
concentration profiles of all recorded samples were fitted with all three equations at an analysis
time of 240 min. The coefficient of determination R? and the root-mean-square error RM SE of all
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Figure 4.5 Evaluation of the suitability of different fits to describe the observed concentration
profiles. (A) Observed R? values when fitting observed concentration profiles after 240 min
with different analytical solutions of Fick’s second law (Equation (4.6), (4.7) and (4.8)). The
box plots represent the median and the upper and lower quartile. The whiskers represent the
most extreme value still within a 1.5-fold interquartile range (IQR) from the upper and lower
quartile. All data points outside the 1.5-fold IQR are depicted as outliers. Each box represents
18 samples (n = 18). (B) Comparison of the obtained D estimates for lysozyme in 0.5 % (w/w)
agarose with each other and a value from literature [161] for lysozyme in 0.5 % (w/v) agarose at
21-24°C. Significant differences between the equations are highlighted by asterisks (*p < 0.05,
**p < 0.005).

fits were determined, as depicted in Figure 4.5A. The fits with Equation (4.7) (semi-infinite system)
only showed a mean value of 0.987 & 0.003 for R2, while R? was significantly higher at 0.995 & 0.002
for Equation (4.6) (composite system) and even higher at 0.998 =+ 0.001 for fits with Equation (4.8)
(infinite system). The RMSE was (0.332 £ 0.060) mg/mL for Equation (4.7). The RMSE values
for fits with Equation (4.6) and (4.8) were about 60 % lower and not significantly different from each
other with (0.139 + 0.039) mg/mL and (0.140 £ 0.018) mg/mL, respectively. However, the RMSE
values for fits with Equation (4.6) showed more outliers. This could be due to the fitting of the
additional parameter K which may increase the likelihood of finding local instead of global fit
optima.

Besides the indicators for fit quality, the suitability of the equations to describe the observed data
was judged by comparing the absolute values of the determined diffusion coefficients to a literature
value obtained by Ye et al. [161]. Figure 4.5B shows the values obtained with the different equations
in comparison to the literature value. It is clear that Equation (4.7) agrees least with the reported
literature value and is higher by a factor of about 3. The other two equations align well with the
value from Ye et al.

The results identify Equation (4.7) as the least suitable to describe the observed concentration
profiles (low R?, high RM SE) and to estimate diffusion coefficients (poor agreement with literature
value). The assumption of a constant analyte concentration Cj does obviously not match the
experimental conditions. Perfusing the analyte channel with a constant flow of analyte solution
could change this, but would require a massively increased complexity of the experimental setup
and cause a higher analyte consumption.

64



Chapter 4 — Lysozyme Diffusion in Agarose Hydrogels

240
a A B
£
~
0 |
€ 180
~
c
2 | £
E €
- ~
] 120 7
2 | £
S [
£
3 60
z |
[e]
d
>
—
S | ‘ 0
4,000 6,000 8,000 0 2,000 4,000 6,000 8,000

Position / pm Position / pm

Figure 4.6 (A) Lysozyme concentration profiles along the microfluidic channel at the analyzed
time points, as obtained from an ActiPix" measurement. The scattered raw data are underlaid
with the corresponding fits with Equation (4.8). The example shows a measurement with 0.5 %
low-melt agarose as the hydrogel and 10 mg/mL lysozyme as the analyte solution. (B) Separate
visualization of the same fits for better visibility.

The Equations (4.6) and (4.8) performed very similarly. The obtained diffusion coefficient values were
in very good agreement with data reported by Ye et al. [161] for both equations, but Equation (4.8)
generated slightly higher R? values and less outliers in the RM SE analysis indicating more robust
fits. Consequently, Equation (4.8) was chosen for further analysis.

Figure 4.6A shows the raw data of the recorded concentration profiles of an exemplary sample (0.5 %
low-melt agarose as hydrogel, 10 mg/mL lysozyme as analyte solution) at all analyzed time points.
The raw data are underlaid with the corresponding fits with Equation (4.8) which are also separately
presented in Figure 4.6B. The graph visualizes the progression of lysozyme through the hydrogel
and allows to draw conclusions about the analyte concentration at different penetration depths
and time points. However, the observed concentration profiles clearly contradict an assumption
of Equation (4.8) which requires a stationary boundary layer at = x with a constant analyte
concentration of %C’o which corresponds to 5 mg/mL lysozyme in this case. In the observed data,
the concentration of 5mg/mL moves along the x-axis over time implying a moving boundary.
Post-measurement observations could rule out the possibility that the hydrogel-fluid interface was
actually moving along the channel during the measurement due to shrinkage or other effects. Hence,
the observed data suggest that Equation (4.8) does not ideally represent the experimental setup.
One cause for this could be the difference of the lysozyme diffusion coefficients in the fluid and
the hydrogel phase. However, the same effect of a moving boundary was observed for fits with
Equation (4.6) which assumes a composite system with two different diffusion coefficients. Other
potential reasons for the moving boundary could be undesired side-effects like capillary action,
protein adsorption [182] or a change of the diffusion coefficient over time due to a temperature
increase caused by heat dissipation from the ActiPix  device, as reported before [173].
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4.3.2 Case study and influence of analysis time on diffusion coefficient
estimation

As a case study for the application of the presented method, the diffusion of lysozyme in agarose
hydrogel samples was analyzed. Two different kinds of agarose, an unmodified agarose and a
low-melt hydroxyethyl agarose at three different concentrations (0.5 %, 1%, and 1.5% (w/w)) were
examined in triplicates for 4 h per measurement. The diffusion coefficient of lysozyme in the hydrogel
was estimated for each sample by fitting the measured concentration profiles with Equation (4.8).
To evaluate whether the apparent moving boundary had negative effects on the estimation of D
like strongly deviating values depending on the analysis time, an investigation of the influence
of analysis time was carried out. Specifically, concentration profiles were fitted and the diffusion
coefficient estimated at different time points of the measurement. Figure 4.7A shows the results
for the unmodified agarose, the corresponding standard deviations of the triplicates are plotted in
Figure 4.7D. At an analysis time of 30 min, the standard deviations were relatively high (between
2.9 and 6.1 x 107'' m?s~!) compared to the remaining time points, indicating a lack of significant
data points to perform reproducible and robust fits for several replicates. Between 45 and 240 min,
the standard deviations were considerably lower (<2 x 107'' m?s~1) with a slight downward trend
over the whole time period. As can be derived from Figure 4.6, the fits became more precise and
more reproducible with increasing analysis time due to the increased coverage of data points over
the whole course of the sigmodal-shaped concentration profile. An additional factor could be that
with increasing analysis time, the imperfections of the fluid-gel interface like a meniscus or other
irregularities become less relevant relatively to diffusion distance. The absolute values of the diffusion
coefficients were slightly erratic until an analysis time of 60 min (see Figure 4.7A). Afterwards, they
showed a moderately decreasing trend with only minor changes (<9 %) happening after 120 min.
As shown in Figure 4.7B and E, very similar trends could be observed for low-melt agarose with the
absolute values of the diffusion coefficients being about 15 % lower than in unmodified agarose.

To determine the statistical significance of differences between the diffusion coefficients of different
agarose concentrations, a one-was analysis of variance (ANOVA) was performed for each time point
and the resulting p-values plotted in Figure 4.7C. The ANOVA tested the null hypothesis that
there was no significant difference between the mean values of D in hydrogels of different agarose
concentrations. For p < 0.05, the null hypothesis can be rejected. This was the case for most data
points of both modified and unmodified agarose beyond an analysis time of 180 min. The already
described erratic nature of the first data points determined with low analysis times is also reflected
in the corresponding p-values which fluctuate considerably until an analysis time of 105 min, where
a continuous downward trend sets in resulting in overall minimum p-values at an analysis time of
240 min. As a consequence, an analysis time of 240 min was chosen for the final data evaluation.

The results show that despite the apparent moving boundary, the analysis time did not strongly
affect the results of the diffusion coefficient estimation when the analysis time exceeded a certain
minimum. However, the p-values at different analysis times imply that longer analysis times allow a
more precise estimation of the diffusion coefficient which increases the statistical significance and
hence relevance of the data.

The comparison of lysozyme diffusion coefficients in Figure 4.7F between the two types of agarose
hydrogels and different agarose concentrations clearly shows the influence of the two analyzed
parameters. For every concentration, the mean diffusion coefficient was higher in hydrogels from
unmodified agarose than low-melt agarose, although the difference was only statistically significant
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Figure 4.7 Diffusion coefficient estimates at different analysis times for (A) unmodified agarose

and (B) low-melt agarose hydrogels.

(C) p-values of a one-way ANOVA testing the null

hypothesis that there is no difference among the mean values of D for samples of different
agarose concentrations. (D and E) Standard deviations for (D) unmodified and (E) low-
melt agarose hydrogels resulting from the D estimates which were carried out as triplicates
(n = 3). (F) Diffusion coefficients for different concentrations of unmodified and low-melt agarose
hydrogels obtained at an analysis time of 240 min. The results are presented as mean values +
standard deviation (n = 3). Significant differences between the Equations are highlighted by
asterisks (*p < 0.05, **p < 0.005).
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for a concentration of 1.0% (w/w). There was also a clear trend of a decreasing D with increasing
agarose concentration. For both unmodified and low-melt agarose, the difference of D between 0.5 %
and 1.5 % (w/w) was statistically significant. These trends align well with data reported in literature.
The diffusion coefficients of lysozyme and bovine serum albumin have been shown to decrease
with increasing agarose concentration (0.5 to 3% (w/w)) [174]. Higher concentrations of agarose
lead to the formation of polymer networks with reduced mesh size and hence reduced diffusibility
[174]. The observation that the diffusion coefficient was higher in hydrogels of unmodified agarose
than of low-melt agarose can be attributed to the structure of the respective polymer networks.
Hydroxyethylation reduces the number of intrastrand hydrogen bonds [184], leading to the formation
of a tighter polymer mesh with smaller pores for the low-melt agarose, depending on the degree of
substitution [185].

The absolute values for the estimated diffusion coefficients were between (0.80 & 0.04) x 10719 m? 51
for 1.5 % low-melt agarose and (1.14 4 0.02) x 10~ m?s~! for 0.5 % unmodified agarose. In good
accordance with this, Ye et al. reported a value of (1.240.1) x 10719m?s~! for the diffusion
coefficient of lysozyme in an 0.5 % agarose hydrogel at 21 to 24 °C [161]. These results demonstrate
the suitability of the presented method to provide diffusion coefficient estimates aligning well with
previously reported literature values. The method is sensitive enough to allow the detection of
statistically significant differences (p < 0.05) of the diffusion coefficient of lysozyme between samples
of different agarose concentration (0.5 to 1.5% (w/w)). Also, the samples of unmodified agarose
were found to be higher than the samples of low-melt agarose for every analyzed concentration
(difference only statistically significant at 1.0% (w/w)), demonstrating the suitability to detect
differences between slightly different material types.

The present study only investigated one analyte and a range of relatively similar hydrogels. The
transferability of the method to other use cases and its applicability in a more general context
should be investigated further. Hydrogel-analyte combinations with a very different rate of diffusion
than observed here may require adaptations of the evaluation method or may not be suitable to be
investigated with the presented setup at all. The use of hydrogels with smaller pores could reduce
diffusion rates to an extent that the method is not sensitive enough for a valid diffusion coefficient
estimation. The use of smaller analyte molecules with increased diffusion rate may allow shorter
analysis times. In general, it is important to always consider possible interactions between analyte
and hydrogel that could influence the observed diffusion rate.

4.3.3 Experimental considerations

Previously reported methods for the determination of diffusion coefficients using UV area imaging
sensors [161, 173, 177, 178] employed large quartz cells requiring correspondingly large sample
volumes. The high material consumption may be problematic in certain contexts like high-cost
materials or during early-stage development when the amount of available material is very limited.
The presented method requires only about 40 pL of hydrogel and 25l of analyte solution for
one measurement which could be further reduced by optimizing the microfluidic chip design.
The possibility of introducing variable channel heights for different analyte concentrations or
investigating alternative chip materials, tailored to the requirements of the hydrogels and analytes
to be investigated, adds to the appeal of employing microfluidic chips for this purpose.

However, several aspects of the applied experimental setup could be optimized. The error estimation
(section 4.2.9) demonstrated the importance of temperature regarding diffusional processes. The
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current setup did not allow any control over the temperature inside the microfluidic chip. Replacing
the employed plastic casing for the microfluidic chip by a temperature-controlled metal casing (e.g.
employing a Peltier element) could improve the reliability of the acquired data.

The employed microfluidic chip was designed to allow the observation of the hydrogel phase only.
Shifting the imaging area would allow a direct investigation of the fluid-hydrogel interface and the
observation of diffusional effects in the fluid phase. This could provide further insights into the
effects of interface imperfections and the validity of boundary assumptions. In general, it is desirable
to improve the quality and positioning of the hydrogel-fluid interface. The method of filling the
channel with hydrogel, as employed in this study, produced non-straight and non-reproducible
boundary layers due to the formation of a meniscus and slightly different fill levels. This could be
resolved by using a chip consisting of two separate parts for the hydrogel and fluid phase. The part
for the hydrogel could be overfilled and the hydrogel trimmed to form an appropriate interface,
before the second part of the chip is attached and filled with the analyte solution. A chip-casing
combination with less manufacturing tolerance could improve the alignment of the chip within the
UV imaging system.

4.4 Conclusion

The method established in this study allows the estimation of diffusion coefficients for UV-absorbing
analytes in transparent hydrogels. The diffusion of lysozyme through agarose hydrogels was observed
using an ActiPix UV imaging system. To minimize material consumption, a microfluidic chip was
employed, that reduced the required amount of hydrogel to 40 pL. Employing automated image
and data processing in MATLAB, the obtained raw absorbance data contained in video files were
corrected and processed to generate lysozyme concentration profiles along the microfluidic channel.
The concentration profiles were fitted with a solution of Fick’s second law to estimate diffusion
coefficients. As a case study, the diffusion of lysozyme in hydrogels with different concentrations
(0.5 to 1.5 %) of unmodified and low-melt agarose was analyzed. The obtained diffusion coefficients
allowed the detection of significant differences between the different types and concentrations
of agarose. Generally, the diffusion coefficients were higher in unmodified agarose and at lower
concentrations of agarose. The estimated diffusion coefficient of lysozyme in 0.5 % (w/w) agarose
was in accordance with data reported by Ye et al. [161]. Refinements of the experimental setup,
especially regarding temperature control, could enhance the reliability of the obtained data further.
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Abstract

Extrusion-based 3D bioprinting enables the production of customized hydrogel structures that
can be employed in flow reactors when printing with enzyme-containing inks. The present study
compares inks based on either low-melt agarose or agar at different concentrations (3 to 6 %) and
loaded with the thermostable enzyme esterase 2 from the thermophilic organism Alicyclobacillus
acidocaldarius (AaEst2) with regard to their suitability for the fabrication of such enzymatically
active hydrogels. A customized printer setup including a heatable nozzle and a cooled substrate
was established to allow for clean and reproducible prints. The inks and printed hydrogel samples
were characterized using rheological measurements and compression tests. All inks were found to
be sufficiently printable to create lattices without overhangs, but printing quality was strongly
enhanced at 4.5 % polymer or more.

The produced hydrogels were characterized regarding mechanical strength and diffusibility. For both
properties, a strong correlation with polymer concentration was observed with highly concentrated
hydrogels being more stable and less diffusible. Agar hydrogels were found to be more stable and
show higher diffusion rates than comparable agarose hydrogels. Enzyme leaching was identified
as a major drawback of agar hydrogels, while hardly any leaching from agarose hydrogels was
detected. The poor ability of agar hydrogels to permanently immobilize enzymes indicates their
limited suitability for their employment in perfused biocatalytic reactors. Batch-based activity
assays showed that the enzymatic activity of agar hydrogels was roughly twice as high as the activity
of agarose hydrogels which was mostly attributed to the increased amount of enzyme leaching.

Agarose bioinks with at least 4.5 % polymer were identified as the most suitable of the investigated
inks for the printing of biocatalytic reactors with AaFEst2. Drawbacks of these inks are limited
mechanical and thermal stability, not allowing the operation of a reactor at the optimum temperature
of AaFst2 which is above the melting point of the employed low-melt agarose.

5.1 Introduction

Additive manufacturing (AM) — or 3D printing — is a dynamically evolving field offering versatile
and highly adaptive fabrication methods that are useful for a wide range of applications [1]. It is
based on the stacking of layers to gradually build three-dimensional objects. While initially mostly
applied for visualization models and rapid prototyping, the advancement of printing technologies
and materials has made 3D printing a more commonly applied method for the fabrication of
working prototypes and even functional parts for end use [15]. This can be mainly attributed to the
availability of AM methods allowing the fabrication of parts with excellent mechanical stability,
e.g. made from metal [186] or ceramics [187], that can be employed in demanding applications.
Many fields, ranging from the aerospace [188], automotive [189] and construction [190] industry to
the chemical engineering [46] and biotechnology [48] sector, are investigating how to exploit the
new possibilities provided by 3D printing. In (bio-)chemical engineering, two general fields can be
distinguished based on the employed types of material. On one side, conventional materials like
glass [191], metal [192] or water-free polymers [53] are used in the production of microfluidic devices
or chromatography columns. On the other side, soft and biocompatible, water-based materials like
hydrogels are employed with the purpose of accommodating cells [56, 57] or biomolecules [58, 59] in
a suitable aqueous environment.
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This discipline, often referred to as bioprinting as a branch of biofabrication [55], is mainly focused
on the development of new methods, tools and materials for tissue engineering [73]. Recently, those
tools were increasingly adopted for the fabrication of biocatalytic flow reactors based on cells [131]
or enzymes [12, 85, 130, 193]. Such reaction systems, both on a microfluidic and macroscopic scale,
play an important role in biocatalytic applications like compartmentalized catalytic cascades which
can be realized by employing spatially separated reaction chambers [104].

