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Abstract

The importance of new drugs and advanced materials for the future of humankind cannot be
overestimated. A continuing demand for new drugs persists, since there are still many diseases
inefficiently cured by existing remedies. Similarly, many niche applications require more and
more sophisticated responsive materials, aggravated by the fact that the underlying
structure/function relationships are often not fully understood. Nonetheless, despite significant
efforts and financial investments are made, the classical workflows of early drug and material
discovery remain slow and inefficient. Typically, a library of new small molecules or materials
is synthesized one by one, which is time-, material-, and workforce consuming. The synthesis
and screening parts are often separated in time and space. In order to address these
challenges, miniaturized platforms that allow performing both synthesis and screening steps

in a high-throughput manner are sought to be developed.

A miniaturized Droplet Microarray (DMA) platform, comprising a glass slide patterned with
hydrophilic regions surrounded by superhydrophobic borders, offers confined

microenvironments to various liquids, including aqueous solvents and cell suspensions.

In this PhD work, DMA substrates were modified to be used as a miniaturized platform for
combinatorial solid-phase synthesis of small molecules and subsequent biological screenings,
which resulted in chemBIOS workflow (chemical synthesis combined with biological read-out
on the same glass slide). Due to the compartmentalization, each droplet served first as a
separate reaction compartment and later as a microreservoir for culturing cells. Nanoporous
poly(2-hydroxyethyl methacrylate-co-ethylene dimethacrylate) layers served as a solid phase
for the synthesis and were functionalized with a photo-cleavable 4-[4-(1-Hydroxyethyl)-2-
methoxy-5-nitrophenoxy]butanoic acid as a linker. The attachment of the linker onto the solid
phase was optimized and used as a model reaction to show three possibilities of reaction
monitoring on DMA: ToF-SIMS, XPS and ATR-IR. The use of a photo-cleavable linker for
solid-phase synthesis allowed controlling the concentration of the final drug in separated
individual droplet compartments by changing the irradiation time. Upon irradiation with UV-
light, products of the solid-phase synthesis could be released from the porous polymer and
delivered into the separate droplets. Thus, the light-induced release of the products allowed
controlling the release spatially, temporally and quantitatively. Confinement of liquids, which is
an essential part of the whole workflow, was proved by XPS and ToF SIMS methods and
protected from leakage from one spot to another. HEK293T cells were tested in regards of
maintaining cell viability upon UV irradiation, which manifested in preserved high viability up to
15 min UV irraditation (6 mW/cm?, 360 nm). Finally, a peptide synthesis was established as a

model reaction, totalling a 16-membered tripeptide library.



In chapter 4 it is shown that DMA platform meets the requirements for a cell-compatible
polymer microarray and can be used as a benchtop-ready platform for high-throughput
combinatorial hydrogel synthesis and, if desired, subsequent cell encapsulation.
Photoresponsive materials were chosen as model materials due to importance of light in
biological settings and in order to bridge the gap in the state-of-the-art high-throughput
syntheses dominated by thermo- and hydroresponsive materials. Poly(ethylenglycol)
methacrylate (PEGMA), poly(ethylenglycol) dimethacrylate (PEGDMA), 2-
(dimethylamino)ethyl methacrylate (DMAEMA) and (2-(N-3-sulfopropyl-N,N-dimethyl
ammonium)ethyl methacrylate (SAMA) were used to construct libraries of inherently
photodegradable hydrogels. A spatial gradient of monomers and crosslinkers was produced
by dispensing different volumes of these compounds along the x- and y-axes of an array. A
PEGMA/DMAEMA/PEGDMA containing 33-membered combinatorial library a 4 replicates
was synthesized on a nanoliter scale and used to optimize the photopolymerization parameters
(i,e. oxygen scavenging system and proper mixing within droplets). A
PEGMA/SAMA/PEGDMA containing 20-membered combinatorial library a 16 replicates was
synthesized, and the photodegradation properties of the underlying materials were examined
in a high-throughput manner. The findings were proved correct by upscaling, embracing the
spectrum from non-degradable to rapidly degradable hydrogels. In total, more than 450 distinct

hydrogel micropads were synthesized in a miniaturized high-throughput manner.

The aforementioned PEGMA-based hydrogels, albeit showing rapid photodegradability, are
unsuitable for cell encapsulation. In Chapter 5, the need for an inherently photodegradable
material suitable for cell encapsulation was addressed. A combinatorial screening of 32
composite gelatin methacrylate/ poly(ethyleneglycol) methacrylate (GelMA/PEGMA)-based
photodegradable hydrogels was performed and hydrogels were tested in regards to their
photodegradation properties. Mathematical approximation was performed to reveal
structure/function relationships between photodegradability and degree of functionalization of
GelMA, its amount as well as amount of PEGMA and PEGDMA. Testing revealed a hydrogel
that is suitable for cell photoencapsulation, while still being degraded at a rate of 0.5 mm/min,
despite GelMA exerting a manifold negative impact on photodegradation properties. The
degradation procedure was optimized, proving the medium exchange prior to degradation
essential for fast material erosion and still compliant with cells. As an example, an array of
free-standing cell-laden hydrogel micropads was produced, and cell viability was proved to

remain high upon UV irradiation.

To conclude, Droplet Microarray was modified and used for miniaturized high-throughput

combinatorial small molecule and responsive hydrogel synthesis. Both synthetic parts can be



seamlessly combined with biological experiments on the same chip. Due to the high
miniaturization and parallelization, the time and material consumption is reduced
approximately 100- to 1000-fold. The findings of Chapter 3, i.e. the ability not only to synthesize
libraries of compounds but also release them into individual cell microreservoirs with spatio-
temporal control, demonstrate the potential to further advance miniaturized and HT cell-based
assays. The workflow presented in Chapter 4 can be utilized to facilitate high-throughput
experimentation in the field of responsive hydrogels to generate new and more sophisticated
responsive materials with novel properties, which may remain undiscovered using the one-by-
one synthesis approach. Also, a novel cell-friendly gelatin-based hydrogel was developed that
can be photodegraded on demand under cell-compatible conditions without the installation of

photolabile groups prior to degradation.



Zusammenfassung

Die Bedeutung neuer Medikamente und fortgeschrittener Materialien fir die Zukunft der
Menschheit kann gar nicht hoch genug geschéatzt werden. Die anhaltende Nachfrage nach
neuen Arzneimitteln besteht immer noch, da es weiterhin viele Krankheiten gibt, die durch die
auf dem Markt angebotenen Arzneimittel ineffizient geheilt werden. In &hnlicher Weise
erfordern viele Spezialanwendungen immer ausgefeiltere Materialien, deren Entwicklung
durch die Tatsache erschwert wird, dass die zugrundeliegenden  Struktur-/
Funktionsbeziehungen haufig nicht vollstandig geklart sind. Trotz betrachtlicher
Anstrengungen und finanzieller Investitionen bleiben die klassischen Workflows der frihen
Wirkstoff- und Materialentwicklung jedoch langsam und ineffizient. Typischerweise wird eine
Bibliothek neuartiger kleiner Molekile oder Materialien einzeln synthetisiert, was zeit-,
material- und arbeitsintensiv ist. Die Synthese- und Screening sind oft zeitlich und raumlich
voneinander getrennt. Um diesen Herausforderungen zu begegnen, wird die Entwicklung einer
miniaturisierten Plattform angestrebt, mit der sowohl Synthese als auch biologische
Screenings mit hohem Durchsatz durchgefiihrt werden kdnnen.

Eine miniaturisierte Droplet Microarray (DMA) —Plattform stellt einen Glasstrager dar, der mit
hydrophilen Bereichen, die von superhydrophoben R&ndern umgeben sind, gemustert ist.
Dadurch konnen auf dem DMA verschiedenen Flissigkeiten, einschlielich wassriger

Lésungsmittel und Zellsuspensionen, kompartmentalisiert werden.

In dieser Doktorarbeit wurde DMA so modifiziert, dass es als miniaturisierte Plattform fur die
kombinatorische Festphasensynthese kleiner Molekille und anschlieRende biologische
Screenings verwendet werden kann. Dies flhrte zum chemBIOS-Workflow (chemische
Synthese wird mit biologischem Auslesen auf demselben Glasstrager kombiniert). Aufgrund
der Kompartimentierung diente jedes Tropfchen zunachst als miniaturisiertes Reaktionsgefald
und spater als Mikroreservoir fir die Kultivierung von Zellen. Nanopordse Poly(2-
hydroxyethylmethacrylat-coethylendimethacrylat)-Schicht diente als feste Phase fir die
Synthese und wurde mit einem photospaltbaren Linker funktionalisiert. Die Anbindung des
Linkers an die Festphase wurde optimiert und als Modellreaktion verwendet, um drei
Moglichkeiten der Reaktionstiberwachung auf DMA aufzuzeigen: ToF SIMS, XPS und ATR-
IR. Die Verwendung eines photospaltbaren Linkers fiir die Festphasensynthese erméglichte
die Steuerung der Konzentration des Endproduktes in einzelnen Tropfchenkompartimenten
durch Anderung der Bestrahlungszeit. Bei Bestrahlung mit UV-Licht konnten Produkte der
Festphasensynthese aus dem porésen Polymer freigesetzt und in die separaten Tropfchen
abgegeben werden. Die lichtinduzierte Abspaltung der Produkte ermdglichte es somit, die
Freisetzung rdumlich, zeitlich und quantitativ zu steuern. Der Einsperrung von Flissigkeiten
v



ist hierbei eine wesentliche Voraussetzung des gesamten Workflows und wurde mit XPS- und
ToF-SIMS-Methoden nachgewiesen. HEK293T-Zellen wurden hinsichtlich der Zellviabilitat bei
UV-Bestrahlung getestet, was sich in einer bis zu 15 min dauernden UV-Bestrahlung
(6 mW/cm?, 360 nm) bewahrten hohen Lebensfahigkeit duRerte. SchlieRlich wurde eine
Peptidsynthese als Modellreaktion etabliert, die eine 16-gliedrige Tripeptidbibliothek umfasste.

In Kapitel 4 wird gezeigt, dass die DMA-Plattform die Anforderungen fur ein zellkompatibles
Polymer-Microarray erfullt und fir die kombinatorische Hydrogelsynthese mit hohem
Durchsatz und gegebenenfalls fur die anschlieende Verkapselung von Zellen verwendet
werden kann. Die photoresponsiven Materialien wurde aufgrund der Bedeutung des Lichts fur
biologische Anwendungen als Modellmaterialien ausgewahlt, und um die Licke in den bis dato
vertffentlichten  Hochdurchsatzsynthesen zu schlieen, die von thermo- und
hydroresponsiven Materialien dominiert werden. Poly(ethylenglykol)methacrylat (PEGMA),
Poly(ethylenglykol)dimethacrylat (PEGDMA), 2-(dimethylamino)ethylmethacrylat (DMAEMA)
und (2-(N-3-sulfopropyl-N,N-dimethylammonium)ethylmethacrylat (SAMA) wurden eingesetzt,
um Bibliotheken von inharent durch UV Licht degradierbaren Hydrogelen zu konstruieren. Ein
raumlicher Gradient von Monomeren und Vernetzern wurde erzeugt, indem verschiedene
Volumina dieser Verbindungen entlang der x- und y-Achse eines Arrays gedruckt wurden. Eine
PEGMA/DMAEMA/PEGDMA enthaltende 33-gliedrige kombinatorische Materialienbibliothek,
mit jeweils 4 Replikaten von jeder Zusammensetzung, wurde im Nanolitermalfistab
synthetisiert und zur Optimierung der Photopolymerisationsparameter (d.h. des
Sauerstoffeinfangsystems und des griindlichen Mischens innerhalb der Tropfchen) verwendet.
Eine PEGMA/SAMA/PEGDMA enthaltende kombinatorische Bibliothek, mit jeweils 16
Replikaten von jeder Zusammensetzung, wurde synthetisiert und der Photodegradation
unterzogen. Die Eigenschaften der Materialien wurden im Hochdurchsatz untersucht und die
Ergebnisse durch Hochskalierung bestatigt, wobei das Spektrum von nicht abbaubaren bis
schnell abbaubaren Hydrogelen abgedeckt wurde. Insgesamt wurden mehr als 450 Hydrogel-

Mikropads in einer miniaturisierten Weise mit hohem Durchsatz synthetisiert.

Die obengenannten Hydrogele auf PEGMA-Basis zeigen schnelle Photoabbaubarkeit, sind
aber flr die Einkapselung von Zellen ungeeignet. In Kapitel 5 wird das Bedurfnis nach einem
inharent lichtabbaubaren Material angesprochen, das fir die Einkapselung von Zellen
geeignet  ist. Eine  kombinatorische = Synthese von 32  Hydrogelen  auf
Gelatin methacrylat/Poly(ethylenglycol) methacrylat- (GelMA/ PEGMA)-Basis wurde
durchgefihrt und die Hydrogele wurden auf ihre Photodegradierbarkeit getestet. Es folgte eine
mathematische Naherung, um die Struktur/Funktions-Beziehungen zwischen der

Photoabbaubarkeit und dem Funktionalisierungsgrad von GelMA, seiner Menge sowie der
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Menge an PEGMA und PEGDMA aufzudecken. Die Tests ergaben ein Hydrogel, das fiur die
Photoeinkapselung von Zellen geeignet ist und mit einer Geschwindigkeit von 0,5 mm/min
abgebaut werden kann, obwohl GelMA einen vielfachen negativen Einfluss auf die
Photoabbaueigenschaften ausubt. Der Abbauworkflow wurde optimiert, wobei sich der
Mediumaustausch vor dem Abbau als nétig erwiesen hat. Es wurde gezeigt, dass der
Mediumaustausch fir einen schnellen Abbau wesentlich ist und dennoch mit den Zellen
kompatibel ist. Als Beispiel wurde ein Array von freistehenden zellbeladenen Hydrogel-
Mikropads hergestellt, und es wurde nachgewiesen, dass die Lebensfahigkeit der Zellen bei
der Arrayproduktion unverandert hoch bleibt.

Zusammenfassend konnte Droplet Microarray modifiziert und fur miniaturisierte
kombinatorische Synthese von kleinen Molekiilen sowie stimuli-responsiven Hydrogelen im
hohen Durchsatz verwendet werden. In beiden Fallen lasst sich Synthese nahtlos mit
biologischen Experimenten auf demselben Chip kombiniert werden. Durch die hohe
Miniaturisierung und Parallelisierung wird der Zeit- und Materialverbrauch um das 100- bis
1000-fache reduziert. Die Ergebnisse der Kapitel 3, unter anderem die Fahigkeit, Bibliotheken
von Verbindungen nicht nur zu synthetisieren, sondern sie auch in einzelne zellenthaltende
Mikrokompartments mit rdumlich-zeitlicher Kontrolle freizusetzen, zeigen das Potenzial,
miniaturisierte Hochdurchsatzscreenings weiter voranzutreiben. Der in Kapitel 4 vorgestellte
Workflow kann fiir Hochdurchsatzsynthese von intelligenten Hydrogelen verwendet werden,
um komplexere Materialien mit neuartigen Eigenschaften zu entdecken, die unter Verwendung
des one-by-one Syntheseansatzes mdaglicherweise unentdeckt bleiben. AuRerdem wurde ein
neues zellfreundliches Hydrogel auf Gelatinebasis entwickelt, das bei Bedarf unter
zellvertraglichen Bedingungen ohne die Installation photolabiler Gruppen photodegradiert

werden kann.

Vi
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1. Introduction?!

1.1 Combinatorial high-throughput synthesis of small molecules

1.1.1 State-of-the-art early drug discovery pipelines

Drugs play a pivotal role in the history of the humankind. The demand for new drugs is high,
not only because of drug resistant pathogens, and the need for better, less toxic drugs, but
also because there are just on average only 8 novel first-in-class drugs per year, approved by
the FDA.*2 The world is undersupplied with drugs, mainly because of the inefficiency and the
high costs of the whole drug discovery pipeline, which is reflected in averaged 15-25 years
and US$800 million- US$2 billion required for a single drug to enter the market,>° despite
enormously high investment in this field and more than 10.000 biotechnology and

pharmaceutical companies worldwide.

There are about 18 million purchasable drug-like compounds available in various commercial
chemical libraries,® such as ChemBridge or ChemDiv. These libraries have been accumulated
over the last 20-30 years from different sources but usually from individual syntheses
performed by different researchers worldwide. Notably, a one-by-one synthesis of compounds
that will be included in a chemical library, performed according to standard wet chemistry
approaches, requires large amounts of reagents and solvents. Taken with the need of
consequent characterization and isolation of new compounds it makes the efficiency of
synthesis of drug-like molecules extremely low and not compatible with the demand for high-
throughput screenings (HTS). To solve this problem, pharmaceutical companies use
combinatorial chemistry and high-throughput screening methods to synthesize and test large
chemical libraries. Cell screenings are usually performed in 96- or 384-well plates, so in order
to achieve a high throughput, thousands of microtiter plates have to be used. This approach
suffers from several drawbacks, such as consumption of relatively large amounts of cells and
high-cost reagents and the need to use robotics in order to screen thousands of chemicals per
day, as well as difficulty to remove chemicals from cell monolayer once the screening has to
be stopped, which influences the accuracy of experiments.”® The general methodological
drawback is separation of chemical synthesis from the biological screenings in time and space.
So, the library of compounds can be synthesized in one laboratory at one point of a time and

has to be bought and transported to another laboratory at some other time point to be subjected

1 This chapter is adapted from following publications:
Alisa Rosenfeld; Pavel A. Levkin. High-Throughput Combinatorial Synthesis of Stimuli-Responsive Materials. Advanced
Biosystems, 2019, 1800293; Alisa Rosenfeld; Marius Brehm; Alexander Welle; Vanessa Trouillet; Stefan Heissler; Maximilian
Benz; Pavel A. Levkin. Solid-phase combinatorial synthesis using microarrays of microcompartments with light-induced on-chip
cell screening. Materials Today Bio. 2019, 3, 100022.



to cell screenings. In the light of increasingly competitive industrial environment, it becomes
difficult to ignore the cost-related issues of such screenings and syntheses and makes both

synthesis and biological experiments not compatible with ultra high-throughput screenings.
1.1.2 Miniaturized high-throughput synthesis approaches

Miniaturization and array formats, accompanied by parallelisation, can solve some of these
problems. The microarray technology enables rapid synthesis of various compounds, including
DNA,*11 peptides,?*® proteins,* small molecules,'?> %16 oligosaccharides,'’'® synthetic
polymers.?® DNA microarray technology, given a momentum in early 1990°s,%° was the first
successful example of miniaturized highly parallel high-throughput synthesis, based on
immobilized single-strand probe nucleic acid.®1! 22 Small molecule and peptide microarrays
were pioneered by Lam et al.*2 and Schreiber et al.'®, followed by protein microarray developed
by MacBeat and Schreiber!4, with a standard (2.5 cm by 7.5 cm) slide comprising 10,800 spots.
Light directed spatially addressable parallel synthesis of peptides, reported by Fodor et al., in
which a photolithographic mask is used to reach a high level of spatial control, resulted
synthesis of 1,054 peptides on the area as small as 2.56 mmZ2.22 Breitling et al. proposed a
synthesis of 40,000 peptide spots per cm? by using electrical fields generated by individual
pixel electrodes of a microchip.?® The feature density could be further increased to 62,500
spots per cm? using scanning-probe-lithography based approach.?* SPOT synthesis, taking
advantage of cheap cellulose, has emerged as a rapid and simple method to generate
peptides® and was extended to small molecules.*® Other examples of synthetic microarrays
include formation of oligosaccharides?2® and synthetic polymers.!® Extensive research is done
on biological display methods, such as phage, yeast, bacterial, CIS, mRNA and ribosome
display.?” They are based on close association between peptide and nucleic acid from which
it was expressed, e.g. peptide is displayed on the surface of phage or yeast. Lithography
techniques enable confining liquids and performing reactions in volumes on a femto- to

atooliter scale.?®

While these methods have provided significant development in the field of miniaturized high-
throughput synthesis in the past years, they still face numerous challenges. Most of the
techniques are restricted to peptide and nucleic acid chemistries, lacking thereby synthetic
diversity. Final biological assays are usually performed in the bulk solution. Several types of
cell screenings can be performed in bulk without compartmentalization, e.g. high-throughput
screening of cell-surface interactions with biomaterial arrays or gradients,?*3! to find
biomaterials supporting growth, expansion or differentiation of cells. In these cases, cell
responses are initiated by contact with a material, which is attached to the planar surface.
Peptides obtained via SPOT can be used in biological assays, where they either stay attached

to the cellulose in studying of bacteria-surface interactions®? as well as protein, antibody and

2



metal binding assays.**3* However, since confinement of liquids on the cellulose surface is
challenging, solution based cell screenings can be only achieved by tedious procedures. Ultra
high throughput DNA sequencing allows simultaneous miniaturized screening in bulk solution
of large DNA-encoded libraries containing up to 10 compounds. Yet, it requires decoding
strategies and is dependent on nucleic acid-friendly reactions.® Still, a considerable amount
of cell experiments (e.g. investigation of cell-cell interactions and cell interaction with soluble
cues) need to be done in confined volumes. Also, issues of cross-contamination caused by
lateral diffusion of compounds and low spatial and temporal control can be solved by
introducing compartmentalized microreservoirs. Additionally confinement in small volumes
enables or significantly facilitates the detection of low-abundance molecules and analytes that
cannot be amplified, as well as sensitivity of (single)-cell screening by minimalizing of diffusion

losses and dilution.3®

The ultimate goal to advance drug discovery would therefore be a miniaturized platform that
1) facilitates high throughput synthesis, 2) employs diverse chemistry, thus covering larger
chemical space, 3) utilizes combinatorial approach and 4) after completing synthesis can be

directly used in cell screening with high spatial and temporal control.

