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Zusammenfassung

Die vorliegende Arbeit thematisiert die Entwicklung von funktionalen Materialien mit defi-
nierten Strukturprofilen und deren Anwendung im Bereich des Microtissue Engineering. Das
tbergeordnete Ziel besteht darin, alternative und biologisch aktive, mimetische Modellsys-
teme bereitzustellen, um den Gbermilligen Einsatz von Tierversuchen im biotechnologi-
schen Bereich zu vermeiden. Neben der Wahl der Ausgangsmaterialien wird der Fokus auf
das Materialdesign und die Aufklirung von Struktur—Eigenschaftsbeziehungen gelegt. Spe-
ziell werden dabei Materialeigenschaften wie Prozessierbarkeit, Adaptivitit, Biokompatibili-
tat und Stabilitdt/ Abbaubarkeit betrachtet und den physiologischen Anforderungen entspre-
chend eingestellt. Die Formgebung der Materialien erfolgt zusitzlich zu makroskopischen
Verfahren mittels der Tropfchen-basierten Mikrofluidik. Zur Bestimmung der Materialeigen-
schaften werden neben den physikochemischen Analysen auch biologische Zellstudien

durchgefihrt.

In einer ersten Studie werden Zell- und Vaterit-beladene, Polyethylenglykol-basierte Mikro-
gelsysteme zur Anwendung in der Knochenregeneration durch das Mikrofluidik-Verfahren
synthetisiert. Dabei werden die mechanischen Eigenschaften und die Gelierungszeiten der
Systeme gezielt eingestellt und ihr Einfluss auf das Verhalten der verkapselten Zellen analy-
siert. Zusatzlich wird die Umwandlung des Calciumlieferanten Vaterit in Hydroxylapatite
untersucht. Die Hydrolyse-Empfindlichkeit der Mikrogele wird zudem in Abbaustudien ge-
zeigt. Insgesamt wird eine vielversprechende in vitro Plattform fir die Untersuchung von
metabolischen Prozessen in der Knochenbildung sowie fiir die Entwicklung neuer Knochen-

regenerationstherapien priasentiert.

Eine zweite Studie befasst sich mit langzeitstabilen, Volumen-schaltbaren Kern—Schale
Mikrogeltemplaten zur Nachahmung von mikroskopischen in vivo Gewebestrukturen, wie
der Blastula in der Embryogenese, Brustdrisen oder dem Alveolarepithel in der Lunge. Zur
Nachahmung dieser komplexen in vivo Strukturen werden thermoresponsive Mikrogele aus
Poly(IN-isopropylacrylamid) mithilfe der Tropfchen-basierten Mikrofluidik synthetisiert und
ithre mechanischen Eigenschaften iiber verschiedene Comonomer-Anteile (N-Hydroxyethyl-
acrylamid) eingestellt. Die Zelladhasion wird durch die Oberflichenbeschichtung der Mikro-
gele mit Polydopamin in Kombination mit Kollagen oder Fibronektin verbessert. Die so
erreichte gro3ere Affinitit der Zellen zur Mikrogeloberfliche sowie deren homogene Vertei-

lung wird zudem tiber Zellstudien bestatigt.
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Eine dritte Studie thematisiert Polyurethan-basierte Biomaterialien fiir den potenziellen Ein-
satz im Microtissue Engineering. Dabei wird der Fokus auf die Synthese von thermoresponsiven,
fotovernetzbaren Polymerketten gelegt, aus denen Hydrogele mit variabel einstellbaren phy-
sikalischen und mechanischen Eigenschaften hergestellt werden kénnen. Die Biokompatibi-
litit der Hydrogele wird zudem durch den kovalenten Einbau von Catechol-basierten Bio-
linkern signifikant erhht, was durch Zellstudien gezeigt werden kann. Um ein stabiles Fun-
dament fiir den zukiinftigen Einsatz im Mizcrotissue Engineering bereitzustellen zu kénnen, wer-

den Mikrogele tber die Tropfchen-basierte Mikrofluidik synthetisiert.



Abstract

The present thesis addresses the development of functional materials with defined structural
profiles and their application in the field of microtissue engineering. The overall goal is to
provide alternative and biologically active mimetic systems to avoid the excessive use of an-
imal testing in the biotechnological field. In addition to the selection of starting materials,
the focus of this work is on material design and the elucidation of structure—property rela-
tionships. In particular, material properties such as processability, adaptivity, biocompatibil-
ity, and stability/degradability are considered and optimized according to the requirements.
In addition to macroscopic methods, the materials are shaped via droplet-based microfluid-
ics. Besides the physicochemical analyses, the materials are also examined biologically by cell

culture experiments.

In a first study, cell- and vaterite-laden poly(ethylene glycol)-based microgel systems, for po-
tential application in bone regeneration, are synthesized via the microfluidic method. The
mechanical properties and gelation times of the systems are specifically tuned and their in-
fluence on the behavior of the encapsulated cells is analyzed. Additionally, the conversion of
the meta-stable calcium supplier vaterite into hydroxyapatite is investigated. The hydrolysis
sensitivity of the microgels is further demonstrated in degradation studies. In summary, a
promising in vitro platform for future studies of metabolic processes in bone formation as

well as for the development of new therapies regarding the bone regeneration is presented.

A second study focuses on long-term stable and volume-switchable core—shell microgel tem-
plates that can be used to mimic microscopic in vivo tissue structures such as the blastula in
embryogenesis, mammary glands, or the alveolar epithelium. To mimic these complex in
vivo structures, thermoresponsive microgels of poly(IN-isopropylacrylamide) are synthesized
using droplet-based microfluidics and their mechanical properties are tuned by different
amounts of the comonomer N-hydroxyethylacrylamide. In addition, cell adhesion is im-
proved by surface coating of the microgels with polydopamine in combination with collagen
or fibronectin. The resulting increased cell affinity to the microgel surface as well as their

homogeneous distribution is also confirmed via cell studies.

A third study addresses polyurethane-based biomaterials in terms of their applicability in
microtissue engineering. The focus is on the synthesis of thermoresponsive, photocrosslink-
able polymer chains, used to prepare hydrogels with tunable physical and mechanical prop-
erties. The biocompatibility of the hydrogels is significantly improved by the covalent incor-

poration of catechol-based biolinkers, which has been demonstrated by cellular studies. In
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order to provide a solid platform for future microtissue engineering applications, microgels

are synthesized using droplet-based microfluidics.



Table of Contents

EIGENSTANDIGKEITSERKLARUNG  ......ccotiotietitieneeeentiestetessessesseessessessesssessessessesssessessessessenses 111
DANKSAGUNG ...covuiiittnieittenieeeteneettteneetetsseeeessseesesssessssssssssssssssssssssssssssssssssssssssssssssssssssssnsssssassssssnnssss Vv
ALLGEMEINE ANMERKUNGEN.....cccetttttiiitttneeeerneeeessseeesssseeesssseessssssesssssssssssssssssssssssssssssssssss VII
ZUSAMMENTFASSUNG ....cttuiiiittuieiertniereeeniereeeseeesessesesssesessssesesssssssssssssessssessssssssssssssssssssssssssssssssnse IX
ABSTRACT ... itttiieeteieeeteeeeeetteeeerassesessssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssessssssssssssssssssssssnnnnne XI
L. THEORY et itttiiiettieettteeeeteneeessseeeesssesesssssessssesesssssssssssssessssssssssssssssssssssssssssssssssssssssssssssssssnsnnns 1
1.1. SPECIFIC SUMMARY 1
1.2. INTRODUCTION 3
1.3. FABRICATION TECHNIQUES 6
1.4. RELEVANT MATERIALS 10
1.5. MULTIPARAMETRIC MATERIAL FUNCTIONALITY 14
1.6. CONCLUSION 32
1.7. LITERATURE 33
2. SCIENTIFIC GOAL . ......uoitttiiiiteneeeeeneeettnneeeresnesessssesessssessssssessssssesessssessssssesessssessssnsssssssssssssnnens 46
I T O3 5 7N S48 B ) 2 (PR 49
3.1. SPECIFIC SUMMARY 49
3.2. INTRODUCTION 52
3.3. RESULTS & DISCUSSION 55
3.4. CONCLUSION 77
3.5. EXPERIMENTAL SECTION 78
3.6. LITERATURE 85
4. CHAPTER IL......oteiiitiiiieitieeeteieeeettneeeessseeessssesessssesssssssssssssssssssssessssssssssssssssssssssssssssssssssssnnnnns 88
4.1. SPECIFIC SUMMARY 88
4.2. INTRODUCTION 90
4.3. RESULTS & DISCUSSION 93
4.4, CONCLUSION 112
4.5. EXPERIMENTAL SECTION 113
4.6. LITERATURE 118
5. CHAPTERIIL ......ottiiiiitiieiittieeeteneeeeteneeeeraseseeessesessssesessssesssssssssssssssssssssssssssesssssssssssssesessnssssane 120
5.1. SPECIFIC SUMMARY 120
5.2. INTRODUCTION 122
5.3. RESULTS & DISCUSSION 124
54. CONCLUSION 133
5.5. LITERATURE 134
6. SUMMARY & CONCLUSION....ccittttueeeereneeerereeeersseeessssessssssessssssessssssssssssssssssssssssssssssssssssess 136
7. ADDITIONAL PROJECTS ....ccciiiiiiitttiiiiiniiiieeeeesiniiieeeeeessssmmseeeesssssssmssseesssssssssssseessses 138
8. IINNDEXES.....ittttiiiitttiiieeteeiteenneeerssseeeesssesessssssessssssssssssssssssssesssssssssssssssssssssssssssssssssssssssssesssnsesane 141
0. APPENDIX ....iitiiiiittieetteneeetteneeeeeaseeeeesseseesssesessssesessssssessssssssssssssssssssssssssssssssssssssssssssssessnssssens 144
9.1. CHAPTER I 144
9.2. CHAPTER II 148
9.3. CHAPTER III 164
9.4. LITERATURE 209

X111
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1. Theory

e e e “Multiparametric Material Functionality of Microtissue-Based

In Vitro Models as Alternatives to Animal Testing”
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1.1. Specific Summary

Since the definition of the 3R principle by Russel and Burch in 1959, the scientific commu-
nity has increasingly focused on finding replacements for animal testing, not only for ethical
reasons, but also for scientific, economic, and legal considerations. For these reasons, the
following review explores and discusses in vitro platforms as potential replacements for an-
imals. It focuses on microtissue-based systems whose microscopic size allows a simplified
representation of the complex in vivo environment. However, to push this development
forward, the functionality of the material basis must be continuously improved. From this
point of view, fabrication techniques, relevant materials, and the multiparametric material
functionalities in terms of processability, adaptivity, biocompatibility, and stability/degrada-

bility are discussed. In this context, the review provides the theoretical basis, scientific
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framework, and motivation for this thesis, which aims to develop defined and functional

materials for the use in microtissue engineering as a sustainable alternative to animal testing.