Hydrogels can serve as a matrix for the immobilization of enzymes by physical entrapment, thereby
avoiding the loss of the catalyst and enhancing cost-efficiency [91]. This method offers a simple way
of immobilization, usually without the need to adapt it to a specific enzyme. The immobilization of
enzymes in hydrogels is based on the entrapment of the relatively large enzyme within a polymer
network while allowing small substrate and product molecules to diffuse in and out of the hydrogel
[92]. Choosing a support material with an appropriate pore size is required to maximize the diffusion
of substrate and product while minimizing the leaching of enzyme [90]. A drawback of the method
is limited mass transfer of substrate and product and hence decreased activity [12, 92]. In order to
compensate for this limitation, it is paramount to maximize the surface-area-to-volume ratio of the
hydrogel [193].

Bioprinting enables the rapid and flexible fabrication of appropriate hydrogel structures with a
high surface-area-to-volume ratio and perfusable geometries like simple grids [85, 130] or more
complex gyroid structures [193] that can be employed in microreactors. To achieve high surface-
area-to-volume ratios and complex geometric shapes, it is paramount to optimize the printability
of the employed materials. Unlike molding methods, bioprinting allows quick adaptations to new
geometries without the need to fabricate new molds and enables the fabrication of certain geometries
like gyroid structures that are not manufacturable using common molding techniques. Spatially
separated or compartmentalized enzymatic reactions can be realized by employing multiple print
heads that allow the deposition of different enzymes in a spatially controlled manner. Overall, the
flexible and fast fabrication of biocatalytically active constructs by additive manufacturing can
accelerate iterative optimization processes and contribute to the advancement of the field [104].

One of the most common techniques in biofabrication is extrusion-based bioprinting, a simple method
based on the deposition of fluid materials from a cartridge through a nozzle onto a substrate [105].
It requires the use of (bio-)inks that can be printed in a fluid state and be solidified after deposition,
forming stable hydrogels. Suitable rheological properties like a high viscosity or high yield stress
[107] are vital factors to ensure good printability [68]. Typically, water-soluble polymers like gelatin
[194], hyaluronic acid [195] or alginate [57, 196] are used, often accompanied by additives like methyl
cellulose [197, 198] or nanosilicates [199, 200] to enhance and adapt rheological properties.

Unlike cells, enzymes do not require any nutrient supply and can often handle harsher environments,
opening up new options regarding bioprinting methods and materials. Current approaches include
the use of poly(ethylene glycol) diacrylate-based hydrogels [12] or emulsion-based hybrid materials
[193] to print catalytically active materials containing (3-galactosidase. Both these approaches
rely on UV curing, introducing the potential of enzyme inactivation due to the presence of free
radicals. As an alternative material system based on natural polymers, agarose and agar hydrogels
are potential candidates. Agarose and agar can be dissolved in water at elevated temperature
and form stable hydrogels upon cooling [201, 202] which makes them interesting materials to be
employed in bioprinting. Agarose is a naturally occuring polymer that is the main component of agar
which can be extracted from red algae (Rhodophyceae) [203]. Hydrogels based on modified low-melt
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Figure 5.1 Schematic of the applied workflow. Bioinks based on different concentrations of
low-melt agarose and agar are prepared. Enzyme-loaded hydrogel cylinders are printed to
perform activity assays. The supernatants are used for leaching assays. Enzyme-free bioinks
and hydrogels are examined with rheological analysis, mechanical testing and diffusibility
measurements.

hydroxyethyl agarose have been shown to be applicable for the printing of thermostable enzymes [85,
130]. The demonstrated process includes a step to reliquefy the low-melt agarose hydrogel at 60 °C
making this approach viable for thermostable enzymes only. In the published studies, 3% (w/v)
low-melt hydroxyethyl agarose has been used [85, 130] to print modules for perfusable biocatalytic
reactors. So far, no systematic optimization of the printing setup and procedure and no screening of
different bioink compositions has been performed. The present study shows the further development
of the printing setup by introducing a heatable nozzle that allows for a more precise control of the
bioink temperature upon extrusion to achieve more reproducible and robust prints. Furthermore, we
assess bioinks prepared from two different materials (low-melt hydroxyethyl agarose and unmodified
agar) at different concentrations to explore the potential for optimizing printability and catalytic
activity using adapted ink compositions. The liquid inks are assessed for rheological properties
and gelation behavior. The solidified hydrogels are investigated regarding mechanical stability and
diffusibility. Enzyme-containing hydrogel samples are printed and analyzed for enzyme leaching
and biocatalytic activity using microplate-based batch activity assays. The screening of a range of
inks with slightly different compositions with regard to multiple performative aspects demonstrates
the importance of adapting inks specifically for certain applications. A schematic overview of the
applied workflow of the study is presented in Figure 5.1.
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5.2 Materials and Methods

5.2.1 Chemicals and buffers

Agar (bacteriology grade) was purchased from AppliChem GmbH, low-melt agarose (Roti®garose with
low melting and gelling temperature) from Carl Roth GmbH & Co. KG. All hydrogels were prepared
with phosphate buffered saline (PBS), pH 7.4. Sodium chloride (NaCl), potassium chloride (KCl),
disodium hydrogen phosphate dihydrate (NayHPO, - 2H,0) and potassium dihydrogenphosphate
(KH,PO,) were purchased from Merck KGaA. The PBS buffers were prepared with ultrapure
water from a Purelab Ultra water purification system (ELGA LabWater) and filtered through an
0.2 pm cellulose acetate filter (Sartorius AG) before use. 5(6)-carboxyfluorescein dihexylester was
synthesized at the Institute for Biological Interfaces 1 and used as a substrate for activity assays.

5.2.2 Enzyme expression and purification

As a model enzyme, esterase2 from the thermophilic organism Alicyclobacillus acidocaldarius
(AaEst2, EC 3.1.1.1) containing a His-tag was heterologously expressed in Fscherichia coli and
purified as reported earlier [85, 204]. Aliquots were stored at —80 °C until use.

5.2.3 Bioink preparation

Aqueous solutions of agar and low-melt agarose (3 to 6 % (w/w)) were prepared by adding appropriate
amounts of agar or agarose powder to PBS buffer and heating the mixture in a microwave oven
(WP800L20-5, Hanseatic) several times to boiling point, until a homogeneous solution was obtained.
The solution was transferred into a 25 mL SpeedMixer® cup (Hauschild GmbH & Co. KG) and the
temperature was adapted to 65 °C in a water bath. If required, the appropriate amount of AaEst2
stock solution was added to obtain the desired enzyme concentration of 100 nM. Due to its limited
availability, no enzyme was added, if the bioink was intended for rheological analysis, mechanical
testing or diffusibility measurements. It was assumed that the low concentrations of enzyme used
(100nM) did not significantly influence the evaluated material properties. The bioink was mixed
and degassed in a dual asymmetric centrifuge (DAC) SpeedMixer® DAC 150.1 FVZ-K (Hauschild
GmbH & Co. KG) at 3500 rpm for 90s. Before the mixing step, the cup holder of the SpeedMixer®
was pre-heated to 65 °C to avoid gelation during the mixing step. Bioinks intended for printing were
transferred into pre-heated 10 mL printing cartridges, sealed with an outlet cap and a piston (all
purchased from Nordson EFD) and used directly. Bioinks intended for enzyme-free analytics were
filled into 10 mL syringes and stored at 65 °C until use.

5.2.4 Rheology

The flow properties and gelation behavior of the bioinks were analyzed using an MCR, 301 rheometer
(Anton Paar GmbH). To prepare a measurement, liquid bioink was applied to the pre-heated
rheometer plate at 60 °C. The top plate was moved to the measurement position and the sample was
trimmed. To avoid air exposure and prevent the sample from drying out during the measurement,
paraffin oil (Fluka Analytical) was applied to the measurement gap. The temperature was set to
the required start temperature of the measurement and the sample was left to equilibrate for at
least 5 min.

7



Additive Manufacturing in Biotechnology

5.2.4.1 Gelation behavior

Temperature hysteresis curves were recorded to investigate the melting and gelling behavior of
the bioinks. The measurements were performed with profiled parallel plates with a diameter of
25mm and a gap width of 500 pm. The measurement was started at 70 °C. Gelation was induced
by steadily decreasing the temperature to 15°C at a rate of 1°Cmin~!. To remelt the sample, the
temperature was increased at the same rate to 80 °C for low-melt agarose and to 100 °C for agar.
During the whole process, the storage modulus G’ and the loss modulus G were recorded applying
an oscillatory measurement with a shear strain (deformation) amplitude 74 = 3% and an angular
frequency w = 20s~!. Each data point was averaged over a period of 30s. All measurements were
carried out as triplicates (n = 3).

To determine the melting temperature (T,c¢) and gelling temperature (Tp;), an inflection point
method derived from Bonino et al. [205] was applied. The descending and ascending part of the G’
measurement were separately fitted with a sigmoidal curve and the inflection point of the curve was
defined as Tye1; and Ty, respectively.

5.2.4.2 Flow behavior

Flow curves of the bioinks were recorded at different temperatures to gather information about
the behavior of the inks during extrusion. A cone-plate setup with a diameter of 60 mm was
employed. The viscosity was determined using shear rate-controlled rotational measurements.
All inks were analyzed in triplicates (n = 3) at a comparison temperature T, = 70°C and the
specific nozzle temperature T,,,.;. of the respective ink, as shown in Table 5.1. To observe the
influence of temperature on flow behavior in the range relevant during the printing process, the same
measurement was performed in the range from 40 to 25 °C for low-melt agarose and from 50 to 35 °C
for agar, both in 1°C steps with one measurement per temperature (n = 1). The measurements
were performed with a variable measuring time per data point, ranging from 10s at a shear rate of
4=01s"'tolsaty=0.1s"".

5.2.5 3D bioprinting
5.2.5.1 Customized experimental setup

All bioinks were printed using a BioScaffolder 3.1 (GeSiM — Gesellschaft fiir Silizium-Mikrosysteme
mbH) with a specifically adapted setup including a custom-made heatable nozzle and a water-cooled
microplate carrier. A scheme of the setup is shown in Figure 5.2A. The custom-made heatable
nozzle is depicted in Figure 5.2B as a cross-section and in Figure 5.2D as a 3D illustration. A
commercially available 2 inch steel dispensing tip (Vieweg GmbH) with an inner diameter of 0.35 mm
and a length of 25 mm was the basis of the heatable nozzle. It was placed inside a 3D printed
metal jacket that contained a Pt 100 element (1.220, Heraeus Deutschland GmbH & Co. KG) to
measure the nozzle temperature. Heating was achieved with a resistance wire coiled around the
metal jacket. The components of the heatable nozzle were joined with thermo-conductive epoxy
resin (OMEGABOND 200, OMEGA Engineering GmbH). The temperature sensor and resistance wire
were coupled with a control box containing a 12V, 60 W power supply (IRM-60-12ST, Mean Well
Enterprises Co., Ltd.), a MOSFET board and a PID controller (ET 7420, ENDA GmbH & Co.
KG). The output from the temperature sensor was processed by the PID controller to operate the
MOSFET board which regulated the current flow in the resistance wire. This allowed the metal
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Figure 5.2 (A) Scheme of the printing setup with a heatable cartridge, a customized heatable
nozzle and a cooled substrate. (B) Cross-section of the metal jacket of the heatable nozzle
before the assembly of resistance wire and temperature sensor (the scale bar represents 5 mm).
(C) Simplified circuit layout of the setup showing the interaction of the nozzle containing a
temperature sensor and a resistance coil with the control box containing a PID controller, a
power supply and a MOSFET control board. (D) 3D illustration of the heatable nozzle used
for the printing process. The assembled nozzle consists of a 3D-printed steel body containing
a commercially available 2inch steel dispensing tip with an inner diameter of 0.35 mm and a
Pt 100 element as a temperature sensor. A resistance wire is coiled around the body of the
nozzle for heating. (E) Control box containing a PID controller (1), a 12V power supply (2)
and a MOSFET control board (3) to regulate the temperature of the heatable nozzle.

body of the nozzle to be kept at the set temperature. A simplified circuit layout of the setup is
shown in Figure 5.2C, a 3D illustration of the control box in Figure 5.2E. Sand-blasted glass plates
were used as the printing substrate. To accelerate the gelation process, the plates were cooled to
5°C by a water-cooled microplate carrier connected to a F12-MP cooling aggregate (Julabo GmbH).

5.2.5.2 Printing process

Immediately after the preparation process, the temperature of the bioink cartridges was adjusted to
the final printing temperature by incubation in the heating jacket of the BioScaffolder for 20 min
at the temperature appropriate for the corresponding bioink. The pre-heated nozzle was mounted
onto the cartridge, calibrated for height and purged with bioink. Prints were always carried out
at a fixed layer height of 300 pm, all other printing parameters were individually adjusted to the
corresponding inks as shown in Table 5.1.
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Table 5.1 Printing parameters employed in the fabrication of activity assay cylinders and
exemplary prints made from inks based on low-melt agarose and agar.

Polymer type Polymer Printing Extrusion Cartridge Nozzle
concentration speed pressure® temperatureb temperature
(% (w/w)) ~ (mm/s)  (kPa) (°C) (°C)

3 ) 30 52 47
Agar 4.5 7 120 60 55

6 7 300 65 57

3 ) 40 38 30
Agarose 4.5 7 160 39 32

6 7 380 40 35

#The extrusion pressure was continuously adapted to produce cylinders of the specified target weight.

PThe actual (measured) temperature inside the cartridge was roughly 3 °C lower than the set value.

Hollow, enzyme-loaded hydrogel cylinders were printed to perform activity assays with different
hydrogel compositions and substrate concentrations in multiwell plates (see section 5.2.8.1). For
mechanical tests (section 5.2.6), identical cylinders were printed without added enzyme. The cylinder
diameter of 10 mm, the total height of 3mm and the layer height of 300 pym were kept identical for
all prints, independent of the used ink. In order to produce comparable cylinders, every printed
cylinder was weighed and the extrusion pressure was continuously adapted in order to yield a target
weight of 100 mg per cylinder. Cylinders not meeting the specified target weight within a +3 %
tolerance window were discarded. Cylinders matching the defined specifications were stored in
multiwell plates (CELLSTAR® 48 well suspension culture plate, Greiner Bio-One GmbH) sealed with
self-adhesive plastic foil (polypropylene, for PCR plates, BRAND GmbH & Co. KG).

5.2.6 Assessment of cylinder height and mechanical properties of hydrogels

A ZwickiLine Z0.5TN universal testing machine (ZwickRoell GmbH & Co. KG) equipped with a
100 N load cell (Xforce HP) and stainless steel compression plates with a diameter of 30 mm was used
to determine the height and maximum tolerable force of printed hydrogel cylinders with uniaxial
compression tests. These measurements can provide valuable information about the mechanical
stability of the hydrogels which determines the degree of stress they can tolerate during handling.
All measurements were controlled employing the software testXpert III, V. 1.4 (ZwickRoell GmbH
& Co. KG). For the measurement, a sample was placed on the bottom plate of the device. Every
measurement was started at a gap width of 3.5 mm and the top plate with the load cell was moved
down at a speed of 2 mm/min. The measurement gap at a load of 0.01 N was defined as the cylinder
height. The maximum achievable compression force before a rupture of the sample occured was
defined as Fj,q:. As a comparison with non-printed samples, the maximum force measurement was
also performed with solid hydrogel cylinders punched out of a 3 mm thick layer of cast hydrogel.
Twelve samples were measured for each data point (n = 12).
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5.2.7 Diffusion properties

The diffusion coefficient of 5(6)-carboxyfluorescein in different hydrogels was estimated employing
a microfluidics-based UV imaging method reported previously [206]. A solution of 1 mg/mL 5(6)-
carboxyfluorescein (ACROS Organics, part of Fisher Scientific Co. LLC) in 6.25% (v/v) dimethyl
sulfoxide (DMSO, purchased from Fisher Scientific Co. LLC) in PBS was prepared by dissolving
the appropriate amount of 5(6)-carboxyfluorescein in pure DMSO and then diluting it with the
appropriate amount of 3.125 % DMSO in PBS. The microfluidic chip was pre-heated to 70°C in
a drying oven (T 6120, Heraeus Instruments GmbH & Co. KG), filled with liquid bioink and left
at room temperature for 10 min to allow gelation. The 1 mg/mL 5(6)-carboxyfluorescein solution
was filled into the chip through one of the other inlets to create an interface between solution and
hydrogel. The diffusion of the 5(6)-carboxyfluorescein through the hydrogel was monitored using
an ActiPix"" D100 imaging system (Paraytec Ltd.). The resulting raw data were transformed to
absorbance data and exported as wmv files using the ActiPix' " software (version 1.5). MATLAB
R2020a (The MathWorks®, Inc.) was used to import the files, detect the channel area and rotate
the frames in order to achieve a horizontal alignment of the channel. Using a calibration curve, the
image data at 120 min were converted to 5(6)-carboxyfluorescein concentration data. To obtain a
value for the diffusion coefficient D, the concentration profiles along the microfluidic channel were
fitted with an analytical solution of Fick’s second law [206]:

C(2.1) = Cy (;—;erf(”;\;%)» (5.1)

with the position along the microfluidic channel z, the time ¢, the initial concentration of 5(6)-
carboxyfluorescein in the fluid phase Cy, the position of the boundary layer xy and the diffusion
coefficient D. All measurements were performed as triplicates (n = 3).