1.2 Combinatorial high-throughput synthesis of smart materials

1.2.1 Smart materials — definition

Stimuli-responsive materials, also called smart or adaptive materials, are attracting growing
attention in different fields, including biotechnology and medicine, as these materials are able
to respond to minute changes in their surrounding environment by changes in their chemical,
physical or biological properties. By applying a specific stimulus, stimuli-responsive materials
can be altered at molecular scale in different ways (e.g. conformational transition,
hydrophilicity, charge, solubility, chemical bond cleavage, etc.), resulting in changes in the
materials’ macroscopic features such as changes in volume, shape, performance, wettability,
color, mechanical motion, release/capture of molecules, degradation, aggregation,
precipitation, etc. A plethora of stimuli can be used to trigger a specific material response, and
corresponding materials are comprehensively reviewed in the literature. These stimuli include
temperature,®”-% light,3°-*! mechanical forces,*? electric and magnetic field,*® ultrasound,® 42
pH,*-4* ionic strength,*® humidity,*® various small molecules (e.g. glucose,*’*® CO,,*%° redox

agents®®?), enzymes,®® and some more complex combinations of stimuli.>*>¢

Sophisticated diverse examples of stimuli responsiveness and adaptivity are often found in
natural biological systems. In the course of evolution and in order to interact with their dynamic

environments, biological systems have acquired various complex responsive, adaptive and

3



dynamic properties. On every level of life, from dynamic ecosystems down to tissues, cells and
biopolymers, responsiveness plays a crucial role and is a remarkable and ubiquitous biological
property (sperm chemotaxis toward the egg, gravitropism of plant roots, and coral reef
response to sea temperature as an illustration). A bioinspired design of responsive synthetic
materials can benefit from millions of years of evolution and is an important means of
accelerating the development of functional materials, improving their performance, and for
fundamental research. For example, self-healing is an omnipresent feature of living organisms
that has inspired the development of self-healing smart materials.>” Bioinspired routes for
preparing stimuli-responsive materials can, for example, use enzyme-cleavable linkers to
achieve degradation of a polymer network in the presence of a corresponding enzyme.%® Self-
oscillating materials based on the Belousov-Zhabotinsky reaction®® carry an analogy to
autonomous oscillation in living systems like heart contractions and pulsatile secretion of
hormones. However, they stand apart from other responsive materials, as they oscillate in a

self-governed manner and need no oscillating external stimuli.®°
1.2.2 Benefits of a combinatorial approach

Many high-end technologies, such as tissue engineering,® soft robotics,%? sensors,®® etc.,
require responsive materials perfectly adapted for each application. Usually, such
multifunctional materials are rationally constructed by incorporating building blocks with known
responsive behavior (e.g. pH-responsive and temperature-responsive functional groups). They
reveal predictable, combined characteristics (e.g. pH- and temperature-responsiveness) that
are independently traceable to installed building blocks.>* Nonetheless, the functionality and
tempo of development of new responsive materials remain far behind the broad-ranging
demands of the aforementioned fields. To fulfil the miscellaneous needs and realize novel
applications, we need to overcome the undersupply of responsive materials by covering larger
chemical space and creating new materials faster. Combinatorial methodology is a powerful
approach to quickly generate a vast number of structurally and functionally diverse materials

using just a few functional building blocks (Figure 1).
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Figure 1. Operating principle and benefits of combinatorial library. Combinatorial approach allows quick
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A multitude of design parameters and an even larger number of their combinations can
essentially contribute to the precise fine-tuning of a responsive material for a specific
application. However, stimuli-responsive materials are usually synthesized and evaluated
iteratively one-by-one. The drawback of this approach is the paucity of possible combinations
that can be practically tested for the purpose of saving time, consumables and manpower. This
forces researchers to follow the beaten track - to investigate only some of the commonest and
most obvious combinations of triggers and responses, and to change only one parameter at a
time, despite the large variety of possibilities. Therefore, although a considerable amount of
research is being devoted to the field of responsive materials, the actual development of such
materials remains slow and inefficient and the design principles, including structure-function

relationships, are often not fully understood.
1.2.3 The benefits of a high-throughput approach

To overcome slow and inefficient, one-by-one synthesis and screening, miniaturization,

parallelization and high-throughput (HT) methodologies must be employed (Figure 2).

One-by-one screening High-throughput parallel screening
1 2 3 4
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«  Easy to operate +  Miniaturization and paralellization is possible and necessary
+  Usually low throughput *  High and ultra high-throughput possible
*  Slow material development Faster screenings

+  Synthesis and read-out on the same platform possible

Vs,

Figure 2. Comparison of classical one-by-one screening with high-throughput screening. Stimuli-responsive

materials are usually synthesized sequentially one after another; therefore, the number of testable combinations is
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limited. High-throughput techniques combined with the combinatorial approach enable us to cover otherwise
inaccessible chemical space, and make possible material optimization for fundamental research and the discovery

Of nOVeI prOpeI’tIeS. Alisa Rosenfeld; Pavel A. Levkin. High-Throughput Combinatorial Synthesis of Stimuli-Responsive Materials. Advanced Biosystems, 2019, 1800293, Copyright Wiley-VCH

GmbH. Reproduced with permission.

HT synthesis and screening proved themselves initially as a powerful strategy in the
pharmaceutical industry; HT syntheses and screenings have recently been applied in material
discovery.’® Besides saving time, consumables and work force, there are several other
considerable benefits of employing combinatorial HT synthesis and screening in responsive
material development. For rationally constructed materials possessing predictable
characteristics, the combinatorial HT approach can enhance their focused screening and
optimization. By varying known design parameters, rapid material fine-tuning for a particular
application is achievable, and varied parameters can be mapped, providing insights into
structure-function relationships. Yet, with the growing number of components being introduced,
it becomes difficult to predict or rationally design the interplay between them. Combinatorial
screening over a multitude of building blocks can reveal inhibitive (retarding) or cumulative
(synergetic) effects that are otherwise unpredictable. This is particularly useful for deepening
our understanding of synergetic and antagonistic interactions between different building
blocks. Combinatorial HT screening of random libraries is therefore particularly useful if the
ability to rationally design a responsive material is limited by theoretical knowledge that does
not happen to be available. For example, the sheer complexity of the extracellular matrix and
rather seldom predictability of mutual cell-material interactions make combinatorial methods
and HT strategies powerful tools in stimuli-responsive material synthesis for tissue engineering
applications. An intrinsically HT method also encourages the employment of counterintuitive,
creative combinations of starting materials to discover materials with novel properties,
functions, and responses. In light of the unpredictability of mutual component interactions and
large, random (diversity-based) sets of combinations, combinatorial HT synthesis and
screening offer a convenient opportunity to explore a variety of properties and functions that
are accessible only with great effort in one-by-one synthesis or that cannot be rationally
designed. In doing so we can transform a vast quantity of combinations and components into
novel quality. Screening random libraries can therefore be performed to pursue novel
discoveries, to acquire a key competitive advantage in what has become an aggressive

environment of patenting policies.

1.2.4 Combinatorial high-throughput synthesis of stimuli-responsive materials
— state-of-the-art
In the following paragraphs selected state-of-the-art examples of applying combinatorial HT

synthesis and screening to accelerate the development of responsive and adaptive materials



are reviewed. Big libraries (>60 members) made in combinatorial but low-throughput one-by-

one manners are also included.
1.2.4.1 Thermoresponsive materials

Thermoresponsive materials are one of the most well-studied and understood stimuli-
responsive materials, including the most thoroughly investigated poly(N-isopropylacrylamide)
(PNIPAAM). Its responsive properties have been extensively exploited in various biological
applications, e.g. for controlled, temperature-triggered cell binding and release.®* There are
several examples of combinatorial HT synthesis of thermoresponsive materials. Combinatorial
HT synthesis of thermoresponsive materials for mild cell release was established by Bradley
group in 2009.%° Water soluble N-isopropylacrylamide (NIPAAm) and N,N-diethylacrylamide
(DEAA), that are known to confer thermoresponsive properties to final hydrogels, as well as
other monomers were used to produce a 2280-membered library on a single glass slide via

inkjet printing (Figure 3):

Figure 3. Fluorescence image of a 2280-membered library with captured fluorescent HelLa cells. Cell
numbers calculated at different temperatures correlate with polymer composition and temperature. Reproduced

from ©°

In the initial screen, the hydrogels were quantified in terms of their cell-binding and cell

releasing properties upon cooling from 37°C to 20°C and 10°C (Figure 4):

Figure 4. Bright-field image showing cell detachment from a polymer spot upon cooling. Reproduced from

Following the initial screen, 23 “hit’-hydrogels were reprinted in “hit’-microarray in multiple
copies, and their cell-binding and cell-releasing properties were assessed regarding the
average area of a hydrogel spot. Finally, three best hydrogels were scaled up and scrutinized

one-by-one. Their study revealed that these hydrogels offered strong cell-detachment
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efficiency: up to 91% of cells could be released upon a thermal switch with the high viability of
released cells (>85%). Being shrunk and dehydrated at 37°C, the hydrogels swell at lower
temperatures, resulting in cellular detachment. A subsequent screen of “hit’-microarray on five
cell lines (HeLa, L929, HEK-293T, mouse embryonic stem cells E14tg2a and B16F10) enabled
the discovery of an optimal cell binding/releasing material for each cell type. The ability of
NIPAAmM-based thermoresponsive materials to release cells in response to temperature
changes was exploited by Bradley group to identify a long-lasting cell-adhesive material that
permitted the much-in-demand, gentle, reagent-free harvesting of human embryonic stem cells
(hESCs). After their initial discoveries,®® Bradley group synthesized an arrayed library of 609
hydrogels from 18 monomers.® In their initial screens, hESC attachment, viability, and the
marker expression of cells attached to hydrogels were studied in a HT manner, then the best
25 polymers were scaled up and tested to see how efficient the thermally-triggered cell release
was. Their study ultimately resulted in a chemically well-defined hydrogel that supported the
long-term growth of hESCs while preserving their pluripotency and enabling non-destructive
serial passaging and dissociation via thermal modulation and excellent (>90%) releasing
capacity. These discoveries reveal the hidden potential of the combinatorial HT synthesis of
responsive biomaterials and HT assessment of their biological properties. The design of the
libraries was based on incorporating NIPAAmM to confer thermoresponsive properties.
However, with the number of monomers they used, it was difficult to rationally predict, but easy
to test the properties of each unique polymer. The resulting diverse, large libraries made it
possible to rapidly identify and optimize biocompatible materials with specific responsive
properties. Without miniaturization and parallelization, the screening of hundreds of materials
would require not only large quantities of chemical precursors but also an enormous amount

of expensive stem cells and is thus quite unrealistic.

So far, thermo-responsiveness has been measured by the number of cells released from the
material after the temperature modulation. An essentially different cell-free approach to define
thermally responsive materials was also established based on temperature-correlated

changes in wettability (Figure 5)°":



Figure 5. Schematic depiction of conformational changes in an exemplary copolymer upon temperature

changes, which causes changes in water contact angle. These changes are compatible with high-throughput

combinatorial screenings and can be utilized as a readouts for measuring thermoresponsiveness of materials.

HT measurements of the water contact angle (WCA) were taken to identify materials with

thermoresponsive properties among 279 unique materials arranged in array format (Figure 6):
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Figure 6. Intensity map of WCA changes upon heating of a polymer library. Letters indicate the monomers

mixed at 50/50% ratio.%”

Subsequently, time-of-flight secondary ion mass spectrometry (ToF-SIMS) enabled the

detection of temperature-dependent molecular conformational changes in “hit” materials. The

two polymers identified in this study later proved themselves as competent materials for

thermally triggered E.coli release revealing noteworthy (up to 96%) efficiency, with possible

application in self-cleaning bacterial filtration systems.%®

Polymer microarray technology was recently employed to discover a responsive material able

to alter an incorporated dye’s fluorescence upon a shift in temperature.®® An array of 275

polymer features in quadruplicates was produced by ink-jet printing and differentiated in terms



of their fluorescence enhancement or quenching of entrapped fluorescent dye. Five
representative combinations were up-scaled to produce polymer beads to further investigate

optothermoresponsive properties at temperatures ranging from 25°C to 55°C.

Another cell-free approach, turbidimetry, was used to scrutinize thermoresponsive behaviour
of polymers. Beger et al. synthesized a library of 60 oligo(ethyleneglycol)methacrylate-based
polymers (partially in automated parallel and partially in individual one-by-one manner); 32
polymers were subjected to turbidimetry to investigate the responsive properties by measuring
the cloudy point at different pH values, the pH-responsiveness being attributed to the
incorporation of acidic monomer units.”® Interestingly, several copolymers exhibited both
thermo- and pH-responsiveness, although their homopolymers revealed no LCST behavior.
This effect was only detectable by systematic random library screening of counterintuitive
monomer combinations, thus showing the importance of such screenings to find unexpected,

novel effects.

1.2.4.2 Hydroresponsive materials

Water is a ubiquitous solvent and is conveniently applicable as a trigger of various responses.
An atomic force microscopy (AFM) surface high-throughput characterization study of a 576-
membered acrylate library revealed four different topographies (flat surfaces and surfaces
containing pits or nodules or particles). Pits were only observed in copolymers of 4-tert-
butylcyclohexyl-acrylate with either (oligo)ethylene glycol acrylate or 3-(dimethylamino)propyl
acrylate. The difference in hydrophilicity of these monomers leads to a phase-separation and
therefore to pits, composed of hydrophilic monomer, dispersed in bulk hydrophobic monomer.

Almost all of pit-polymers exhibited a rapid pit-to-bumpy transition upon exposure to water

(Figure 7).
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Figure 7. A 576-membered acrylate library, constructed from chemically very diverse monomers with
different hydrophilicity, was characterized by HT-AFM. The screening revealed four different topographies,
including a nano-structured pit-topography (A). Such polymers were discovered to be hydroresponsive and deliver
a bumpy-topography (B) upon immersion in water, based on swelling of phase-separated hydrophilic pits.”*
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These transitions, based on swelling of hydrophilic pits, were almost all reversible for at least
one wet-dry-wet cycle. Remarkably, this interesting response was only detectable via HT
analysis methodologies, emphasizing their importance in high-throughput smart material
development. The materials could probably not have been discovered if smaller sample sets
had been used. This example accentuates the compatibility of combinatorial HT synthesis and
screening methods to discover novel responsiveness and stresses the importance of random

(diversity-based) combinatorial HT screening for discovering novel materials.

Hydrolytic degradation is an important parameter in various biological settings. Typically, ester
linkages are installed to induce hydroresponsiveness under biological conditions. The Langer
group investigated hydrolytically labile poly(B-aminoesters) as promising synthetic transfection
vectors by first synthesizing a 140-membered-library in vials,”? followed by half-automated
2350-membered library synthesis in 96-well plates.” From the first screening two polymers
(~1% from the library) and from the second screening 46 polymers (~2% from the library)
exceeded the performance of conventionally employed synthetic transfection agent
poly(ethylene imine). The significantly larger second library, enabled by automatization
strategies, delivered more “hits”, having almost the same success rate as the first library,
emphasizing the importance of the throughput. Bradley group investigated another class of
hydrolytically labile materials and synthesized a 61-member library of poly(e-caprolactone)-
based polyurethanes in bulk, and then in form of polymer microarray to identify 57 copolymers
that facilitate cellular attachment and growth.”* Hydrolysis experiments were performed in bulk
on a larger scale on certain representative materials and demonstrated fasted degradation of
more amorphous structures than semi-cristalline copolymers. Notably, the hits from both
studies were selected and optimized in terms of their water solubility and gene delivery ability
or cell responses, respectively, and not in terms of their hydroresponsiveness or degradation
properties. Combinatorial HT (random) screening can be particular useful for investigating
these features, as the mechanism of the degradation and its determining parameters (e.g.
polymer hydrophobicity, pH and temperature of aqueous solution) are not always known, and
the kinetics of degradation/rate of hydrolysis can be adapted and optimized for specific clinical
applications (e.g. drug delivery or tissue engineering) by manipulating the material
composition.” This issue was addressed by Burdick group.”® A 120-member library of
photocrosslinked, hydrolytically labile poly-(B-aminoesters) was synthesized and characterized

in terms of degradation properties, albeit in a one-by-one manner (Figure 8):
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Figure 8. A) Acrylates and amines used to synthesize a library of polymerizable molecules, which then were used
to form a library of hydrolytically labile polymers. B) Degradation behavior of the polymers based on the presence
of ester linkages was detected by mass loss after 1 day of incubation in PBS at 37°C; faster degradation was
attributed to hydrophilic diacrylates, whereas slower degradation was attributed to hydrophobic amines.”®

The library was later screened against bulk properties, cell toxicity and attachment to identify
an osteoconductive material.”” The screening over a multitude of starting material
combinations has proved the importance of the combinatorial approach, as a hydrolytical
degradation trend cannot easily be derived from the chemical structure of educts.
Combinatorial HT synthesis and screening has great potential and should be used to
investigate other structure-function relationships and triggers. A 80-membered 2-oxazoline-
based library including 40 potentially degradable poly(2-oxazoline)-co-polyesters was
synthesized in bulk. To lay a foundation for future experiments on correlation of hydrophobic
character of the gels with the degradation rate, as a proof of concept authors have tested one
exemplary polymer to prove the pH-dependency of degradability and the degradability by
esterases.’® The degradation rate was evaluated by quantification of released Eosin B, which
was incorporated prior to polymerization, and was found to be the highest at pH 8 and in the

presence of porcine liver esterase.