The personal contribution to this review was the conceptualization, literature research, illus-
tration design, and writing the sections “7.2. Introduction”, “1.4. Relevant Materials” (“1.4.1. Nat-
ural Materials” and “1.4.2. Synthetic Materials™), “1.5. Multiparametric Material Functionality”
(“1.5.1. Materials Reguirements” with the subsections “1.5.7.1. Processability: How to get gelation
under control?”, “1.5.1.2. Adaptivity: Tunability of mechanical material properties”, “1.5.1.3. Biocompat-
ibility: Cell viability versus material functionality”, “1.5.1.4. Stability/ degradability: Influences of physio-

logical parameter space”, and “1.5.2. Advanced Materials”), and “1.6. Conclusion”.

Acknowledgements
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(ERC) under the European Union’s Horizon 2020 research and innovation program (grant
agreement No. 852065). [ also thanks the Volkswagen Foundation for generous support

by “Experiment!” and “Change of Course” grants.
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1.2. Introduction

Animal testing is a common approach in industry and academia to classify the risks and
effects of pharmaceutics, pesticides, biocides, and food additives on the environment and
humans."! However, their use simultaneously raises questions as well as pros and cons of

moral and ethical nature that have been the subject of controversy over decades.”

Pro-voices argue based on the physiological similarity of animals and humans. As a result,
conclusions are drawn regarding the effect of tested substances in animal experiments on the
human organism, which has already made it possible to classify a large number of substances
in terms of danger and benefit to the society."" By contrast, voices against animal experiments
argue from an ethical as well as scientific and economic point of view. Ethically, the question
generally arises as to why human welfare should have a higher priority than animal welfare.
This topic is not the subject of this review, and we refer to more detailed accounts in this
regard, such as those by Petetta et al. and Ferdowsian et al.>” From a scientific point of view,
animal experiments are often considered a black box whose results are based on functions
and mechanisms that are challenging to understand.”* This lack of knowledge may result in
erroneous transferability to the human organism, especially because influencing factors such
as gender, age, occupation, lifestyle, and disease are not taken into account, which is one of
the reasons why only few substances successfully pass the clinical phase.”” Moreover, the
inter-laboratory reproducibility of animal studies is low.” From an economic standpoint,
animal experiments are resource-intensive (time-consuming and costly) and require skilled

labor.” For example, drug approval takes 10-15 years."”

Based on that controversy, Russel and Burch took up the issue of animal testing in 1959 and
wrote The Principles of Humane Experimental Technigue to improve the situation of animals in
animal experiments as well as the quality and reproducibility of scientific and medical re-
search."” Since then, especially in the last two to three decades, there have been significant
developments on political and legal levels that have taken up and further optimized Russel
and Burch's ideas into internationally accepted ethical frameworks.""! In Europe, for exam-
ple, the EU Directive 86/609/ EEC was founded in 1986 to which each member state has to
comply.”? In 2010 it was revised, resulting in the currently valid guideline EU Directive
2010/63/EU, which is a basis for regulations in the individual EU states." In the United
States, animal testing is controlled by the Animal Welfare Act since 1966.” At the heart of
all these regulations, Russel and Burch's so named 3R principle forms the benchmark for

scientific quality and ethical considerations. In that abbreviation, 3R stands for Refinement,
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Reduction, and Replacement of animal experiments.!'¥ Based on that premise, when animal
experiments are necessary, inhumane procedures should be avoided and animal welfare
should be improved (Refinement), while the number of experimental animals should be re-
duced to 2 minimum (Reduction).""! In addition, intensive research should be carried out on

alternatives to replace animal expetiments involving living vertebrates (Replacement).”

Opverall, the 3R principle covers many disciplines and areas. Refining and reducing animal
testing primarily focuses on medical and regulatory areas, whereas replacing animal testing
focuses on a broader range of research topics, as illustrated in Figure 1-1 using the branches
of a tree to illustrate the spreading of this concept.!"*" In branch (i), ex vivo procedures are
situated, which focus on animal organs (e.g., skin) outside the living organism, while in (ii),
alternative organisms such as the invertebrates (e.g., Drosophila) and the fish embryo test

are listed.'**

1 Other alternatives are based on (iii) computer-assisted in silico methods for
drug discovery, (iv) cell-free tissue models (e.g., imitation of complex organisms as cells), and
(v) cell-based tissue or in vitro models (2D and 3D cell cultivation).”* In this article, we
focus on cell-based tissue alternatives, as highlighted in Figure 1-1, whereas we refer to se-

lected reviews for the others, as quoted just before.

An excellent path towards cell-based tissue models is microtissue engineering, as it addresses
the complexity of natural tissues on a microscopic level, but in a simplified form.”" Ap-
propriately engineered models aim to replicate only specific areas and functions of the human
organism, enabling new, intelligent and specific preclinical testing methods applicable to any
specific human situation and also allowing for precisely monitoring system processes.”™! The
foundation of such microtissue engineered models is based on suitable cells and well-de-
signed scaffold structures, with the chemical and structural composition of the shaping ma-
terials in particular guiding the model systems. The more functional the materials are, the
more complex and intelligent alternatives can be achieved. Hence, this review presents re-
search on the multiparametric material properties of cell-based microtissue models as a sub-
stitute for animal testing. It includes (1) an overview of fabrication techniques, (2) a selection
of relevant hydrogel-based materials, and (3) their multiparametric material functionality. The
latter focuses on the main hydrogel requirements that are processability, adaptivity, biocompatibil-
ity, and stability/ degradability (Figure 1-1). In many of the publications covered in this article,
the original context is actually more on aspects like tissue engineering and drug delivery,
whereas they in fact often not explicitly refer to the replacement of animal testing; neverthe-
less, despite their originally different designation, these studies may also address aspects of

3R as well. This review aims at reflecting these studies in view of this topic.
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Microtissue

(iv) Cell-free tissue models
‘ (synthetic biology)

s .ﬂ’

i) Alternative organ:sms
(in vivo)

(i) Animal organs
(ex vivo)

L A0}

77" ropice

\\‘ 7\
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Figure 1-1. Schematic of a tree with a key pathway highlighted in orange starting at the roots and ending in the

crown to illustrate the theme and story line of this review. Based on the 3R principles (reduce, replace, refine),

the review’s focus is on the replacement of animal experiments through cell-based microtissue models. Accord-

ingly, fabrication techniques (1), relevant hydrogel-based materials (2), and multiparametric material function-

ality (3) are addressed as the main foundation for the cell-based microtissue alternatives ("crown") with partic-

ular focus on material processability, adaptivity, biocompatibility and stability/degradability (“roots”). In addi-

tion, other potential alternatives to animal testing are highlighted through the branches of the tree, such as

animal organs, alternative organisms, computer-assisted technologies, and cell-free tissue models. Since these

will not be discussed in detail in the remainder of this review, reference is made to selected literature collections.

Defined and Functional Materials for Microtissue Engineering Applications | 5



THEORY

1.3. Fabrication Techniques

The increasing complexity in structure and function of artificial microtissue is closely related
to the advancements in design and engineering of materials processing strategies and meth-
ods. The following section will discuss a selection of these processes based on bigprinting,
Spheroids, microfluidics, and organ-on-a-chip, that have advanced the design of functional co-cul-

tures, microtissues, and organoids (Table 1-1).

Bioprinting is an additive-manufacturing process that make use of cells in media as well as in
to-build-up tissue structures in a bottom-up approach. The material basis of bioprinting is
commonly known as bioinks.” Bioinks are usually based on bioprintable hydrogels with
shear thinning properties, fast gelation times, and shape retention properties, that are also
capable of entrapping cells.” The broader application of bioprinting for microtissue design
requires two major foundations: suitable cell material and bioprinters at an advanced level of
engineering, e.g., to not harm living cells during bioink processing by mechanical forces in-
duced by the printing process itself.” Only then we can sufficiently address the complex
parameter space of minimal feature size (resolution), vascularization, perfusion, automation,
cost, diffusion of molecules, growth factors and nutrients as well as the supply of mechanical
and biochemical stimuli. Although bioprinting has been shown to be able to create micro-
structures with embedded cells, it requires more than that. The key properties of an in vivo
environment - (multi-)cellular assemblies with dense cell-cell or cell-extracellular matrix
(ECM) interactions - are additionally required to approximate the structure and biochemistry
of the native environment of cells and tissues. Only these have the potential to provide a
new set of tools for understanding diseases and the effectiveness of patient-specific therapies,
while being based on human cells, such models may be eventually more predictive than ani-

mal models, thus reducing or even replacing the need for animal testing.

A key element in designing such multiparametric, multicellular platforms could involve the
use of spheroids.”” These densely packed microtissue units can be formed template-free or
engineered by the support of microparticles, e.g., polymer microgels, which have also
emerged as individual engineered cell scaffolds themselves (cf. below).P” While traditional
tissue scaffolding follows a top-down approach, e.g., based on implants or transplants,”” the
concept of bottom-up construction of microtissue by spheroids holds great promises for the
design of multiphasic cell matrices with tissue-specific structures across scales.” Exempla-
rily, Torisawa et al. utilized a continuous-flow microfluidic device equipped with a semi-

porous membrane to regulate culture media flow towards distinct geometric compartments,
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which then filled with co-cultures. In there, weeks-long culturing yielded self-aggregated, in-
dividual spheroids with microtrap-controlled size and shape.” And Mekhileri et al. precisely
placed spherical microstructures into 3D-plotted scaffolds (bottom-up approach) using com-
puter-assisted layer-by-layer bioprinting and promoted the growth of large and complex tis-
sues with improved architectural control. Compared to the top-down approach, this strategy
has advantages in cell-cell interaction and natural cell arrangement in the tissue due to the

[40

pre-programmed composition.” While the design of single cell line-based spheroids is rather
straight-forward, the orchestration of multiple cell lines requires platforms that provide com-
partmentalization and spatial control over matrix conditions for optimal co-culturing. A so-
lution to that could be the usage of core—shell (polymer) microstructures. For instance, the
groups of Park, Shin and coworkers established the sequential seeding of mesenchymal stem
cells (MSCs) and endothelial cells on individual hydrogel patches made from a ther-
moresponsive hydrogel. Upon thermal actuation, these hydrogel structures transitioned into

core—shell spheroids that, after an additional fusion step, lead to the formation of vascular-

ized microtissue.*!