5.2.8 Activity assays
5.2.8.1 Enzyme immobilized in hydrogels

Printed hydrogel cylinders were assessed for their enzymatic activity in a 48-well microplate format
using a Tecan Freedom Evo pipetting platform (Tecan Group AG). Each well of a 48-well microplate
(for suspension culture, Greiner Bio-One GmbH) contained one printed hydrogel cylinder loaded
with 100nM esterase2 (AaEst2). For the measurement, 320 pL of substrate solution (10 to 150 pM
5(6)-carboxyfluorescein dihexylester in PBS, pH 7.4) were added to each cylinder using the Tecan
Freedom Evo pipetting robot. To avoid evaporation effects, 300 pL. of light mineral oil (Sigma-
Aldrich, part of Merck KGaA) were added manually using a multichannel pipette. Calibration
samples of 5(6)-carboxyfluorescein (0 to 150 pM) were prepared in the same way on the same plate
to allow the transformation of fluorescence measurements to concentration values. The fluorescence
signal (Aegcitation = 485 nm, Aemission = 528 nm) was recorded for 2h in a Tecan infinite M200 pro
spectrophotometer. Using the obtained calibration curves, the resulting fluorescence measurements
were converted to concentration values and the curves of 5(6)-carboxyfluorescein concentration over
time were fitted with sigmoidal fits. To determine the maximum activity of a sample, the maximum
slope of the fits was determined. The activity assays were performed in triplicates (n = 3) at 25°C
with different hydrogel compositions (3 %, 4.5 %, and 6 % (w/w) low-melt agarose and agar).
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5.2.8.2 Freely dissolved enzyme leached from hydrogels

During the activity assays with enzyme-loaded hydrogel cylinders, six cylinders were incubated
with only PBS buffer (substrate-free). At the end of the measurement after 2h, the supernatants
were sampled and stored for later analysis of their catalytic activity as an indicator of leaching.
The activity assays were conducted in the same way as with the printed hydrogel cylinders, i.e.
employing a Tecan Freedom pipetting platform and 48-well microplates. 320 uL of 50 pM substrate
solution were added to 100 pLL of supernatant to induce the catalytic reaction. 300nL of light
mineral oil (Sigma-Aldrich) were added manually to avoid evaporation effects. Calibration samples
of 5(6)-carboxyfluorescein (0 to 150 pM) were prepared in the same way on the same plate to allow
the transformation of fluorescence measurements to concentration values. The fluorescence signal
(Aexcitation = 485nm, Aemission = 528 nm) was recorded for 20 min at 25°C. The resulting data
were converted to product concentrations using calibration curves. The volumetric activity was
determined from the initial slope (over 5 min) of the product-over-time curve. All measurements
were performed as triplicates (n = 3).

5.2.9 Statistical analysis

The statistical significance of data was tested employing one-way analysis of variance (ANOVA)
and the Tukey method for multiple comparisons. Differences between data points were considered
statistically significant when p < 0.05. Normality was assessed for large data sets (n = 12) applying
the Anderson-Darling test. For small data sets (n = 3), normality was assumed.

5.3 Results and discussion

5.3.1 Rheology and printability

The print fidelity of extrusion-based 3D printing mainly depends on the extent of ink spreading
after extrusion which is primarily influenced by two parameters: the rheological properties of the
liquid bioink, namely the viscosity or the presence of a yield point, and the time delay, until the ink
is solidified after extrusion [207]. For thermosensitive materials like agarose- or agar-based inks,
both properties are substantially influenced by temperature. Excessively high printing temperatures
may reduce the viscosity and prolong the period of ink spreading, while too low temperatures
may allow premature gelation to occur within the nozzle resulting in the extrusion of distorted or
currugated filaments [107, 208], nozzle clogging [73, 208] and reduced inter-layer adhesion [209, 210].
Hence, the thermal regulation of both cartridge and nozzle is paramount in order to achieve the
desired ink properties upon extrusion. For this purpose, a customized printer setup with a heatable
nozzle and a heatable cartridge jacket was employed. Rheological methods were used to study the
thermo-dependent behavior of agarose and agar inks. In particular, the gelling and melting behavior
and the influence of temperature on flow properties were analyzed.

5.3.1.1 Gelling and melting behavior

Gelling and melting temperatures of the bioinks were determined using oscillatory measurements
in combination with temperature sweeps, as shown in Figure 5.3. Liquid bioink samples were
applied to the pre-heated rheometer plate at 60 °C and solidified by cooling below the gel point
Tyel, indicated by a sudden increase in storage modulus G’ and loss modulus G”. The samples were
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reliquefied by increasing the temperature above the melting point 7;,.;;, accompanied by a decrease
in G’ and G”. The gel point is commonly determined by calculating the cross-over of G’ and G”
[56, 211, 212]. In the given case, some samples displayed G’ > G” over the whole analyzed range
and there was no cross-over despite the obviously liquid nature of the samples at 70°C. Mao et
al. found that incorrectly high values of G’ may be caused by oxidation effects on the surface of
the metallic measuring plates or by a partial invasion of the measurement gap by oil that is used
to protect the sample from evaporation [212]. This invasion may be further promoted by thermal
expansion and contraction effects during the temperature sweep. Hence, an alternative approach
reported by Bonino et al. [205] was applied to estimate the gelling and melting temperatures from
the inflection points of the G’ curves as indicated in Figure 5.3A and B. The final estimations of
Trnert and Ty are shown in Figure 5.3C.

Agarose bioinks exhibited a very sharp increase in G’ upon gelation, while the change occured more
gradually with agar bioinks. Both agarose and agar inks exhibited a strong thermal hysteresis,
i.e. a large difference between Ty, and T, While the polymer concentration was found to
have a relatively low impact on Tye; and Tpe¢ with a maximum difference of 2 °C between 3 % and
6 % polymer, there was a strong influence of the material system. In general, agar bioinks gelled
and melted at higher temperatures (Tyeimean = (37.0 £ 0.8) °C and Thneitmean = (92.5 £0.9) °C)
than agarose bioinks (Tge;mean = (29.3 £0.9) °C and Trnert,mean = (65.1 & 1.0) °C). The determined
values for agarose were in good accordance with manufacturer’s data (Tge < 28°C and Tepr <
65.5°C for a 1.5 % gel).

The determined gelling and melting temperatures were used as a basis to select suitable temperatures
for printing. Commonly, thermosensitive hydrogels are printed in a partially cross-linked state at a
temperature close to the cross-over point of G’ and G” in order to reduce spreading after extrusion
but still allow for a smooth dispensing process [213]. We found that operating at temperatures too
close to Ty resulted in a time-dependent increase in viscosity and finally nozzle clogging due to
slow gelation within the cartridge, especially with agar inks. Thus, the final adjustments of nozzle
and cartridge temperatures were done in an iterative process. Higher temperatures were chosen for
the cartridge than for the nozzle to avoid time-dependent gelation and to ensure constant extrusion
conditions. The tendency of agar to gel prematurely increased strongly with growing concentration
resulting in a high temperature difference between different agar concentrations, while different
low-melt agarose inks were printed at relatively similar temperatures (see Table 5.1). Also, it was
found that the actual ink temperature within the cartridge was roughly 3 °C lower than the set
value which was considered, as well. The selected temperatures are listed in Table 5.1.

The recorded temperature sweeps also allow an assessment of the possible application temperatures
for biocatalytic reactions with enzymes immobilized in the printed hydrogels. The chosen temperature
should allow the enzyme to work as efficiently as possible while not impairing the mechanical integrity
of the hydrogel. AaEst2 shows an activity maximum at a temperature of approximately 70 °C
[83]. At a temperature of 25°C, as employed for all experiments in this study, the activity is lower
by a factor of approximately 4.5 [83]. To avoid a weakening of the hydrogel, the reaction should
be performed at a temperature below the onset of the melting process which is around 50 °C for
the agarose hydrogels and around 70 °C for the agar hydrogels. Hence, the use of agar hydrogels
would allow the AaEst2 to operate at its optimum temperature while reactors made from agarose
hydrogels can only be operated at suboptimal temperatures. It should be noted that a modified
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Figure 5.3 Thermal properties of low-melt agarose and agar hydrogels. Loss and storage modulus
of (A) low-melt agarose and (B) agar hydrogels are shown over temperature. (C) Melting
and gelling points of low-melt agarose and agar, as derived from the oscillatory measurements.
All data are shown as mean values with the standard deviation as shaded areas or error bars
(n = 3). For clarity, only significant differences to the nearest significantly different data points
are highlighted by asterisks (p < 0.05).

agarose with low melting point was used in this study and higher operating temperatures could be
realized with a different type of agarose.

5.3.1.2 Flow properties

The flow properties of liquid agarose and agar inks were analyzed using rotational tests. Figure 5.4
shows the viscosity over shear rate for both a comparison temperature 7. = 70 °C and the nozzle
temperature T, which was specific for each bioink (see Table 5.1). The temperature range
relevant for printing was covered in more detail by additional measurements, as represented in
Figure 5.5. Here, the flow curves recorded at different temperatures are shown in the range of
40 to 25°C for agarose inks and 50 to 35°C for agar inks. In general, all inks showed a strong
correlation between polymer concentration and viscosity. At 7., agarose inks exhibited ideally
viscous (Newtonian) behavior in the analyzed range, i.e. a constant viscosity, independent of the
applied shear rate. Lowering the temperature to T},,,,i drastically changed the behavior of agarose
inks with 3% and 4.5% polymer towards the shear-thinning behavior of a pseudo-plastic fluid.
The 6 % agarose ink still showed Newtonian behavior at shear rates below 100s~! with a viscosity
plateau shifted up by a factor of 3 compared to T,.. The seemingly inconsistent behavior at T},
can be attributed to the different nozzle temperatures used for different agarose concentrations.
When reducing the temperature further, the same shear-thinning behavior was observed for 6 %
agarose as for the other concentrations (see Figure 5.5A-C). The found shear-thinning behavior
of most inks at T,,.,1c is a favorable property for extrusion-based bioprinting, as it contributes to
high-fidelity printing [214].

The measurements with variable temperature (Figure 5.5) confirm the observation of the oscillatory
measurements that the change in material properties is more abrupt in agarose inks than in agar
inks when approaching Tj.;. This observed change of rheological behavior with the reduction
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Figure 5.4 Viscosity curves of all prepared bioinks at 70 °C and the respective nozzle temperature
Thozzie used for printing. Low-melt agarose bioinks at (A) 70°C and (B) Tyo221e are compared
to agar bioinks at (C) 70°C and (D) Tyzz1e. All curves show mean values and the standard
deviation as shaded areas (n = 3).

of temperature can be explained by the onset of gelation. At high temperatures, the agarose
polysaccharide chains behave as random coils. During cooling, the chains start forming double-
stranded helices stabilized by intramolecular hydrogen bonds. At further reduced temperatures, the
helices start to aggregate due to intermolecular hydrogen bonds, forming microcrystalline junction
zones [215-217]. The gelation continues with reduced temperature and leads to a sharp increase in
viscosity when approaching the gel point [217] causing the observed shear-thinning behavior. Agar
inks already showed shear-thinning behavior at 70 °C and only marginally changed their rheological
properties upon temperature reduction to T},,,.;. which can be attributed to the larger difference
between T),..1. and Ty for agar inks.

5.3.1.3 Printability

The printability of different bioinks was compared by printing two standardized test objects, namely
a hollow cylinder and a lattice structure. All prints were carried out at a layer height of 300 um
with a target height of 3mm. Additionally, the lattice structure was printed with a target height of
20 mm only using inks with 6 % polymer. Figure 5.6 shows the resulting prints. For both agarose
and agar inks, the printability was drastically enhanced at higher polymer concentrations, especially
for the lattice structure. While at 3 % polymer, the circular outline merged almost entirely with the
outermost transverse strands, there was a clear separation between outline and inner strands in
prints with 4.5 and 6 % polymer and the extruded strands were thinner in general. The increased
spreading of inks with 3 % polymer did not allow printing structures notably higher than 3 mm
with the employed settings. Lowering the printing speed or the nozzle and cartridge temperature
may reduce the spreading effect and allow the printing of higher objects. More efficient cooling, e. g.
employing a fan, might also contribute, but comes with the drawback of accelerating the drying of the
gel. Grid structures with more layers were printable only with inks containing 4.5 and 6 % polymer.
Figure 5.6 shows grids with a height of 20 mm made from inks with 6 % agarose and agar. In general,
the resolution of the printed objects was relatively low with a strand thickness of roughly 600 to
1000 pm which could be optimized by adding suitable additives like nanosilicates to enhance the
viscosity of the inks. At large, the presented results are in accordance with the rheological analysis,
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Figure 5.5 Flow curves of all prepared bioinks at different temperatures. (A) 3% low-melt
agarose, (B) 4.5 % low-melt agarose, (C) 6 % low-melt agarose, (D) 3% agar, (E) 4.5% agar
and (F) 6 % agar.

as lower viscosities caused reduced printing quality due to increased ink spreading. Despite a lower
measured viscosity at T},,..ie at low shear rates, the 6 % agarose ink showed superior printability
compared to 3% agarose. This behavior contradicts the rheological observations indicating that
the actual extrusion temperature deviated from T},,,.i.- The inks were stored in the cartridge at a
slightly higher temperature (T¢qrtridge) to prevent time-dependent gelation effects. The residence
time of ink within the nozzle was calculated to be between 1.1 to 1.5s (see supplementary material)
which may have been too short to cool the ink to T;,,,.; resulting in a slightly higher extrusion
temperature. Small temperature differences close to Ty can cause strong variations in viscosity
[217] and hence influence the printability significantly. Faster gelation kinetics of the high-polymer
inks may play an additional role.

Compared to the lattice structures, the basic hollow cylinders only showed minor differences between
different polymer concentrations. At 4.5 and 6 % polymer, the single layers were more visible in form
of a ribbed surface, indicating a higher surface area available for mass exchange compared to inks
with 3 % polymer, where the layers were more smoothly merged due to increased ink spreading before
gelation. Excessive ink spreading can also cause a deviation of the actual object height from the
target height defined by the executed gcode. Height measurements with a universal testing machine
indeed revealed a positive correlation between polymer concentration and the height of printed
cylinders, as shown in Figure 5.7A. The maximum difference in height of 14 % was found between
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Figure 5.6 Exemplary prints of low-melt agarose and agar hydrogels with a target height of
3mm (left side) and 20 mm (right side). All prints were carried out at a layer height of 300 pm.
Scale bars represent 5 mm.

cylinders made from 3 and 6 % agarose. Assuming a perfect hollow cylinder, this corresponds to a
difference of 8.7 % in surface area available for mass exchange (see supplementary material).

The presented photographs only allow a qualitative assessment of printability. For further studies
with adapted ink compositions it would be desirable to apply more precise analysis methods that
allow an objective assessment based on quantitative data.

5.3.2 Material properties of agarose and agar hydrogels
5.3.2.1 Mechanical strength

High mechanical strength is not a primary requirement for hydrogels employed in a biocatalytic
reactor unless high operating pressures or shear forces are involved. However, weak hydrogels can
massively impede the handling of printed objects and complicate processing steps like the reactor
assembly or the removal of the printed hydrogel from the printing substrate. As a measure of
mechanical strength, the maximum compression force F},,, before rupture of the gels was determined
using a universal testing machine. Printed hollow cylinders, as used for the printability and activity
studies, were compared to solid cylinders punched out of a layer of cast hydrogel, as shown in
Figure 5.7B and C. Due to the different geometries of the cast and printed samples (solid vs. hollow
cylinders), only trends can be compared, not the absolute values of the measurements.