Interestingly, some efforts were made to combine hydrolytical lability with UV-triggered
degradation, albeit in a one-by-one manner resulting in small libraries.” Combinations of
triggers demand more intense investigation. Such research can be accelerated by

combinatorial HT synthesis.
1.3 Photoresponsive hydrogels

Light as a stimulus is of utter importance in various biological settings due to the unique
combination of its intrinsic properties: 1) remote; 2) non-contaminant, thus no by-products are
formed; 3) highly adjustable irradiation parameters, such as wavelength (allowing for

orthogonal photoreactions), light intensity and irradiation time (allowing for control over the
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degree of photoreactions); 4) spatial control both in 2D (single-photon induced photoreaction,
by using corresponding photomasks) and 3D (two-photon induced photoreaction, overcoming
light absorption issues); 5) temporal control by turning the light source on or off; 6) cheap.*
Various hydrogel responses upon exposure to light can be observed. A hydrogel can be formed
or degraded by light (partially or completely). Further, a hydrogel can endure volume changes
(swelling/shrinking due to changes in crosslinking degree and/or hydrophilicity) or a
photothermal excitation (i.e., a local increase in temperature that affects an adjacent
thermoresponsive material). Gel-to-sol transition upon hydrogel degradation, hydrogel swelling
as well as near infrared light induced photothermal excitation are promising approaches in
targeted drug delivery.8®8! Light-mediated manipulation of hydrogel-based cell
microenvironments is readily used to mimic the native dynamic extracellular matrix, making a
plethora of different applications possible. These include remote uncaging of reactive sites,
such as RGD,®? tethering of biomolecules via consequent light-induced polymerization,8384
release of biomolecules and cells,® changing the hydrogel stiffness to control stem cell
differentiation®-2" and cell morphology®®. Moreover, photoresponsive hydrogels can be utilized
to construct dynamic surfaces capable of light-induced changes in surface roughness (e.g.
swelling based, subsequently exposing and hiding different regions),®® or surface wettability

(e.g. spiropyrane-based systems, zwitterionic antiadhesive state being used to release cells).®

Despite the variety of applications and significant efforts made to develop and improve
photoresponsive hydrogels, conventional “one at a time” synthesis failed to extent most of the
reviewed hydrogels beyond the proof-of-concept stage. These materials often compromise
more biologically damaging high energy light, low quantum yield and slow kinetics. In addition,
in order to systematically study structure/function relationships and hydrogel design
parameters, larger combinatorial libraries should be synthesized and evaluated. Cell
experiments, i.e. proving the biocompatibility of material itself, intermediates and products of
photoreaction, can and should be studied in high throughput and preferably in a miniaturized
format to reduce the amount of cells and consumables. Development of high-throughput
methodologies for fast synthesis and screening of photoresponsive materials is therefore of

vital importance.
1.4 Droplet microarray (DMA) platform

Droplet microarray (DMA) comprises a standard microscopic glass slide with a 6-12 um thin
layer of nanoporous poly(2-hydroxyethyl methacrylate-co-ethylene dimethacrylate) (HEMA-co-
EDMA) chemically immobilized to the glass surface (Figure 9). The HEMA-co-EDMA polymer
surface is functionalized via esterification with 4-pentynoic acid, followed by patterning via the
UV-induced thiol-yne click reaction®® with either cysteamine hydrochloride or 1H,1H,2H,2H-

perfluorodecanethiol to form hydrophilic spots with various shape and size (HL, static water
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contact angle (WCA), 6s=4.4°)° surrounded by superhydrophobic (SH, G = 173°, .= 170°
and Gec = 164°)°! borders (Figure 9):

Droplet-Microarray (DMA) slide
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St e

éuperhydrophilic Superhydrophobic
spots, borders
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—— Polymerlayer
—— Glass slide

Figure 9. Graphical schematic of superhydrophobic-hydrophilic microarray (Droplet Microarray), adapted from 2

Due to the extreme difference in wettability between SH and HL areas, aqueous solutions,
such as cell suspension, applied onto such surface spontaneously form an array of separated
microdroplets via discontinuous dewetting.®®* Some organic solvents, such as DMF and DMSO
can also be confined into hydrophilic spots, despite their low surface tensions (37.10 and 43.54
mN/m, respectively). Various non-contact liquid dispensing techniques can be used to deposit

liquids directly into the hydrophilic spots, without the need for manual handling.

DMA has proved itself to serve as a convenient and versatile platform for HT screening of
single cells,® suspension and adherent cells,% % cell spheroids,® bacteria,®” and even single
fish-embryos.®® DMA was also used to perform HT screening on stem cells,®-1%° embryoid

bodies,'! and are optimized for reversed cell transfection®®.

Previously two general workflows for screening of compound libraries were established. The

first method involves a library transfer using the “sandwiching approach” (Figure 10)°2:
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Figure 10. A workflow for compound library screening, sandwiching approach: 1a) drug library is printed on
glass slide; 1b) cells are seeded on DMA 2) DMA and drug library slide are aligned parallel to each other; 3) cells

get in contact with drugs upon sandwiching, which starts the compound screening.%?

In the “reversed drug treatment approach”, the library of compounds is printed directly onto the
spots of a DMA slide (Figure 11)%:
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Figure 11. A workflow for compound library screening, reversed drug treatment approach 1) drug library is
printed into hydrophilic spots of DMA; 2) cells are seeded onto the DMA with preprinted drugs, which starts the

compound screening.%?

In these approaches, the transfer of purchased drug libraries onto DMA slide requires solution
handling and therefore presents some logistical challenges. To avoid the transfer step,
chemical libraries can be synthesized directly in the hydrophilic spots of the DMA and
subsequently subjected to biological screenings. ChemBIOS workflow combines both
chemical synthesis and biological screening on the same platform.%31% |t was previously
validated for liquid-based synthesis of lipidoids, and later cell-screening to identify transfection
reagents.’® DMA was also proved itself as a convenient platform to produce an array of

identical alginate hydrogels for miniaturized 3D cell culture.'%®

1.5 Objectives

The process of drug discovery includes individual synthesis and characterisation of drug
candidates, followed by a biological screening. Both processes are separated from each other
in space and time. This approach suffers from low throughput and associated high costs, which
in turn lead to inefficiency in the field of drug discovery. Droplet Microarray comprises a
polymer-coated glass slide patterned with hydrophilic spots and superhydrophobic borders,
which due to compartmentalization of liquids can serve as a convenient platform for
miniaturized high-throughput cell experiments. In course of these experiments, drug libraries
are printed on DMA, and the screening is started in all spots simultaneously. However, this
workflow is limited to the purchasable compounds. Liquid-phase organic synthesis on DMA
expands the number of accessible compounds and benefits from combinatorial approach by
systematically covering the chemical space. Cell screening can be conducted on the same
slide where the synthesis was performed, forming a chemBIOS workflow. The synthesized
compound starts to interact with cells as soon as they get in contact with each other and in
only one concentration, which is determined by the yield of corresponding reaction and the
solubility of the reaction product in cell medium. Liquid-based organic synthesis also requires
consequent purification steps. Therefore, despite numerous advantages of this workflow, the
temporal and quantitative control over the screening is missing. The first aim of this PhD work

was to develop chemBIOS workflow for solid-phase synthesis, therefore eliminating the
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purification step. The product is bound to the solid phase, and cells can be seeded and allowed
to accommodate prior to the start of the screening, ensuring temporal control. The installation
of a photolabile solid-phase linker and therefore light-induced release variable in time and light

intensity also allow controlling the product release quantitatively.

Similar to drug discovery, the traditional pipeline of material, i.e. hydrogel development
includes individual one-by-one synthesis and characterization. The drawback of this approach
is the scarceness of possible combinations that can be practically tested for the purpose of
saving time, consumables and manpower. However, covering larger chemical space is
particularly useful in the field of stimuli-responsive materials, since it allows rapid identification
and refinement of “hit” structures, studying structure-function relationships, and mimicking
biological systems irrespective of the eventual lack of theoretical knowledge, while seeking
novel responsive functions. High-throughput methods are therefore important to accelerate
discovery of stimuli-responsive materials and to screen for biological interactions of interest in
parallel. Still, as an alternative approach to classical one-by-one synthesis, high-throughput
development of stimuli-responsive hydrogels is still tremendously under-represented, despite
the urgent requirement for such techniques. This can be seen by the fact that during the last
decades less than 20 studies on high-throughput combinatorial synthesis of stimuli-responsive
materials were published, focusing mostly on thermo- and hydroresponsive materials. Hence,
the second objective of this PhD work was to use DMA for high-throughput combinatorial
stimuli-responsive hydrogel synthesis and screening, focusing on photoresponsive materials,
which are both polymerized and degraded by UV light. Here, hydrophilic regions of
hydrophilic/superhydrophobic pattern are used for deposition of various precursor solutions. In
contrast to established high-throughput methodologies, which limit biological screening to
interactions with material surface, DMA provides the confinement of liquids, thus allowing
encapsulation of cells within the hydrogel, and enables variation in hydrogel height and width.
An arrayed format makes decoding of the “hit” composition simple and is particularly suitable
for high-throughput synthesis, subsequent screening for particular responses or biological

screening, and surface-sensitive analytical methods.

Light-triggered material polymerization and degradation is especially important in biological
settings, benefiting from non-contact spatially and temporarily controlled manipulation of soft
matter. However, the photoresponsiveness of hydrogels is generally not intrinsic and requires
complex synthetic procedures wherein photoresponsive crosslinking groups are incorporated
into the hydrogel. As mentioned before, PEG-based methacrylates are intrinsically
photodegradable, but lack cell adhesion sites and therefore are not suitable for cell
encapsulation. The third aim of this PhD work was to develop an intrinsically photodegradable

material that can be used to culture cells in 3D for at least 14 days. Combinatorial approach
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was employed to find the optimal balance between cell adhesion and photodegradation
properties and systematically screen for structure/function relationships. The “hit” composition
should be then used to produce an array of free-standing cell-containing hydrogel micropads,

as an example of on-demand light-triggered material manipulation.
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2. Materials and methods

2.1 Experimental details for Chapter 3
2.1.1 Materials

The glass slides were purchased from Schott Nexterion (Jena, Germany). Ninhydrine,
piperidine were purchased from Alfa Aesar (Ward Hill, Massachusetts, USA). 4-Pentynoic acid
was purchased from Apollo Scientific (Bredbury, UK). Fmoc-Glu(OtBu)-OH and Fmoc-Gly-OH
was purchased from Bachem (Bubendorf, Switzerland). Fmoc-Val-OH, Fmoc-Ala-OH and
Fmoc-Leu-OH were purchased from Iris Biotech (Marktredwitz, Germany) and kindly provided
by Dr. Parvesh Wadhwani, Institute of Biological Interfaces, KIT. Hydrochloric acid (37 %),
ethanol, ethanol absolute, acetone, 4-(dimethylamino)pyridine, 4-[4-(1-Hydroxyethyl)-2-
methoxy-5-nitrophenoxy]butanoic acid (hydroxyethyl photolinker), pyridine, methanol, N,N-
dimethylformamide, acetic acid anhydride, phenol were purchased from Merck (Darmstadt,
Germany). 1-Hydroxybenzotriazole was purchased from Molekula (Newcastle upon Tyne,
UK). Sodium hydroxide, 3-(trimethoxysilyl)propyl methacrylate, 2-hydroxyethyl methacrylate,
ethylene dimethacrylate, 1-decanol, cyclohexanol, 2,2-dimethoxy-2-phenylacetophenone,
1H,1H,2H,2H-perfluorodecanethiole, cysteaminium chloride, potassium cyanide were
purchased from Sigma-Aldrich (St. Louis, Missouri, USA). Calcein AM was purchased from
Life Technologies GmbH (Darmstadt, Germany), Propidium iodide from Invitrogen (Merelbeke,
Belgium).

If not stated differently, all chemicals have been used without further purification.

2.1.2 Functionalization of DMA slide with the linker

The DMA slides were prepared according to the previously published procedure.®* 1°2 Briefly,
microscope glass slide was coated with a layer of nanoporous poly(2-hydroxyethyl
methacrylate-co-ethylene dimethacrylate) (HEMA-co-EDMA) (using fluorinated glass slide
during photopolymerization), taped with sticky film to increase roughness of the surface and
subsequently esterified using 4-pentynoic acid. The pattern of repeating superhydrophobic and
hydrophilic properties was created by utilizing the corresponding photomask via thiol-yne
photoclick reaction using 1H,1H,2H,2H-perfluorodecanethiole and cysteaminium chloride or 3-
mercaptoethanol, respectively. To functionalize the hydrophilic spots with the linker, (4-[4-(1-
hydroxyethyl)-2-methoxy-5-nitrophenoxy]butanoic acid), diisopropyl carbodiimide (DIC), 1-
hydroxybenzotriazol were mixed in DMF to a final concentration of 0.03 M, 0.3 M and 0.3 M,
respectively. In each 2.83 mm spot of the DMA slide functionalized with cysteaminium chloride
10 L of solution was pipetted and incubated in the dark at room temperature for 18 h
(overnight). The DMA slide was then washed with acetone and dried in nitrogen flow. The

unreacted amino groups of cysteamine were then capped using a 10%-solution of pyridine in
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acetic acid anhydride. In each spot, 10 uL of capping solution was pipetted. After 5 minutes,

the DMA slide was washed with acetone and dried in nitrogen flow.

2.1.3 Analytics and reaction monitoring
The static contact angle was measured using Drop Shape Analyzer DSA25 (Kriss, Hamburg,
Germany) by applying 50 yL deionized water on a non-functionalized hydrophilic surface and

on a hydrophilic surface, functionalized with linker and capped with acetic anhydride.

For reaction monitoring experiments (ATR-IR, ToF-SIMS), several spots of a DMA slide were
functionalized with the linker as described above, with different exposure time of the hydrophilic
spots to the linker solution (e.g. in the range of 1 h to 18 h). After functionalization with the
linker, capping of the unreacted amino groups and thorough washing in acetone and drying in
nitrogen flow, the DMA slide was subjected to the respective analytical method. For ToF-SIMS
depth profiling, different polymer thicknesses were adjusted during the polymerization process
by using Teflon film spacers of 6 and 25 um thickness. The exact final thickness of the polymer
layer was determined by profilometry (Dektak XT Stylus Profiler, Bruker Nano, Karlsruhe,

Germany).

XPS measurements were performed on the DMA slide, which was exposed to the linker

solution for 18 h.

2.1.3.1 XPS measurements (Vanessa Trouillet, 1AM, KIT)

XPS measurements were performed using a K-Alpha+ XPS spectrometer (ThermoFisher
Scientific, East Grinstead, UK). Data acquisition and processing using the Thermo Avantage
software is described elsewhere.[34] All samples were analyzed using a microfocused,
monochromated Al Ka X-ray source (400 um spot size). The K-Alpha+ charge compensation
system was employed during analysis, using electrons of 8 eV energy, and low-energy argon
ions to prevent any localized charge build-up. The spectra were fitted with one or more Voigt
profiles (BE uncertainty: = 0.2 eV) and a Shirley background. Scofield sensitivity factors were
applied for quantification.'°” All spectra were referenced to the C 1s peak (C-C, C-H) at 285.0
eV binding energy controlled by means of the well-known photoelectron peaks of metallic Cu,
Ag, and Au, respectively. The K-alpha+ snapmap option was used to image an area of 3 x 3

mm with an X-ray spot of 200 um (5 iterations were run to reach a better statistic).

2.1.3.2 ToF-SIMS measurements (Dr. Alexander Welle, IFG, KIT)

ToF-SIMS (Time-of-Flight Secondary lon Mass Spectrometry) was performed on a
TOF.SIMS5 instrument (ION-TOF GmbH, Minster, Germany) equipped with a Bi cluster

primary ion source, and argon cluster source for depth profiling, and a reflectron type time-of-
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flight analyzer. UHV base pressure was < 10® mbar. For high mass resolution the Bi source
was operated in “high current bunched” mode providing short Bis* primary ion pulses at 25 keV
energy, a lateral resolution of approx. 4 um, and a target current of 1 pA at 20 kHz repetition
rate. The short pulse length of 1.1 ns allowed for high mass resolution. The primary ion beam
was rastered across a 500x500 um? field of view on the sample, and 128x128 data points
were recorded. Larger fields of view were recorded by scanning the primary beam and moving
the sample stage. Primary ion doses were kept below 10 ions/cm? (static SIMS limit). For
charge compensation an electron flood gun providing electrons of 21 eV was applied and the
secondary ion reflectron tuned accordingly. Spectra were calibrated on the omnipresent C-, Cy
, C3, or on the C*, CH*, CH,", and CHs" peaks. Based on these datasets the chemical

assignments for characteristic fragments were determined.

For depth profiling a dual beam analysis was performed in non-interlaced mode: The primary
ion source was again operated in “high current bunched” mode with a scanned area of 100 x
100 um? (3 frames with 64x64 data points) and a sputter gun (operated with Arisee* ions, 20
keV, scanned over a concentric field of 300x300 um, target current 9 nA) was applied to erode
the sample followed by a 1.5 s pause for charge compensation. Thereby, the sputter ion dose
density was >1000 times higher than the Bi ion dose density. This approach allows the
recording of larger molecular fragments, like C4HsO> from the base polymer backbone

throughout the eroded polymer layer of several um thickness.

2.1.3.3FTIR spectroscopy (Stefan Heissler, IFG, KIT)

A Bruker Tensor 27 Fourier transform IR spectrometer (Bruker Optik GmbH, Ettlingen,

Germany), was employed to obtain the IR-spectra of the samples.

All samples were measured in attenuated total reflection (ATR) geometry without additional
preparation on a Bruker Platinum ATR accessory equipped with a diamond crystal, 45° angle
of incidence, one reflection. 4000-370 cm spectral range was recorded with a scanner velocity
of 10 kHz and a spectral resolution of 4 cm™ (32 scans). The reference spectra were taken

from air. All spectra were evaluated using the Bruker OPUS software.
2.1.3.4 Linker loading determination and photorelease kinetic measurements
Two stock solutions have been prepared and stored at 8 °C:

Solution 1: 40 g phenol (425 mmol) were dissolved in a mixture of 49 mL pyridine and
10 mL ethanol abs. and 1 mL of a 10 mM of aqueous KCN solution was added. Final

concentrations were 7.1 M phenol and 0.17 mM KCN.
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Solution 2: 2.5 g ninhydrin (14 mmol) were dissolved in 50 mL ethanol abs. to yield a 281
MM solution

To perform the Kaiser test, the solution 1 was mixed with solution 2 in a 4:1 ratio immediately
before the experiment. 10 pL of the mixture were pipetted manually in each spot. As a negative
sample, a DMA slide with the same pattern size but with hydrophilic spots functionalized with
B-mercaptoethanol instead of cysteamine was treated in the same way. Both samples were
heated on a heating plate at 50°C for 5 minutes, the liquid of 2 spots was pipetted off, diluted

to 1 mL with a methanol/H-O (1:1) solution and the absorbance at 570 nm was measured.