Spheroids can be utilized as building blocks in tissue design due to the large parameter space
of potential template (e.g., material basis, size, shape, functionalization, elasticity) and tissue
properties (e.g., cell line, cell density). However, for fabricating physiological microtissue
constructs based on human cells, some of the above-discussed methods lack material uni-
formity (e.g., of spheroids and their templates). They also do not provide the necessary fab-
rication rates and ability to validate and characterize these in a high-throughput fashion."*”
On this account, Matsunaga et al. established the wzicrofluidic high-throughput production of
uniform collagen microparticles via axisymmetric flow-focusing devices as templates for cell
overgrowth and spheroid formation. Using NIH 37T3 cells, HepG2 cells, human umbilical
endothelial cells (HUVECs), primary neurons, primary rat hepatocytes, and MIN6m9 cells,
the versatility of this template-mediated spheroid formation was highlighted. Microgels with
seeded cells adhered to each other and eventually fused via cell-cell interactions coated on
the collagen gel beads. The cells also grew into the collagen gel beads, which eventually lead
to gel decomposition and macroscopic tissue formation. In fact, microfluidics generally is
the most-established method for producing microemulsions that act as templates for uni-
form hydrogel-based microstructures.***! The power of microfluidics-based material design
lies in its ability to tune the size of biocompatible soft microtissue from a few to hundreds
of micrometers, whose physicochemical and mechanical properties can be approximated to

that of the native ECM. Yet, for closely mimicking mechanobiological cues of the ECM as
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well as regulating the ECM’s effect on cell differentiation and migration, artificial microtissue
design also requires the processing of ECM molecule mixtures or ECM-derived materials.
In continuous- and segmented-flow (droplet-based) microfluidics, this task is often challeng-
ing, as mixtures of polysaccharides and proteins (containing collagen, fibronectin, laminin,
hyaluronic acid, among others), that are essential ingredients of the natural ECM, may exhibit
complex flow behavior. Exemplarily, shear-thinning of these multi-component mixtures may
exacerbate the throughput of material in microfluidic devices as, in the case of droplet for-

mation, only low flow rates will provide stable droplet formation."*”

Microfluidic devices do not only serve as enabling technology for the design of tissue build-
ing blocks and artificial niches, as discussed above, but their exact control overflow pattern
formation in microchannels with tailored-made architecture and integrated functional units
(e.g., valves, micropumps, membranes, vents, hydrodynamic traps) is most suitable to control
cell attachment (e.g., in microstructured niches), cell agglomeration with spatiotemporal con-
trol, nutrient and gas flow. Based on well-established manufacturing methods of microfluidic
devices including combined photo- and soft lithography, additive manufacturing based on
Fused Deposition Modeling and projection-microstereolithography, and glass microcapillar-
ies, such platforms have evolved as experimental platform in cell biology, e.g., for mimicking
tissue organization and its physiological environment. Researchers have pushed this devel-
opment towards so-called organs-on-a-chip, which contain human-derived cells preserved with
biophysical and chemical cues to mimic the structure and function of single human organs
and even interconnected organs embedded in microfluidic systems. Functioning as simplified
organ models, they enable a wide range of in vitro toxicity and efficacy testing. Such micro-
fluidic devices can be used in place of animals or animal-derived tissue models to replicate
human physiology in disease research, testing of drug safety or the effect of chemicals, cos-
metics, and consumer products on human tissue in the admission process. For example,
Purtscher et al. have integrated a dual cell culture bioassay into a common lab-on-a-chip
platform for evaluating the safety of pharmaceutical products.”” Key examples of these mi-
crofluidics-based experimental platforms for microtissue design have made the transition
into commercialization. For instance, AlveoliX’s platform emulates the complexity of the
human lung, named lung-on-a-chip, or tissue barriers, and MIMETAS’ microfluidic cell cul-
ture plates provide perfused tubular tissues in a parallelized fashion without the presence of
artificial membranes. Beyond microfluidic platforms, Swedish Fluicell has developed a 3D

bioprinting system with micrometer precision for medical research models in cell dish and
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microtiter plates that potentially complement and decrease animal testing, e.g., in intermedi-

ate stages of drug development.

Table 1-1. Comparison of bioprinting and microfluidic technology.

Properties

current research challenges

application examples

bioprinting

microfluidics

basis: hydrogels, suitable
cells/spheroids, and bi-
oprinters

shear-thinning, fast gelling,

form and mechanically sta-
ble, biocompatible hydro-
gels/bioinks desirablel®]

um-mm-cm scaling; low
throughput

basis: hydrogels, suitable
cells/spheroids, and micro-
fluidic devices

simple flow behavior of hy-
drogels desirable; form and
mechanically stable, biocom-
patible hydrogels desirable;
oxygen and nutrient ex-
change by flow cells

um scaling; size tunability
and uniformity; direct char-
acterization; low throughput

multi-material printing; adap-
tive and responsive culture sys-
tems; vascularization of tissue;
bioprintable material availabil-
ity; on-demand production*s]

high throughput fabrication;

automation, integration, and

intelligent synthesis of bio-
materialsl4]

printing of microstructures

with embedded cells/sphe-

roids for, e.g., the imitation
of in vivo tissues4]

template-mediated sphe-
roid synthesis for, e.g., tis-
sue formationl*3l

organ-on-the-chip applica-
tions for, e.g., toxicity and
efficacy testingl47]

4 The table is intended to provide an exemplary overview but does not claim to be complete.
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1.4. Relevant Materials

In addition to the material design, the materials themselves are also an important building
block (or even the most important one) for the design of in vitro model systems. Materials
commonly used in this context are hydrogels, e.g., physically or chemically crosslinked 3D
polymers that swell in aqueous media.’™"! In the following, a selection of natural and syn-
thetic materials is presented and explained in terms of their structural composition, accessi-
bility and origin, as schematically shown in Figure 1-2. There are many more bio-based hy-
drogel types and we refer to much more detailed reviews by Thiele et al., Van Vlierberghe et

al., Caliari et al., and Rice et al.?*>

agarose

~
.
~,
~
Y
S

~ fibronectin

Extracellular
Matrix

o
. hyaluronic acid _~

Figure 1-2. Schematic overview of some relevant natural materials obtained from animal, plant, and bacterial

sources, as well as some representative synthetic materials.

1.4.1. Natural Materials

The main representatives of natural materials are based on proteins and polysaccharides de-
rived from animal, plant, and bacterial sources. Proteins and polysaccharides are commonly
part of the ECM where they are scaffold and promoter of cell-cell/cell-matrix interactions

and of cellular activities.*"!

An essential natural protein of the ECM is collagen type I, which is composed of #-alternating
amino acid sequences [-Gly—X—Y—|, with glycine (Gly) and any amino acid X and Y linked
by amide bonds [<CO-NH-].P**l In natural ECM tissue, three such polypeptide chains
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arrange in a triple helix and connect to each other by hydrogen bonding. These triple helices
stack together and connect covalently by lateral interactions to form fibrils, which in turn
aggregate to larger fibers.”*!! Through solubilization of collagen fibers (e.g., collagen type I
from rat-tail tendons) at enzymatic and salt/acid conditions, collagen fibrils are extracted and
become applicable for in vitro expetiments.”**>*! By hydrolysis or denaturation of collagen
type 1, gelatin, an alternative protein based on single-strand molecules, can be obtained.”>>>

“I' Another type of ECM proteins are multi-adhesive glycoproteins (a combination of pro-
teins and polysaccharides), that contain several binding domains for interacting with the
ECM matrices, cell surface receptors, and other glycoproteins.? A prominent representative
is fibronectin, which primarily connects ECM matrices to cell adhesion receptors (integrins).*
It consists of two similar, intramolecularly linked polypeptide subunits (230-270 kDa),
whose assembly of type I, type 11, and type I1I repeating units is responsible for collagen/gel-

atin and integrin specificity./"*"

Beside proteins, polysaccharides are also part of the ECM. They are based on a high number
of glycosidically linked monosaccharides and obtained from plant, bacterial, and animal
sources. A relevant representative, frequently used in food and pharmaceutical industry is
alginate, a linear polysaccharide, which can be obtained from brown algae (Phaecophyceac)

> Alginate is

through the treatment with an alkaline solution, or by bacterial synthesis.!
composed of several (1,4)-linked B-p-mannuronic acid (M block) and a-1-guluronic acid (G
block) units, based on [-OH] and [-COOH] functionality, whose molecular weight depends
on the source and the fabrication process, typically varying between 10-1000 kDa.”>">™ An
alternative polysaccharide is agarose, which is obtained from agar, an posed of (1,3) linked j-
D-galactose and (1,4) linked a-1-3,6-anhydrogalactose, primarily equipped with [-OH] func-

tionality and molecular weight of almost 12 kDa."*"

The most naturally occurring biomaterial is cellulose, which can be obtained from bacterial
and plant sources by chemical treatment."”* On a molecular level cellulose is composed of
linear (1,4)-linked 8-p-glucopyranosyl molecules with [FOH] functionality.®™ These polysac-
charides stack parallel during biosynthesis to fibrils, which in turn aggregate to larger micro-
fibrils with crystalline and amorphous regions, promoted by intermolecular physical interac-
tions.*¥ In general, cellulose is insoluble in water, but this can be overcome by etherifica-
tion of hydroxyl groups.” A corresponding known and Food and Drug Administration
(FDA)-approved derivative is methy/ cellulose, a partially methylated [-O—CHj3] derivative of

cellulose at its hydroxy functionalities with a degree of substitute between 1.7-2.0.°"%* The
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non-polar methoxy groups disturb hydrogen bonding between other hydroxy molecules, al-
lowing water molecules to enter the polysaccharide structure, resulting in increased water

solubility.*!