If extracted from the same source and used at the same concentration, agarose forms stronger
gels than agar [139] due to the lack of non-gelling components like agaropectin [218]. Here, agar
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Figure 5.7 Mechanical testing of low-melt agarose and agar hydrogels. (A) Height of printed
hydrogel cylinders. (B and C) Maximum applicable compression force F,,, before rupture of
(B) printed hollow hydrogel cylinders and (C) cast hydrogel samples. The box plots represent the
median and the upper and lower quartile. The whiskers represent the most extreme value still
within a 1.5-fold interquartile range (IQR) from the upper and lower quartile. All data points
outside the 1.5-fold IQR are depicted as outliers. Each box represents twelve samples (n = 12).
Significant differences between agarose and agar are highlighted by asterisks (p < 0.05).

hydrogels showed a higher tolerable compression force than the respective agarose gels by a factor
of 1.3 to 1.9. This is probably due to the use of an agarose with low melting and gelling point,
prepared by introduction of hydroxyethyl groups into the agarose skeleton which is associated with
a reduction in gel strength [219]. The polymer concentration was positively correlated with F,q,
with a 2.5-fold increase between 3% and 6 % (w/w) polymer for agar hydrogels, independent of the
preparation method. An increased polymer concentration allows the formation of more junction
zones between agarose chains and hence higher stability [220]. For agarose hydrogels, F),,, increased
by a factor of 2.8 for cast samples, but only by a factor of 2.5 for printed samples. This implies that
differences in geometry play an additional role in the stability of the printed cylinders. Reduced
contact areas in samples printed with high-viscosity inks may weaken the integrity of the printed
object, while the increased layer merging of low-viscosity inks may be beneficial for the stability.
In general, the measurements of the printed objects showed higher standard deviations than the
samples punched-out from cast material. This indicates a lower reproducibility and larger deviations
between theoretically identical printed samples which may be influenced by geometric irregularities
due to an unsteady ink flow or material inhomogeneities caused by changing cooling patterns.

It is important to note that the mechanical testing was performed at room temperature and that
employing the hydrogels at elevated temperatures to optimize the enzymatic activity may drastically
reduce the mechanical stability, as discussed in Section 5.3.1.1. Another aspect of mechanical
stability of printed objects is the adherence between layers which was not analyzed quantitatively.
However, it was made sure that the printing temperatures were chosen in a way that guaranteed
the ink to come in contact with the previous layer in a non-gelled state. This allowed the handling
of the printed objects like the transfer from the printing substrate into microplates without any
delamination. Also, the performed compression tests always caused a vertical rupture of the printed
cylinders indicating that the interlayer bonding was not a particular weak spot.
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5.3.2.2 Diffusion characteristics

The immobilization of enzymes by physical entrapment in hydrogels leads to reduced catalytic
efficiency due to mass transfer limitations caused by the hydrogel [12, 193, 221]. To reduce this effect,
a high diffusibility of the hydrogel itself and short path lengths due to appropriate geometries of the
printed object are desirable. The diffusion coefficient of 5(6)-carboxyfluorescein in agarose and agar
hydrogels was determined to assess the effect of different polymer types and concentrations on mass
transfer limitations. 5(6)-carboxyfluorescein is the product of the cleavage of 5(6)-carboxyfluorescein
dihexylester by AaEst2 and was chosen as the analyte, as it is readily available and can be detected
using UV-Vis spectroscopy. Figure 5.8 shows the results of the measurements over a range of 1.5 to
7.5% (w/w) polymer. A decrease of the diffusion coefficient with increasing polymer concentration
could be observed for both hydrogel types. Over the whole analyzed range, the diffusion coefficient
in agar hydrogels was higher than in agarose hydrogels by a factor of 1.4 to 1.7. For both, the
diffusion coefficient dropped by roughly 30 % between 1.5 % and 7.5 % (w/w) polymer.

The observed higher diffusion coefficients in agar hydrogels can be attributed to the expected smaller
pore size of low-melt agarose hydrogels. Both the lack of non-gelling components like agaropectin
[218] in agarose and the chemically modified polymer chains of the low-melt agarose contribute to
this effect [185]. The pore sizes of agarose hydrogels reported in literature are typically by orders of
magnitude larger than small molecules like 5(6)-carboxyfluorescein ((289 &+ 66) nm in 3 % agarose,
(201 £ 36) nm in 5 % agarose [222]). However, increased path lengths due to steric obstruction by
the polymer chains and hydrodynamic drag can reduce the diffusion coefficient [223]. Furthermore,
not only the type of agarose, but also properties of the solvent like ionic strength and process
parameters like cooling speed can strongly influence the molecular structure and hence diffusivity of
the resulting hydrogel [222]. Specifically, low-melt hydroxyethyl agarose is known to form smaller
pores than the unmodified starting product [185] and rapid cooling creates a more uniform agarose
microstructure with thinner fibers and smaller average pore diameters than slow cooling [224]. In
practice, the cooling process is hard to control and can even lead to a heterogeneous pore distribution
within a single sample, as some parts will cool and gel more quickly due to contact with a cold
surface, while other parts are cooled slower by the contact with air or because the core will cool
slower than the surface. This leads to a limited comparability between the samples analyzed here
and printed objects.

5.3.3 Enzyme immobilization within printed agar and agarose hydrogels

The achievable catalytic activity and the amount of enzyme leaching from the material are relevant
criteria to assess the suitability of the studied hydrogels for the application in printed biocatalytic
reactors. Both these properties were examined in microplate-based batch experiments with hollow
printed hydrogel cylinders containing 100nM AaEst2. In comparison to cast samples, printed
hydrogel cylinders offer a more realistic representation of a printed reactor due to the identical
production process and hence similar material properties. During the production process, the
enzyme is exposed to a certain regime of temperature changes which cannot be replicated by using
cast samples and which is especially relevant when using enzymes that are susceptible to thermal
inactivation. Material properties determined by the production process include geometric differences
caused by varying degrees of layer merging or differences in the polymer structure of the hydrogels
as a result of printing temperature and cooling rate during gelation [222, 224, 225]. Thus, the results
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Figure 5.8 Diffusion coefficients of 5(6)-carboxyfluorescein in low-melt agarose and agar hy-
drogels. The data points represent mean values + standard deviation (n = 3). For clarity,
only significant differences to the nearest significantly different data points are highlighted by
asterisks (p < 0.05).

presented here are to be interpreted as a function of not only polymer type and concentration but
also various other process- and material-related parameters.

5.3.3.1 Leaching

Enzyme-laden hydrogel cylinders were immersed in buffer for 120 min and samples of the supernatants
were analyzed for leached enzyme using activity assays. Figure 5.9 shows the acquired results.
Only a low amount of enzymatic activity was observed in the supernatants of agarose hydrogels
(below 0.03 nM/min), but values between 1.16 pM/min and 1.20 pM/min were determined for the
supernatants of agar hydrogels. For both hydrogel types, no significant differences between different
polymer concentrations were found. The substantial enzyme leaching observed for agar hydrogels
indicates that no sufficient enzyme retention was achieved. In perfusable reactors, the degree of
leaching would be even higher than in the static experiment performed here. This demonstrates the
poor suitability of agar hydrogels in this context.

The immobilization of enzymes within hydrogels is based on the physical entrapment of the enzymes
within the polymer fibre network and does typically not involve chemical or adsorptive interactions
[226, 227]. Thus, the pore size of the polymer network is the main factor influencing the retention of
the enzyme within the hydrogel. The minimum diameter of AaEst2, as calculated from its molecular
weight of 34 kDa [83], is 4.3 nm [228], although the effective hydrodynamic diameter can be assumed
to be substantially larger. Still, AaEst2 is considerably smaller than the typically reported pore sizes
of agarose hydrogels (e.g. (201 £ 36)nm at 5% agarose, determined by atomic force microscopy
[222]) making an effective and permanent retention of AaEst2 by physical entrapment in standard
agarose implausible. However, the actual pore size of agarose hydrogels depends strongly on a
number of factors like gelation speed [224, 229] and expression organism, as agarose can be extracted
from a variety of algae [218]. In the present study, the probably most relevant factor is that a
chemically modified low-melt hydroxyethyl agarose was used which typically forms smaller pores,
depending on the degree of substitution [185]. The hydroxyethyl substitution and the lack of
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Figure 5.9 Activity assay of supernatants incubated with enzyme-laden hydrogel cylinders made
from inks based on low-melt agarose and agar. Different amounts of leaching can be observed
for different hydrogels. The data points represent mean values + standard deviation (n = 3).
Significant differences between polymer concentrations are marked by asterisks (p < 0.05).

non-gelling components in low-melt agarose are likely reasons for the observed low amount of leached
enzyme compared to agar-based hydrogels. A previous study has shown that AaEst2 is washed out
from hydrogels of 3% (w/v) low-melt agarose over longer time periods when employed in perfused
microreactors [85]. As the use of low-melt agarose has the disadvantage of limited applicability at
high temperatures, alternatives with both high enzyme retention and temperature stability may be
desirable. Agarose derivatives that can be crosslinked for higher temperature stability or that offer
reaction sites for covalent attachment are potential candidates for this objective [227].

5.3.3.2 Enzymatic activity in hydrogels

Activity assays with hollow cylinders containing 100 nM AaEst2 were performed in order to compare
the maximum enzymatic activity in different hydrogels. Figure 5.10 shows the results for agarose
and agar at three different polymer concentrations and six different substrate concentrations. The
resulting kinetics resemble the form of a Michaelis-Menten equation and were fitted accordingly. For
both polymer types, there was a slight trend of reduced activity with increasing polymer concentra-
tion, as shown in a trend analysis in the supplementary material. This trend is attributable to the
reduced diffusibility and hence higher mass transfer limitation of hydrogels with increased polymer
concentration, as presented in Figure 5.8 and discussed above. Across all polymer concentrations,
the measured maximum activity of agar hydrogels was roughly twice as high as the activity of the
respective agarose samples. Here again, the higher diffusibility of agar hydrogels plays a role, as it
allows a higher enzymatic activity due to higher mass transfer rates. However, the more important
aspect is most likely the leaching of enzyme from agar hydrogels (Figure 5.9). The leached enzyme
can accumulate in the supernatant and catalyze the reaction without the mass transfer limitations
of the hydrogel, resulting in a higher activity of the sample. A quantification of the two effects is
not possible with the available data, as the supernatant was only sampled after an incubation time
of 2h. Other possible, but probably minor influences include different surface areas and cylinder
heights of the hydrogel samples caused by printing irregularities. Variable printing temperatures
are unlikely to cause differences in activity, as AaEst2 is thermostable at 70 °C for at least several
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Figure 5.10 Activity assays of printed low-melt agarose and agar cylinders containing 100 nM
AaEst2 and (A) 3%, (B) 4.5% and (C) 6 % polymer. The data points represent mean values +
standard deviation (n = 3) and were fitted with a Michaelis-Menten equation. 95 % confidence
intervals are displayed as shaded areas.

hours [83]. At first glance, the results of the activity assays imply agar hydrogels to be the superior
material due to the enhanced activity. However, taking enzyme leaching as the most probable reason
for the obtained results into account, the enhanced activity is merely a symptom of the unsuitability
of agar as an immobilization matrix for AaEst2. Applied in a perfusable reactor, these hydrogels
would lose enzyme and hence catalytic activity quickly, failing to provide reusability which is the
main advantage of enzyme immobilization. This shows that results of batch experiments cannot be
considered alone, but have to be evaluated in the context of additional factors like enzyme leaching.

5.3.4 Further considerations

Besides the already analyzed and discussed aspects like diffusibility, leaching and enzymatic activity,
several additional factors may be worth considering when choosing an appropriate ink.

The different viscosities of inks with varying polymer concentration do not only affect the printability,
but can influence the handling and processability of these inks during preparation. Low viscosity
inks with a low gelling point (e. g. 3 % agarose) can be easily transferred between different containers
like the mixing vessel and the printing cartridge, even with pipettes. The handling of highly viscous
inks with a high gelling point (e.g. 6 % agar) is more difficult and there may be a significant loss of
material during preparation which is problematic when working with costly or scarcely available
enzymes.

In previous studies, cartridges with enzyme-laden low-melt agarose-hydrogels were prepared for
stock and reliquefied as needed [85, 130]. This approach allows a high flexibility of the printing
process and rapid, on-demand production of enzymatically active hydrogel structures. The high
temperatures required to reliquefy agar hydrogels would inactivate most enzymes, making this
approach inapplicable in combination with agar-based inks.

For the operation of biocatalytic reactors, the working temperature is a crucial parameter to achieve
high activities. The temperature stability of agar hydrogels allows higher working temperatures

92



Chapter 5 — Agarose- and Agar-Based Inks for Extrusion-Based Bioprinting

than could be achieved with low-melt agarose hydrogels. For AaEst2 with its temperature optimum
of 70°C [83], only agar hydrogels allow an operation at ideal conditions.

All discussed advantages and disadvantages of hydrogels made from low-melt agarose and agar are
qualitatively summarized in Table 5.2.

Table 5.2 Qualitative ratings of low-melt agarose and agar bioinks regarding a range of criteria
determining their suitability for the printing of biocatalytically active hydrogels.

Agarose Agar

3% 45% 6% 3% 45% 6%
Printability — o + — o 4
Mechanical stability —— — + — + 4
Avoidance of leaching ++  ++ 4+ -
Enzymatic activity o o o + 4 4!
Handling and processability ++ + — o — -
Reliquefaction with enzyme + + + e
Temperature stability of hydrogel — - - + + +

!Determined enzymatic activity of agar hydrogels was increased due to enzyme leaching.

5.4 Conclusion and outlook

The present study compares bioinks with regard to their suitability for the extrusion-based 3D
printing of enzymatically active hydrogels. Inks with different concentrations of either low-melt
agarose or agar were investigated. A customized printer setup including a heatable nozzle and a
cooled substrate was established. Compared to previous publications employing 3 % agarose inks
and a nozzle without thermal control [85, 130], the newly established setup allowed cleaner and
more defined prints without uncontrolled pre-gelation and nozzle clogging. The gel and melting
points and the flow behavior of all inks were analyzed using rheological methods. Based on this,
suitable printing parameters were determined individually. All bioinks were found to be sufficiently
printable to create lattices without overhangs and a height of at least 3 mm with 300 pm layers, but
the printing quality was strongly enhanced at 4.5 % polymer or more.

The produced hydrogels were characterized regarding mechanical strength and diffusibility. For
both properties, a correlation with polymer concentration was observed with highly concentrated
hydrogels being more stable and less diffusible. Agar hydrogels were found to be more stable and
allow higher diffusion rates of 5(6)-carboxyfluorescein than comparable agarose hydrogels. Enzyme
leaching was identified as a major drawback of agar hydrogels, while hardly any leaching from the
agarose hydrogels was detected. The leached enzyme is most probably the dominant cause for
the observed superiority of agar hydrogels in the performed batch activity assays. This indicates
the limited suitability of agar hydrogels for perfused biocatalytic reactors, as the enzyme would
be washed out over time. The activity assays showed a small effect of polymer concentration on
enzymatic activity.

In summary, agarose inks with at least 4.5 % polymer were found to be the most suitable of the
investigated inks for the printing of biocatalytic reactors with AaEst2 due to their superior printability
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and leaching behavior. Drawbacks of the low-melt agarose hydrogels are limited mechanical and
thermal stability, not allowing the operation of a reactor at the optimum temperature of AaEst2
which is above the melting point of the tested low-melt agarose.

The observed limitations of the inks could be addressed by a systematic optimization of the
ink formulation. Rheological additives could enhance process robustness and printability and
enable the manufacturing of more sophisticated geometries including overhangs. Quantitative
fidelity measurements should be applied to assess and compare the printability of modified inks.
Functionalization of the agarose with polymerizable groups or adding additional monomers would
allow a post-curing step that may increase mechanical strength, reduce leaching even further and
enable reactions at higher temperatures by enhancing the melting point. Such modifications should
be finely tuned to minimize potential enzymatic inactivation by free radicals. Blends of low-melt
agarose with agar or unmodified agarose could be used to create inks with defined melting and
gelling properties. In order to improve the reaction conditions, systematic screenings of pH, ionic
strength and temperature could be performed based on the presented activity assay method.
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Abstract

Extrusion-based printing relying on pneumatic dispensing systems is the most widely employed tool
in bioprinting. However, standardized and reliable methods for process development, monitoring
and control are still not established. Suitable printing parameters are often determined in a trial-
and-error approach and neither process monitoring nor real-time adjustments of extrusion pressure
to environmental and process-related changes are commonly employed.

The present study evaluates an approach to introduce flow rate as a main process parameter
to monitor and control extrusion-based bioprinting. An experimental setup was established by
integrating a liquid flow meter between the cartridge and nozzle of a pneumatically driven bioprinter
to measure the actual flow of dispensed ink in real-time. The measured flow rate was fed to a
Python-based software tool implementing a proportional-integral-derivative (PID) feedback loop
that automatically and dynamically adapted the extrusion pressure of the bioprinter to meet a
specified target flow rate.

The performance of the employed experimental setup was evaluated with three different model inks
in three application examples. a) Continuous dispensing: Several runs of continuous dispensing
showed that the PID-based pressure control was able to generate a steady flow rate more consistently
and precisely than constant pressure settings. b) Adaptation to ink inhomogeneities: Deliberately
created ink inhomogeneities were successfully compensated for by real-time pressure adjustments
which profoundly enhanced the printing quality compared to printing without adaptive pressure. c)
Process transfer to other nozzle types: Experiments with different nozzle types demonstrated the
potential of the established setup to facilitate and accelerate process transfer and development.

The present study provides an alternative approach for process design, monitoring and control by
introducing flow rate as a main process parameter. We propose bioprinting processes to be based
on flow rate specifications instead of constant pressure settings. This approach has the potential to
save time by avoiding tedious parameter screenings and to introduce an active, real-time control
over the printing process. Subjective influences by individual users during process development
can be reduced and the process transfer between different devices and experimental setups can be
facilitated and accelerated.