To study the photorelease properties of the linker, glycine was attached to the linker, as
described below, and then the kinetics of its phototriggered detachment was studied. After UV
irradiation (0.5 — 15 min, 9 datapoints), the liquid from two spots was pipetted off and added to
a mixture of 100 pL solution 1 and 25 pL solution 2 in a vial. For the negative control, deionized
water was used instead of the droplet volume. Both were then heated in a waterbath at 50°C
for 5 minutes, diluted to 1 mL with methanol/H,O (1:1) and measured using LAMBDA™ 35
UV-spectrometer (PerkinEmler, Waltham, Massachusetts, USA). € = 15700 L-mol*-cm™ has
been used as molar extinction coefficient to calculate the concentration by the Beer-Lamberts

law.

2.1.3.5Fmoc-based peptide synthesis

DMA slide was functionalized with linker as described before. For attaching the first amino acid
onto the linker 24 pL of a 0.1 M solution of the corresponding Fmoc protected amino acid in
DMF, 8 pL of a 0.1 M solution of 4-DMAP in DMF and 8 pL DIC were premixed in a vial and
applied along one row of the DMA slide (4 spots). This was repeated for glycine, valine, alanine
and leucine according to the scheme. During the reaction time of 18 hours, the DMA slide was
stored in the dark at room temperature. Subsequently, the slide was extensively washed with
acetone and immersed in DCM for 1 h. For coupling the following amino acids 24 pL of a 0.1
M solution of the corresponding Fmoc protected amino acid in DMF, 8 uL of 0.3 M solution of
1-HOBt in DMF, 8 uL DIC were premixed in a vial, applied in the same manner according to a
scheme along one row of the DMA slide (4 spots) and incubated at room temperature in the
dark for 4 hours. Next, the slide was extensively washed with acetone and immersed in DCM

for 1 h. The coupling step was repeated two times to obtain a library of 16 tripeptides.

Before each coupling step, the amino acids have to be deprotected. The deprotection of amino
group was carried out by immersing the whole slide into a solution of 20% piperidine in DMF
for 1 h.
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2.1.3.6 Cell viability assays

Four DMA slides were functionalized with linker and capped with acetic anhydride as described
above, followed by sterilization by immersing in 70 % ethanol in water for 1 h in dark. Slides
were then air-dried for at least 15 minutes. While drying, a 2.2 % (w/v) gelatine solution was
prepared by adding 3 mL of sterile cell medium to 66 mg gelatin from bovine skin. To increase
the solubility of gelatin, the solution was gently warmed in a waterbath at 37 °C. Once gelatin
was completely dissolved, the solution was sterilized by filtering through sterile 0.22 pm filter.
The gelatin solution was then applied onto all DMA spots via rolling droplet to produce evenly
distributed droplets. The DMA slide was then incubated for 1 h at 37 °C, followed by air drying
of gelatin for 1 h. In each spot 8 uL of HEK293T cell suspension (4.23-10° cells/ml) were
pipetted, followed by incubation for 3 h at 37 °C. Three slides were illuminated with UV light
(364 nm) for 5, 10 and 15 minutes respectively, one slide served as a control. Four slides were

incubated overnight at 37°C and stained, using live/dead staining with Pl and calcein AM.

2.2 Experimental details for Chapter 4
2.2.1 Materials and reagents

Poly(ethylene glycol)methyl ether methacrylate (Mn approximately 500 g/mol), poly(ethylene
glycol) dimethacrylate (Mn approximately 750 g/mol), 2-(N-3-sulfopropyl-N,N-dimethyl
ammonium)ethyl methacrylate, 2-(dimethylamino)ethyl methacrylate, 2-butanone and D-(+)-
glucose were purchased from Sigma-Aldrich (St. Louis, MI, USA). Ethyl (2,4,6-
trimethylbenzoyl)phenylphosphinate was purchased from FluoroChem (Hadfield, Derbyshire,
UK). Glucose oxidase (from Aspergillus niger) was purchased from VWR (Darmstadt,
Germany). Sodium iodide was purchased from Fluka (Munich, Germany). DMA glass slides
were purchased from Aquarray GmbH (Eggenstein-Leopoldshafen, Germany) and used

without further changes.

2.2.2 Synthesis of photo initiator sodium phenyl-2,4,6-trimethylbenzoylphosphinate
(SAP)

Ethyl (2,4,6-trimethylbenzoyl)phenylphosphinate (1 g, 0.003 mol) was dissolved in 10 mL 2-
butanone. After the addition of sodium iodide (0.6 g, 0.004 mol), the reaction mixture was
stirred overnight at 60°C. The precipitate was collected by filtration, washed with 2-butanone
and dried. Sodium phenyl-2,4,6-trimethylbenzoylphosphinate (yield: 0.7 g, 79%) was yielded

as a white solid. The identity of the product was confirmed by NMR:
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'H-NMR (400 MHz, D,0): &/ppm = 7.78-7.48 (Haromaic, phenyl), 6.92 (S, Haromatic, benzoyl), 2.27
(s, para-CHs), 2.06 (s, ortho-CHs): (Figure 12):
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Figure 12. *H NMR (400 MHz, D20) spectrum of sodium phenyl(2,4,6-trimethylbenzoyl)phosphinate

2.2.3 Printing procedures

Monomers were de-inhibited prior to use by passing over a short column of basic aluminum
oxide (Alfa Aesar, Ward Hill, MA, USA). All printing experiments were performed using non-
contact liquid dispensing technology (Immediate Drop On-Demand technology (I-DOT) liquid
dispenser; Dispendix GmbH, Stuttgart, Germany). The viscosity of aqueous monomer stock
solutions was adjusted for reproducible printing by non-contact liquid dispensing technology.
Printing of solutions was calibrated, allowing precise dosage of solutions in the nanoliter range.

The humidity was maintained at 70% during printing.
2.2.4 Confirmation of adequate mixing of components in droplets

Even distribution of two monomers within droplet after printing was confirmed by fluorescence,

Raman spectroscopy measurements and multiple particle tracking.
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2.2.4.1 Fluorescence measurements

PEGMA solution was supplemented with rhodamine B and the solution of 2-
(dimethylamino)ethyl methacrylate (DMAEMA) as an example monomer and the second
monomer was supplemented with fluorescein. The solutions of PEGMA, DMAEMA, sodium
phenyl-2,4,6-trimethylbenzoylphosphinate (SAP) and PEGDMA (5 mol%) were then printed
sequentially in quadruplicate. PEGMA was printed in descending volumes (60 to 10 nL; 12
dilutions), and DMAEMA was printed in ascending volumes (10 to 60 nL; 12 dilutions), and
SAP and PEGDMA were printed in constant volumes (30 nL). The homogeneity of fluorescein
and rhodamine distribution was assessed qualitatively by fluorescence microscopy (Keyence)
and the mean intensity was determined via ImageJ (100 x 100-pixel square sections in the
middle of each droplet).

2.2.4.2 Raman spectroscopy measurements (Stefan Heissler, IFG, KIT)

Raman spectroscopy measurements were obtained from a composition comprising 30 nL
SAP, 60 nL PEGMA, 10 nL DMAEMA and 30 nLI PEGDMA (5 mol%) with a Bruker Senterra
spectrometer (Bruker Optics, Germany). For focusing of the excitation laser and collimation of
backscattered light an Olympus MPLAN 20x objective (NA 0.4) was used, resulting in a spot
diameter of 5 micron on the sample surface. The excitation laser (A = 532 nm) was operated
at 10 mW output power. Each spectrum was integrated over 60 s with three coadditions (3x20
s). The total number of measurement spots per hydrogel micropad was 144, arranged in a
12x12 matrix. Dr. Richard Thelen (IMT, KIT) performed white light scattering experiments to
confirm the 3D form of the hydrogel.

2.2.4.3 Multiple particle tracking (Dr. Claude Oelschlaeger, AME, KIT)

To determine the microrheological properties of the hydrogel, an exemplary composition
comprising 30 nL SAP, 60 nL PEGMA, 10 nL DMAEMA and 30 nL PEGDMA (5 mol%) was
polymerized. SAP solution contained glucose oxidase and glucose and was further
supplemented with green fluorescent polystyrene microspheres of diameter 0.5 um (Bangs
Laboratories, USA) as tracers, from which the Brownian motion was tracked. Then the
resulting particle trajectories were transformed into mean square displacement (MSD) traces
and quantitative information about the rheological properties were obtained based on a relation
between the MSD (4r?(t)) as a function of lag time 1 and the macroscopic complex shear
modulus G*(w) as a function of the frequency w.?® The Laplace transform of the particle MSD
(472 (iw)) is related to the complex modulus G* of the sample via a generalized Stokes—

Einstein equation (GSE)®

(o) =—2T = ¢'(0)+i6 (o),

raio(AF2(im))
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where a is the radius of the embedded beads, kg is the Boltzmann constant and T is the
temperature. Additionally, to perform the statistical analysis and characterize the
microstructure heterogeneity, we examined the distribution of displacements (Van Hove
correlation function) and calculated®® the non-Gaussian parameter a:
GO
3(x?(1))?

This parameter is zero for a Gaussian distribution, expected for a homogeneous, uniform

1

sample, while deviations from this distribution result in large a values, reflecting the presence
of heterogeneities.

The experimental setup was based on an inverted fluorescence microscope (Axio Observer
D1, Carl Zeiss, Germany) equipped with a Fluar 100x objective (numerical aperture 1.3, 100x
magnification, oil immersion lens). Two-dimensional (2D) images (field of view 127 x 127 um,
frame rate 50 f/s) of these fluorescent beads were recorded using a sCMOS camera Zyla X
(Andor Technology). The videos of the fluctuating microspheres were analyzed using the
software Image Processing System (iPS, Visiometrics, Germany) and a self-written Matlab

code,% based on the widely used Crocker and Grier tracking algorithm.[3!!

2.2.5 Confinement studies

Due to compartmentalization, different volumes of precursors can be deposited onto
hydrophilic pattern of the DMA. To highlight this fact, 240 resp. 120 nl of prepolymerization
mixture were printed onto the 1 x 1 mm patterned DMA, subsequently polymerized and
incubatied in rhodamine B solution for better visualization. In addition, 40 nL of
prepolymerization mixture was deposited onto the 500 x 500 pum patterned DMA, subsequently

polymerized and incubatied in rhodamine B solution for better visualization.

To show the possibility of cell encapsulation within the hydrogels, a suspension of HelLa cells
(10 nL, 5108 cells/ml) was printed directly after the hydrogel precursors. After the
polymerization (360 nm, 6 mW/cm?, 10 min) cells were stained with 1 yg mi™ Hoechst 33342

by immersing the DMA slide in the Hoechst stain solution for 20 min.
2.2.6 Construction of libraries

For optimization of the degassing procedure, a 36-member DMAEMA/PEGMA library (ratios
varying from 6:1 to 1:6) with 2.5, 5.0 and 10.0 mol% PEGDMA was synthesized in
quadruplicates. We varied the GOx concentration from 1 uM to 40 uM. After the polymerization
and incubation in rhodamine B solution, the hydrogel widths were measured manually. After
optimization, a typical printing procedure was performed using SAP solutions supplemented

with glucose oxidase (40 uM) and glucose (0.1 M) and glucose oxidase solution being freshly
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prepared for every experiment, SAP/glucose oxidase/glucose solution being freshly prepared
immediately before printing. All solutions were prepared with PBS and reactions were typically

performed at room temperature.

In a typical printing procedure, hydrogel libraries were printed as follows: printing of 30 nL SAP
(2.6 mg/mlin PBS) supplemented with glucose oxidase and glucose; overprinting with PEGMA
(40 wt% in PBS) with the volume descending from 60 to 10 nL per spot; overprinting with 30 nL
PEGDMA (e.g. 77,3 mg/ml in PBS for 5 mol% w.r.t. monomers), overprinting with SAMA (230
mg/ml in PBS) with the volume ascending from 10 to 60 nL per spot. To prevent evaporation,
humidifying rows consisting of only 130 nL PBS per spot were printed so that each spot
containing prepolymerization mixture was surrounded either by another prepolymerization
mixture spot or by PBS spot. The DMA produced in this way was irradiated for 10 minutes at
6 mW/cm? in a closed petri-dish containing cellulose pads soaked in water to provide a humid
environment and washed with PBS. Some starting material combinations could not be
polymerized due to both low crosslinker and PEGMA concentration and were not considered
further. All degradation studies were carried out using 270 nm UV light source (UVACUBE
2000, Dr. Honle AG, Gréfelfing, Germany) with irradiance of 22 mW/cm?2,

2.3 Experimental details for Chapter 5
2.3.1 Materials

Lithium phenyl(2,4,6-trimethylbenzoyl)phosphinate (LAP) was purchased from TCI Chemicals
Deutschland (Eschborn, Germany). Dulbecco’s phosphate buffered saline (DPBS), Dulbecco's
modified Eagle medium (DMEM), fetal calf serum (FCS), penicillin-streptomycin, and calcein-
AM were purchased from Gibco® life technologies (Carlsbad, USA). The CellTiter 96® non-
radioactive cell proliferation assay (MTT) was purchased from Promega GmbH (Mannheim,
Germany). Dialysis tubes (MWCO 12-14 kDa) were obtained from VWR International GmbH
(Darmstadt, Germany). All other chemicals were purchased from Sigma-Aldrich Chemie
(Steinheim, Deutschland). Normal human dermal fibroblasts (NHDF) and Hela cells were

purchased from PromoCell GmbH (Heidelberg, Germany).

2.3.2 Nuclear magnetic resonance (NMR) spectroscopy (Tobias Gockler, IFG, KIT)
Nuclear magnetic resonance (NMR) measurements were performed using a 400 MHz NMR
spectrometer (AVANCE 400; Bruker, Rheinstetten, Germany). Chemical shifts are given in
parts per million (&/ppm) downfield from tetramethylsilane (TMS) and referenced to D»O
(4.80 ppm) as internal standard. In the description of signals, s = singlet and bs = broad singlet.
'H NMR spectra of gelatin and GelMA were recorded at a temperature of 315 K to avoid
gelation of the sample during the measurement.
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2.3.3 Synthesis of water-soluble photoinitiator (please refer to Chapter 2.2.2)
2.3.4 Synthesis of gelatin methacrylate (GelMA) (Tobias Gdckler, IFG, KIT)

The synthesis and purification of gelatin methacrylate (GelMA) was performed as previously
described in literature.1°%-1% |n brief, 1 g gelatin (type A, gel strength ~300 g bloom, 0.266 mmol
NH2 groups, 1 eq) was dissolved in 10 mL DPBS, and the solution was heated to 50 °C. After
complete dissolution of gelatin, 39.6 UL methacrylic anhydride (0.266 mmol, 1 eq) was added
dropwise and the reaction mixture was stirred at 50 °C for 2 h. Next, the solution was diluted
with 10 mL dH-0, transferred into dialysis tubes (MWCO: 14 kDa), and dialyzed against dH>O
at 40 °C for 7 days. The purified solution was frozen at —80 °C and lyophilized (Lyophilisator
Christ Aplha 1-4, Christ Gefriertrocknungsanlagen GmbH (Osterode am Harz, Germany). The
product was obtained as a white solid and stored at —20°C. GelMA with various degrees of
modification (low, medium, or high) was obtained by varying the amount of methacrylic
anhydride (1 eq, 8 eq, 30 eq referred to NH2 groups in gelatin).

'H-NMR (400 MHz, D,0): &/ppm = 7.46-7.22 (Haromiic, gelatin), 5.73 (Hyiny,a), 5.48 (Hvinyip), 5.08-
0.83 (gelatin), 3.04 (bs, NH>), 1.95 (s, CHa) (Figure 13 A,C).

2.3.5 2,4.6-trinitrobenzene sulfonic acid (TNBSA) assay (Tobias Gockler, IFG, KIT)

The percentage of modified free amino groups in GelMA was determined colorimetrically via
TNBSA assay. The TNBSA assay was performed according to an established protocol using
protein solutions of 500 ug mL* gelatin and GelMA (low, medium, or high), respectively.1®® For
each blank, the protein solutions were first mixed with HCI before adding the TNBSA reagent.
The absorption of each sample was measured at 335 nm (SmartSpec 3000; Bio-Rad
Laboratories GmbH (Munich, Germany); all measurements were performed in triplicate. The
degree of functionalization (DoF) was derived from the ratio of the absorption values of

functionalized and non-functionalized gelatin (Figure 13 B)

A (GelMA)

DoF [%] = <1 — W

) x 100%
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Figure 13. (A) Chemical modification of gelatin to GelMA. (B) Degree of Functionalization (DoF) determined by
TNBSA Assay. (C) *H NMR (400 MHz, D20, 315 K) spectra of unmodified gelatin and GelMA of different DoF
(Low, Medium, High).

2.3.6 Combinatorial library synthesis

Monomers were de-inhibited prior to use by passing over a short column of basic aluminum
oxide from Alfa Aesar (Ward Hill, Massachusetts, USA). Each prepolymerization mixture
according to the scheme (240 puL) was deposited into a silicone mold (14 x 5 x 3 mm) and
subsequently photopolymerized with UV light (360 nm, 6 mW/cm?) for 2 min. The
photodegradation of each hydrogel was assessed by weighting the hydrogel before and after
irradiation under UV light (270 nm, 22 mW/cm?); excess released liquid was removed prior to
weighting.

2.3.7 Cell encapsulation and long-term cultivation

NHDF (used between passage 6 and 8) and HelLa cells were suspended in either PEG or
corresponding gelatin containing precursor solutions with 0.3% (w/v) LAP. To reduce harmful
exposure of uncrosslinked PEGDMA and PEGMA monomers, cells were added last with a final
cell density of 2.5 x 108 cells mL* followed by immediate photocuring. Hydrogel formation and
cell encapsulation were induced by exposure to long-wave UV light (360 nm, 6 mW/cm?, 2 min)
and performed in a p-slide 8 well (ibidi, Martinsried, Germany). Hydrogels had a volume of
200 pL and were covered with 200 uL DMEM after photopolymerization. Entrapped cells were
cultured in DMEM with 10% FCSand 1% penicillin-streptomycin for 14 days (37 °C, 5% CO.).

The cell culture medium was refreshed every 2-3 days.
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2.3.8 UV photodegradation

Cell-laden gelatin-PEG hydrogel solutions were prepared as described previously in this
section. Hydrogels were produced by casting 1 mL of the precursor solution against a Teflon
mold (37.6 x 13.8 x 3 mm), followed by immediate photocuring. The hydrogel films were
subsequently released from the Teflon mold, transferred into a Petri dish, and swollen
overnight in DMEM. To ensure rapid UV photodegradation, FCS had to be removed using one
of the following methods: (a) exchanging DMEM against DPBS for 3 h; (b) exchanging DMEM
against FCS-free DMEM for 3 h; or (c) swelling the hydrogels overnight in FCS-free DMEM.
The photodegradation process was induced by irradiation at 270 nm for 10 min at 22 mW/cm?2,
Patterning of the hydrogels was performed using a quartz-chromium photomask. After UV
degradation, the hydrogels were transferred back into Petri dishes and cultured overnight in
DMEM supplemented with FCS (37 °C, 5% COy).