Considering the ECM environment, there exists a further special linear type of polysaccha-
rides (glycosaminoglycans), which are based on the repeating disaccharides uronic acid and
p-galactosamine or D-glucosamine.”” Hyaluronic acid is its most prominent representative,
commercially available and widely used in industry since 1970.**" It is composed of §-1,4-
D-glucuronic acid and f-1,3-N-acetyl-D-glucosamine and contains three functional groups [—
COOH], [-OH], and [-[NHCOCH;].*™ Hyaluronic acid can be extracted from animal
sources or synthesized through bacterial fermentation (Escherichia colz), which provides high
reproducibility of molecular weight (100-8,000 kDa).P***!l If the glycosaminoglycans ate
bound to proteins, proteoglycans are obtained, which serve as further stabilizing components

of the ECM.P4

1.4.2. Synthetic Materials

Despite practicable properties such as cell adhesion and biodegradability, animal-derived ma-

5.9 Since their

terials often have poor mechanical properties and batch-to-batch variation
use is also controversial in terms of replacing animal testing, the research is focusing on the
development of synthetic materials that cover the entire spectrum of tunable chemical, phys-
ical, mechanical, and biological properties. Some synthetic materials are already widely used

in microtissue engineering, and three prominent examples are briefly described below.

One of them is poly(ethylene glycol) (PEG), a FDA-approved polymer, based on repeating eth-
ylene glycol units [-(CH.CH0),].”) PEG polymers can be generated by ring-opening
polymerization, starting from ethylene oxide. It is commercially available in various molecu-
lar weights. In addition, a variety of PEG-polymer structures are known, such as linear, multi-
armed and hyperbranched. Thereby, the designation of PEG usually changes to poly(eth-
ylene) oxide (PEO) above a molecular weight of 30 kDa.” Thus, with appropriate end-group
functionalization, PEG-based hydrogels with diverse mechanical properties are accessible,

making them ideal candidates for in vitro applications."”

A second prominent synthetic polymer is poly(IN-isopropylacrylamide) (PNIPAAm), first re-
ported in 1968.” It is composed of N-isopropylacrylamide monomer units, which are based
on hydrophilic amide [<CO-NH-] and hydrophobic isopropyl [<CH(CH3).] moieties.” It

has thermoresponsive properties and therefore finds versatile use in tissue engineering, bio-

12| Defined and Functional Materials for Microtissue Engineering Applications



THEORY

sensing and drug delivery applications.”” Additionally, PNIPAAm polymers and 3D net-
works are accessible via numerous synthesis routes as described in detail by Doberenz et

al.””

A third type of relevant synthetic materials is based on polyurethanes (PU), which are widely
used in industry since 1937, developed by Otto Bayer and co-workers. Their characteristic
repeating unit is the urethane group [-NH—-CO-O—|, which classically results from the pol-
yaddition reaction between polyols and polyisocyanates with at least two or more hydroxyl

1% There are two PU families, thermoplastics

[-OH] and isocyanate groups [-N=C=0].!
and thermosets, which differ in structural design. Thermoplastic PUs have a linear structure
and are based on diols, diisocyanates, and chain extenders (low molecular weight diol com-
ponents), while thermoset PUs form 3D networks based on polyols and polyisocyanates.”
Depending on the application, versatile materials with a wide range of mechanical properties

can be obtained.
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1.5. Multiparametric Material Functionality

Microtissue-derived in vitro models are promising candidates to replace animal testing, as
they aim to replicate small compartments of the host organ for preclinical studies, rather than
focusing on the entire, highly complex organism. The models are based on simply con-
structed platforms whose components can mimic the extensive tissue properties such as 3D
anatomy, functionality, and physiology (e.g., oxygen and nutrient exchange, vascularization,
etc.). Because of these properties, they provide an excellent basis for modeling specific organ
diseases, modular tissue engineering, and drug delivery studies — all applications where animal
testing can potentially be avoided in the future. In addition, due to their microscopic size and
synthetic background, the model systems enable the performance of many parallel experi-
ments, a high degree of reproducibility, and the simultaneous performance of analyses during
experiments. These features are mainly applied in high-throughput drug screening and in the
analysis of natural processes. Overall, the potential applications of microtissue-based in vitro
model systems are very diverse and require different shapes, as well as a different material
base depending on the objectives. Accordingly, different fabrication techniques for providing
microtissue platforms, as well as hydrogel-based materials have been described in the previ-
ous sections. To gain a deeper insight into the requirements of hydrogels for microtissue
applications, they are discussed in the following sections in terms of their processability,
adaptivity, biocompatibility and stability/degradability (Table 1-2). Finally, an outlook on
advanced materials is given and their potential use in in vitro models as a substitute for animal

testing is discussed.

1.5.1. Materials Requirements

1.5.1.1. Processability: How to get gelation under control?

The multiparametric functionality of hydrogels is based, among other factors, on their pro-
cessability, which in the broadest sense refers to their application in manufacturing tech-
niques for shaping. Depending on their intended application, spheroids, microstructures, and
modular tissues need to be formed by different manufacturing methods, the use of which
depends on the processability of the hydrogels. Extrusion-based bioprinting, for example,
requires shear-thinning, fast gelling, and form stable materials, as illustrated by the example
of Kang et al., who synthesized spheroidal and tubular microstructures by one-step bioprint-

ing to create human tissue analogs.""”"! In contrast, the preparation of cell-loaded microgels
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by microfluidics requires precursor materials that covalently bond with each other in a time-
delayed manner, e.g. by external stimuli such as UV irradiation, to ensure homogeneous
droplet formation.""”” Overall, these two technologies show how different and diverse the
requirements for the processability of hydrogels are. Accordingly, a selection of natural and
synthetic materials will be discussed below regarding their gelling properties, which have a
significant influence on their processability. In addition, possible control elements will be

addressed.

In general, most materials gel and form either physically or covalently crosslinked hydrogels
as shown schematically in Figure 1-3. However, for the physically crosslinked hydrogels,
external parameters such as temperature, pH and ion concentration often affect the stability
of the corresponding gels, which then degrade. This often limits applications in in vitro mod-
els due to limited control of gelation time, gel stability, and handling. To overcome this lim-
itation and extend processing options, chemical modification of individual materials is a ver-

satile approach to enable covalent and controllable gelation.

/he'mical

meodification

Figure 1-3. Processability of materials with emphasis on gelling properties and potential control.

A reversible gelation process of polymers in water is based on temperature and pH changes
and depends on the solubility of these polymers in water, as conceptually described by Seif-
fert et al."™ The temperature at which this solubility changes is either referred to as the
Lower Critical Solution Temperature (LCST) or to the Upper Critical Solution Temperature
(UCST). In the former case polymers intermolecularly interact with water molecules at low
temperatures through hydrogen bonding and dipole-dipole interactions. However, as the

temperature increases, these bonds break, and the polymer chains precipitate in a coil-to-
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globule transition."” An appropriate example is PNIP.AAm, whose polar amide groups in-
teract by hydrogen bonding with water molecules below the LCST (32 °C) and precipitate
above this temperature.” Due to that property and the LCST being close to the physiological
temperature range, PNIPAAm polymers are widely used as drug delivery materials and be-
yond."" To overcome the temperature-dependent stability of PNIPAAm polymers, they can
be copolymerized with functional monomers (e.g., crosslinkers) that make stable hydrogels

1% Exemplary, Kim et al. have devel-

accessible through chemical or physical interactions.
oped multi-stimuli-responsive microfibers and microtubes as potential cell scaffolds for tis-
sue engineering applications. These scaffolds are based on NIPAAm molecules, the cross-
linker N,N"-methylenebis(acrylamide), and the comonomers allylamine or sodium acrylate,

which connect covalently by UV irradiation in a microfluidic approach.!"!

Another thermoreversibly gelling polymer is methyl cellulose (LCST = 40-50 °C), whose hy-
drophobic methyl groups [-CHj3| self-assemble into fibrils with increasing temperature and
percolate into networks.**'"” Due to that reason, methyl cellulose is usually fluidic at physi-
ological conditions and hence useful as a thickening agent for spheroid synthesis.!"” Accord-
ingly, Wang et al. have developed core—shell microgels for organoid synthesis using micro-
fluidics. The microgels consisted of a core based on liquid methyl cellulose and encapsulated
liver cells (HepG2) or a coculture of liver and endothelial cells (HepG2/HUVECs) with a
stabilizing shell of gelatin methacrylate (GelMA)."™ Due to the good printability of methyl
cellulose at room temperature but the lack of crosslinking ability, it is also frequently used
with polymers such as GelMA and alginate in blend-based bioinks with high dimensional

110,111]

stability and fidelity.!

In contrast, in other polymer systems, such as agarose and gelatin, intra- and intermolecular
polymer—polymer interactions are promoted for enthalpic reasons, which counteract poly-
mer dissolution at low temperatures. By increasing the temperature, these interactions can

1312180 Bor example, agarose

be overcome, and the polymers dissolve in water at the UCST.!
assembles into double helices and aggregates into ordered structures below its UCST of 20
to 70 °C and liquefies at higher temperatures.?'"*"" Hence, stable agarose gels for microtis-
sue applications can be obtained at physiological conditions, as described by Struzyna et al.
In the corresponding study, agarose-based microcolumns were filled with proteins and do-
paminergic neuronal aggregates to mimic the nigrostriatal pathway for the treatment of Park-
inson's disease.""”! Gelatin, in turn, assembles into triple helices from random coil chains at

about 25 to 30 °C and associates into 3D networks.”*>""* Since its UCST is below the phys-

iological temperature, they do not form stable gels at 37 °C. Because of this property, it is
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often used as a sacrificial substrate. For example, Hwang et al. have prepared cell-laden po-
rous alginate hydrogels by incorporating gelatin microspheres (150-300 pm) that are stable
at low temperatures and liquify under physiological conditions."'” To provide temperature-
stable gelatin hydrogels, they are usually functionalized with crosslinking moieties, e.g., with
methacrylate groups (known as GelMA)."® A relevant example was provided by Zoratto et
al. who developed thermostable microporous scaffolds based on photocrosslinked GelMA
microgels, to better mimic the ECM and facilitate nutrient and oxygen transport of in vitro
models.""” Alternatively, crosslinkers such as glutaraldehyde and genipin can be incorporated

and stabilize gelatin networks.!'**!?!]