6.1 Introduction

Additive manufacturing, or 3D printing, is a collective term for a variety of fabrication techniques to
produce three-dimensional objects by gradually adding material in a layer-by-layer buildup process
[15]. 3D printing is already established in areas like mechanical engineering and the aerospace
industry and is increasingly spreading into other fields like biotechnology [46, 230-232]. Novel
applications in disciplines such as tissue engineering [72], smart materials [233] or bioprocess
engineering [100, 193] already show the potential of this technique. Tissue engineering aims at
designing artificially made and functional substitutes to restore, maintain or support the function of
natural tissues [234]. The fabrication of such substitutes requires the embedding of living cells within
a supporting matrix material mimicking the natural environment of living tissue [101]. Hydrogels
are typically chosen for that purpose due to their aqueous nature and high biocompatibility [101].
Another common application for hydrogels is the immobilization of enzymes by physical entrapment
[91]. Hydrogels or hydrogel precursor solutions are often employed in bioprinting, an interdisciplinary
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field combining 3D printing and biofabrication with the objective to print biologically functional
constructs like living tissues [73]. In this context, the hydrogel precursor solutions are typically
referred to as bioinks when containing living cells, or as biomaterial inks if they are cell-free [235].
Depending on the field of application and the printing method, bioinks need to meet certain criteria
like cytocompatibility, specific rheological properties and the ability for crosslinking [73]. To meet
these requirements, bioinks are often hybrid materials containing several components like polymers,
rheological additives and crosslinkable components. The polymers can be synthetic, e.g. based
on polyethylene glycol (PEG) or poloxamer, or naturally derived, e.g. based on agarose, alginate,
chitosan, hyaluronic acid, fibrin, or collagen. Depending on the intended use, the polymers can be
chemically modified and, for example, ligands for cell adhesion can be incorporated. The polymers
can be crosslinked physically, chemically, thermally, enzymatically or by photopolymerization [70,
236]. Certain hydrogels, e.g. based on poloxamer, are also used as a sacrificial support material
that is removed after printing [237].

In bioprinting, a variety of methods like inkjet-, laser- or stereolithography-based bioprinting is
available. The most common method, especially in cell-based printing, is extrusion-based bioprinting
(EBB) [73] which relies on a steady flow of material being dispensed from a cartridge. EBB methods
can be classified by the employed dispensing system which can be based on pneumatic or mechanical
extrusion, with each method having different advantages and disadvantages [72, 73|. Pneumatic
systems use pressurized air to extrude material, while mechanical systems are driven by a piston or
a screw [73]. Piston-based systems theoretically allow a more precise control of the extruded volume
as the flow rate is directly correlated to the movement of the piston and the cartridge dimensions.
The flow rate can be set independently of the material by defining the piston speed, but there is
a tendency of lagging leakage at the end of an extrusion process which can be counteracted by
retracting the piston or adding a valve [74, 75]. Screw-based systems allow excellent control of
the extruded volume, but cleaning the system is tedious and often accompanied by a high loss of
material due to dead volume [76]. This may be problematic when working with costly bioinks and
slowly growing cells. The screw-driven mechanism induces higher shear forces which can result in
increased cell damage, depending on the design of the screw and the printing conditions [77].

Pneumatic dispensing is widely employed due to its simplicity [72], but it is prone to delays due
to the compression of gas volume within the cartridge which can reduce the printing precision
[68, 70]. In pneumatic dispensing systems, the resulting flow rate cannot be controlled directly,
as it is not only dependent on the applied pressure, but also on the rheological properties of the
bioink and the components of the experimental setup like the nozzle. This makes the method
susceptible to unintended variations of the experimental conditions. Therefore, environment-related
parameters like temperature or humidity, system-related parameters like cartridge fill level, or
material-related parameters, such as inhomogeneities or batch-to-batch variations of the bioinks,
can have a relevant effect on the generated flow rate and hence the outcome of the printing process
[238-242]. Compensating for such variations may require a change in extrusion pressure to achieve
the desired flow rate. However, the most common approach to bioprinting process development is
to define constant printing parameters or working windows either systematically or by trial and
error [239, 242, 243]. These approaches are usually based on indirect parameters like rheological
properties of inks [239] or qualitative aspects like filament formation [107]. Other methods include
the analysis of strand widths [244] or filament fusion [242] by structural image analysis. In order
to handle variations of bioink properties or environmental conditions, all these approaches may
require parameter screenings before performing a printing run, depending on the robustness of
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the process. An alternative approach is to reduce the environmental variations to a minimum by
placing the bioprinter in a temperature- and humidity-controlled environment [245]. However, both
strategies cannot equally handle both batch-to-batch variations of the bioink and time-dependent
environmental changes.

Direct real-time monitoring of bioprinting processes is relatively uncommon, but previous studies
have shown that liquid flow sensors can be employed to monitor the flow rate during bioprinting
and to observe batch- and time-related changes in the relation of pressure and flow [246, 247]. Flow
sensors are currently used for industrial applications in the automotive, oil and gas industry, but
also in the food and beverage and pharmaceutical industry [248-254]. A range of different flow
sensors are available which can be classified based on the employed measurement principle. Thermal
flow sensors derive the flow rate from the travel time of heat pulses or the temperature profile
around a heater [255]. Non-thermal sensors are based on other physical principles [255]. Today, very
small flow meters can be produced with many advantages such as a lack of moving parts, better
dynamic characteristics, low power consumption, low cost and easier integration into other systems
[256]. Progress in the production of microelectromechanical systems allowed the development of
micromachined thermal flow sensors which can be applied in the medical field to monitor blood and
respiratory flow or drug delivery [252, 257, 258].

While it has been shown that flow sensors can be employed in bioprinting for process monitoring
[247], there is still no demonstration of how to use the flow data obtained during extrusion in
order to dynamically adapt the pressure and create a steady flow, independent of interference
factors like temperature, cartridge fill level and other parameters. The present work introduces an
experimental setup including a liquid flow sensor as a part of a feedback-loop controlling the pressure
of a pneumatically driven bioprinter. A Python-based software tool is developed to read and record
the sensor data and to generate a steady flow rate by continuously adapting the pressure based on
on a proportional-integral-derivative (PID)-controlled feedback loop. The developed setup is tested
with three different model inks, two of which are based on the synthetic polymer poloxamer 407
(also known as Pluronic®F-127 or Kolliphor®P407) in different concentrations. Poloxamer 407 inks
are suitable model inks due to their excellent printability and simple preparation [237, 239, 259].
Additionally, an ink based on the natural polymer alginate and the additive Laponite® RD is
investigated. Alginate is a very common component of bioinks due to its gelling properties [260-263]
and Laponite® RD is typically employed as an inorganic filler to increase viscosity and enhance
printability [100, 264, 265]. The performance of the employed adaptive pressure control setup was
investigated in three application examples. a) Continuous dispensing: The general behavior of
the flow sensor and the ability of the PID control to generate a constant flow were tested using
continuous dispensing runs. b) Adaptation to ink inhomogeneities: The suitability for realistic
printing applications was tested by printing from a cartridge with an intentionally inhomogeneous
ink created by alternating layers of poloxamer 407 inks of different concentrations. c) Process
transfer to other nozzle types: As an example for process transfer, the ability of the setup to adapt
to different nozzle types was tested. An overview of the employed workflow is depicted in Figure 6.1.
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Figure 6.1 Schematic of the workflow applied in the present study. Three different inks are
prepared and analyzed with rheological methods. A Python-based software tool is developed
that implements a PID control loop to continuously adapt the extrusion pressure of a pneumatic
bioprinter based on real-time data from a liquid flow meter. The integrated PID control setup
is evaluated in three separate application examples.

6.2 Materials and methods

6.2.1 Ink preparation

Sodium alginate and poloxamer 407 were both obtained from Sigma Aldrich (St. Louis, USA) and
Laponite® RD from BYK-Chemie GmbH (Wesel, Germany). Three different inks were prepared
by dissolving the appropriate amounts of the respective components in ultrapure water (arium®
pro VF, Satorius AG, Géttingen, Germany) and mixing at 3500 rpm in a SpeedMixer® (Hauschild
GmbH & Co. KG, Hamm, Germany), until a homogenous mixture was obtained. Poloxamer-based
inks were cooled in an ice bath between mixing steps to increase solubility. Three different ink
compositions were prepared, the first one containing 30 % (w/w) poloxamer 407 (P30), the second
one 25 % (w/w) poloxamer 407 (P25) and the third one 2% (w/w) sodium alginate with 7% (w/w)
Laponite® RD (A2L7). An overview of the employed inks and their components is given in Table 6.1.
The prepared inks were filled into 10 mL cartridges (Nordson Corporation Westlake, USA) and
centrifuged at 600 g for 10 min to minimize the amount of entrapped air bubbles. The cartridges
were sealed with pneumatic pistons (Nordson Corporation Westlake, USA) for printing.
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Abbreviation Poloxamer407  Alginate  Laponite® RD Extrusion pressure

(% (w/w)) (% (w/w)) (% (w/w)) (kPa)
P30 30 — — 436
P25 25 — — 256
A2L7 — 2 7 329

Table 6.1 Ink compositions with the corresponding extrusion pressure, as employed for printing
runs with a constant pressure setting. The pressure was determined from the first adaptive
dispensing run with a 1inch nozzle and a target flow rate of 300 uL/min by averaging the
applied pressure over a period of 10 min.

6.2.2 Rheology

The rheological behavior of P30, P25, and A2L7 was investigated using the rheometer Physica
MCR301 (Anton Paar GmbH, Graz, Austria). A setup with parallel stainless steel plates with a
diameter of 25 mm was employed for all rheological experiments. The gap width was 150 pm and all
measurements were performed at 20 °C as technical triplicates (n = 3).

Yield stress values were determined from shear stress-controlled rotational tests. The deformation
was plotted against shear stress on a logarithmic scale. The yield stress was determined by fitting
the two linear regions of the plot with tangents and calculating the shear stress at their point of
intersection.

Oscillatory measurements were performed with controlled shear stress 7 in a range of 1 to 1000 Pa
at an angular frequency of w = 10s~!. For each measurement, the loss factor tan § = G” /G’ was
determined by averaging G’ and G” in the region from 7 = 10 Pa to 7 = 100 Pa which was within
the linear viscoelastic (LVE) region and low in noise for each measurement.

6.2.3 Adaptive PID pressure control: hardware and software setup

The main objective of the present study was to establish a tool that enables flow-based process
control for pneumatic extrusion-based bioprinting. The approach was to employ a software-based
proportional-integral-derivative (PID) control that uses input data from a liquid flow meter to adapt
the extrusion pressure of a pneumatic bioprinter in real-time. The components of the established
setup and their interactions are described in the following sections.

6.2.3.1 Hardware configuration

All conducted dispensing and printing experiments were performed on a BioScaffolder 3.1 bioprinter
(GeSiM mbH, Radeberg, Germany) with three pneumatic extrusion heads. An SLI-1000 liquid
flow meter (Sensirion, Stéifa, Switzerland) was employed to measure the flow rate of inks during
printing. The SLI-1000 contains a straight glass capillary with an inner diameter of 1 mm and is
specified for flow rates up to 1000 pL/min with water. The sensor relies on calorimetric sensing,
a measurement principle that derives flow rates from thermal profiles forming around a heating
element depending on the current fluid flow [256]. In the case of the Sensirion SLI-1000, two thermal
sensors are placed up- and downstream of the heating element to detect the thermal profile, as
indicated in Figure 6.2A. The flow sensor was attached below one of the extrusion heads of the
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Figure 6.2 (A) Schematic representation of the thermal measuring principle of the liquid flow
meter. Adapted from Schnell et al. [266] and Kuo et al. [256]. (B) 3D visualization of the
arrangement of the hardware components of the PID control setup. The sensor is attached
below the extrusion head of the bioprinter using a 3D-printed mount. The right part of the
mount is shown as transparent to reveal the flow sensor. A cartridge is connected to the sensor
inlet on the top, a nozzle to the outlet at the bottom. The CAD file of the sensor was obtained
from Sensirion [267]. (C) Printer cartridge filled with alternating layers of P30 (blue) and
P25 (red). The layered material served as a performance test for the PID-controlled printing
setup. (D) Dispensing tips used in this study, from left to right: 1.5inch straight nozzle, 1inch
straight nozzle, tapered nozzle. All nozzles had an orifice diameter of 0.58 mm. Depending on
length and geometry, even dispensing tips with identical orifice diameter can generate massively
different back pressures.

BioScaffolder using a customized, 3D-printed mount. A USB cable enabled the communication
between flow sensor and computer via RS485 interface.

The arrangement of the components allowed a cartridge to be directly attached to the inlet on
the upper side of the liquid flow meter and a nozzle to the outlet at the bottom side. The setup
reduced the amount of available space in the z-direction, but otherwise enabled unrestricted printing.
Figure 6.2B shows the employed setup while printing a hollow cylinder.

6.2.3.2 Software development

A software tool based on Python 3.8.5 (Python Software Foundation, Delaware, USA) was developed
to integrate the liquid flow meter and the pneumatic extrusion bioprinter into a PID-controlled
feedback loop that constantly adapts the extrusion pressure to keep the resulting ink flow at a
constant target value. A scheme representing all the components involved in the PID control and
their interactions is shown in Figure 6.3. In short, the user sets the target flow rate and PID
parameters using a graphical user interface (GUI). The Python-based software receives real-time
data from the liquid flow meter which is converted to flow rate values using imported calibration
curves. To generate the desired target flow rate, the software-based PID control constantly adapts
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Figure 6.3 Schematic of the interactions between the relevant components of the PID control
setup.

the pressure by sending commands to the GeSiM Robotics software which controls the GeSiM
BioScaffolder. The flow rate and pressure settings are stored and exported for later evaluation.

Graphic user interface For easy interaction with the user, a graphical user interface (GUI)
was developed that allowed controlling the flow sensor, performing calibrations and adjusting the
PID control. Figure 6.4 shows the GUI of the developed Python tool with the GUI of the GeSiM
Robotics software in the background. The GUI was split in several sections. The top left section
provided the flow sensor control panel including buttons to connect and disconnect and to start
and stop measurements. The COM port of the flow sensor and the appropriate ink calibration
could be selected from drop-down menus. Depending on the selection, the ink-specific calibration
data necessary to convert the sensor output to flow values were loaded from an external Excel file.
Section 6.2.4.1 describes how the calibration data were generated using a syringe pump and an
adapted version of the Python tool. Below the sensor control panel, the GUI showed a graph with a
live view of the current flow measurement.

Another control panel to perform pressure-flow calibrations was located in the top right part of
the GUI, accompanied by an additional graph showing the determined calibration points with
the respective calibration curve. This feature allows determining the correlation between applied
pressure and resulting flow rate for a specific ink and experimental setup. Within the scope of
this paper, this feature was not applied but it may be used to characterize the flow behavior of
inks under certain conditions. The bottom part of the GUI accommodated the PID control panel
including buttons to start and stop the PID control and the extrusion process. Input fields allowed
setting the target flow rate and the PID parameters.

Device communication Communication between the Sensirion SLI-1000 liquid flow meter and
Python could be established by customizing code provided by Sensirion. The code was based on the
pySerial package (version 3.5) which enables communication over the serial port. While running,
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Figure 6.4 Screenshot of the graphical user interface of the Python-based PID control tool.
The example shows the calibration of the ink P30. The left graph represents a live view of the
flow measurement data, the right graph shows data points obtained during the calibration. The
GeSiM Robotics software being automatically operated by the Python tool is visible in the
background.

the software constantly read out the current flow from the liquid flow meter at a rate of roughly
five readings per second. During printing processes, the pressure is frequently turned on and off
when switching from one strand or layer to the next. These switching operations are accompanied
by a drop in flow rate that is irrelevant to the PID control. To ignore these irrelevant data points,
only flow rate values larger than 3 % of the sensor output limit were regarded as valid. To ignore
spikes in flow rate that sometimes occurred with the switching operations, all data points deviating
from the previous data point by more than 20 % relative to the sensor output limit were regarded
as invalid. Besides the raw flow rate data, an additional curve with smoothed data was plotted in
the live view of the GUI. The smoothed data was obtained by determining a rolling average over
the last 15 valid data points.

Direct communication between Python and the BioScaffolder 3.1 allowing real-time changes in
pressure could not be established. As a workaround, the GeSiM Robotics software controlling the
BioScaffolder was automatically operated by Python to trigger pressure changes. For this purpose,
the PyAutoGUI package (version 0.9.52) was employed that allows performing automated operations
on third-party GUIs like clicking buttons or entering text into input fields. This workaround allowed
controlling the extrusion pressure of the BioScaffolder indirectly via Python, even during an active
printing process.

PID-based pressure control The software-based PID control loop was implemented in Python
using the package simple-pid (version 0.2.4). In the active state, the PID loop was fed every
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Table 6.2 Proportional, integral and derivative gain, as applied for all experiments involving
the PID control for automatic pressure adjustment.