2.3.9 Liveldead staining (Tobias Gockler, IFG, KIT)

Cell viability of encapsulated NHDF and HeLa cells within the hydrogel was monitored using
live/dead staining with calcein-AM and propidium iodide. Staining was performed after 1 day,
7 days, and 14 days of cultivation for NHDF and on day 1 post-photodegradation for HeLa
cells. The supernatant cell culture medium was removed before hydrogels were stained with
calcein-AM (4 ng mL1) and propidium iodide (20 ng mL™). The staining solution was removed
after 20 min incubation. The hydrogels were then washed several times with DPBS and
covered with DMEM. A confocal microscope (Leica TCS SPE) was used to visualize z-stacks
of approximately 300 um thickness (step size: 5 um) per sample, which were converted into

3D images using Leica LAS X software.
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3. High-Throughput Combinatorial Synthesis of Small molecules?

3.1 Introduction

The process of drug discovery classically includes individual synthesis and characterisation of
drug candidates, followed by a biological screening, which is separated from synthesis in
space and time. This approach suffers from low throughput and associated high costs, which
in turn lead to inefficiency in the field of drug discovery. Droplet microarray (DMA) platform
aims to solve these problems. It comprises a pattern of hydrophilic compartments, surrounded
by superhydrophobic borders. Due to extreme differences in wettability, these hydrophilic spots
provide confined microenvironment and can accommodate both solutions of drug candidates
and cell suspensions. Two drug library-screening approaches were previously validated.% 102
In order to harness the power of combinatorial chemistry and eliminate the necessity of
purchasing compounds, chemBIOS workflow for liquid-phase synthesis was established.'
However, in all three approaches, the screening is started as soon as cells get in contact with
printed compounds and in all droplets simultaneously for sandwiching approaches, thus the
spatiotemporal control is limited. In addition, liquid-phase synthesis often requires tedious
purification steps, impairing the simplicity of the synthetic procedure. Therefore, in order to give
more control over time and position where the screening is performed, as well as to eliminate
the purification steps, a miniaturized platform combining combinatorial solid-phase synthesis
with high-throughput cell screenings is highly anticipated.

In this chapter, the chemBIOS method combining both chemical solid-phase synthesis and
biological screening on the same chip has been demonstrated. The nanoporous poly(2-
hydroxyethyl methacrylate-co-ethylene dimethacrylate) inside the hydrophilic spots was used
as a support to conduct solid-phase synthesis. The hydrophilic spots were filled with droplets
containing either reagents for synthesis or live cells. Due to compartmentalization, each droplet
served both as a separate reaction compartment and as a microreservoir for culturing cells,
rendering library transfer step redundant and enabling high spatial control. The light-induced
release of the products, based on installation of photocleavable solid-phase bound linker,
allowed controlling the release also temporally and quantitatively. Upon irradiation with UV-
light, products of solid-phase synthesis were released from the porous polymer and diffuse
into separate droplets. The quantitative control over the concentration of the final drug in
separated individual droplet compartments by changing the irradiation time was demonstrated.

Since standard methods to control the course of liquid-phase chemistry reactions such as thin

2This chapter is adapted from the following publication: Alisa Rosenfeld; Marius Brehm; Alexander Welle; Vanessa Trouillet;

Stefan Heissler; Maximilian Benz; Pavel A. Levkin. Solid-phase combinatorial synthesis using microarrays of microcompartments
with light-induced on-chip cell screening. Materials Today Bio. 2019, 3, 100022. Marius Brehm performed the kinetic measurement
of linker cleavage as well as compound library synthesis.
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layer chromatography (TLC) and nuclear magnetic resonance (NMR) spectroscopy cannot be
trivially transferred to a miniaturized solid-phase synthesis, attenuated total reflection infrared
spectroscopy (ATR-IR), Time-of-flight Secondary-lon Mass Spectrometry (ToF-SIMS), and X-
ray photoelectron spectroscopy (XPS) were used to monitor the reaction on DMA. These
methods were used to follow the course of linker attachment onto the solid phase. In order to
demonstrate the usability of the platform for chemical synthesis, the confinement within single
hydrophilic spots and their sealing with superhydrophobic borders were demonstrated. Also, a
peptide synthesis was implemented as a model reaction to create an exemplary chemical
library. Finally, high cell viability after UV-triggered small molecule release was proved and

highlighted the convenience and future potential of the chemBIOS method.

3.2 Results and discussion

3.2.1 Linker choice and its installation onto the DMA

In order to integrate solid-phase synthesis into the chemBIOS workflow, both suitable
anchoring strategy to the solid phase and cleavage strategy from the solid-state were
identified, resulting in installation of an o-nitrobenzene-based [4-(1-hydroxyethyl)-2-methoxy-

5-nitrophenoxy]-butanoic acid as the photocleavable linker1°:

OH

NO,

O\/\)J\OH

Figure 14. The chemical structure of the nitrobenzene-based photocleavable linker

Photolytic cleavage of small molecules from the solid phase offers several crucial advantages
over the chemical one.'! Photolabile linkers can only be cleaved upon exposure to the light,
which broadens the scope of reactions that can be employed in small molecule synthesis in
comparison to chemically cleavable linkers, which can be cleaved e.g. under acidic conditions.
Another important factor is the non-contaminant and noncontact nature of light. It is critical if
small molecules released from the solid phase are directly used in biological assays.®® The
cleavage upon light irradiation also has higher spatial and temporal resolution than chemical
one, which is essential for screening applications. Furthermore, the intensity and wavelength
of light as well as duration of illumination can be adjusted and controlled, which enables facile
fine-tuning of releasing properties. This linker releases acids by UV-irradiation at 364 nm,
which has been proven not to affect cell viability.1*21* The side product of cleavage remains

bound to the solid phase. The mechanism of the cleavage is depicted in Figure 15.

31



o ) o o

Z/ " Z/ o lid ph
o solid phase o) solid phase O)/irso”d phase OZ/ solid phase

solid phase

o R O_R
T T :
N e O O~Fom N,
©2  uy N NI N o
365 nm N o ~ O R
~o o N . . . Oy
© o Z/O OH

Figure 15. The mechanism of photolytical cleavage of the linker.111

This linker also met the selection criteria for the linker attachment onto the solid phase. These
included a facile one-step reaction with amino groups of the hydrophilic spots and formation of
a less reactive bond between the solid phase and the linker. This was important in order to
prevent linker leakage into the droplets during further reactions. Therefore, in order to render
the hydrophilic spots of DMA suitable for solid-phase synthesis, linker carrying carboxylic
group was anchored to the polymer layer of DMA slide as an amide in a simple one-step
reaction (Figure 16). Each pentynoic acid tethered to the HEMA-co-EDMA polymer layer acts
as a branching point, bears two linker molecules, and thus doubles the overall number of

reaction sites:
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Figure 16. Reaction scheme for attachment of the linker onto the solid phase.

Due to compartmentalization of DMF of DMA, this reaction was in droplets, by pipetting 10 pL
of linker-containing solution into each hydrophilic spot. In the next step, the unreacted amino
groups were inactivated by formation of an amide with acetic acid anhydride and pyridine as

an acid scavenger:
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Figure 17. Reaction scheme for capping of unreacted amino groups with acetic acid anhydride.

This reaction was performed by immersing the whole DMA slide into the acetic acid/pyridine
solution for 5 minutes. Spots functionalized with the linker and capped with acetic acid
anhydride stay hydrophilic, with predictably elevated static WCA of 29+1° in comparison to the
non-functionalized spot (static WCA = 4.4°). After capping, the linker content on the surface

was determined spectrophotometrically by the Kaiser test!!* to be 1.63 nmol/mm2.
3.2.2 Kinetics of linker cleavage

In order to demonstrate the quantitative control over the concentration of the final drug in
separated individual droplet compartments, the concentration of a photoreleased compound
in the droplet was measured upon exposure to the UV light after distinct time periods. Glycine
was used as a model compound and was attached, deprotected and photoreleased as

following:
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Figure 18. Reaction scheme of (A) attachment of Fmoc-protected glycine to the solid-phase bound linker and
subsequent deprotection; (B) photoinduced glycine release from the solid phase.

The concentration of glycine photoreleased after UV irradiation was determined
spectrophotometrically via Kaiser test for all irradiation times. The concentration of glycine in

the droplet was calculated and plotted against the irradiation time, yielding the release curve:
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Figure 19. The release curve, depicting phototriggered release of glycine from the surface after different irradiation
times, expressed in nmol of glycin per mm? of linker-functionalized surface. The amount of released glycine was

measured by the Kaiser test.

Therefore, it was proved, that the amount of released glycine can be controlled by varying the

exposure time, thus emphasizing not only the temporal control (flexibly selectable starting time)
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of the release, but also quantitatively controlling the released amount. The linker half-life (time,
at which half of the molecules attached to the linker are cleaved) under UV exposure was
measured to be around 2 minutes. The rapid photolytic cleavage of the linker in agueous
environment is important for the application of UV-induced drug release process under
biologically relevant conditions. The half-life value is comparable with literature known values
for photolysis in liquid phase.!'® The DMA slide, therefore, does not suffer from typical
obstacles of resin-bound photolabile linkers, like swelling of resin or light scattering, shadowing
and shielding effects, which would increase the half-life of the linker.'*® Complete cleavage
was achieved after 15 minutes of UV irradiation (Figure 19), which is six times faster than in

a comparable SPOT-system, requiring dry cleavage.?®
3.2.3 Reaction monitoring on DMA

For reaction monitoring experiments (ATR-IR, ToF-SIMS), several spots of a DMA slide were
functionalized with the linker as described above, with different exposure time of the hydrophilic
spots to the linker solution (e.g. in the range of 1 h to 18 h). After functionalization with the
linker, capping of the unreacted amino groups and thorough washing in acetone and drying in
nitrogen flow, the DMA slide was subjected to the respective analytical method. Surface
sensitive analytical techniques attenuated total reflection infrared spectroscopy (ATR-IR),
Time-of-flight Secondary-lon Mass Spectrometry (ToF-SIMS), and X-ray photoelectron

spectroscopy (XPS) were used to monitor the reaction on DMA.

3.2.3.1 ATR-IR measurements for reaction monitoring

ATR-IR spectral data were collected for hydrophilic spots before incubation with linker and
after incubation with linker for 1h and overnight. Incubation of a hydrophilic spot with a 0.03 M
linker solution, supplemented with 0.3 M diisopropyl carbodiimide and 0.3 M 1-
hydroxybenzotriazol, for 1 h led to the emergence of two new signals in IR spectra that could
be assigned to the introduced nitro group (1518 cm?™ for N-O asymmetric vibration and
1336 cm for N-O symmetric stretch).'® The intensity of these characteristic signals increased

as the reaction proceeds overnight (Figure 20):
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Figure 20. ATR-IR measurements of hydrophilic spots incubated with the linker solution for different periods of
time.

3.2.3.2 XPS measurements for reaction monitoring

XPS measurements were performed on the spot before and after incubation with 0.03 M linker
solution, supplemented with 0.3 M diisopropy! carbodiimide and 0.3 M 1-hydroxybenzotriazol
for 18 h (Figure 21). Before incubation, the N 1s XP spectrum indicated the presence of
cysteamine with a component at 399.2 eV and a protonated form with a peak at 401.4 eV.
After incubation with linker solution (Figure 21, line 2), the signal at 399.2 eV is shifted to
399.8 eV, proving the emergence of amide groups. An additional signal at 406.0 eV indicates
the presence of the linker nitro group, thus revealing the successful attachment of the linker to

the solid phase.

Normalized intensity

410 408 406 404 402 400 398 396

Binding energy [eV]

Figure 21. N 1s XP spectra before (1) and after (2) functionalization with the linker.
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3.2.3.3 ToF-SIMS measurements for reaction monitoring

In order to investigate the kinetics of linker immobilization as well as the loading of the linker
as a function of polymer thickness, ToF-SIMS measurements of polymer substrates with
different polymer thicknesses and different linker incubation time were conducted. Despite the
semi-quantitative nature of ToF-SIMS, the relative intensity change of respective ions provides
useful information about the kinetics of the reaction. A clear trend of NO>™ intensity changing

can be observed for different linker incubation times (Figure 22):
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Figure 22. ToF-SIMS stage scans for NOz™ signals of hydrophilic spots reacted with the linker solution for different
periods of time (from top to bottom, left: no linker, 2h, 1h, no linker; right: 18h, 6h, no linker, 3h).

Therefore, to achieve complete loading, it is important to incubate DMA slide with linker
solution overnight. Another important finding was that no NO; signal was detected on spots
without linker. This means that compartmentalization of liquids within DMA works well and

each spot serves as a confined microreactor with no evidence of cross contamination.

The big surface area of the porous polymer layer (9 m?/g) provides numerous accessible
reaction sites, while the permeability enables diffusion of chemicals, so the linker can react
throughout the polymer layer and not only on the topmost surface. Therefore, it is important to
prove, whether the distribution of the linker is even throughout the whole polymer layer, to take
advantage of its whole volume. In addition, the incubation time with the linker solution has to
be adjusted to ensure maximal loading. The distribution of the linker (loading of the linker as a
function of polymer thickness and incubation time) was determined via depth profiling via
dynamic SIMS under argon cluster erosion after incubation of hydrophilic spots of different
thicknesses (6 and 26 um) for different times (1-18 h). Typically, DMA comprises a glass slide
with a polymer layer of 6 um. If linker solution is incubated on hydrophilic spots overnight, the

distribution of the linker in 6 um thick polymer is uniform (Figure 23):
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Figure 23. ToF-SIMS characterization of 6 um polymer layer loaded with linker. A) ToF-SIMS depth profile for
6 um thick polymer layer incubated with linker solution overnight. Signals for cysteamine (characterized by CN-,
black) and linker (characterized by NOz", red) have the same intensity throughout the polymer layer (characterized
by C4HsO2, green). The linker is uniformly distributed. Glass substrate signals are characterized by SiOz", SiOs,
and SiOsH", blue; B) 3D rendering of ToF-SIMS depth profile for 6 pm thick polymer film; X-Y-Dimensions are
100x100 pm, Z-Dimension is 6 pm.

However, hydrophilic spots patterned on thicker polymer layers (26 um), incubated with linker
solution overnight, show a gradient of uniformly decreasing amount of linker towards the
surface opposite of irradiation according to the NOy™ -signal in ToF-SIMS (Figure 24 A). This
finding can be attributed to the decreasing amount of the cysteamine (CN™-signal in ToF-SIMS),

onto which the linker is covalently attached.
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Figure 24. ToF-SIMS characterization of 26 um polymer layer loaded with linker. A) ToF-SIMS depth profile
for 26 um thick polymer layer incubated with linker solution overnight. Signals for cysteamine (characterized by CN-
, black) and linker (characterized by NOz", red) decrease throughout the polymer layer (characterized by C4HsOz",
green) towards glass substrate. The linker is not distributed uniformly. Glass substrate signals are characterized by
SiO2,, SiOgz, and SiOszH-, blue; B) 3D rendering of ToF-SIMS depth profile for 26 um thick polymer film; X-Y-
Dimensions are 100x100 pm, Z-Dimension is 26 pm.

The signal of the linker decreased even faster for shorter incubation times (Figure 25). Despite
uneven distribution of the linker in the 26 um thick polymer, the depth integrated signals of
linker are the highest for the sample, which was produced by incubating the hydrophilic spots
with linker solution overnight. The signals decrease simultaneously with the incubation time,
which again stressed the importance of incubation of hydrophilic spots with linker solution
overnight (Figure 25).
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Figure 25. A) ToF-SIMS depth profile for 26 pm thick polymer layer incubated with linker solution for 6 h. Signals
for cysteamine and linker decrease nonuniformly towards glass slide. B) Depth integrated NO2 signals for different
incubation times with linker solution, obtained by dynamic SIMS under argon cluster erosion, normalized versus

polymer signal C4HsO2 to compensate for thickness differences.

Later, the slides with 6 um thick polymer layer were used, and overnight incubation with linker

solution was utilized to ensure maximal loading.

3.2.3 Confinement on DMA

The confinement of solution is an essential prerequisite for using hydrophilic spots as distinct
microreservoirs without cross contamination between the individual spots. | have proved the
confinement of solutions in the bulk of polymer as well as on top of the slide by XPS (Figure
26 representing area between the spots) and depth profiling via ToF-SIMS (Figure 27, cut-out
of the spot incl. surrounding). The linker-containing liquid could wet only hydrophilic spots, so
the linker was attached only to the cysteamine of the hydrophilic spots, as seen from the
intensity of combined N 1s signals of amide and nitro groups (referred to the presence of linker

inside the hydrophilic spots; Figure 26 A).
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Figure 26. XPS image of the area between spots depicting (A) the abundance of nitrogen inside the spots (assigned
to the amide and nitro group, N 1s, 400.2 and 406.0 eV respectively); (B) the abundance of fluorine outside the

spots (assigned to the fluorine, F 1s, 689.0 eV).

XPS image of the area between spots, on the other hand, depicts the high abundance of
fluorine (right image, assigned to the fluorine, F 1s, 689.0 eV). The ToF-SIMS assisted depth
profiling of the interface area of the spot and the surrounding has shown NO>" signal only inside
the spots, and F signal outside the spots. No NO> signal was found within fluorinated borders,
implying that linker-containing solution could not penetrate the fluorinated boarders, confirming
the fluorinated borders seal the spot securely from the surrounding in the bulk of polymer
(Figure 27):

Fluorinated borders Glass

Figure 27. 3D rendering of ToF-SIMS depth profiles; linker, characterized by NOz (red), fluorinated borders,
characterized by F- (yellow) and glass substrate (SiO27, SiOs", and SiOzH") (blue). X-Y-Dimensions are 500x500

pm, Z-Dimension is 26 pm.

Both XPS and ToF-SIMS measurements show the absence of the linker (and with it lack of

active sites for solid-phase synthesis) within the fluorinated boarders, thus rendering them inert
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and unqualified to act as a solid-phase. These results clearly indicate that
compartmentalization of liquids within the DMA works well and each spot serves as a confined

microreactor with no evidence of cross contamination.

3.2.4 Combinatorial chemistry on DMA

To show the general possibility of combinatorial solid phase synthesis on DMA, standard

Fmoc-chemistry (Figure 28) for an exemplary 16-membered library of tripeptides was

performed.
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Figure 28. Reaction scheme utilizing Fmoc chemistry (corresponding combinatorial scheme of tripeptide synthesis

s. Figure 29).

For this, the hydrophilic spots were functionalized with the linker, as described above and

distinct tripeptides were synthesized according to the scheme (Figure 29).
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Figure 29. A) A schematic representation of the construction of 16-membered combinatorial library on 16
hydrophilic spots of DMA, using 4 different amino acids, arrows indicating the direction of distribution relative to
each other. First, aminoacids are applied in rows and immobilized on the solid phase. In the second and third steps,
amino acids are applied in columns; B) Overall combinatorial library scheme for synthesis of tripeptides on the
array. Array format allows for simple decoding. G — glycine, V — valine, A — alanine, L — leucine.