Protonation or deprotonation of pH-sensitive polymers can further impair the intermolecu-
lar polymer—water interaction, which also affects solubility.""”” Accordingly, acidic collagen type
I'solutions must be neutralized, causing the triple-helical fibrils to self-assemble into fibrillar

matrices at about 37 °C within a slow gelation time of half an hour.”*"*

A related approach
was used by Ugolini et al., who separately confined cell-laden type I collagen and fibrin gels
in PDMS-based templates to mimic complex biological compartments.'*? Further, the gela-
tion of collagen type I is reversible below the denaturation temperature of approximately 37
°C, but gels still remain statically stable for extended periods of time."” However, to make

gelation temperature-independent and to accelerate the gelation time, chemical modifications

are possible that correspond to those described for gelatin.

In turn, gelation of alginate occurs with multivalent cations such as Ca**, Ba™, and Fe’*, with
mainly G-block elements associating with these to form tight junctions in an egg carton pat-
tern due to negatively charged [FCOOH] groups.'™ This association occurs instantaneously
by cations diffusing from the external environment into the alginate precursor solution.™
Agarwal et al. used this approach by preparing cell-laden core—shell microgels (collagen—
alginate) as a biomimetic platform for high-throughput drug screening. For this purpose,
microgels wete synthesized by microfluidics, where Ca®* ions (from CaCl,) diffused from the
oil phase into the alginate precursor droplets and initiate gelation.!* Because alginate gela-
tion is fast, the rate can be slowed down by cations released into the system in a controlled

2121 Accordingly, Weitz and coworkers

manner, which is called the internal gelation method.!
encapsulated MSCs in alginate microgels as possible in vitro model systems for drug testing.
For this purpose, they used a precursor solution of alginate and calcium-ethylenediaminetet-
raacetic acid (EDTA), which released Ca*" ions at acidic conditions (pH 5) and initiated con-

trolled alginate gelation.* Alternatively, also CaCOs could be used.!'””
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There are also polymers that do not naturally gel due to external stimuli. Therefore, they
must be functionalized to be interesting for microtissue applications. A relevant example is
hyaluronic acid, which at very low concentrations assumes a rigid helical configuration due to
intermolecular hydrogen bonding. These chains entangle randomly, resulting in jelly-like so-
lutions."* Chemical modification at the side groups [FCOOH], [FOH], and [-[NHCOCHj]
is the basis to form stable covalent-crosslinked hydrogels. A corresponding example is based
on microstranded bioinks by Kessel et al., where gel formation was achieved by photocross-
linking of hyaluronan methacrylate. The resulting hydrogels were extruded through a lattice
with an aperture size of 40 and 100 um, resulting in microstrands with shear-thinning prop-
erties that mimic key ECM features."” For more chemical modifications of hyaluronic acid,

we refer to Collins et al. and Khunmanee et al.?*!3!

Another polymer that also requires pre-functionalization for crosslinking is PEG, as it has
an LCST of ~100 °C in water and therefore does not self-assemble naturally below that tem-
perature.l” A well-known modification of PEG precursor polymers used in microtissue en-
gineering is the functionalization with acrylates, which enables fast, UV-induced crosslink-
ing."*>"* Slightly slower and controlled gelation times, in turn, can be achieved by strain-
promoted alkyne azide cycloaddition (SPAAC) and thiol-ene Michael addition reaction be-
tween thiols and vinylsulfones, acrylates/methacrylates, or norbornene-functionalized PEG

polymers.?>41

PUs (usually thermoplastic PUs) are very versatile in their composition and form gels both
covalently and physically. Exemplarily, covalently crosslinking has been studied by Jung et
al., who provided cell-adhesive Janus PU microfibers for tissue engineering applications. For
this purpose, a commercially available, photocurable PU oligomer solution with crosslinker
(NOAG3) is used, that solidify via radical polymerization through UV irradiation.'*? Physical
crosslinking in turn has been mainly utilized in bioprinting applications. For instance, Lin et
al. have synthesized a biodegradable and thermo-sensitive PU/soy protein hybrid bioprinting
ink for direct 3D cell printing, which undergo a sol gel transition with increasing temperature
up to 37 °C."" And Hsieh et al. synthesized a bioink based on PU nanoparticles and gelatin,
which form a double-network in two-stages through chelation of both components at room
temperature (using Ca*" ions) and subsequent thermal gelation of gelatin at 37 °C."* A com-
bination of both, physical and covalent gelation, was provided by Hsiao et al., who synthe-
sized a UV- and thermo-sensitive bioink based on PU nanoparticles with acrylate function-
alization and thermosensitive oligodiols."*” The wide range of further gelation strategies can-

not be covered completely in this review and reference is made to previous work.!"*
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1.5.1.2. Adaptivity: Tunability of mechanical material properties

Another important requirement of materials for microtissue engineering applications is their
mechanical adaptivity and tunability to the different structural conditions of in vivo tissues
to ensure the best possible mimicry of host structures and thus increase the success rate with
respect to animal avoidance. In vivo tissues are naturally subject to a wide range of mechan-
ical strengths. For example, brain tissue exhibits a relatively small elastic modulus of < 0.1
kPa, whereas tendons exhibit a relatively large elastic modulus of ~1.4 MPa.'* To account
for this diversity, the influence of nanoscopic material structure on the resulting macroscopic
properties must be considered. Accordingly, the focus in the following is on nanoscopic
material structures, their effects on mechanical strength and their potential tunability, which
will be discussed in terms of mesh size € comonomer composition, molar mass, concentra-

tion, degree of swelling and crosslink density (Figure 1-4).

Figure 1-4. Adaptivity of materials described by the triangular relationship between nanoscopic material struc-

ture, mechanical strength, and potential tunability.

Since the material strength is often provided in the literature as shear storage modulus G'
[Pa] or elastic (Young’s) modulus E [Pa], this review will focus on exactly these two mechan-
ical parameters. Both quantities are related by the Poisson's ratio v (E = 2G(1+v)). In case of
incompressible materials such as hydrogels, the Poisson's ratio is usually 0.5. Hence, the shear
storage and elasticity modulus can be transformed into each other according to the relation-

ship . ~ 3G.I"#

The mesh size € (distance between two network points) of a polymer network is crucial for

tuning its mechanical properties. Its relationship to the mechanical material strength can be
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derived from the phantom network model, described by £ = (RT)/(G’ - N))'”?, with R being
the gas constant, T the temperature, Na the Avogadro constant, and G’ the storage modu-
lus."*""1 Exemplarily, PEG enables easy tuning of the mesh size and mechanical strength
of a corresponding hydrogel by varying the molar mass, geometric composition (linear-,
4arm-, 8arm-, star-PEG), and concentration of precursor polymers. In one example, degrada-
ble vatetite/ PEG-composite microgels were developed as in vitro models for bone tissue
engineering applications. Herein, the molar mass of precursor polymers was varied to obtain
shear storage moduli between 20.9 and 30.3 kPa.™ A second example was given by de
Laporte and coworkers, encapsulating cells in rod-like (anisometric) PEG-based microgels
for mimicking elongated tissue architectures such as musculoskeletal tissues. Thereby, the
microgels differ in the concentration (2-5% (w/v)) of initially used precursor polymers and

show storage moduli between 0.1 to 7.2 kPa.!"”’)

The mechanical strength of covalently crosslinked PNIP.A.A» hydrogels is temperature de-
pendent, since PNIPAAm hydrogels have a Volume Phase Transition Temperature (VPTT)
of 34 °C, which corresponds to the LCST of PNIPAAm polymers as described in the previ-

P Therefore, as the temperature increases, the hydrogel displaces water for ther-

ous section.
modynamic reasons, resulting in a decrease in hydrogel volume. This leads to a higher density
of network strands per unit volume and thus to an increasing mechanical strength of

[152]

PNIPAAm hydrogels with increasing temperature." > Mohwald and coworkers for example
have developed PNIPAAm microgel films for bio-applications, which show an increase of
elastic modulus from 86 to 330 kPa with increasing temperature from 25.3 to 37.2 °C.""' To
further shift the VPTT of PNIPAAm and hence decrease or increase its mechanical strength
at a given temperature (e.g., at physiological temperature) hydrophilic or hydrophobic

50,

comonomers can be incorporated into the PNIPAAm network.”” Additional influences

on the VPTT as pH and salt ions of the cell culture medium need to be considered as well.>”

Thermoplastic and thermoset PUs contain hard (diisocyanate and chain extender) and soft
(polyol) segments that micro-segregate due to physical interactions between urethane groups
and affect the mechanical properties of PUs.” Correspondingly, by varying the portion of
hard and soft segments in PU polymer networks, different elastic moduli could be obtained.
For example, Mi et al. have synthesized soft and hard thermoplastic electrospun scaffolds
for bone tissue applications and investigated the effects of incorporated hydroxyapatite (HA)
particles on the mechanical strength of the polymers. In case of soft thermoplastic PUs, HA
particles show no effect on the mechanical stiffness, which remains at about E = 0.01 MPa.

By contrast, hard thermoplastic PUs exhibit a larger elastic modulus of 0.4 MPa, which,
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however, decreases with the incorporation of HA patticles.™ Much softer PU polymers
were obtained by Hill et al. who prepared PEG-based colloidal microgel particles by self-
assembly and obtained elastic moduli between 7.5 to 2525 Pa by varying the molar mass of
the soft segment PEG (2,000 down to 600 g mol™).”) These both examples demonstrate
the wide range of possible mechanical strengths that PUs simply achieve by the composition

and ratio of soft and hard segments in the polymer backbone.