Gain parameter Value

K, (proportional)  0.02
K; (integral) 0.06
K, (derivative) 0.00

0.25s with the last valid data point and the pressure in the Gesim Robotics software was updated
every 0.5s based on the output of the PID loop. Suitable PID control parameters (proportional,
integral and derivative gain) were determined iteratively by trial-and-error and kept constant for all
performed experiments, as shown in Table 6.2.

The applied PID algorithm of the simple-pid package is based on the controller output function

de(t)
dt

u(t) = Kpe(t) + K, /0 et + Ky (6.1)

with the gain parameters K, (proportional), K; (integral) and K, (derivative) and the error term

e(t) = r(t) — y(t) (6.2)

where r(t) is the reference input and y(t) is the process variable [268, 269]. In the given case, u(t)
is used as an input variable for the printer to set the current extrusion pressure, r(t) is the set point
of the flow rate for the PID control and y(t) is the flow rate measured by the flow sensor. The
integration of the PID controller within the experimental setup and the interaction between the
components and their respective input and output variables is schematically shown in Figure 6.5.

6.2.4 Application of the adaptive pressure control
6.2.4.1 Flow sensor calibration

The employed liquid flow meter SLI-1000 determines flow rates indirectly from heat distribution
profiles within the fluid [270]. As such, it is substantially influenced by the specific thermal
conductivity properties of the specific fluid [256] and requires individual calibrations when working
with a variety of inks. Accordingly, calibration curves were determined for P30, P25 and A2L7 that
allowed converting the sensor output data to flow rate values. To generate a defined volumetric flow
rate through the SLI-1000 liquid flow meter, a Nemesys 290N syringe pump with a 10 mL syringe
(both Cetoni GmbH, Korbufien, Germany) was employed. A slightly adapted version of the described
Python software tool was applied to record the output data of the sensor and to adjust the syringe
pump to different flow rates by operating the control software of the syringe pump (QmixElements,
version 20140605). A screenshot of the software tool and the QmixElements software is shown in
the supplementary material. Data points for the calibration curves were determined by setting
a fixed flow rate for 30s and determining the mean value of the sensor output of the last 20s of
this period. The flow rate was increased step-wise, until the sensor output limit was reached. The
obtained data points were fitted with a linear equation. The resulting calibration curves are shown

108



Chapter 6 — Automated and Dynamic Extrusion Pressure Adjustment

PID controller

—> Proportional:  Kpe(t) ——
4 Actual
r(t e(t u(t i
(t) + ~ (1) el G fot e(t)dt + 0 (1) Printer ink flow
Flow rate 4 Flow rate Pressure
setpoint error setting
— Derivative: Ky d‘;(tt)
y(t)
Flow sensor ~—
Flow rate
measured

Figure 6.5 Schematic block diagram of the employed PID feedback loop showing the interaction
between printer, flow sensor and PID controller in combination with the respective input and
output variables. Scheme adapted from [268, 269].

in the supplementary material and the equation parameters were stored in an Excel file that served
as an input for the Python-based PID software tool.

6.2.4.2 Continuous dispensing

Continuous dispensing runs were performed as an initial performance test of the adaptive pressure
control. For each ink, three runs were carried out with active PID control and three runs with
a constant pressure setting (n = 3). Ink was dispensed from a 10 mL cartridge continuously for
30 min through a 1inch straight nozzle with an inner orifice diameter of 0.58 mm (Vieweg GmbH,
Kranzberg, Germany, see Figure 6.2D). During the runs with adaptive pressure, a target flow rate
of 300 nL./min was specified and the pressure was continuously adapted by the Python-based PID
control tool described in Section 6.2.3.2. The applied pressure of the first run with adaptive pressure
control was averaged over a period of 10min and used as the pressure setting of the runs with
constant pressure. The obtained constant pressure settings are presented in Table 6.1.

6.2.4.3 Adaptation to ink inhomogeneities

To verify the capability of the PID control to generate a constant flow independent of changing
rheological properties of the ink, two cartridges were filled with alternating layers of P30 and P25.
In order to highlight the different layers optically, P30 was spiked with blue and P25 with red food
coloring. Before the cartridge was filled, the inks were liquefied by cooling to allow the handling with
pipettes. After addition to the cartridge, each layer was allowed to solidify at room temperature,
before the next layer was added. At the bottom of the cartridge was a layer of 2mL P30, followed
by 4 alternating 1 mL layers of P25 and P30, and at the top was a 2mL layer of P25. A photograph
of one of the cartridges is shown in Figure 6.2C.
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Hollow cylinders with a diameter of 10 mm and a height of 3 mm were printed as simple test objects
onto a glass plate heated to 35°C to avoid ink spreading. The layer height of the cylinders was
300 pum and the printing speed 10 mm/s. All prints were carried out with a straight 1inch nozzle
with an inner orifice diameter of 0.58 mm. One cartridge was used for each printing run. To evaluate
the performance of the adaptive pressure control, the first run was performed with active adaptive
pressure control and a target flow rate of 300 nL/min. Before starting the printing process, the
adaptive pressure control was run for 30 to 60s, until a constant flow was reached. The second
printing was carried out with a constant pressure of 436 kPa which was determined to be suitable
for P30 during the continuous dispensing runs (see Table 6.1).

6.2.4.4 Process transfer to other nozzle types

To investigate whether a flow rate-based process control facilitates the process transfer between
different nozzle types, additional prints of hollow cylinders were carried out with the already
employed 1inch straight nozzle, a 1.5inch straight nozzle and a tapered nozzle, all with an inner
orifice diameter of 0.58 mm and obtained from Vieweg GmbH. The three nozzle types are depicted in
Figure 6.2D. Again, runs with adaptive pressure control were compared to runs with fixed extrusion
pressure. With every run, two 3 mm high cylinders with a diameter of 10 mm and a layer height
of 300 um were printed at a speed of 10mm/s on a plate heated to 35°C. Before the runs with
adaptive pressure control, the target flow rate was set to 300 pL/min and the adaptive pressure
control was run for 30 to 60s, until a constant flow was reached. The runs with constant pressure
setting were carried out with the pressure that was determined to be suitable for the respective ink
in combination with the 1inch straight nozzle during the continuous dispensing runs (see Table 6.1).

6.3 Results and discussion

6.3.1 Implementation of the experimental setup

As the application of flow sensors is not not an established practice in 3D bioprinting, a customized
setup was designed to implement a Sensirion SLI-1000 liquid flow meter on a GeSiM BioScaffolder
3.1 bioprinter. As shown in Figure 6.2B, the flow sensor was attached between the cartridge and the
nozzle using a 3D-printed mount which allowed fast and easy assembly. However, the arrangement
added a certain amount of complexity and some disadvantages to the experimental setup. The
height of the sensor of 53 mm caused a reduction of available space in the z-direction despite the
cartridge being mounted above its default location. The capillary of the sensor and the required
Luer lock adapters added some dead volume which may be problematic when working with costly
bioinks and sterile operation of the setup was made more difficult. These disadvantages can largely
be attributed to the lack of optimization of the established setup. The employed flow sensor was
neither optimized for the use with hydrogels, nor for the interoperability with a bioprinter. A more
wide-spread application of flow sensors in bioprinting would require targeted adaptations like a
reduction in size and cost. Smaller sensors with Luer locks would reduce both space requirements
and dead volumes. Lower cost could enable the use of flow sensors as disposable products to simplify
sterile operation.

The calibration of the flow sensor with different inks revealed a strong influence of the material
on the measurements. The calibration curves for P30 and P25 could be fitted well (R? = 0.9989
and 0.9987) with an equation of the form y = max, while A2L7 required an additional y-intercept
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Figure 6.6 Shear stress-controlled oscillatory measurements showing the storage modulus G’
and loss modulus G” for all prepared inks at an angular frequency of w = 10s~!. The results
are depicted as mean values, the shaded areas represent the standard deviation (n = 3).

(y = ma + ¢) which led to invalid measurement values at low flow rates and has to be considered
when assessing the validity of measurements.

6.3.2 Rheology

The rheological behavior of inks is one of the most relevant factors determining printability in
extrusion-based bioprinting. The characteristics of the inks employed in this study were analyzed
with oscillatory and rotational measurements. The storage and loss moduli (G’ and G”) and the
loss factor tan § were determined in oscillatory measurements. Figure 6.6 shows the performed
amplitude sweeps in a range of 1 to 10000 Pa. For all samples, the storage modulus G’ was higher
than the loss modulus G” within the linear viscoelastic region, indicating a gel-like behavior for all
investigated inks. The exact ratio of G’ an G” is expressed in the loss factor tan 6 = G”/G’ and
was derived from the same measurements. The resulting values of tan § are shown in Figure 6.7,
alongside the yield stress values determined in rotational measurements. Gel-like behavior is implied
by tan § < 1 and lower values indicate a stronger dominance of elastic properties over viscous
properties [241]. The lowest tan ¢ was found for P30 with 0.060 & 0.006 and the highest for A2L7,
but all samples were below tan § = 0.17 showing a strong dominance of elastic properties. The same
trends are represented in the yield stress which was highest for P30 at (861 + 32) Pa and lowest
for A2L7 at (474 £ 5)Pa. A yield point could be detected for all inks. The results demonstrate
the general suitability of the employed inks for bioprinting applications, as they all showed gel-like
behavior (tan 6 < 1) and the presence of a yield point. High yield stress is an important factor
determining printability [107], as it represents the ability of the ink to maintain its shape after
extrusion.

6.3.3 Application of the adaptive pressure control

The performance of the presented setup for an adaptive PID pressure control was investigated
employing three separate approaches. a) Continuous dispensing: To generally compare the resulting
ink flow with and without adaptive pressure control, ink was continuously dispensed from a cartridge
without printing any defined objects. The actual applicability of the setup in realistic scenarios
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Figure 6.7 Yield stress, as determined from rotational measurements, and loss factor tan ¢, as
determined from oscillatory measurements, for all evaluated inks. The results show mean values
+ standard deviation (n = 3).

was evaluated in two additional studies involving the printing of hollow cylinders as test objects. b)
Adaptation to ink inhomogeneities: The ability to compensate for ink inhomogeneities by pressure
adjustments was tested by printing from a cartridge with an intentionally inhomogeneous ink created
by alternating layers of poloxamer 407 inks of different concentrations. c¢) Process transfer to other
nozzle types: As an example for process transfer, the ability of the setup to adapt to nozzles with
different lengths and geometries was investigated.

6.3.3.1 Continuous dispensing

The general capability of the real-time, adaptive pressure control to ensure a constant and repro-
ducible ink flow was initially evaluated by simple, continuous dispensing runs. This approach allowed
avoiding interference factors like pressure switching operations between printed layers. A separate
ink-filled cartridge was used for each run and the ink was continuously dispensed for 30 min without
printing any defined objects. Six runs were performed per ink, three with a constant pressure setting
and three with the adaptive pressure control being active. Every run aimed at meeting a target flow
of 300 pL/min. For the runs with adaptive pressure control, this could be achieved automatically
without any preparatory work apart from the ink-specific flow sensor calibration to convert the
sensor output to flow rate values. The continuous dispensing runs were then started with a pressure
setting of 0 kPa and the pressure was automatically adapted by the PID control to an appropriate
value within roughly 30s. For the runs with constant pressure setting, a suitable pressure had to be
determined first which was derived from the first adaptive run by averaging the applied pressure
within a constant region over a period of 10 min. Flow measurements and pressure settings were
recorded for the entire duration of each run.

Figure 6.8 shows the recorded flow rate and pressure for P30 over time. A slightly smoothed flow
rate is depicted in light blue and represents a rolling average over 15 data points, only including the
valid data points as defined in section 6.2.3.2 (absolute value > 3 % of the sensor output limit and
< 20 % change compared to the previous data point, also relative to the sensor output limit). The
target flow rate is indicated in dark blue. The graphs A-C show the results of dispensing ink with a
constant pressure setting, the graphs D-F represent the runs with adaptive pressure control.
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Figure 6.8 Continuous dispensing runs of P30. The measured flow and the pressure setting are
plotted over time. (A-C) Runs with constant pressure setting are compared to (D-F) runs with
adaptive PID pressure control and a target flow rate of 300 uL/min.

A certain level of relatively uniform noise (roughly £50 pL/min) was observed for the flow data of
all runs, apparently a phenomenon that is inherent to the measurement method in combination
with the investigated inks. It should be noted that the flow sensor is not designed for hydrogels
or complex material compositions and showed considerably less noise in combination with water
(data not shown). This implies that a large proportion of the observed noise can be attributed
to the non-homogeneous nature of the inks containing micelles (P30 and P25) [271] or nanoclay
and polymers (A2L7). A noticeably different noise pattern was observed for the first adaptive
run with P30 (Figure 6.8D), as the sensor noise was overlayed by additional fluctuations with
higher amplitude and longer cycle length. These fluctuations also appeared in the recorded pressure
settings indicating that they were not caused by measurement noise but by actual fluctuations of
the applied pressure. The regularity of the fluctuations implies that the PID controller entered an
oscillatory state, caused by repeatedly overshooting the desired set point and overcorrecting for
it. This behavior can be counteracted by retuning the PID control loop, e.g. based on oscillatory
characteristics or perturbation signals [272, 273]. The mostly stable amplitude of the oscillations
after 5 min implies a marginally stable system. For the second and third run of P30 with adaptive
pressure control (Figure 6.8E and F) and all runs with other inks, no oscillations occurred and the
amount of noise corresponded to the runs with constant pressure setting, despite the same PID
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parameters being applied. As the oscillatory behavior was only observed in one of nine runs, it was
not interpreted as an inherent issue of the employed setup. However, it revealed a potential pitfall
when working with PID-controlled systems and a more systematic tuning of the PID parameters
could increase the stability of the system [273].

Besides noise, additional irregularities on a larger timescale could be observed in the flow signal of
the P30 runs with constant pressure setting (Figure 6.8A-C). These irregularities did not follow a
certain pattern, but seemed entirely erratic. A relatively similar behavior was observed for the first
and third run. During the initial phase, the flow rate of both runs showed considerable variations
that stabilized after 10 to 15 min at a flow rate of roughly 350 uL./min. Overall, the flow rate showed
a slightly increasing trend and was mostly above the target flow. The second run showed erratic
and sudden flow variations during the entire measurement, only with one relatively constant period
between 15min and 25 min where the flow was around 250 nL./min. Overall, the flow rate decreased
during the run and was mostly below the target value. These results demonstrate that with regards
to flow rate, both the consistency within a single run and the reproducibility between separate runs
are limited when applying a constant pressure. Due to their erratic nature, no clear causes could
be identified for the observed signal fluctuations and drifts. Potential influencing factors are ink
inhomogeneities, temporary and partial nozzle clogging or manufacturing variations of cartridges
and plugs [76, 238]. The trends of increasing or decreasing flow rate suggest possible time-dependent
parameters like temperature drifts or the cartridge fill level.

A very different behavior was observed for the runs with adaptive pressure control (Figure 6.8D-F).
Each run was started with a pressure setting of 0 kPa. The PID control was activated and performed
the pressure adaptation automatically. The pressure was increased steadily, until the appropriate
flow was achieved. This initial adaptation phase took roughly 30 to 60s, before the pressure was
stabilized at an appropriate level to generate a flow of 300 pL/min on average, corresponding to the
desired target flow. For all three runs, the average flow was reliably kept constant for the whole
duration of the measurement. However, as mentioned before, the first run showed considerable
oscillations around the target value due to a suboptimal pressure regulation. In contrast, the second
and third run achieved a similar amount of noise as the runs with constant pressure. During the
second run (Figure 6.8E), a continuous pressure increase from roughly 440 kPa to 540 kPa occurred
between 9min and 11 min, accompanied by a minor drop in flow rate. After 11 min, the flow rate
suddenly jumped to the output limit of the sensor causing the pressure to drop quickly back to the
base level. As a result, the flow rate also returned to the target value. Apparently, a partial clogging
of the nozzle occurred here that was appropriately counteracted by the PID control by increasing
the pressure, resulting in only a minor and short-term drop of flow rate. This demonstrates the
suitability of the adaptive pressure control to compensate for unpredictable and erratic influencing
factors like ink inhomogeneities or nozzle clogging and keep the flow at a constant rate.

For a more compact overview and simple comparison of different inks, all runs performed are
depicted as swarm plots in Figure 6.9. For P25 and A2L7, the corresponding plots of flow and
pressure over time are shown in the supplementary material. Figure 6.9 shows every performed run
as a separate swarm of data points. The width of the swarm indicates the kernel density estimation,
i.e. the number of data points at the corresponding flow rate. Additionally, all data points are
plotted on a color map indicating the time point of the measurement. Thus, trends like a changing
flow rate over the course of the measurement can be recognized in the form of color gradients.
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Figure 6.9 Overview of all performed continuous dispensing runs depicted as swarm plots. Each
swarm represents the first 30 min of a run performed with (A) P30, (B) P25 or (C) A2L7. The
blue horizontal line indicates the target flow rate.

The already discussed runs of P30 are shown in Figure 6.9A. The first three swarms represent the
runs with constant pressure, two of which are located largely above the target flow, while one is
located below. The color gradients of the swarms indicate that each of these runs was accompanied
by a steady change in flow rate implying a time-dependent influencing factor, as discussed before.
The inconsistent positioning above and below the target flow demonstrates the lack of reproducibility
and the limited capability to constantly meet the desired flow rate. By contrast, the swarms of the
runs with an adaptive pressure setting are almost ideally centered around the target flow rate. The
high fluctuations of the first run are reflected in the extended spread of the swarm along the y-axis.