The combinatorial approach was realized by applying the N-protected Fmoc amino acids
glycine (Fmoc-Gly-OH), valine (Fmoc-Val-OH), alanine (Fmoc-Ala-OH) and leucine (Fmoc-
Leu-OH) row- and columnwise (Figure 29 A). Amino acids were applied along the rows of the
DMA slide, starting with Fmoc-Gly-OH in row 1 and continuing with Fmoc-Val-OH in row 2,
Fmoc-Ala-OH in row 3 and Fmoc-Leu-OH in row 4. All amino acids could be deprotected
simultaneously by immersing DMA slide in 20 vol% solution of piperidine in DMF. To conduct
the second coupling step, amino acids were applied along the columns, starting with Fmoc-
Gly-OH in column 1, continuing with Fmoc-Val-OH in column 2, Fmoc-Ala-OH in column 3 and
Fmoc-Leu-OH in column 4. After repeating the deprotection step, amino acids were applied
for the third coupling step in the following pattern: Fmoc-Leu-OH in column 1, Fmoc-Ala-OH in
column 2, Fmoc-Val-OH in column 3, Fmoc-Gly-OH in column 4. After the final Fmoc
deprotection step, the tripeptides were cleaved from the surface upon UV irradiation for 15

minutes (Figure 30).
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Figure 30. General reaction scheme of tripeptides” (AA1AA2AA3) cleavage from the solid phase; tripeptides bear a
free carboxy group at the C-terminus. The photolinker stays attached to the solid phase. After the cleavage,
tripeptides diffuse into separate water droplets, and can be subjected to ESI-MS analysis or to interaction with cells,

cells being seeded prior to cleavage.

The tripeptides then diffuse into the droplets, where they either can be collected for further
analysis or can directly interact with cells, if cells seeded before cleavage. The presence of
tripeptides in the droplets was confirmed via ESI-MS by the corresponding [M+H"] signals
(Figure 31).
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Figure 31. Exemplary positive mode ESI-MS spectra of the tripeptide GGL (244.1 m/z).

Only one tripeptide per spot could be detected, which confirms that solid-phase synthesis of
peptides in confined 10 pL volumes and their release into the corresponding droplets via photo-
triggered cleavage can be performed without detectable cross-contamination. The fact, that
the hydrophobic tripeptides could be released from the solid-phase in the aqueous solution,
proves the suitability of the DMA for synthesis and release of drug-like molecules, which are
mostly hydrophobic. The 16-membered exemplary library could be constructed within 3 days,
requiring <1 hour of active participation. Each 2.83 mm in diameter spot can accommodate up

to 10 pL liquid, so liquid handling was conveniently done by manual pipetting.
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3.2.5 Cell compatibility of the photo triggered release

One of the key features of the combinatorial solid-phase synthesis using the chemBIOS
workflow is the possibility to perform cell-based screenings directly on the same DMA slide
after the synthesis part is accomplished, and without the need to transfer the compounds onto
another DMA slide or into the wells of microtiter plates. The 4-[4-(1-hydroxyethyl)-2-methoxy-
5-nitrophenoxy]butanoic acid as UV-triggered linker, used for the solid-phase synthesis, can
be cleaved using 360 nm UV light. In order to prove the harmlessness of the 360 nm UV light
for cells cultured on DMA slide, a series of experiments on adherent HEK293T cells was
constructed. Cells were seeded onto 4 separate DMA slides functionalized with the linker as
described above. Three slides were illuminated with 364 nm UV light for 5, 10 or 15 minutes.
After incubation for 18 hours the cell viability was assessed by live/dead staining. These
experiments demonstrate that the UV light (360 nm, 6 mW/cm?, up to 15 minutes) used for
triggering the compound release from the solid phase as well as surface bound product of
linker cleavage do not affect viability of HEK293T cells, as seen from life/dead staining on
Figure 32 and 33:

Brightfield Calcein AM Propidium lodide

No UV

5 min UV

10 min UV
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e

Figure 32. Live/dead staining of HEK293T cells with calcein-AM (green, live cells) and propidium iodide
(red, dead) upon 18 h incubation after UV irradiation (360 nm, 6 mW/cm?, 0-15 minutes).
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Figure 33. Graph representing cell viability changes upon irradiation with the UV light (360 nm, 6 mW/cm?,
irradiation time 0-15 minutes, followed by incubation for 18 h).
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4 Miniaturized high-throughput synthesis and screening of

responsive hydrogels using nanoliter compartments?

4.1 Introduction

Hydrogels are widely applied in different biological and medical settings, including their use as
matrices for three-dimensional (3D) cell culture, as drug delivery systems, and in regenerative
medicine. Therefore, discovery of new hydrogel materials, as well as optimization of known
materials to meet particular requirements, is of outstanding importance. Typically, hydrogels
are synthesized and evaluated iteratively in a one-by-one manner. The drawback of this
approach is the paucity of possible combinations that can be practically tested as well as the
high cost in terms of time, consumables and labor. Therefore, the process of discovery of novel
hydrogels remains slow and the design principles, including structure-function relationships,
are often not fully understood. Miniaturized high-throughput technologies, enabled by
technologies such as droplet microfluidics'!” and polymer microarrays, are therefore important
in facilitating and accelerating the discovery of novel hydrogels and screening of biological
interactions of interest in parallel. Pioneered by Anderson et.al.?® and Tourniaire et.al.}!8 in the
mid-2000s, polymer microarray technologies for biomaterial discovery have the advantage of
an arrayed format. These techniques have been used successfully for the discovery of
biomaterials for broad-ranging applications, ranging from materials for bone repair!'® and heart
valve engineering,’® to materials for parasite removal'®® and bacteria-repellent medical
devices.'?? High-throughput techniques have been widely used to study the effects of
biomaterials on stem cells.®® 123124 Biomaterial microarrays have been extensively reviewed.'?
Interestingly, reports of high-throughput synthesis of responsive materials are rare.1%
Responsive hydrogels have particular advantage of being synthesized in a high-throughput
manner. Structure-function relationships between multiple responses cannot be easily forecast
and thus, require experimental investigation in a process that does not lend itself to the
classical iterative synthesis. The discovery of novel properties is facilitated by screening of a
much larger range of chemical structures than can easily be achieved in conventional one-by-
one synthesis. Therefore, high-throughput synthesis of responsive materials offers the

potential to narrow the gap between the demand and supply of responsive materials.

Millions of cells are usually necessary to screen for cell-material interactions.*® In the case of
stem and primary cells, this can soon become expensive and therefore, restricts the number

of possible combinations that can be tested. Solutions often have to be premixed before

3 This chapter is adapted from the following publication: Alisa Rosenfeld; Claude Oelschlaeger; Richard Thelen; Stefan Heissler;
Pavel A. Levkin. Miniaturized high-throughput synthesis and screening of responsive hydrogels using nanoliter compartments,

submitted.
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printing.t® © 126 Furthermore, cell-material assays are usually performed without
compartmentalization of the individual materials. This can lead to cross-contamination issues
in the case of cell-cell signaling studies, and is particularly important for the microenvironment
of stem cells, thus demanding independent control of contact-mediated signalling. Introducing
soluble factors after seeding cells can be conveniently achieved by compartmentalization.

Compartmentalization also renders microarray add-ons'?” obsolete.

A platform utilizing compartmentalized hydrophobic/hydrophilic patterns was developed by Le
et.al., in which a pattern of varying wettability on gold-coated glass slides was utilized to study
processes such as hMSC encapsulation.?” However, the manual handling involved in this
technique considerably limits the throughput. Therefore, a platform that allows simple high-
throughput fabrication of arrayed combinatorial library of responsive hydrogels in separated

nanoliter compartments has not yet been developed.

The DMA, being a platform that comprises a glass slide photopatterned with hydrophilic
regions/spots separated by superhydrophobic liquid-impermeable barriers, has been used for
alginate-based hydrogel microarray production.'®® These hydrogel microarrays comprised only
one hydrogel composition. Following deposition of a unique prepolymerization mixture in each
spot, the superhydrophobic barriers prevent cross-contamination,  providing
compartmentalization and opening the possibility to test different compositions in a
combinatorial manner. Moreover, such assay miniaturization provides the ability to test a
greater number of combinations of starting compounds, ensuring, if required, an almost
spatially continuous gradient that can be used to study structure/function relationships.
Specialized printing technique also allow precise deposition of compounds at the nanoliter
level. DMA platform can be also used to perform multiple microbeads or cell encapsulation

experiments in a parallel.

In this chapter, high-throughput combinatorial synthesis of hydrogels using DMA was
demonstrated. Polymerization on nanoliter scale was optimized with regards to oxygen
scavenging, which was proved by synthesis of 33-membered combinatorial hydrogel library in
quadruplicates. The proper mixing behavior was confirmed by fluorescence measurements,
Raman mapping and multiple particle tracking experiments. Synthesis in confined environment
was shown to be beneficial for cell encapsulation and to study polymer” buckling properties.
Two combinatorial libraries of UV-responsive hydrogels (totaling 20 unique members a 16
replicates), all of which manifested a well-defined spatial gradient of components, were
synthesized to highlight the convenience and future potential of DMA as a platform for

responsive material synthesis.
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4.2 Results and discussion

4.2.1 General array production

In this study, a platform in which hundreds of highly adjustable combinations of polymerization
starting materials and additives can be simultaneously synthesized and assayed was
developed. To implement the combinatorial approach and support a high-throughput aspect,
a liquid dispensing device based on non-contact liquid dispensing technology was used to
dispense droplets containing components of a hydrogel library.'?® The I-DOT printer is a
noncontact printer that utilizes compressed air pulses to dispense precise dosage of solutions
in the nanoliter range. The non-contact liquid dispensing technology printer was equipped with
a humidifier, thus allowing printing of aqueous solutions without adding humectants or oil films.
Droplets can be dispensed directly onto the hydrophilic spots of the DMA without cross-
contamination, since superhydrophobic borders provide confined surroundings to hydrophilic
regions. These wall-less microreactors allow synthesis of a unique material in each spot. The
non-contact liquid dispensing technology printer facilitates the creation of a typical library of
144 unique pre-polymerization mixtures within several minutes. This process requires less
than 20 pL of reagent solution in total and is executed in more than 800 pipetting steps. To
construct a similar library in a conventional one-by-one manner on 1 ml scale would be much
more time-consuming and require approximately 7,000 times more solution (144 mL)
(Figure 34):
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Figure 34. Schematic comparison of high-throughput screening of 588 hydrogels in vials and on DMA.
Confined hydrophilic regions on a DMA slide act as wall-less reaction microvessels, enabling the single DMA slide

to substitute 588 vials. Scale bar 1 mm.
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Recently, Li and Scheiger et al. has shown that commonly used methacrylate-based hydrogels
are inherently degradable by 270 nm UV light.12%139 Most of the high-throughput smart material
libraries reported to date are based on temperature and water responses;' therefore, it was
aimed to complement these studies with a study of methacrylate-based photoresponsive

hydrogels (Figure 35):
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Figure 35. Schematic description and reaction scheme of high-throughput on-chip photoinduced synthesis
of combinatorial library of photodegradable hydrogels and assessment of degradation properties. Based
on this reaction, three libraries have been synthesized: 3-membered PEGMA/PEGDMA library, 33-membered
PEGMA/DMAEMA/PEGDMA library and 17-membered PEGMA/SAMA/PEGDMA library;
PEGMA/DMAEMA/PEGDMA library was used to optimize the photopolymerization protocol; PEGMA/PEGDMA and
PEGMA/SAMA/PEGDMA libraries were assessed with regard to their photodegradation properties.

Photopolymerization was selected because it is a fast, non-contact, controllable (in terms of
wavelength, exposure time and intensity), proceeds under physiological conditions and under
high spatiotemporal control.’® SAP was used as a photoinitiator; therefore,

photopolymerization occurred at 360 nm and photodegradation occurred at 270 nm.

4.2.2 Polymerization on a nanoliter scale

Despite many benefits, the open infrastructure of DMA involves the contact of droplets
containing prepolymerization mixture with oxygen, which can dramatically decrease the
efficiency of radical polymerization. Conventional methods of oxygen removal, such as
degassing via nitrogen purging, working under an inert atmosphere or freeze-pump-thaw
cycles, require additional infrastructure or are not readily applicable to reactions carried out in

submicroliter volumes.**? Therefore, to perform miniaturized HT radical polymerization under
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ambient conditions and overcome its inherent intolerance to oxygen, the initiator solution was
supplemented with glucose oxidase (GOx) and glucose (Glu), which function in combination
as an oxygen scavenger system.'32134 A 33-membered PEGMA/DMAEMA library was used
as a sample library for optimization of the degassing procedure. Without the GOx/Glu
degassing system, the average hydrogel micropad size decreased as the concentration of
DMAEMA increases. For these compositions, the conversion was low due to presence of
oxygen, resulting in partial crosslinking of polymers, which were consequently unable to
adhere to the underlying substrate and were removed during washing step. For the GOx/Glu
degassed polymerization, 40 uM GOx was sufficient to reproducibly synthesize hydrogel
microarrays in all prepolymerization mixtures tested. Changes in pH of the precursor solutions

did not result in better polymerization (Figure 36):
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Figure 36. Size distribution derived from the brightfield microscopy of a hydrogel library polymerized
with/without GOx/Glucose oxygen scavenger system. White spots indicate compositions, which could not be

polymerized.

The high surface-to-volume ratio of submicroliter droplets combined with the shorter pathways
for oxygen diffusion, as well as the suboptimal reaction temperature for GOXx justifies the
increased (200x) GOx concentration required for complete conversion of monomers within the

hundred nanoliter-sized droplets compared to reactions conducted in the submilliliter range.*®

4.2.3 Confinement

For inkjet printing on flat surfaces with homogeneous wettability, the size of hydrogels is
controlled by changing the number of droplets printed per spot. In contrast, the size and shape
of the hydrogel features printed on DMA can be controlled by changing the freely selectable
pattern of the photomask used for production of slides (Figure 37). Prepolymerization mixtures
deposited onto different patterns of choice can be therefore polymerized into arbitrary shapes
and with freely selectable density of the hydrogel micropad due to precise setting of the pitch
between spots. Superhydrophobic borders prevent liquid-spreading and therefore, allow
deposition of volumes up to 1,000 nL in a 1x1 mm spot. Deposition of different volumes
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provides control over the hydrogel height and width, which would not be possible on a

nonpatterned surface.

Figure 37. Brightfield and fluorescent images of hydrogels, which were polymerized in nanoliter-sized
compartments using (i) and (ii) 1000 um squared pattern, 240 nL resp. 120 nL prepolymerization mixture (iii) 500
pum squared pattern, 40 nl prepolymerization mixture. Fluorescence was achieved by immersing the hydrogel
array into the 0.01 M Rhodamine B solution. Scale bars are 1 mm.

Furthermore, in the absence of an oxygen scavenger system during the polymerization, we
observed surface instabilities because of the oxygen gradient and hence, different degrees of
crosslinking from the surface of the hydrogel to its core. Since the hydrogel micropads are
laterally confined on rigid hydrophilic spots, initially smooth hydrogels may become unstable

upon swelling in water and develop various surface patterns (Figure 38 A):

(B)

Figure 38. Examples of utilizing confined microenvironment. A) A brightfield image of an exemplary hydrogel
showing surface instabilities upon extensive swelling. B) HelLa-cells encapsulated within the hydrogel pad and

stained with Hochst. Scale bars are 1 mm.



Therefore, combinatorial synthesis of hydrogels using DMA can be utilized for high-throughput

assessment of thin film buckling properties depending on the starting composition.

The possibility of encapsulation of cells within hydrogels was demonstrated (Figure 38 B) by
overprinting the prepolymerization solution with a cell-suspension. Confinement shows the
possibility to study cell encapsulation parameters (rapid optimization of hydrogel composition
to promote a certain biological outcome), to develop 3D cell culture matrices as well as to study
cell-material interactions without crosstalk between cells encapsulated in neighbouring
hydrogels prevented by superhydrophobic borders.

4.2.4 Mixing within droplets

During the printing process, the droplet of one solution impacts on the droplet of another
solution to induce a vortex, which enables fluid mixing. To ensure the reaction occurs
throughout the whole reaction volume, the mixing behavior of the reagents in consecutively
printed droplets was evaluated. The printed solutions were colored one-by-one with
fluorescein/rhodamine B and printed on top of each other in different proportions, one colored
solution at a time, as described in the literature.**® The overprinting of colorless droplet with a
colored one (and vice versa) induced significant turbulence in the spots, resulting in even
distribution of the fluorescent dye (Figure 39) in the typical range of droplet volumes (60 nL to

10 nL). The mixing time was estimated to be several seconds.

10 nl Mixing of DMAEMA Mixing of PEGMA

Figure 39. Mixing within droplets after drop-on-drop printing of components of prepolymerization solutions,
examples for DMAEMA and PEGMA. Scale bars are 1 mm.

Next, Raman spectroscopy measurements on one selected hydrogel composition were

performed to confirm the homogeneous distribution of chemicals within droplets. The total
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number of measurement spots per hydrogel micropad was 144, arranged in a 12x12 matrix
(Figure 40).
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Figure 40. A) Raman spectrum of one point of the hydrogel reveals the carbonyl, CHs and CH: as well as C-H

vibrations. B) Arrangement of 144 Raman measurements as a 12x12 matrix (1x1 mm spot).

As shown in Figure 41 the distribution of C-H (3015 to 2790 cm?), CHs; and CH:
(1500 to 1400 cm') as well as carbonyl vibrations (1730 to 1700 cm™) was radially even.
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Figure 41. Raman mapping on a representative hydrogel (A) integrated over 3015-2790 cm%, corresponds to
C-H (B) integrated over 1500-1400 cm, corresponds to CHs and CHz; (C) integrated over 1730-1700 cm?,

corresponds to carbonyl group.

The higher intensity of vibrations toward the top of the hydrogel micropad correlated with its
height and the overall bulged form, and thus with the abundance of corresponding functional
groups. The consistency of bulge formation was confirmed by white light scattering
measurements (Figure 42):
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Figure 42. A) 3D depiction of the C-H signals, showing higher intensity of vibrations toward the top of the hydrogel

micropad, which correlates with its height and the overall bulge formed; B) White light scattering experiment, proving

the bulged form of the hydrogel. Scale bar is 1 mm.

Finally, rheological and heterogeneity properties of the hydrogel micropad were assessed by

performing multiple particle tracking (MPT) microrheology (results are summarized in the

Figure 43).
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Figure 43. A) Mean square displacement values of tracer particles for three regions of the hydrogel (i) central

region, 55 tracer particles; (i) left region, 43 tracer particles, and (iii) bottom region, 62 tracer particles; B) Elastic

and viscous moduli behaviour as function of applied frequency, revealing a significant degree of elasticity.
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In order to incorporate polystyrene tracer particles into the hydrogel prior to polymerization,
SAP/glucose oxidase/glucose solution containing particles was printed instead of SAP
solution. After polymerization, the mean square displacement (MSD) of the tracer was
measured. Figure 43 A shows the variation of MSDs as a function of lag time (1) for
polystyrene tracer particles dispersed in hydrogel in three different regions (i: central, ii: left ,
ii: bottom). In all cases, all MSDs exhibited almost no time dependence with slope close to
zero and an average MSD (red curve) value approximately 2:-10* um?. This result indicates
that particles are highly constrained by the surrounding fluid, which is consistent with elastic
trapping of particles in a gel-like network. Additionally, statistical analyses of the MSD
distribution clearly reveals a homogeneous structure on the micrometer length scale with a
small value of the non-Gaussian parameter o = 0.55, 0.56 and 0.41 determined at t =0.1 s
for central, left and bottom region of the hydrogel micropad respectively.**’ These results are
also reflected in the variation of elastic and viscous moduli, G" and G™*, respectively, calculated
from the average MSD. As shown in Figure 43 B, independent of the region, a significant
degree of elasticity was observed with G'(w) > G"(w) and constant elastic modulus G' = 14 +4
Pain a broad frequency range. From this value, the mesh size £ of the network was determined

kgT
3

according to the classical theory of rubber elasticity with ¢" = =B The mesh size was found

to be 67 £6 nm.