By contrast, most natural materials have usually weak and less tunable mechanical properties,
such as collagen (G* = 0.5-429.7 Pa for 0.5-5.0 mg mL.™), gelatin (E = 179 Pa at a concentration
of 10%), and agarose (E = 3.6 kPa at a concentration of 1%), which can be improved by
increasing the molar mass and the concentration of precursor polymers."**"**"" The me-
chanical strength can further be improved through the formation of interpenetrating net-
works with mechanical stronger polymers, as described by Ort et al. For this purpose, they
have synthesized collagen/alginate-based microgels and analyzed the influence of increasing
alginate concentration (0—1.6 mg/mlL) on the storage modulus (0.5-2.3 kPa) of microgels.!"™
The mechanical properties can be further improved by chemical crosslinking. Lee et al. for
example have encapsulated MCF-7 cells and cocultures of MCF-7 and macrophages in co-
valently crosslinked gelatin (GelMA)-based microgels to provide a strategy to design tumor
spheroids. They vatied the precursor concentration (6—14% (w/v)) and analyzed the effect
of mechanical properties (G* = 1.8-18.5 kPa) on the spheroid growth."™ The stiffness of
agarose can further be reduced by aldehyde-functionalization as described by Yamada et al.
for tissue engineering applications. Without aldehyde functionalization agarose-based micro-

gels show a storage modulus of 11.1 kPa, whereby CHO functionalization reduce the storage
modulus to 0.5 kPa (both 1 wt%).[

Also hyaluronic acid has weak mechanical properties (E = 1.5 kPa at a concentration of 1%)

57 For example, Jooybar et al. developed

that can be improved by chemical crosslinking.
hyaluronic acid-based microgels embedded in a hydrogel for the delivery of platelet lysate (a
blood product with a high concentration of growth factors). In this process, hyaluronic acid
was modified with tyramine, which enzymatically crosslinks in the presence of hydrogen per-
oxide and horseradish peroxidase, resulting in microgels with a mechanical strength of 5.4
kPa.'"! In addition, hyaluronic acid has another special feature at pH 7: At this pH, the [~
COOH] units are deprotonated, resulting in a strongly hydrophilic polymer character and a
water absorption up to 1000 times its solid volume.!"""" In these cases, it is obvious that a

high water content reduces the mechanical strength of hydrogels. A general characteristic

parameter describing the water content in a hydrogel beyond the scope of hyaluronic acid is
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the degree of swelling. It is defined as the mass-swelling ratio Ou = 72/ 74 between the mass
of the swollen m, and the dried hydrogel 7" Or it is defined as the volumetric swelling
ratio Qv = 1 + pa/ps (Om — 1) with pq and o, the density of the dried and the swollen hydro-

[161,162]

gels. Corresponding thermodynamic studies have been performed, for example, by By-
strofiova et al. who created a 3D microenvironment based on gelatin and hyaluronic acid
hydrogels suitable for in vitro microtissue modeling applications. By varying the ratio of pol-
ymer components and the crosslinking mode, different degrees of swelling and, accordingly,
different mechanical strengths between 10 and 20 kPa (4% (w/v)) could be obtained."” To
relate the swelling behavior or the mechanical strength of hydrogels to the structural com-
position of the nanoscopic network, the Flory-Rehner equation can further be used. From
this, the expression £ = 0.1748 (Mo)'/? (Qv)"” can be derived, which relates the mesh size of
hyaluronic acid-based hydrogels (£) to the strand molar mass between two crosslinking points

(M.) and the volumetric swelling ratio (Ov). This expression applies specifically to hyaluronic

acid-based systems, but can be adapted to other materials by considering the derivation of

Collins et al."*d

In turn, the mechanical strength of alginate (E = 3.6 kPa at a concentration of 1%) can further
be improved by surface modification with positively charged polyelectrolytes as poly(eth-
ylene imine), chitosan or poly-(L-lysine) (PLL), which adhere to the negatively charged algi-

[157

nate backbone."” The change of the total surface chatge restricts its swelling behavior and

16411 Pasqua et al. for example have synthesized

promotes the mechanical polymer strength.
cell-laden alginate-PLI-based microbeads for extracorporeal liver supply. Herein, PLL rein-
forced the mechanical stability of pure alginate microbeads, whereby the elastic module in-

creased from ~1 to 5 kPa with PLL modification.!'*

Due to its LCST slightly above the physiological temperature range (LCST = 40-50 °C),
methyl cellulose 1s usually viscous at physiological conditions and has a correspondingly low
mechanical strength.!"”! An increase in viscosity could be improved by increasing the polymer
concentration and the molar mass of the polymer strands.” Additionally, to promote con-
version of the methyl cellulose solution into a gel-like state under physiological conditions,
precursor polymers with a higher proportion of methyl groups in the polymer backbone
could be used. These cause an increase in hydrophobicity of the material shifting the LCST
to lower temperatures.'*” In combination with other polymers like alginate, methyl cellulose
also forms stable hydrogels. For example, Babu et al. synthesized alginate-methyl cellulose
microspheres for drug delivery applications, whereby alginate and methyl cellulose were con-

[168]

nected to each other by glutaraldehyde.
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1.5.1.3. Biocompatibility: Cell viability versus material functionality

Another important parameter is the biocompatibility of the materials used. These materials
must actively support cell viability in the experiments through their microscopic structure
and chemical functionality. Regarding the microscopic structure, access to oxygen and nutri-
ents plays a particularly important role. Without these components, cell viability is consider-
ably reduced, which can result in necrotic tissues and, correspondingly, the validity of the in

[169

vitro models is considerably diminished."” Hydrogels are generally accessible to diffusible
species due to their swelling behavior and porosity. However, there is often a lack of oxygen
and nutrients because their diffusion is restricted in the tissue to be imitated. Usually, such
diffusion occurs over a tissue thickness of 100200 pm, beyond which it is limited.""” Due
to this fact, microscopic-scale model systems are particularly suitable for in vitro applications,
as they allow oxygen and nutrient exchange by simple diffusion. In contrast, diffusion in
larger constructs is limited, which can be compensated by active vascularization in the hy-
drogel systems. Agarwal et al. demonstrated corresponding studies by assembling micro-
scopic tissue building blocks, together with vessel-specific cells into macroscale vascularized
3D tumors for anticancer studies."” Other experiments address oxygen and nutrient ex-
change through precise and controlled mass transport.""! For example, Ahmeda et al. cul-
tured spheroids in bioreactors exposed to a fluid flow to enable continuous oxygen and nu-
trient exchange.”” A combination of both, mass transport and vascularization, is offered by

Hsu et al. who have developed an organ-on-a-chip assembly based on connected microtis-

sues exposed to fresh fluid via a controlled circuit.

In addition to good oxygen and nutrient supply, adherent cells are essential for cell viability,
proliferation, and differentiation in in vitro models. For this reason, the relationship between
cell adhesion and chemical functionality of materials requires special attention. To enable cell
adhesion, cells present integrins on their cell membrane that enable cells to bind to specific
ligands of materials and other cells through physical and (bio-)chemical interactions, which
actively control the cell morphology, as sketched in Figure 1-5.”" If a material is rich in
ligands, cells will predominantly adhere to that material (A). These materials are accessible in
two ways: via materials with the molecular structure of the ligands (“direct” cell adhesion),
or via materials to which ligand-rich materials adsorb by physical interactions (“indirect” cell
adhesion). Conversely, cells exhibit a spherical morphology when a material has few cell-
binding ligands. In this case, cell-cell interactions are favored, leading to the formation of cell

agglomerates and spheroids (B).!'">"™
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Figure 1-5. Biocompatibility of materials in microtissue engineering, with emphasis on oxygen/nutrient ex-

change and cell adhesion to (A) ligand-rich ("direct" versus "indirect") and (B) low-ligand materials.

Proteins from the ECM with specific amino acid sequences as for example the Arg-Gly-Asp
(RGD) sequence in fibronectin, or the Gly-Phe-Hyp-Gly-Glu-Arg (GFOGER) sequence
found in collagen, are ligand-rich materials that enable “direct” cell adhesion.”>"™ Cell sur-
face integrins link to these ligand-rich domains by physical interactions, which is why cells
adhere well to fibronectin, collagen type I, and gelatin based materials.” Hence, they are widely
used in in vitro models, especially in lab-on-the-chip applications. According to 3R regula-
tions, Sfriso et al. studied the interplay between endothelial cells and the plasma cascade
system for cardiovascular research. Here, they used a closed microfluidic circulation system
with cells cultured as monolayers in round printed polydimethylsiloxane (PDMS) microchan-
nels that had been treated with fibronectin or type I collagen to imitate blood vessels.!'"™
Wang et al. used a decellulatized liver matrix/gelatin methacryloyl-laden microfluidic device
to mimic continuous 3D metastatic cancer cell growth as a platform for effectively testing

therapeutic strategies.”’!

However, the structure of many materials does not allow for "directly" adhering cells due to
the lack of cell-adhesive ligands; instead, cell adhesion sometimes occurs "indirectly” through
ligand-rich components such as proteins and polypeptides that adsorb to materials with low
ligand content due to their net positive or negative charge.”™ Protein adsorption to these
materials is usually achieved by incubation in protein-rich cell culture medium (e.g., by adding
fetal bovine serum) or by cells that actively secrete proteins.'™ A corresponding ligand-poor
material to which proteins and polypeptides adsorb in a temperature-dependent manner is

PNIPAAm with [-CO-NH-] functionality. Above the VPTT of 34 °C, PNIPAAm materials
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are in the collapsed state with low water content and high protein adsorption, resulting in
good cell adhesiveness. However, with decreasing temperature, the PNIPAAm material be-
comes more hydrated, which counteracts protein adsorption and leads to cell detachment.!"”
Takahashi et al. took advantage of this property to enable scaffold-free microtissues by cul-
turing astrocytes and neurons on PNIPAAm-based substrates at 37 °C. After several days of
cultivation, the temperature was lowered to room temperature, enabling the growth of mi-
crotissues with diameters of 50, 100, and 200 um to detach from the PNIPAAm substrate.!'®”
The temperature-dependent cell attachment character of PNIPAAm hydrogels can also be
rendered temperature-independent and be stabilized by additional surface modification, e.g.,
with polydopamine (PDA), since PDA (a component consisting of catechol and amino
groups) physically binds to both, proteins and PNIPAAm hydrogels. Accordingly, PDA-
coated PNIPAAm-based microgel templates were fabricated as in vitro models to allow for
homogeneous and temperature-independent cell coating and adhesion on microgel surfaces
to potentially mimic the blastula in embryogenesis, mammary glands, or alveolar epithe-
lium.™ Also, some types of PU materials enable protein adsorption due to hydrogen-bond-
ing between urethane groups and proteins as described by Sheikholeslam et al. and Cher-
nonosova et al.'*"'" Both references included PU/gelatin composite materials for tissue en-
gineering applications prepared by electrospinning, which showed good cell adhesion on

these materials.