Very similar observations could be made for the runs with P25 (Figure 6.9B). While all runs with
an adaptive pressure control met the target flow rate very accurately, this was only the case for the
third run with constant pressure. The other runs were largely off the target flow, again indicating a
lack of reproducibility. The noise of the measurements, represented by the extent of the swarms
along the y-axis, was similar for all runs with adaptive pressure control and not larger than for the
runs with constant pressure. No pressure oscillations due to inadequate PID tuning occurred.

Figure 6.9C represents the measurements with A2L7. The comparison between runs with constant
and adaptive pressure confirmed the previously made observations that the adaptive pressure
control leads to an improved agreement between measured flow rate and target flow rate. The
most noticeable difference of the A2L7 runs compared to P30 and P25 was the massively increased
amount of noise across all runs. This behavior was also observed during the recording of calibration
curves and seems to be inherent to the ink composition of A2L7. A systematic evaluation of noise
behavior was not within the scope of this study. However, the stark contrast between the noise
levels of the different inks implies that certain components typical for bioinks have a strong influence
on the behavior and measurement quality of the flow sensor. While P30 and P25 only contain water
and polymers, A2L7 has a more complex composition including solid nanoparticles. A systematic
evaluation of the impact of different ink components and concentrations on the quality of the flow
measurement should be the subject of future investigations. This investigation should also consider
alternative types of flow sensors that might be better suited to provide accurate flow data for
complex media like bioinks.
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Figure 6.10 Initial phase of hollow cylinder printing with an inhomogeneous ink. The graphs
show flow rate and pressure setting over time for (A) a run with constant pressure and (B) a
run with adaptive pressure control. With constant pressure, the printing process was started
immediately. Adaptive runs were started with an initial adaptation phase of 30 to 60s during
which the pressure was adapted, until a constant ink flow was achieved

The continuous dispensing runs prove the suitability of the adaptive pressure control to rapidly
generate a constant and defined ink flow, independent of the material and without the need
for extensive parameter screenings. Adopting the flow rate as a relevant parameter in process
development could simplify the transfer between different inks by aiming at a common target flow
rate. Larger flow rate fluctuations could be shown to be reduced by the adaptive PID pressure
control.

6.3.3.2 Adaptation to ink inhomogeneities

While continuous dispensing tests can provide valuable insights about the general behavior of the
adaptive pressure control, they do not represent the intended application in 3D bioprinting. To
investigate the capabilities of the adaptive pressure control more thoroughly in a realistic use case,
simple 3D objects were printed from a cartridge with an intentionally inhomogeneous ink. The
inhomogeneity was created by filling the cartridge with alternating layers of P30 and P25 to create a
situation where the extrusion conditions change repeatedly over time due to the different rheological
properties of both inks. For better visualization, the inks were dyed with food coloring, as depicted
in Figure 6.2B. To reduce the complexity of the printing process to a minimum, simple hollow
cylinders were printed (10 mm diameter, 3 mm in height, 300 pm layers, 10 mm/s printing speed).
For both runs, the sensor output was converted to flow rates based on the calibration curve of P30.
A new cartridge containing three layers of P30 and three layers of P25 was used for each run.

Figure 6.10 shows the initial phase of the two runs performed with constant and adaptive pressure
side-by-side. Before starting a print with the adaptive pressure control, the pressure was set to zero
and a continuous dispensing process was started to allow the PID control to gradually adapt the
pressure, until a stable ink flow of 300 pL./min was achieved. This adaptation phase is represented
in the first 45s of Figure 6.10B. The transitions from one printed layer to the next are clearly visible
in the form of sudden drops in flow rate, as the pressure is released from the cartridge during the
transition and no ink is extruded. Particularly in the run with adaptive pressure, short spikes in
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Figure 6.11 Printing of hollow cylinders with an inhomogeneous ink. The graphs show flow
rate and pressure setting over time, the photographs the printed cylinders of (A and C) a run
with constant pressure and (B and D) a run with adaptive pressure control. The scale bars in
(C) and (D) represent 10 mm.

flow rate occured when the pressure was reapplied for the next layer. The PID control and the
smoothed flow rate, depicted in the graphs light blue, were not affected by the flow rate drops and
spikes, as they ignored invalid data points. All data points that were higher than 3 % of the sensor
output limit and changed less than 20 % relative to the output limit compared to the previous data
point were regarded as valid.

Figure 6.11 presents the entire results of the two performed printing runs. Figure 6.11A clearly
visualizes the fluctuating flow rate when printing with a constant pressure setting optimized for
P30. The measured flow rate was close to the target value of 300 pL/min at the beginning of the
run when only P30 was extruded. The beginning extrusion of P25 after approximately 7 to 8 min
was accompanied by a massive increase in flow rate. Thus, the three layers of P25 are reflected in
the graph as three peaks of flow rate exceeding the output limit of the flow sensor. Between the
layers, the flow rate did not return to the target value, but constantly exceeded it due to the mixing
of the layers. As a result of the increased ink flow, the cartridge was already emptied after less than
23 min.

The PID control proved to be effective in compensating the rheologically different ink layers by
continuously adapting the extrusion pressure. The three pressure peaks in Figure 6.11B reflect the
three layers of P30 which require a higher extrusion pressure than P25. The pressure minima of the
same graph correspond to the layers of P25. The change in pressure was not sudden, but relatively
gradual, indicating a certain degree of blending between the two inks. This effect is also manifested
in the absolute values of the pressure maxima and minima that did not reach the same values as in
the dispensing tests of the unblended inks. The frequent and relatively regular spikes in flow rate,
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especially observed in the run with adaptive pressure, were mainly caused by the sudden application
of pressure to the cartridge at the start of a layer. They were accompanied by spikes of negative
flow rate when the pressure was suddenly released again (not shown in the graph due to the cut-off
at y = 0). In general, these spikes were randomly observed in several printing runs and were not
related to the PID control, but probably the presence of air bubbles in the cartridge. The available
data are not sufficient to assess whether these spikes are negligible measurement artifacts or a real
and significant effect with potential negative impacts on the printed objects.

The printed cylinders are shown in Figure 6.11C and D. It is obvious that the cylinders printed with
constant pressure exhibited a large range of different wall thicknesses due to the non-constant flow
rate. Also, the cartridge was empty after only 28 cylinders, while 48 cylinders could be printed with
the adaptive pressure control without emptying the cartridge entirely. Here, the wall thicknesses of
the cylinders were relatively constant, independent of the extruded ink, but slight deviations in the
wall thicknesses could still be observed. This can partially be attributed to drying effects, as the
whole printing process lasted for nearly 40 min, but another important contributor is the suboptimal
calibration applied in this experiment. For every ink, a specific calibration curve was determined
that allowed converting the sensor output data to flow rate values. In this case, the calibration curve
of P30 was applied whose slope was about 12 % higher than for P25 (see supplementary material).
This resulted in a deviation between measured and real flow rate and caused a reduced ink flow
when P25 was extruded.

The test prints with an inhomogeneous ink demonstrate the capability of the adaptive pressure control
to perform real-time corrections of the extrusion pressure. The ink flow can be kept at a relatively
constant value, even when conditions like ink viscosity vary over time due to inhomogeneities or
environmental changes. Unlike the continuous dispensing, these experiments also demonstrate the
applicability of the setup for printing and its potential profound impact on the resulting prints.

6.3.3.3 Process transfer to other nozzle types

Changing certain parameters in the experimental setup like nozzles, cartridges or printers usually
requires adapting the extrusion pressure in order to achieve satisfactory printing results. Determining
the appropriate pressure requires extensive parameter screenings and is often not done systematically
based on objective criteria. Consequently, the process is susceptible to subjective, user-specific
influences. To evaluate whether the adaptive pressure control based on flow measurements can
facilitate the process transfers from one experimental setup to another, printing runs were performed
with different nozzles. Besides the rheological properties of the ink, the employed nozzle has the
most substantial effect on the required pressure for printing. Due to different lengths, diameters and
geometries (straight vs. tapered), the pressure drop along the nozzle can vary drastically. Here, the
straight 1inch nozzle employed in all other experiments was compared to another straight nozzle
with a length of 1.5inch and a tapered nozzle, as shown in Figure 6.2C. All nozzles had the same
orifice diameter of 0.58 mm. The underlying assumption of this experiment was that satisfactory
printing results should be achievable with every nozzle, as long as the same flow rate of 300 pL./min
is maintained. To examine the capability of the PID control to adapt to a new nozzle, four hollow
cylinders were printed with each nozzle, two with a constant pressure setting, as determined for the
linch nozzle, and two with the adaptive pressure control being active. As before, the PID control
was run for 30 to 60s, until a relatively constant pressure was reached and the printing process
could be started.
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Figure 6.12 Hollow cylinders printed with different inks and nozzles. The prints were performed
with either a constant pressure optimized for a 1inch straight nozzle or with adaptive pressure
control after an adjustment phase of 30 to 60s. The scale bars represent 10 mm.

Figure 6.12 shows an overview of all printed cylinders. With the 1inch nozzle, there was hardly
any difference between cylinders printed with constant pressure compared to the adaptive pressure
control. For the 1.5inch nozzle, there was an entirely different outcome. All cylinders printed with
the adaptive pressure control looked virtually identical to the ones printed with the 1inch nozzle.
When applying the constant pressure setting optimized for the 1inch nozzle, hardly any ink could
be extruded, resulting in failed prints. The opposite effect was observed for the tapered nozzle.
Here, the constant extrusion pressure caused an excessive amount of ink to be extruded which is
why all prints were aborted after a single layer. In combination with the adaptive pressure control,
intact cylinders could be printed with the tapered nozzle.

These results demonstrate the need to adjust the pressure for every nozzle separately. Typically,
such adjustments are done manually and iteratively. The PID pressure control established here was
shown to achieve this adjustment within a short time frame of 30 to 60s and with a minimal loss of
sample volume. Further improvements of time and material need are possible by systematically
tuning the employed PID parameters. Regarding the change of nozzle types as a pars pro toto,
it can be assumed that the adaptive pressure control also allows transfers to other experimental
systems like different bioprinters. However, this would require basic process variables like printing
speed, layer height and nozzle orifice diameter to remain unchanged.

6.3.4 Potential challenges of working with complex cell-laden bioinks

When working with cells or biological material, maintaining sterile conditions is an important
aspect which can be accounted for by employing low-cost disposable sensors or autoclavable models.
Wireless sensors may facilitate the handling in a biosafety cabinet. Considering the high sensitivity
of cells, the sensor and connector design should be chosen carefully to minimize shear stress by
avoiding sharp edges and using high-diameter capillaries.

Due to the commonly high cost of bioinks and cells, the potential loss of material should be
considered in the design of sensors and connectors to minimize dead volumes. Optimizing the PID
settings may contribute to minimizing the loss of material during the initial flow adaptation phase.
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It should be considered that the addition of cells and the optimization of the biological functionality
of inks may impair other ink properties like flow behavior, homogeneity, printability and the
interaction with the flow sensor. As a result, limitations of the calibration range and differences in
noise behavior and reproducibility have to be investigated in a material-specific approach. Within the
scope of this paper, we already observed the influence of different additives at several concentrations
on sensor noise and calibration range (see calibration curves in the supplementary material). To
assess the applicability of the presented flow control method for a wider range of complex bioinks, a
systematic investigation about the influence of additives (e.g. nanoclay and polymers) and cells
or special ink types (e.g. emulsions) on sensor performance is necessary. Incompatibilities with
commercially available flow sensors may occur with certain types of bioinks that require more
specialized equipment to guarantee printability. This includes thermo-sensitive bioinks, e.g. based
on gelatin or agarose, that need to be extruded at a controlled temperature. Employing these inks
in combination with the presented flow control would require either a controlled environment with
constant temperature or a specialized flow sensor with an integrated temperature control.

6.3.5 Implications for process development, monitoring and control

Currently, process development for bioprinting applications often involves testing different settings
for a range of parameters like pressure or printing speed. The results are assessed and suitable
parameters chosen by the user in an iterative process. There is a range of approaches to find
and provide objective and quantifiable criteria to determine suitable printing parameters. This
includes mostly off-line analytics like evaluations of the fibre formation and rheological properties
of inks [239] or filament collapse and fusion tests by image analysis [242]. Printability windows
are often expressed as functions of extrusion pressure [239]. The presented application examples
of the adaptive pressure control show an alternative approach based on flow rate as the leading
parameter. When keeping certain parameters like nozzle orifice diameter, printing speed and layer
height constant, processes can simply be transferred between different experimental systems, e. g.
nozzle types or printers, by aiming at the same target flow rate. Transfers between different inks
could be achieved with the same strategy, providing a material-independent approach. Adopting
the flow rate as a material-independent, system-independent and user-independent parameter could
lead to a paradigm shift in process development by allowing the definition of printability windows
as a function of flow rate instead of pressure.

Flow rate measurements can also provide process monitoring data which are mostly not available
in bioprinting. Often, there is no process monitoring at all or only qualitative monitoring, e.g.
in the form of video recordings. Collecting data of the flow rate as an objective and quantifiable
measurement parameter could support process validation and troubleshooting.

The main goal of the present study was to demonstrate the feasibility of an automatic adaptation of
the extrusion pressure in real-time. Changes of extrusion conditions can occur when the viscosity of
the extruded ink varies, e. g. due to inhomogeneities, time-dependent effects or shifting environmental
conditions like temperature. Other factors like cartridge fill levels can alter extrusion conditions, as
well. The performed case studies demonstrate the significant impact of actively and dynamically
adapting the extrusion pressure to control the resulting ink flow. Thus, the PID-controlled setup
provides a material-independent, system-independent and user-independent method to actively
control and improve the printing process.
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6.4 Conclusion

A PID-regulated pressure control for pneumatic extrusion-based bioprinting was established to mon-
itor and control the flow rate of the dispensed ink. A Python-based software tool was implemented
to process real-time data from a liquid flow meter and to continuously adapt the pressure in the
bioprinter software to meet the specified target flow rate. The performance of the setup was evaluated
with three different inks. A distinction was made between experiments with an active adaptive
pressure control and experiments with a constant pressure setting. As use case we investigated the
following three scenarios: a) continuous dispensing, b) adaptation to ink inhomogeneities, ¢) process
transfer to other nozzle types.

a) Continuous dispensing: Several runs of continuous dispensing demonstrated the successful
automatic adjustment of pressure to consistently meet a specified target flow rate independently of
the user. Compared to the constant pressure setting, the adaptive pressure control proved effective
in compensating for environmental or system-related influences like nozzle clogging.

b) Adaptation to ink inhomogeneities: A more realistic use case was investigated by printing hollow
cylinders from a cartridge filled with layers of two differently concentrated poloxamer 407 inks to
simulate ink inhomogeneities. The adaptive pressure control proved effective in keeping a constant
flow rate by adapting the pressure appropriately during the printing process. As a result, relatively
consistent cylinders could be printed, whereas the constant pressure setting resulted in cylinders
with strongly deviating wall thicknesses.

c¢) Process transfer to other nozzle types: To demonstrate the simple process transferability between
different experimental setups, test prints were carried out with three different nozzle types with the
same orifice diameter. The adaptive pressure control was able to generate the same constant flow
rate with all three nozzle types within 30 to 60s. The resulting cylinders were of consistent quality,
independent of the nozzle. Prints with constant pressure setting suffered from a lack or abundance
of extruded ink, if not performed with a pressure specifically determined for the corresponding
nozzle type.

The presented PID-regulated adaptive pressure control proved effective in generating a specified
target flow, compensating in real-time for varying extrusion conditions and adapting to changes of
the experimental setup. The method provides a user-independent, material-independent and system-
independent approach for process development, monitoring and control. A remaining challenge is
the observed high noise level in the flow rate signal of the employed sensor depending on ink type.
The employment or development of more suitable sensors for complex fluids like bioinks should be
considered.
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Conclusion

The aim of the present work was to advance the field of 3D-printed biocatalytic devices by establishing
new inks in combination with specifically adapted printing methods and suitable analytical techniques
to evaluate the performance of the developed materials. In an initial study (Chapter 3), high internal
phase emulsions (HIPEs) were established as suitable inks for the fabrication of composite materials
containing active (-galactosidase. The inks displayed excellent printability in combination with a
customized cure-on-dispense setup allowing in situ polymerization. The yield stress of HIPEs was
determined as an important predictor of printability using rheological measurements. It was found
to be highest for HIPEs with a high concentration of surfactant and a high aqueous phase volume
fraction. Even complex structures involving overhangs were shown to be printable. Microplate-based
activity assays were employed to determine both the enzymatic activity and leaching behavior of
the printed materials. Mass transfer limitations and partial enzyme inactivation were found to be
drawbacks of applying HIPEs in the given context. However, a systematic screening identified ink-
and process-related parameters relevant for the preservation of activity. The presence of monomer
in the aqueous phase caused a more than fivefold increase in measured specific activity compared to
HIPEs without monomer in the aqueous phase. Reducing diffusion path lengths by printing with
low-diameter nozzles also proved effective, resulting in a fourfold difference between samples printed
with a 110 pm nozzle compared to a 840 pm nozzle.