Overall, fluorescence, Raman and MPT microrheological analyses confirmed even distribution

of printed solutions in nanoliter-sized droplets analogous to the synthesis on a macroscale.

4.2.5 Combinatorial screening of hydrogels

To confirm the applicability of the DMA platform for synthesis and assessment of the properties
of responsive hydrogels, a proof-of-concept library with one photodegradable (methacrylate-
based) and one non-degradable (acrylate-based) hydrogel was synthesized. Both hydrogels
were printed on the DMA in a checkerboard pattern, which could not be recognized before
irradiation; all hydrogels had identical appearance (Figure 44i). Given an inherent
photodegradability of polymethacrylates and the UV-transparency of water, the remarkable
minute-scale degradability of polymethacrylate-based hydrogels originates from the high
swellability of the hydrogel network. Therefore, during UV irradiation, macroradicals are
separated in space, and re-crosslinking is suppressed. In the case of polyPEG-acrylates, re-
crosslinking reactions occur much faster than that of polyPEG-methacrylates, rendering
acrylate-based hydrogels non-degradable under UV light, and allowing visualization of the

hidden checkerboard pattern under UV irradiation (Figure 44ii):
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270 nm
10 min

Figure 44. The fluorescent images of hydrogel array before and after UV irradiation. (i) Exemplary library of
polyPEG acrylate and polyPEG methacrylate hydrogels arranged in a checkerboard-pattern on a microarray,
colored with Rhodamine 6G; (ii) after illumination with UV light (270 nm, 22 mW/cm?2, 10 min) only non-degradable
polyacrylates are left. Scale bars are 1 mm.

This proof-of-concept library, comprising one degradable and one non-degradable material,
arranged in a preprogrammed pattern, represents a special case of temporal and spatial
control over the degradation. Furthermore, high-throughput combinatorial synthesis can be

used to rapidly customize the hydrogel degradation properties for each specific application.

Since the proof-of-concept library showed the possibility to distinguish between degradable
and non-degradable hydrogels (yes/no), next hydrogels with different degradation times
(therefore different degradability) on the DMA slide were assessed. As already mentioned, the
swellability of the hydrogel network is the prerequisite for hydrogel photodegradation.
Swellability correlates negatively with the amount of crosslinker, rendering hydrogels with
higher crosslinker content (with respect to the monomer) less swellable, and therefore less
degradable, compared to a hydrogel with a lower crosslinker content. To determine whether
this behavior could be reproduced on the DMA, a library of three PEGMA-based hydrogels
with different crosslinker concentrations (2.5, 5.0 and 10.0 mol% w.r.t. PEGMA) was
synthesized. To verify the reproducibility of the degradation, each composition was
synthesized in 16 replicates, resulting in 48 nanoliter-sized hydrogels that required only 6 pL
of solution in total. After the synthesis, the hydrogel microarray was immersed in rhodamine
6G solution to color the hydrogels and was subsequently subjected to UV irradiation (270 nm,
1-3 min). The course of the degradation (i.e. the presence or disappearance of hydrogel
micropads) was followed either by eye (pink rhodamine) or under a microscope in the
fluorescent channel. If detection was made via fluorescence, hydrogel circles were detected
automatically using specialized software. As expected and shown in Figure 45, hydrogels with
2.5 mol% crosslinker were completely degraded within 2 minutes of UV irradiation, whereas
doubling the crosslinker content slowed degradation of the hydrogels to 4 minutes. Hydrogels

with the highest crosslinker content did not degrade even after 10 minutes UV irradiation. It is

57



noteworthy that all 16 replicates of one composition degraded simultaneously, emphasizing

the reproducibility of the synthesis.
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Figure 45. Different degradation ability of PEGMA-based hydrogels with varying amount of crosslinker. Degradation
(270 nm, 22 mW/cm?) can be followed (A) by software or (B) by eye.

Finally, the effect of supplementation of the prepolymerization mixtures from the previous
library with different amounts of zwitterionic (2-(N-3-sulfopropyl-N,N-dimethyl ammonium)ethyl

methacrylate (SAMA) on degradation of the resulting hydrogels was examined (Figure 46):
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Figure 46. Components of a two-dimensional combinatorial library: PEGMA and SAMA as monomers as well as
PEGDMA as a crosslinker.

To do so, the volume ratios of equimolar monomer solutions PEGMA:SAMA were varied from
6:1 to 1:6 with crosslinker concentrations 2.5, 5.0 and 10.0 mol% w.r.t. the combined amount
of monomers, maintaining a constant ratio Zn(monomers)/n(crosslinker) for all compositions.
Therefore, the combinatorial library was extended to another dimension, yielding 17 unique
combinations with a total of 16 replicates each, resulting in 272 nanoliter-sized hydrogels that
required only 34 pL of solution in total. SAMA is a charged monomer that is known to increase
the swelling ratio of hydrogels; therefore, the ability of increased SAMA:PEGMA ratios to
increase the rapidity of hydrogel degradation on the DMA was investigated.?° Two trends were
observed following exposure of the DMA slide with SAMA library to UV light. Generally, as was
already shown, the rate of hydrogel degradation correlates negatively with the degree of
crosslinking. Additionally, clear trends were observed within the group of hydrogels with the
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same crosslinker content. As expected, progressively substituting PEGMA with SAMA

rendered the hydrogels more degradable (Figure 47).
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Figure 47. Photodegradation screening results of a two-dimensional combinatorial library, constructed by
varying the amount of crosslinker PEGDMA and PEGMA/SAMA molar ratio. The degradation ability is inversly
proportional to the amount of PEGDMA and PEGMA.

Four compositions (PEGMA:SAMA = 6:1 and 4:3 with crosslinker concentrations 2.5 and 10.0
mol% each) were upscaled from 130 nL to 180 pL to verify the reproducibility of the synthesis.
It is noteworthy that the synthesis of four hydrogel compositions in triplicate at a submilliliter
scale required 2.16 mL prepolymerization solutions, which is sufficient to synthesize more than
17,000 hydrogels on a DMA. After illumination of upscaled hydrogels with UV for 1.5 minutes,
the mass loss was measured. For 2.5 mol% crosslinker, the rate of (PEGMA:SAMA 6:1)-
hydrogel degradation was slower than that of the (PEGMA:SAMA 4:3)-hydrogel (58% vs.
88%). Both upscaled hydrogels with 10.0 mol% crosslinker showed almost no degradation
after 1.5 min UV (1% vs. 6% for 6:1 and 4:3 PEGMA:SAMA proportions, respectively). This
also reflects the hydrogel behavior on the DMA, with hydrogels with 10.0 mol% crosslinker still
visible after 1.5 min UV exposure. Therefore, high SAMA content and low crosslinker content
were shown to correlate with high degradability on both the micro- and nanoscales.
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5 Designing inherently degradable gelatin methacrylate-based
hydrogels*

5.1 Introduction

Responsiveness is a ubiquitous property of biological systems and a primary characteristic of
living matter. To mimic living systems more effectively, extensive research has been devoted
to hydrogels that resemble biological systems based on their responsive properties. Hydrogel
design has sought to make hydrogels accessible for a variety of stimuli capable of either
synthesizing®*-1*° the hydrogel or inducing changes (e.g., degradation,*?® drug release,*° and
sol-gel transition!*!) in hydrogels. Certain stimuli, including enzymes,®® pH,*? and small
molecules such as glucose,'* induce responses via direct molecular contact with a hydrogel
or its precursors. Other stimuli, such as temperature!*? and light*, enable synthesis and
manipulation of soft matter in a non-contact spatiotemporal manner, which is why stimuli have
become increasingly important in biological settings. Photopolymerization and
photodegradation are especially noteworthy given their high tunability of wavelength and

intensity; the use of photomasks also enables sharp control of spatial resolution.

Usually, hydrogels can be made photodegradable through additional functionalization with
photoresponsive groups that must be incorporated into the hydrogel network and act as
fracture points for light. Various photolabile groups can be introduced into hydrogels; the most
common one is the o-nitrobenzylester group'#4146, although other groups!*’ such as
coumarin,*® disulfides,'*® and ruthenium (II) polypyridyl complexes'® are also used.
Sophisticated o-nitrobenzyl derivatives of gelatin can be used to support cell adhesion to yield
matrices for 3D cell cultures.'®152 Despite many accomplishments in this field, the limited
number of photolabile moieties and associated synthetic challenges greatly constrain the
monomers that can be used in synthesis. Flexibility and heterogeneity are needed to more
accurately mimic complex biological systems. Also, highly simplified synthetic procedures are
essential for the rapid development of nature-like hydrogels. Thus, cell-compatible innately

photodegradable hydrogels without photoresponsive groups are urgently needed.

Recently, in our group the inherent photodegradability of poly(ethyleneglycol) methacrylate
(PEGMA)-based hydrogels was demonstrated.’® The remarkable minute-scale
photodegradability of PEGMA hydrogels is attributable to the combination of inherent

photodegradability of polymethacrylates, UV transparency of water and strong swelling of the

4 This chapter is adapted from the following publication: Alisa Rosenfeld; Tobias Gockler; Markus Reischl; Ute Schepers; Pavel
A. Levkin. Designing inherently photodegradable gelatin methacrylate-based hydrogels, submitted. Tobias Gockler performed
precursor synthesis and analysis as well as cell viability tests upon encapsulation, degradation and medium exchange, and cell

photorelease experiments. Dr. Ing. Markus Reischl (IAl, KIT) performed mathematical approximation calculations.
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hydrogel network. High volumes of water restrict macroradical mobility and keep polymer
chains separated in space during UV irradiation; therefore, chain scission and degradation
reactions dominate over the re-crosslinking reaction. UV degradability is thus associated with
hydrogel swellability, which can be influenced by e.g. introducing charged monomers.**® These
photopolymerizable, inherently photodegradable PEGMA-based hydrogels are biologically
inert and nontoxic, similar to other PEG-based hydrogels, but lack cell adhesion and enzymatic
degradation sites. By contrast, methacrylated gelatin (GelMA) displays excellent
biocompatibility and biodegradability and can be conveniently photopolymerized.08-109 154-155
However, three factors influence the non-degradability of polymerized GelMA under 270 nm
UV light on a reasonable timescale:1) reduced swellability of polymerized GelMA; 2) amide-
bound methacrylates less prone to photomediated scission; and 3) the presence of aromatic
UV-absorbing amino acids. Therefore, gelatin-based polymethacrylates do not demonstrate

photodegradable behavior compared to PEG-based methacrylate hydrogels.

In this chapter, a biocompatible, easily accessible, photopolymerizable, and photodegradable
material for 3D cell culture microstructuring has been demonstrated. The hypothesis that
supplementing PEGMA hydrogels with GelMA can enhance the hydrogels” cell encapsulation
ability while retaining photodegradation properties was proved. The abovementioned synthetic
challenge was addressed by constructing a combinatorial library of PEGMA/PEGDMA/GelMA
hydrogels and investigating how the addition of GelMA influenced the photodegradation
properties of PEG-based hydrogels (i.e., the structure-function relationship). The formulation
with the fastest degradability was tested on two cell types and demonstrated good cell viability.
The kinetics of photodegradation were evaluated, and customizable 3D cell cultures (e.g.,

hydrogel micropad arrays) were generated as examples.

5.2 Results and discussion

5.2.1 Synthesis of a combinatorial library

Despite being an attractive material for 3D cell culture,08109 154155 nolymerized gelatin
methacrylate is not degradable under 270 nm UV light for three reasons. GelMA substantially
reduces the swellability of PEGDMA hydrogels because of its interaction with PEG.%® One of
the photodegradation mechanisms via formation of formyl radicals is less accessible for
amides due to partial double bond character of the carbon-nitrogen bond in amides. Therefore,
since methacrylate groups are tethered to gelatin’'s backbone via amide bonds, their
photomediated scission is less favorable than ester-bound methacrylate groups in PEGMA.
Furthermore, the aromatic amino acids of gelatin absorb UV light at 280 nm, thereby reducing

its effective intensity. It was found that a 1% (w/v) GelMA solution exhibits an absorbance of
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1.45 at 270 nm. Therefore, in order to identify a gelatin-containing PEG-composite hydrogel
that, while still being cell-friendly, could be degraded in under 10 min, a combinatorial library
comprising PEGMA, PEGDMA and GelMA (Figure 48) was constructed. The 10 min time
frame was used as a benchmark for convenient handling. Also, sodium phenyl(2,4,6-
trimethylbenzoyl)phosphinate (SAP) was synthesized and used as photoinitiator in cell-free

experiments due to its enhanced solubility in water.
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Figure 48. Chemical structure of monomers, crosslinker and photoinitiator used in the construction of a

combinatorial library.

Through combinatorial synthesis, the dependance of several factors (i.e., amount of
crosslinker, amount of monomers, and degree of monomer methacrylation) on

photodegradability were systematically examined.

To map the structure-function relationship of each hydrogel composition and its degradability,
the degree of GelMA methacrylation (20-35%, 50-60%, and 80-90% methacrylation,
respectively defined as GelMA-low, medium, and high), its concentration in the
prepolymerization mixture, and the concentration of PEGMA and PEGDMA were varied,

resulting in 32 unique combinations (Table 1):
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Lo L i e
7,77 0,52 0,032
7,77 0,52 0 0,048 0 81
7,77 0,52 0 0 0,072 71
5,18 0,52 0,064 0 0 54
5,18 0,52 0 0,096 0 57
“ 5,18 0,52 0 0 0,144 43
2,59 0,52 0,096 0 0 30
“ 2,59 0,52 0 0,144 0 35
“ 2,59 0,52 0,216

5 —
B A
7,77 0,312 0 0 0,072 83
5,18 0,312 0,064 0 0 64
5,18 0,312 0 0,096 0 66
5,18 0,312 0 0 0,144 67
2,59 0,312 0,096 0 0 34
2,59 0,312 0 0 0,216 25
3,45 0 0,10666667 0 0 33
3,45 0 0 0,16 0 37
3,45 0 0 0 0,24 27
5,18 0,156 0,064 0 0 31
5,18 0,156 0 0,096 0 27
7,77 0,156 0,064 0 0 23
7,77 0,156 0 0,096 0 24
3,89 0,104 0 0,128 0 28
6,48 0,37266667 0 0,072 0 54
5,00 0,52 0 0,072 0 67
3,97 0,52 0 0,072 0 83
3,97 0,52 0,096 0 0 45
5,18 0,52 0,048 0 0 70
5,18 0,52 0,072 0 0 40
47 0,52 0,06 0 0 70
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Table 1. Combinatorial screening of 32 hydrogel prepolymerization mixtures with regard to their photodegradability

after hydrogel formation. Entries in pumol per 240 pL prepolymerization mixture.

Crosslinking reactions and hydrogel formation were achieved via photopolymerization in a
silicone mold (14 x 5 x 3 mm) at 360 nm at a lower intensity (6 mW/cm?) for 2 min, benefiting
from the non-contact, on-demand nature of photopolymerization and its biocompatibility. These
characteristics will be important in subjecting the hit-composition to cell viability experiments.

After photopolymerization in a silicone mold, hydrogel pads were allowed to swell in deionized
water for 24 h; pad dimensions were altered due to swelling (Figure 49). GelMA is known to

reduce the swelling rate, hence why the swelling factor differed for each composition.

. Ui | IO
Figure 49. Photographs of an exemplary hydrogel (i) before swelling and (ii) after swelling in DMEM with scale.

Next, hydrogel pads were subjected to UV light (270 nm, 10 min, 22 mW/cm?). Each hydrogel
mass was measured before degradation and after removing liquid degradation products. The

degradation ability was determined as follows:

m(before degradation) — m(after degradation)

d dati bility =
egracation abiity m(before degradation)

The degradation ability ranged from completely degradable within 10 min (100% degradability)
to only partially degradable (25%). Upon comparing gel compositions 1-3 with compositions
10-12, the proportion of bifunctional crosslinker PEGDMA declined 1.64-fold, leading to
increased degradability for all GelMA functionalization degrees due to greater swellability. The
degradability of GeIMA-low- and -medium-containing gels thus shifted from 91% resp. 81% to
complete degradability (100%). The correlations were identified for lower PEGMA
concentrations with respect to water: a 1.64-fold reduction in crosslinker concentration led to
an increase in degradability from 51% on average (gels 4—6) to 66% on average (gels 13—-15).
However, further dividing the crosslinker concentration by two resulted in reduced degradation,
halving the degradation ability from 65% on average (gels 13 and 14) to 29% on average (gels

21 and 22) under the same PEGMA concentration.

The more GelMA was added, the worse the degradation behavior (Table 1, entries 4, 30 and
31). When using the same amounts of PEGMA and PEGDMA, 70% degradation was achieved
with 1.88% GelMA-low with respect to water (gel 30). Adding 1.3x more GelMA-low reduced
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the degradation to 54% (gel 4), and adding 1.5x GelMA-low slashed the degradation rate
nearly twofold to 40% (gel 31).

Mathematic approximation was applied to map structure-function relationships. Absolute molar
amounts of methacrylate moieties in PEGMA, PEGDMA, and in GelMA with different
functionalization grades were used as input (X1 to xs, corresponding to PEGMA, PEGDMA,
GelMA-low, GelMA-medium, and GelMA-high, respectively). The degradation ability was
assessed as described earlier, expressed as a percentage and taken as an output variable. A

multivariant square model without bilinear terms according to
YapproxzaTX

with
aT=(a1, ..., A11)
XT =(1, X1, X2, X3, X4, X5, X12, X22, X32, X4?, X5?)

was adapted for mathematical approximation, in which the ordinary least squares method was
used. Over all 29 combinations, a mean error of degradation ability Z]yi- Yapproxi| resulted in
6.6%, rendering the model reliable. This approximation resulted in the following quadratic
equation for degradability (%), where n denotes the absolute amount of methacrylated

moieties:

Degradability = 115.82 + 35.26A + 194.35B — 4763.23C — 3308.41D — 2252.01E — 3.48A%
— 259.21B% + 29725.71C? + 14385.01D% + 6447.94E>

A =n(PEGMA), B = n(PEGDMA), C = n(GelMA-low), D = n(GelMA-medium), and E = n(GelMA-

high); substance amounts in pmol per 240 pL of prepolymerization mixture.

This equation confirms that adding any kind of GelMA to the prepolymerization mixture
compromises degradation behavior, if applied to the following concentrations: C < 0.15, D <
0.23, and E < 0.35 (all tested compositions fell within these ranges).

The model also reveals the clear effect of the degree of GelMA functionalization on
degradability. Specifically, GelMA-high influenced degradation most negatively, followed by
GelMA-medium and GelMA-low. This finding aligns with GelMA-high exhibiting the worst

swelling behavior, followed by GelMA-medium and GelMA-low.*%’

GelPEG-10 (15 wt% PEGMA with respect to water, 6.7 mol% PEGDMA with respect to
PEGMA, 1.25 wt% GelMA-20 with respect to water) showed one of the highest degrees of
degradability (i.e., completely degradable after 10 min UV irradiation) given more than twofold
swelling after 24 h (from 5 x 13 x 4 mmto 7 x 18 x 5 mm). Therefore, this hydrogel composition
was subjected to further biological experiments.
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5.2.2 Cell experiments with a hit compaosition

A pure PEG-based polymethacrylate hydrogel exposes no bioactive sites and is therefore
unsuitable for cell encapsulation. Supplementation with gelatin, offering Arg-Gly-Asp (RGD)
sequences and matrix metalloproteinase (MMP) cleavage sites, promotes cell adherence and
spreading within the hydrogel network. Conversely, combinatorial screening revealed the
negative impact of GelMA on photodegradability, allowing the GelMA concentration to be as
low as 1.25 wt% with respect to water in order to render the hydrogel completely
photodegradable within 10 min. Supplementing PEGMA-gel with only 1.25 wt% GelMA-low
was tested in regards of suitability of this hydrogel for cell encapsulation. The biocompatibility
and cell viability of NHDF were tested for GelPEG-10 and for the analogous GelMA-free
hydrogel, which served as a control. Whereas cells encapsulated in GelMA-free hydrogels
showed low viability as expected, the composite GelPEG-10 hydrogel displayed advanced
biocompatibility for at least 14 days upon photopolymerization (Figure 50 A) along with cell

spreading (Figure 50 B).