In turn, materials based on ethylene glycol [-(CH.CH-O),] units as PEG are low-ligand ma-
terials without the potential to bind physically to ligand-rich proteins and polypeptides, which
is why they are also referred to as bioinert."”'" Accordingly, the cells do not adhere to these
materials and form cell agglomerates. This property is often deliberately exploited, for exam-
ple, to generate cell spheroids, as by Siltanen et al. who encapsulated hepatocytes in PEG-
based microgels by the droplet-based microfluidic technique to generate spheroids for hepa-
totoxicity screening in the preclinical drug development."™” However, to further increase the
cell adhesive properties of these materials, bioactivation via covalent modification with RGD
ot peptide sequences is possible.”>”*'® Corresponding RGD-treated hollow PEG-based mi-
cromodules were fabricated by Wang et al., where PEG diacrylate components were photo-
polymerized with acryloyl-PEG-Arg-Gly-Asp-Ser sequences. These micromodules were
then assembled to form a tissue-specific morphology (e.g., liver lobules) with a vessel-like
lumen for tissue regeneration.!"”” Similar low-ligand properties apply to most polysaccharides
due to their hydrophilic nature."®*'® In particular, agarose hydrogels are frequently used as a

bioinert template for the synthesis of cell spheroids and organoids, as described by Gong et
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al., Janji¢ et al., and Oberoi et al."*** To improve cell adhesion to these materials, RGD or
polypeptide units need to be incorporated into these networks as well.” The same applies

to other polysaccharide-based hydrogels such as alginate and hyaluronic acid**~"""

1.5.1.4. Stability/degradability: Influences of physiological parameter space

Long-term stable materials are an important prerequisite for many in vitro models to achieve
reproducible results without changes in the microenvironment and without the risk of toxic
degradation products. Cullen and coworkers have worked exemplarily on the development
of axonal pathways to modulate neuronal circulation. Here, the columnar hydrogel template
must be stable until the axonal pathways have connected to host neurons via synapses.'”” In
contrast, there a large number of in vitro applications exist that require targeted material

193

degradation, e.g., for the release of cells and drugs."”” Accordingly, the natural stability and
degradability of materials to enzymes, hydrolysis or solubilization, as well as potential control

elements for (de-)stabilization, are presented below (Figure 1-6).
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Figure 1-6. Natural stability/degradability of hydrogels to enzymes, hydrolysis, and solubilization, and key

elements for control.

Proteins such as collagen and gelatin are enzymatically degradable by cleavage of C-O, C-N,
and C—C bonds."™ A corresponding enzymatic degradation of modified cell-laden collagen
type I microgels was analyzed by Thomas et al. by adding the enzyme collagenase. Here, the
physically crosslinked microgels (~1 mm diameter) were completely degraded within 24
hours. They also analyzed PEG- and glutaraldehyde-crosslinked microgels, which degrade
more slowly compared to the physical crosslinked microgels, indicating a stabilizing effect of

[195

covalent bonds.!"” However, even without the addition of enzymes, protein gels could be
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degraded by cellular secretion enzymes, which needs to be taken into account if long-term

stable materials are desired.'**!”

I However, because cells also produce proteins at the same
time, hydrogels are often biologically remodeled, which is hugely important for cell organi-
zation, alignment, and migration in microtissues and for mimicking the natural ECM.!"™
Such remodeling of cell-coated collagen microgels, for example, has been investigated by
Crampton et al. as potential in vitro high-throughput platforms. They analyzed the difference
in collagen remodeling between physically ("soft") and covalently ("stiff") crosslinked micro-
gels and found significant remodeling of "soft" by second harmonic generation but little to
no remodeling of "stiff" microtissues."”” A corresponding dependence of materials degrada-
tion or remodeling on crosslinking density was also shown by Nichol et al. The authors syn-
thesized GelMA-based microgel units and analyzed the cell behavior as a function of polymer
concentration (5, 10, and 15%), while cell migration and microgel remodeling decreased with
increasing gel concentration."” In summary, physical crosslinking promotes the degradation
and remodeling of proteins, while covalent crosslinks often slows down these processes. The

more covalent crosslinking units, the slower the degradation process and the more stable are

the materials.

Enzymatic degradation is also a suitable tool for material manipulation of polysaccharides,
whereby glycosidic bonds between sugar units are cleaved. Correspondingly, microtissues
based on wmethyl cellulose, agarose, and hyaluronic acid are degradable in the presence of enzymes
(such as cellulase, agarose, and hyaluronidase). These processes can be influenced and slowed
down by their molar mass, the type of chemical modification and the degree of functionali-

zation.B&*

202 Tn addition to enzymatic degradation (e.g., by lyase), alginate (and other phys-
ically cross-linked polysaccharides and proteins) solubilizes in water due to its physical cross-
linking nature, which can be controlled among others by the pH of the surrounding solvent

72,20

(alginate is stable between pH 5 and 10).**” The addition of complexing agents such as

citric acid or EDTA, can further promote the liquefaction of alginate, by chelating the cal-

cium ions of the alginate network and dissolving alginate strands.*>*"

Because of this prop-
erty, it is often used as a sacrificial template, such as described by Nadine et al. who liquefied
cell-laden microcapsules for various tissue engineering applications using EDTA.' By con-
trast, the long-term stability of alginate can be significantly improved by covalent incorpora-
tion of crosslinkers or physical interaction with cationic polymers (e.g., chitosan).”” Yao et
al. for example fabricated stable alginate-based multicomponent fibers for cell co-culture.

Here, the microfibers were stabilized over a period of 21 days in cell culture medium by the

addition of positively charged chitosan.””!
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Without the intentional incorporation of hydrolytic cleavable groups, synthetic hydrogels
such as PEG and PNIPAAm are in general stable and suitable for long-term in vitro studies
of synthetic microtissues. For example, Haag and coworkers have synthesized non-degrada-
ble polyglycerol-based microcapsules by combining the SPAAC click reaction with droplet-
based microfluidics. These platforms are used as potential cell therapeutics for long-term
isolation and protection of encapsulated cells from immune responses of potential hosts.*"
In contrast, for a controlled degradation of these synthetic materials, they must be modified.
For example, the chemical incorporation of peptides or polysaccharide units into these hy-
drogels enables enzymatic degradation. Accordingly, Rose et al. have resembled the ECM by
embedding anisometric PEG-based microgels into PEG/peptide hydrogels, which are sen-

n.”"! Furthermore, Sattari et al.

sitive to metalloproteinases and hence enzymatic degradatio
have synthesized micro-/nanohydrogel composites based on PNIPAAm graphene oxide and
starch as biodegradable crosslinker for biocompatible drug delivery.”™ Another possibility
to tune network degradability is the deliberate incorporation of hydrolysis—sensitive ester
groups, which can degrade into carboxylic acid and alcohol units. Accordingly, Steinhilber et
al. have synthesized a hydrolysis-sensitive PEG-based microgel construction kit for the pH-

[136

controlled release of living cells.* And Sivakumaran et al. have prepared hydrolytic degrada-
ble thermoresponsive PNIPAAm-based microgels via the microfluidic technology, using al-
dehyde- and hydrazide-functionalized PNIPAAm precursor polymers.”” Overall, synthetic
materials such as PEG and PNIPAAm in particular are easily and specifically adaptable in
terms of degradability and long-term stability through chemical modification, which makes

them particularly interesting as materials for in vitro model systems from this point of view.

PU-based materials, in turn, inherently contain hydrolytically labile groups in their polymer
backbone, which generally makes them susceptible to degradation.” In this context, the
degradability of these materials, or conversely their stability, depends on the hydrophilicity
of the hard and soft segments of the PU structure. The more hydrophilic the structure is
overall, the more aqueous medium can be absorbed (increasing degree of swelling) and the
faster the material degrades. Accordingly, the stability of the material can be promoted by
increasing the hydrophobic content in the materials. Relevant studies were performed, for
example, by Nair et al., who incubated poly(ester-urethane)urea-based microfiber structures
in PBS (pH 7.4) at 37 °C and analyzed their degradation rate over a petiod of 180 days.*"

Depending on the structural composition of the PU backbone, pH-assisted degradation is

also feasible, as described by Bachelder et al.*'" In this work, they prepared PU microparticles
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for protein-based vaccines with dimethyl acetal moieties in the polymer backbone that hy-

drolyze under acidic conditions.

Table 1-2. Characteristic chemical groups of selected natural and synthetic materials relevant to the field of

microtissue engineering and their multiparametric functionality in terms of processability, adaptivity, biocom-

patibility, and stability/degradability.

Structure 2 processability adaptivity biocompati- stability/
bility degradability
chemical self-assembly modulus G’ or E cell adhesion natural
functionality degradation
G’ = 0.5-429.7 Pa
hysical:
[CO-NH-] phy 0.5-5.0 mg/mL)I124] ) enzymatic
collagen pH =7 (37
[-H, —R] °0) E = 5-25 kPa “direct” (collagenase)
(1.0-2.5 mg/mlL)212]
physical: i
[-CO-NH-] E =179 Pa (10%)1150] (+) enzymatic
gelatin TL?CST = 25—
[-H, -R] E ~10 Pa (5%)213] “direct” (collagenase)
30 °C
[FCO-NH-] (+)
fibronectin no relevance no relevance enzymatic
[-R] “direct”
hysical: enzymatic
[-OH] phy Y
alginate Ca2t, Ba%*, E = 3.6 kPa (1%)[157] ©) (lyase);
[-COOH]
Fe3* solubilization
physical: E= 3.6 kPa (19%)117] enzymatic
agarose [-OH] Tucst = 20— E =202+ 0.5 kPa ©] (agarase);
70 OC (5 th/u)|214] solubilization
hysical: enzymatic
methyl [-OH] P !
Ticst = 40-50 no relevance ©) (cellulase);
cellulose [-O—CH3]
°C solubilization
[-COOH] enzymatic
hyaluronic physical:
[-OH] E = 1.5 kPa (1%)1157] O (hyaluronidase);
acid entangle
[-NHCOCHj] solubilization
G’ = 20.9-30.3 kPal®38l
PEG [<(CHACH0),]  no relevance G =0.1-7.2 kPa S 0
2-5% (w/v)[137)
) , T > Tverr (+)
[-CO-NH-] physical: E = 86-330 kPa
PNIPAAm T <Tverr (9 G
[-CH(CH3)2] Ticst = 32°C (25.3-37.2 °C)133]
“indirect”
E ~ 0.01-0.40 MPal154 (_>/<+> hydrolysjs;
PU [-NH-CO-0O-] (physical)
E = 7.5-2525 Pall5s] “indirect” enzymatic

4 The table is intended to provide an exemplary overview but does not claim to be complete.
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1.5.2. Advanced Materials

To further advance the diversity and quality of in vitro model systems as a basis to replace
animal experiments with high-quality and reproducible alternatives, materials will have to
become even more intelligent in the future. Building on the multiparametric material require-
ments discussed so far, pre-programmable material properties such as se/f-assenbly, self-healing,
and 4D structure will play an increasingly important role in enabling predefined and material
response functions. Often referred to as smart materials, these polymers respond in a self-
determined manner to external influences and selectively change their composition, struc-
ture, and mechanical properties. They dynamically adapt to external conditions, enabling
even more concrete mimicry of in vivo tissues than general multiparametric materials.”'>>!"
The more precisely synthetic materials adapt to natural structures and processes, the better

the informative value of in vitro model systems will ultimately be and the faster animal testing

can be replaced by artificial alternatives.