To cover a wider range of ink types, the second and third study of the thesis aimed at investigating
inks based on agarose and agar. The very different material properties of these inks compared
to HIPEs required specifically adapted printing methods and analytical techniques. Diffusibility
was identified as one of the most important properties of the materials used for the entrapment
of enzymes. Thus, a microfluidics-based method to estimate the diffusion coefficient of an analyte
within transparent hydrogels was established in Chapter 4. By creating an interface between
hydrogel and an analyte solution within a microfluidic channel and monitoring the diffusion of
the analyte through the hydrogel, diffusion coefficients could be estimated by fitting the obtained
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analyte concentration profiles along the microfluidic channel with an analytical solution of Fick’s
second law of diffusion. As a case study, the diffusion coefficient of lysozyme was determined and
compared in a range of hydrogels made from different concentrations of unmodified agarose and
low-melt hydroxyethyl agarose.

In a third study (Chapter 5), inks based on agarose and agar were investigated as a less complex
alternative to HIPE-based inks. The thermogelling behavior of agarose- and agar-based inks required
a customized printing setup including a heatable nozzle to ensure ink extrusion in a liquid state at
a defined temperature and to avoid nozzle clogging. The inks were extruded onto a cooled substrate
to accelerate the gelation process and reduce ink spreading. While the customized setup enhanced
printability significantly compared to previous studies with agarose-based inks, it was still drastically
inferior to the printability of HIPEs, both regarding strand thickness and achievable complexity like
overhangs. Employing a polymer concentration of at least 4.5% (w/w) was found to be beneficial
for printing. Using rheological methods, the inks were analyzed for their flow properties and their
melting and gelling behavior. The solidified hydrogels were subjected to mechanical testing. A set of
analytical methods established in the previous studies was reapplied to obtain more data about the
agarose- and agar-based hydrogels. Microplate-based activity assays, as established in Chapter 3,
were used to analyze the enzymatic activity and leaching behavior, while the microfluidics-based
method for diffusion coefficient estimation (Chapter 4) was used to determine the diffusibility of the
hydrogels. The agar-based hydrogels showed higher diffusibility and activity, but also increased
enzyme leaching. Due to their low enzyme leaching and acceptable printability, agarose inks with
a concentration of at least 4.5 % (w/w) were recommended as suitable inks for the application in
biocatalytic reactors.

Independent of ink type, the previous studies revealed a general lack of reproducibility in pneumati-
cally driven bioprinting caused by unsteady and poorly reproducible ink flow rates. Besides ink
viscosity and extrusion pressure, additional factors like cartridge fill level, partial nozzle clogging
and ink inhomogeneities were suspected to influence the extrusion flow rate and cause imperfections
in the resulting prints. Batch-to-batch variations and temperature fluctuations influencing the
ink viscosity posed additional challenges. In the study investigating agarose- and agar-based inks
(Chapter 5), every printed sample was weighed before being used for activity assays and discarded if
it did not comply with the set target weight within a specified margin of error. When necessary, the
extrusion pressure was manually adapted to ensure the comparability of the printed samples. As a
consequence, a study was initiated to establish an automated and reproducible method to generate
a constant target flow rate by continuously adapting the extrusion pressure based on real-time flow
rate measurements (Chapter 6). To obtain the required data in an in-line measurement, a liquid flow
meter was integrated into the setup of a pneumatically driven bioprinter. A Python-based software
tool was developed to process the data input and control the extrusion pressure of the printer
using a PID loop. Case studies demonstrated the setup to be effective in generating a constant ink
flow, handling ink inhomogeneities and facilitating the process transfer between different nozzle
types. Thus, the study provides an alternative, data-driven approach towards process development,
monitoring and control in bioprinting.

Overall, the present work provides a toolbox of enhanced and customized printing methods,
novel inks and suitable analytical techniques relevant for the printing of biocatalytically active
materials. The application of emulsion-based inks demonstrated the wide range of materials that
can be employed for the immobilization of enzymes despite not being suitable matrices in tissue
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engineering. Microplate-based activity assays for printed samples accelerated material screenings.
The ink-specifically adapted printing methods revealed the still available potential for optimization
in extrusion-based bioprinting. A universal approach to improve reproducibility for pneumatic
bioprinters was provided by the PID-based pressure control. In general, process monitoring, process
control and reproducibility are important aspects in bioprinting to be further addressed in the
future.
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Outlook

The first generation of 3D-printed biocatalytic reactors was based on printed synthetic grids onto
which the enzyme was immobilized in a second step. In the following generation, extrusion-based
bioprinting was employed to directly print enzymatically active materials, as performed in the
present thesis. To use this method for the fabrication of perfusable reactors, a separate casing is
necessary to contain the printed hydrogel grid. The third generation of 3D-printed biocatalytic
reactors could aim at printing both the enzymatically active core and the inert casing in a single
step which could be achieved by extrusion-based multi-material printing.

A leverage point to improve the performance of the enzymatically active, printed hydrogel grids is
to reduce mass transfer limitations. This could be achieved by enhancing the diffusibility of the
matrix or by reducing diffusion path lengths. The diffusibility of polyHIPEs could be improved
by using oil-in-water instead of water-in-oil emulsions. To reduce diffusion path lengths, scaffold
designs with extremely thin walls and a high surface-area-to-volume ratio are desirable. Due to
the inherently limited resolution achievable with extrusion-based bioprinting, alternative printing
methods like stereolithography should be explored which potentially allows feature resolutions below
100 pm and the fabrication of more complex, flow-optimized geometries. A remaining challenge
when working with costly compounds like enzymes is the typically high amount of material loss
associated with stereolithography, especially for the printing of small objects.

Enzyme inactivation and leaching were identified as additional parameters impairing the performance
of 3D-printed biocatalytic reactors. Protection of the enzyme could be achieved by attaching
poly(ethylene glycol) molecules (PEGylation) or by embedding the enzyme molecules in nanogels
resulting in single-enzyme nanogels (SENs) which have demonstrated superior stability towards pH,
elevated temperature and organic solvents compared to the free enzyme. To assess the effect of the
stabilization methods, analytical methods would be required to differentiate between activity loss
due to mass transfer limitations and activity loss caused by enzyme inactivation. Applying SENs
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could also have a beneficial influence on the leaching behavior of the enzyme due to their increased
size. Alternatively, the enzyme could be covalently attached to the polymer network of the hydrogel.

A disadvantage of the presented pressure control is the large footprint of the experimental setup
making its application in combination with the cure-on-dispense setup or the heatable nozzle
impossible. Developing the approach further with the use of a more compact flow sensor would allow
the combination of the experimental setups which is the prerequisite for applying the PID-based
pressure control with the developed inks.
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A3.1 HIPE preparation

Table A3.1 Compositions of organic phase used in this study. Most HIPEs were prepared with
a concentration of 12% (w/w) surfactant (Pluronic® L-121).

EHA IBOA TMPTA Pluronic® L-121  Darocur® TPO
(% (w/w)) (% (w/w)) (% (w/w)) (% (w/w)) (% (w/w))

26.9 48.9 11.7 12.0 0.5

27.8 50.6 12.1 9.0 0.5

28.7 52.2 12.5 6.0 0.5

Table A3.2 Experimental parameters for the preparation of HIPEs with different aqueous phase
volume fractions. The amounts of organic and aqueous phase were adapted in order to always
produce 20mL of HIPE in total. The addition rate of aqueous phase was adapted relative
to the amount of organic phase and the time points of stirring rate changes were adapted in
relation to the duration of the addition process.

Time points of
stirring rate changes

Aqueous phase Amount of Amount of Addition To To
volume fraction organic phase aqueous phase rate 800rpm 1000 rpm
(% (v/v)) (mL) (mL) (mL/min)  (min) (min)
90 2 18 1.00 2.6 9.0
87.5 2.5 17.5 1.25 2.0 7.0
85 3 17 1.50 1.6 5.7
82.5 3.5 16.5 1.75 1.3 4.7
80 4 16 2.00 1.1 4.0
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A3.2 Determination of equilibration time

——25mM ONP ——5mM ONP 10mM ONP
—— 15mM ONP  ——20mM ONP 25mM ONP

4 T
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Figure A3.1 (A) Recorded raw data for ONP calibration curves and the determination of
equilibration time of HIPE A. Buffered solutions of different concentrations of ONP were added
to printed polyHIPE cylinders and the absorbance at 460 nm was measured for 90 min. (B)
To determine the equilibration time, the last 30 min of each curve were fitted with a linear
equation and the equilibration time was determined by calculating the time point at which the
slope averaged over 5min was within a 1.2-fold range of the end slope (resulting time points
indicated by vertical lines). The resulting data were used to generate the equilibration time
box plots. (C) ONP calibration curves were determined from the end points of the raw data in

a range from 2.5 mM to 20 mM.
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A3.3 PolyHIPE morphology

Surfactant in organic phase / % (w/w)

View
Cross-section

Surface

Figure A3.2 (E)SEM micrographs of polyHIPEs printed with a 250 pm conical nozzle. Samples
with different surfactant mass fractions in the organic phase are shown. (A-C) View of the
cross-section. (D-F) View of the surface. The scale bars represent 10 pm.

Figure A3.3 (E)SEM micrographs of a polyHIPE cylinder printed with a 250 pm nozzle. (A)
View of the cross-section. (B) View of the inner surface of the cylinder. The scale bars represent
500 pm.
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A3.4 Activity assay error estimation

Table A3.3 Error estimations analyzing the influence of leached enzyme on the performed
activity assays with printed polyHIPE cylinders. Errors for best case and worst case scenarios
are calculated based on the apparent volumetric activity vepparent during the polyHIPE activity
assay and the volumetric activity of the supernatant after an incubation period of 90 min
(Vieached, 90 min)- The values for viegched, 90 min are already corrected for the dilution occuring
during the supernatant activity assay.

Volumetric activity Error
Delay until Total Supernatant Worst case Best case
max. activity (observed)  after 90 min
tdelay Vapparent Vleached, 90 min Emaa: Emzn
(min) (mM/min)  (mM/min) (%) (%)
14 22.2 0.268 1.2 x 1073 0.43 0.11
10.5 20.1 0.256 42 %1073 1.62 0.36
Monomer 7 19.5 0.272 3.9x 1074 0.14 0.03
(% (w/w)) 3.5 30.8 0.227 3.6 x 1073 1.57 0.54
1.75 29 0.195 1.4 x 1073 0.71 0.23
0 68.1 0.049 1.1 x 1073 2.30 1.74
Surfactant 12 22.2 0.268 1.2 x 10*2 0.43 0.11
(% (w/w)) 9 31.2 0.191 1.0 x 10~ 0.54 0.19
6 31.9 0.184 2.5 x 1074 0.14 0.05
90 21.3 0.296 1.7 x 1072 5.85 1.38
Aqueous phase 87.5 22.2 0.268 1.2 x 10*2’ 0.43 0.11
(% (v/v)) 85 38 0.207 1.9 x 10~ 0.93 0.39
82.5 33.7 0.149 5.8 x 1074 0.39 0.14
80 22.6 0.157 1.3 x 1073 0.82 0.21
Nozzle diameter 840 23.2 0.249 4.7 x 1073 1.89 0.49
250 22.2 0.268 1.2 x 1073 0.43 0.11
(yn) 110 9 0.244 3.1 x 1072 12.79 1.28
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A5.1 Mass exchange surface estimation

The potential available surface for the mass exchange of printed cylinders with the surrounding liquid
was estimated assuming an ideal hollow cylinder as depicted in Figure A5.1. For the calculation,
certain assumptions are given by the material properties and production strategy. The material
density p was approximately identical for all hydrogel compositions, the cylinder mass m was kept
constant by adjusting the extrusion pressure to yield the desired target weight and the radius r of
the cylinders was defined using the Gesim software. The volume of the hollow cylinders V' can be
calculated from p and m.

p=10g/cm?
m=0.1g

V:m:(].lcrn:3

r = 5mm

Height measurements showed a maximum deviation of 0.4 mm between the mean height h of
cylinders printed from different materials:

Romin = 3.0 mm

hmar = 3.4mm
The base area Ap,se of the cylinders is given by:
Apase =T (Tg - 7'12) (A51)

The inner radius r; and the outer radius r, can be defined as functions of the mean radius r and
the thickness of the cylinder d:

ri=1— g (A5.2)
2
d

ro =17+ B (A5.3)

="

Aexchange

~.

Figure A5.1 Sketches of hollow cylinders indicating the dimensions used for the mass exchange
surface area estimation.
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With A5.1, A5.2 and A5.3, Apgse IS given as

Abase_ﬂ(gg)l (r_gy)

= 27rd (A5.4)
With A5.4, the volume of the cylinders V' is given by:
V = Apgseh = 27rdh (A5.5)

Consequently, d is given as:

\%4
d:
2nrh

(A5.6)

The area available for mass transfer with the surrounding liquid Aczchange can be defined as:

Aezchange = Apase + 27rih + 2mr,h
— 2mr(d + 2h) (A5.7)

From A5.6 and A5.7 follows:

\%
A =2 2h
exchange r <27T’I”h + >

-
= — +darh (A5.8)

The maximum and minimum exchange surface area Aczchange,maz a0d Aczchange,min can be calculated
from hynee and hopin:

Accchange,mar = - + 47 hmaz

= 2.00 cm? (A5.9)
Aczchange,min = - + 471 hinin

= 1.84cm? (A5.10)

resulting in a difference of 8.7 % between Aczchange,mazr and Aczchange,min-

A5.2 Estimation of residence time in heat-controlled nozzle

The residence time of ink within the heat-controlled nozzle was calculated to evaluate whether it is
sufficient to reach the desired final printing temperature. The printing distance per cylinder lyi,; is
given by

lprint = Nayers * Ucylinder (A5.11)
= Niayers * 2 * T * Teylinder (A5.12)
= 314mm (A5.13)
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with the number of layers n;,yers = 10 and a cylinder radius 7¢yinder = 5 mm. Neglecting pauses
between layers, the maximum printing duration ¢,,intmaz and minimum printing duration ¢y int,min
for one cylinder are dependent on the printing speed (Vjmqr = 7mm/s and vy, = 5mm/s):

l .
tp’rint mar — it 62.85s (A514)
' Umin
L.
tprint,min - ;m“znt =44.9s (A515)
maz

The volume of the nozzle V. is given by its length I,,,.c = 25 mm and inner radius 7,057 =
0.175 mm:

Vnozzle =T * Tyzlozzle * lnozzle (A516)
= 2.4mm? (A5.17)

Finally, the residence time of ink inside the nozzle t,cgidence is given by:

tori *V
tresidence,ma:c = pT’mt,m?/:f . nozzle =1.5s (A518)
in

tprint,min * Vnozzle —11s

‘/ink

with Vi, = 100mm? which is given by the target mass of one cylinder Meylinder = 100 mg under
the assumption that the density of the ink is p;,x = 1g/mL.

tresidence,min -

(A5.19)

Ab5.3 Trend analysis for activity assays with printed hydrogel
cylinders

To investigate whether there was a correlation between polymer concentration of the hydrogels and
the enzymatic activity determined in batch experiments, all acquired data points were divided by
the substrate concentration and plotted over the polymer concentration, as shown in Figure A5.2.
The data points were fitted with a linear fit and the coefficient of determination R? was calculated.

—e— Agarose —O— Agar
1072

o
8
8

[e\)

N

y=-0.0019-x+0.0294

R? = 0.4574
1F s
[ ] b 0
[}

y=—0.0013-x+0.0173
R? =0.3693

Activity substrate-normalized / min~!

3 4.5 6
Polymer / % (w/w)

Figure A5.2 Trend analysis for activity assays of printed hydrogel cylinders made from low-melt
agarose- and agar-based inks.
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A6.1 Sensor calibration curves

1,200 T T T
A P30 B P25 C A2L7
= | — | | -
= 800
~
—
a3
~
8
o 400| 4 F 4 F
y=20.0419 - x y=0.0375-x y=0.0477 -x+72.04
R? =0.9989 R? =0.9987 R?=0.9976
0
0 10,000 20,000 0 10,000 20,000 0 10,000 20,000
Sensor output / — Sensor output / — Sensor output / —

Figure A6.1 Calibration curves of all inks employed in the present study. The calibration data
was stored in an Excel file and imported by the Python-based software tool to convert sensor

output data to flow rate values.
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A6.2 Experimental setup

Figure A6.2 Photograph of the employed experimental setup while printing a hollow hydrogel
cylinder.
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A6.3 Continuous dispensing P25
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Figure A6.3 Continuous dispensing runs of P25. The measured flow and the pressure setting
are plotted over time. (A-C) Runs with constant pressure setting are compared to (D-F) runs
with adaptive PID pressure control and a target flow rate of 300 pL/min.
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A6.4 Continuous dispensing A2L7
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Figure A6.4 Continuous dispensing runs of A2L7. The measured flow and the pressure setting
are plotted over time. (A-C) Runs with constant pressure setting are compared to (D-F) runs
with adaptive PID pressure control and a target flow rate of 300 pL/min.
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