(A) Day 1 Day 7 Day 14

PEG

GelPEG-10

Figure 50. Cell encapsulation screenings of a “hit” hydrogel. (A) Live/dead staining of NHDF with calcein-AM
(green, live cells) and PI (red, dead cells) embedded in PEG and GelPEG-10 hydrogels on day 1, 7, and 14 post-
encapsulation, followed by imaging with confocal microscopy (Leica TCS SPE, scale bar: 200 um). (B) Spreading

of NHDF encapsulated in GelPEG-10 hydrogels on day 1 post-encapsulation (scale bar: 100 pm).
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Altogether, the combinatorial screening resulted in a hydrogel composition that balances two
counteracting forces and combines the advantageous properties of both: the strong

encapsulation properties of GelMA and favorable UV degradability of PEGMA.
5.2.3 Optimization of a photodegradation procedure

Since the chosen cell medium (DMEM) contains UV-absorbing components (e.g., fetal calf
serum [FCS] and phenol red [PR]), which could reduce the effective UV intensity required for
complete hydrogel degradation, their influence on the degradation behavior of GelPEG-10 was
assessed. In this experiment, GelPEG-10 was swollen in five liquids: 1) phosphate saline
buffer (PBS); 2) PR- and FCS-free DMEM; 3) PR-containing and FCS-free DMEM; 4) FCS-
containing and PR-free DMEM; and 5) FCS- and PR-containing DMEM (Figure 51).

(A)

0 min

Degradation progress, %

Time, min

Figure 51. (A) Photograph depicting degradation behavior at different time points of GelPEG-10 swollen in PBS
and in different PR-/FCS-containing/-lacking media. PR bleaching occurred within UV irradiation period, indicated
by color shift from violet to colorless. (B) Quantification of gel degradation of GelPEG-10 swollen in PBS (black)
and in different PR-/FCS-containing/-lacking DMEM (-PR, -FCS: red; -PR, +FCS: blue; +PR,-FCS: green; +PR,

+FCS: lilac).
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The GelPEG-10 swollen in PBS was completely degraded after 5 min irradiation. Although the
presence of PR slowed complete degradation slightly, full degradation was reached after 10
min, similar to GelPEG-10 swollen in PBS. PR bleaching was observed prior to gel
degradation. The degradation of GelPEG-10 swollen in FCS-free DMEM based on reduced
gel thickness with increasing UV illumination time was also investigated; the fastest

degradation occurred within the first 2 min (0.5 mm/min gel erosion; Figure 52):
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Figure 52. (A) Photograph depicting degradation behavior of GelPEG-10 swollen in FCS-free DMEM after 10 min
UV irradiation. (B) Quantification of gel degradation of GelPEG-10 swollen in FCS-free DMEM, indicating
dependence of gel thickness on irradiation time. Error bars are based on standard deviation of 3 repetitions in two

independent experiments.

As anticipated, FCS containing a mixture of proteins and as the major component of DMEM
(10%) significantly reduced the degradation ability of GelPEG-10 from 100% to about 60%
after 10 min of UV exposure, with slightly worse degradation when combined with PR
(Figure 51). Therefore, FCS must be eliminated prior to degradation to maintain a reasonable
degradation time. Accordingly, cell viability upon FCS removal was examined. Three strategies
were evaluated: 1) Incubation overnight in FCS-free medium; 2) Incubation overnight in FCS-
containing medium and exchange against PBS to get rid of FCS; 3) Incubation overnight in
FCS-containing medium and exchange against FCS-free medium to get rid of FCS. After cell-
laden gels were incubated overnight and, if applicable, after FCS exchange, the gels were
irradiated through the photomask with 270 nm UV light for 10 minutes. The viability was
assessed after every step (before and after FCS exchange serving as a control); for irradiated

gels the gel part covered with photomask was evaluated (Figure 53):
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Figure 53. Live/dead staining of HeLa cells with calcein-AM (green, live cells) and PI (red, dead cells) embedded
in GelPEG-10 hydrogels on day 3 post-encapsulation (on day 1 post-photodegradation respectively), followed by
imaging via confocal microscopy (Leica TCS SPE; scale bar: 200 ym). FCS in cell media was removed using

different approaches prior to photodegradation.

After gel incubation in FCS-containing DMEM, DMEM was exchanged against PBS for 3 h,
which resulted in reduced cell viability because cells were not supplied with any nutrients
during this period. DMEM exchange against FCS-free DMEM manifested as high cell viability
despite the absence of growth factors for 4 h. Incubating cell-laden gels overnight in FCS-free
DMEM vyielded similar viability despite the absence of growth factors for 1 day. For further

experiments, DMEM exchange against FCS-free DMEM was used.
5.2.4 Production of a free-standing hydrogel array

The hydrogel composition found in the combinatorial screening was used to produce an array
of free-standing cell-containing hydrogel micropads, allowing for convenient on-demand

production of arrayed matrices for 3D cell cultures (Figure 54):
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Figure 54. Schematic representation of on-demand hydrogel micropad array production.

First, a GelPEG-10 cell-containing hydrogel layer was produced and allowed to swell. After UV
irradiation of the hydrogel layer through a photomask, array of free-standing hydrogel pads

was obtained (Figure 55):

Figure 55. Free-standing hydrogel pads of various sizes incorporating HelLa-GFP cells, prepared by
photodegradation of GelPEG-10 through a photomask of corresponding spot size (scale bar: 1 mm): (i) and (ii) 0.5-
mm-thick hydrogel, 1.5 min UV; (iii) 4.5-mm-thick hydrogel, 10 min UV.

Two different photomasks (1 mm and 3 mm round spots) were used, highlighting the flexibility
in the production of the hydrogel array. The black areas of the photomask prevented
photodegradation of gel in the selected, customizable areas and enabled spatial control over
degradation. The cells, which were not exposed to UV light due to coverage by chrome parts
of the photomask, were not affected by UV light and exhibited high viability. Depending on the
gel thickness, different illumination times were need to degrade the gel completely, whereas

degradation time correlated with previously determined degradation curves (Figure 52).
5.2.5 Cell photoreleasing experiments

Light is a convenient non-contact and noncontaminant stimulus, which is readily used in
biological settings, therefore, the possibility of photoreleasing cells from the hydrogels was
assessed. Photorelease of cells benefits from high spatiotemporal and quantitative control by
controlling the exposure time, place, and intensity. Importantly, to photorelease the cell from

the gel, no prior installing of photoresponsive groups was needed, since the gel found via
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combinatorial screening was inherently photodegradable by nature. The HeLa cell-containing
GelPEG-10 gel was polymerized, incubated overnight, and the medium was exchange against
FCS-free medium as described before. Afterwards, the gel was illuminated for 10 min with 270
nm UV light. HeLa cells released from 4.5-mm-thick GelPEG-10 gels after 10 min irradiation

were transferred to an ibidi p-slide and incubated overnight; live-dead staining indicated that

68% of cells were viable (Figure 53):

Figure 53. Live/dead staining of released HelLa cells from photodegraded GelPEG-10 hydrogel (scale bar: 100
um): (i) brightfield; (ii) calcein-AM (green, live cells); (iii) PI (red, dead cells)

Even though the cells were exposed to short-wavelength UV light, their viability was
comparatively high. Cells not exposed to UV light (i.e., due to a photomask) survived the

process without damage (>90 % viability).
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6 Conclusions and outlook

In this PhD work, Droplet Microarray was exploited for miniaturized high-throughput
combinatorial synthesis of small molecules and smart materials, combining the synthesis with
biological screening on the same chip and showing the potential to be used as a platform in
the early stages of drug and material development. For both small molecule and smart material
synthesis, the results indicated significant increase of the throughput and decrease of material
consumption due to miniaturization. Furthermore, a novel cell-friendly inherently
photodegradable hydrogel material was developed using the droplet microarray platform and

combinatorial synthesis.

In Chapter 3, a potential of DMA as a miniaturized platform combining the possibility to perform
combinatorial solid-phase synthesis with high-throughput cell screenings was demonstrated.
The platform comprised a standard glass slide coated with nanoporous poly(2-hydroxyethyl
methacrylate-co-ethylene dimethacrylate) layer, which was patterned with hydrophilic spots
separated from each other by superhydrophobic liquid-impermeable barriers. The porous
polymer inside the hydrophilic spots was functionalized with a nitrobenzene-based photolabile
linker, which was used as a support to conduct solid-phase synthesis of an exemplary peptide
library. The procedure of linker attachment was followed via XPS, ToF-SIMS and ATR-IR, and
was optimized to reach the even loading. It was shown that reagent solutions (i.e. linker
solution) wet the hydrophilic spot on surface as well in the bulk of the polymer,
superhydrophobic borders preventing the liquid from spreading into the neighboring spots.
Therefore, compartmentalization as a crucial prerequisite for contamination-free miniaturized
combinatorial synthesis was confirmed. Upon irradiation with UV-light, products of the solid-
phase synthesis could be released from the porous polymer and delivered into the separate
droplets. It was shown that the amount of released compounds could be controlled by altering
the irradiation time. Arrayed format enabled the combinatorial approach without the need for
decoding. Thus, the light-induced release of the products allowed me to control the release
spatially, temporally and quantitatively. In order to demonstrate the versatility and usability of
the platform, high cell viability of HEK293 cells on the linker-modified surface, as well as upon

UV exposure (360 nm, 6mW/cm?, up to 15 min) was demonstrated.

To ensure convenient manual handling, round spots 2.83 mm in diameter were used for the
optimization of linker loading and construction of combinatorial library. Being patterned with
2.83 mm round spot pattern, a standard microscopic glass slide in the size of 75 x 26 mm can
accommodate 80 different reactions (less reactions if replicates are used). Smaller spots can
be produced by utilizing corresponding photomask in the slide production process and can
accommodate smaller volumes of liquid. For example, hydrophilic squares of 333x333 um

accommodate ca. 4 nL, and one patterned slide can be potentially used for running 6048
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different reactions, increasing the throughput more than 75-fold. While conducting chemical
synthesis on arrays with smaller features drastically increases the throughput and reduces
material consumption, it inherently makes automated liquid handling robotics necessary. On
this scale, precise handling and dispensing of low volumes in lower nanoliter range,
evaporation of liquids, and reaction monitoring as well as analysis of the reaction yield and
product purity are the challenges to address. These aspects of the chemBIOS pipeline, as well
as expanding the reaction toolbox, are currently being under investigation. Thereby, the ability
not only to synthesize libraries of compounds but also release them into individual cell
microreservoirs with spatio-temporal control, possesses the potential for further advancement

of miniaturized and high-throughput cell-based assays.

Similar to drug development, the traditional pipeline of hydrogel development includes
individual one-by-one synthesis and characterization of hydrogels. This approach is associated
with the disadvantages of low-throughput and high cost. As an alternative approach to classical
one-by-one synthesis, high-throughput development of hydrogels is still tremendously under-
represented in the field of responsive (especially photoresponsive) material development,
despite the urgent requirement for such techniques. Furthermore, most high-throughput
experimental set-ups lack confinement of every single polymer, rendering development of
smart materials for cell encapsulation or materials for drug encapsulation impossible. In
Chapter 4, DMA was used to develop methods of high-throughput combinatorial synthesis of
responsive hydrogels. In DMA, hydrophilic regions separated by superhydrophobic liquid-
impermeable barriers allowed deposition of various precursor solutions onto the hydrophilic
spots without cross-contamination. The confinement of these solutions provided by the
hydrophilic/superhydrophobic pattern allowed encapsulation of cells within the hydrogel, and
enabled variation in hydrogel height and width. Proper mixing of chemicals within the nanoliter-
sized droplets was proved by fluorescence measurements, Raman mapping and multiple
particle tracking experiments. DMA was implemented for the synthesis of inherently
photodegradable polymethacrylate-based hydrogels, constructing 53 unique hydrogels, to
demonstrate the versatility and utility of the platform. The polymerization procedure was
optimized concerning oxygen scavenging on 33 out of 36 unique prepolymerization mixtures,
comprising variable proportion of monomers PEGMA and DMAEMA, as well as variable
content of crosslinker PEGDMA. All starting material combinations were printed in
qguadruplicates, yielding 128 distinct hydrogel micropads pro experiment. Photodegradation
studies were performed on 20 hydrogel compositions constructed of PEGMA, SAMA and
PEGDMA, which vary in concentration of monomers and crosslinker. To ensure high
reproducibility of the screening, 16 replicates of each composition were screened, amounting
to 320 distinct hydrogel micropads. Arrayed format enabled the combinatorial approach without

the need for decoding. The screening revealed strong positive correlation of the
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photodegradation ability with crosslinker content, covering the range of degradability from non-
degradable to rapidly degradable materials. (2-(N-3-sulfopropyl-N,N-dimethyl ammonium)ethyl
methacrylate (SAMA) content revealed a smaller impact on the degradability, rendering high-
SAMA-content hydrogels more photodegradable. In total, the number of replicates amounted
to approximately 450 hydrogel micropads, which required less than 60 pL of precursor
solutions, highlighting the highly miniaturized nature of developed pipeline. High-throughput
synthesis and screening gave quick insights into the structure/function relationships, enabling
a customized variation of degradation kinetics by the choice of particular hydrogel precursors.
Importantly, the temporal and spatial control over the degradation allowed facile one-step on-
demand formation of arbitrary hydrogel patterns by UV-irradiation, as shown exemplarily by
construction of a checkerboard pattern.

Since the number of printable additives is immense, one can cover a large combinatorial space
through high-throughput screening over a multitude of hydrogel pre-polymerization mixtures
(including for example peptides that promote cell adhesion, fibronectin, laminin, hyaluronic
acid, dextran, chitosan to identify biomaterials). By its compartmentalized features, DMA offers
the possibility to study cell encapsulation parameters; therefore, the proposed workflow
represents an imaginably promising approach to facilitate fine-tuning of the biochemical and/or
biophysical properties of hydrogels and identification of optimal candidates for a certain
application such as recapitulation of the complexity of extracellular matrix to optimize materials
for cell encapsulation. Deliberate employment of high-throughput methodologies has a great
potential to develop materials that tangentially attain the complexity of natural dynamic
systems. Given the complex interplay of multiple stimuli in vivo, methods for the in vivo testing

of such combinatorial libraries of responsive materials should also be further explored.*®

Considering that proposed hydrogel synthesis takes place in confined microenvironment,
elaborated workflow can be particularly useful in developing hydrogels for drug-delivery
applications. Variety of stimuli can be exploited to trigger drug release into the confined
microcompartments. Thereupon, released drugs can be subjected to further analytical
methods to e.g. determine the kinetics of release. Compartmentalization prevents cross-
contamination between the spots, which is inevitable on state-of-the-art nonpatterned
surfaces. Materials for drug release are often not designed rationally, so combinatorial high-
throughput screening over random libraries might play an ever-bigger role in their
development. Confined spaces themselves could be potentially used as a trigger, i.e. in
development of injectable hydrogels that react differently to different pore size. Finally, high-
throughput combinatorial synthesis of responsive hydrogels can be of importance to develop
materials with complex stimulus/response patterns (Figure 54). The following patterns are
conceivable: A) external stimulus is used to first synthesize the material and then trigger the
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response (e.g. photo-polymerizable and photo-degradable hydrogels);*° B) one stimulus
triggers several responses (simplifying the application of the material); C) multiple responses
are orthogonal (independent from each other) and can occur simultaneously or delayed from
each other in time (the time and chronological order of responses can be fine-tuned); D)
multiple responses are coupled (upon trigger, a material responds in a certain manner, which
causes other responses via the domino principle); E) multiple stimuli trigger one response
(allows more flexibility in application); F) chronologically first stimulus can switch on/off or fine-
tune the response upon second stimulus (as e.g. presence of ions, redox factors and light can

trigger next response, e.g. thermoresponsiveness).®®
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Figure 54. Combinatorial high-throughput methods can accelerate the search for materials with complex stimuli-

responsive patterns. Examples of possible patterns are described. aisaRosenteld; Pavel A. Levkin. High-Throughput Combinatorial Synthesis of Stimuii-

Responsive Materials. Advanced Biosystems, 2019, 1800293, Copyright Wiley-VCH GmbH. Reproduced with permission.

As already mentioned, light-based microfabrication techniques constitute an indispensable
approach to fabricate tissue assemblies, benefiting from non-contact spatially and temporarily
controlled manipulation of soft matter. Light-triggered degradation of soft materials, such as
hydrogels, is also important in tissue engineering, bioprinting, and related fields. The
photoresponsiveness of hydrogels is generally not intrinsic and requires complex synthetic
procedures wherein photoresponsive groups are incorporated into the hydrogel. As an
exception, poly(PEG)-methacrylate-based hydrogels are intrinsically photodegradable by 270
nm UV light.*?® However, due to non-adhesiveness of PEG chains for cells, cells cannot be
encapsulated within poly(PEG)-methacrylate hydrogels. In contrary, gelatin methacrylate is a
well-suited substrate for 3D cell culture. Yet, preliminary experiments have shown the non-

degradability of gelatin polymethacrylate under 270 nm UV light. In chapter 5, a novel
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biocompatible and inherently photodegradable poly(ethyleneglycol) methacrylate (PEGMA)-
based gelatin methacrylate (GelMA)-containing hydrogel was presented, which balances the
cell adhesiveness of gelatin and proneness to photodegradability of PEG-polymethacrylate.
This hydrogel was found as a result of combinatorial synthesis of 32 hydrogels and can be
used as a 3D matrix for culturing cells for at least 14 days. The hydrogel degradation procedure
was optimized in regards to swelling liquid. It was demonstrated that developed cell-containing
gels could be conveniently and quickly degraded via UV irradiation for 10 min to produce free-
standing cell-laden hydrogel particles without damaging the cells. These structures can be
flexibly produced on demand. In particular, polymerization, swelling and subsequent
photodegradation using a photomask has several advantages over using a photomask already
at the stage of photopolymerization. First, photodegradation being separated in time from the
polymerization offers flexibility in experimental design (e.g., first a hydrogel layer, then an array
of hydrogel micropads), whereas using the photomask already during the photopolymerization
determines the geometrical form of the hydrogel from the very beginning. In addition, if the
hydrogels are allowed to swell after polymerization, the photodegradation leads to stable high-
resolved features. This avoids the swelling-induced distortion of the features in hydrogels
produced by photopolymerization using a photomask. Furthermore, the synthetic character of
methacrylates enables finetuning of hydrogel properties, thus encouraging the use of
miniaturized combinatorial screening of hydrogels to ensure rapid adjustment for specific
applications. The described approach could be useful in applications of photoresponsive and
biocompatible materials (e.g., as sacrificial layers to mirror vascular systems), micrometer-
scale cell-laden hydrogel particles for modular biofabrication, and responsive bimodal hydrogel

systems.
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