In this context, especially functional, synthetic, supramolecular polymers and their applica-
tion in tissue regeneration are increasingly being explored.”" Modeled after natural materials,
they are capable of se/fassembly through physical interactions, enabling the construction of
complex structures with sophisticated geometric and architectural control over the entire
scale. For example, Khademhosseini and coworkers have developed pre-programmable and
controllable PEG-/DNA-based hydrogel cuboids that self-assemble into complex mictro-
structures through supramolecular binding interactions between complementary DNA

s 1219

strands.”” These microstructures form cleverly and complex assembled tissue imitations

whose physicochemical and mechanical properties are comparable to those of conventional

[215

multifunctional polymer materials.””! Further insights to that topic can be found in a review

article by Ouyang et al. that addresses various bottom-up strategies for assembling building

blocks in tissue engineering.**’

Similar, pre-programmed properties are also exhibited by se/f-healing materials, which can self-
heal independently and automatically to return to their normal state. This capability enables
the restoration or maintenance of the original material properties and accordingly leads to an
increase in the lifetime as well as the reliability of in vitro model systems.”*"! Mealy et al. have
presented exemplary injectable, shear-thinning, and self-healing hyaluronic acid-based gran-
ular hydrogels for biomedical applications, whose self-healing properties enable rapid mate-

222

rial stabilization after bioprinting.” Self-healing is mostly based on non-covalent
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interactions and occurs in the example through guest-host bonding between adamantane-

modified hyaluronic acid hydrogels and linear cyclodextrin-modified hyaluronic acid strands.

The transition from static 3D materials to adaptive and responsive materials is further ena-
bled by dynamic, pre-programmed 4D structures, where form, function, and properties change

[223-225

over time due to external factors. | These materials adapt to the environment during

their life cycle and can be broadly described as 3D materials, taking time into account as a

fourth dimension.??%%*’

I'In this context, cells and materials are not considered as separate
components (as it is the case in 3D structures), but as a whole, living construct that com-
municates with each other during cell growth and material adjustment. A relevant example
is provided by Apsite et al. who used a 4D biofabrication method to produce microtissues
for skeletal muscles. Herein, electrospinning is applied to develop two-layer mats of aniso-
tropic methacrylated alginate fibers (outer layer) and polycaprolactone nanofibers (inner
layer) that self-fold into tubes in aqueous buffer solutions. Depending on the orientation of
the polycaprolactone nanofibers and the concentration of calcium ions in the buffer solution,
the tubes can be oriented differently, controlling cell growth accordingly.” Another possi-
bility is 4D shape memory materials (materials that return to their original shape after me-
chanical deformation).” For example, cell-loaded hollow tubular microstructures based on
chemically cross-linked alginate-methacrylate hydrogels were fabricated through bioprinting
by Kirillova et al. In the presence of calcium ions, the structure of the microtubes twisted
due to complex formation between alginate and buffer ions. By removing calcium ions from
the hydrogel matrix by EDTA, they regained their permanent structure. Overall, the de-
velopment of 4D material-cell composites represents another important step to further close
the gap between synthetic in vitro model systems and natural in vivo tissues. Through intel-
ligent communication between synthetic tissues and cells, they are visibly approaching the
complexity of natural tissues. Together with the other pre-programmable materials, they thus
ultimately drive progress in the field of in vitro model systems, and thus also in the field of

animal testing avoidance.

Defined and Functional Materials for Microtissue Engineering Applications | 31



THEORY

1.6. Conclusion

The aim of the review is to discuss the increasing importance of in vitro models as a substi-
tute for animal testing, focusing on materials properties in microtissue applications. The
more defined and functional the materials are, the more likely they are to mimic similar co-
cultures, microtissues, and organoids in vivo. Accordingly, potential processes based on bi-
oprinting, spheroids, microfluidics, and organ-on-a-chip are addressed, as well as the origin
and chemical composition of relevant materials. Another focus is on multiparametric mate-
rial functionality as an important basis for the successful development of in vitro models. To
this end, natural and synthetic materials are discussed in terms of their processability, adap-
tivity, biocompatibility and stability/degradability. In addition, advanced "smart" materials
that can self-assemble and heal through pre-programming and form 4D structures are ad-
dressed. As the abundance of materials with versatile properties has become increasingly
dense in recent decades, the question now arises as to what synthetic possibilities will result
from this in the future, and what significance they may have for replacing animal experi-
ments. A correspondingly promising answer can be found in the field of synthetic biology,
which has gained enormous importance in recent years. In addition to the synthesis of living
bio-machines for the autonomous recognition of disease states in vivo and appropriate treat-
ment, designer cells (hybrids of living cells and artificial biological units) with adjustable prop-

24 Their independent and agile ability to act enables personalized

erties are being targeted.
medicine to take a major step towards the future and hence also forms one of the many

promising alternatives for the replacement of animal experiments.
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2. Scientific Goal

®e e “Defined and Functional Materials for Microtissue

Engineering Applications”

In accordance with Russel and Burch's 3R principle (replace, reduce, refine), the develop-
ment of sustainable alternatives to animal testing has become increasingly urgent in recent
decades. To contribute to this need, the following thesis explores the development of defined
and functional materials for microtissue engineering applications to replace animal testing.
In separate studies, different aspects of designing suitable materials and understanding their
structure—property relationships will be investigated. Consistent with the previously de-
scribed notion of well-designed microtissues (Theory Chapter: “Multiparametric Material Func-
tionality of Microtissue-based in vitro Models as Alternatives to Animal Testing”), particular attention
will be paid to the fabrication of microgel platforms using the droplet-based microfluidic
method, the selection of ideal materials, and the tunability of material properties such as
processability, adaptivity, biocompatibility, and stability/degradability. To complete these

studies, additional material-oriented cell culture experiments will be performed (Figure 2-1).

‘Material '
| Properties o~
| Propertie | ;‘*

J— S processability
Mlcrotnssue . Y

stability/
~ degradabil

Figure 2-1. Schematic overview of the scientific goal. The topic includes the rational design of defined and
functional materials for microtissue engineering applications with special emphasis on microgel fabrication by
droplet-based microfluidics, proper material selection, and tuning of material properties such as processability,
adaptivity, biocompatibility, and stability/degradability. In addition, cell expetiments are petformed (E.
Stengelin, || | | . 7 5. 2022, 2105319. https://doi.org/10.1002/advs.202105319).
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In this context, the first study addresses the development of composite microgels based on
poly(ethylene glycol) (PEG) loaded with living cells and vaterite. These injectable microgels
are expected to provide a new and promising platform for patients with osteoporosis who
are at particularly high risk for fractures and poorly healing bone injuries. Since bones have
different mineral compositions depending on their location in the body, a regenerative ther-
apy approach is used. Based on this, microgels are rationally designed by varying the molar
mass of precursor polymers and using droplet-based microfluidics while encapsulating va-
terite particles as calcium providers. In addition, cells are embedded in the microgels to ena-
ble (i) an in vitro platform for further investigation of the metabolic processes involved in
bone formation and (ii) an in vitro basis for novel regenerative therapies. Overall, a complete
system is investigated in terms of microgel production, assembly of composite structures,

and cell activity/interaction, that serves as an important basis for further studies.

The second study, in turn, addresses the rational design of volume-switchable core—shell
patterned platforms with thermoresponsive and cell-adhesive properties that can potentially
mimic the blastula in embryogenesis, mammary glands, or the alveolar epithelium. Consid-
ering the complex and hierarchical structure of the in vivo tissue that needs to be replicated,
the thermoresponsive poly(IN-isopropylacrylamide) is chosen as the material base, being
tuned in three steps with respect to functionality, shape, and mechanical properties. Step one
focuses on the design and synthesis of microgels, paying closer attention to the processability
and adaptivity of the materials. In the second step, the surface of the microgels is coated with
polydopamine in combination with collagen or fibronectin to improve their biocompatibility
to promote cell adhesion. In the third step, cell growth experiments are performed on these
microgels. In combination, these three steps lead to cell-coated and long-term stable micro-

carriers to form a viable basis for complex and advanced 3D in vitro cell culture systems.

The third project aims to provide a toolbox of polyurethane (PU)-based, biocompatible ma-
terials with tunable thermoresponsive and mechanical properties as a novel basis for future
microtissue engineering studies. The project focus is on the synthesis and analysis of PEG-
based PU precursor polymers whose physical properties can be tuned by the amphiphilic
balance of the comonomers and the amount of dimethylmaleimide crosslinking units. UV
irradiation can covalently crosslink these precursor polymers to form hydrogels with physical
and mechanical properties similar to those of the precursor polymers. Further improvement
of the biocompatibility is intended by incorporating catechol-based biolinkers into the poly-

mer network. Since the material structure is an essential cornerstone of a biomaterial, a
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separate excursus presents the synthesis of microgel particles to provide a basis for further

research on applications in the field of microtissue engineering.

In short, three different defined and functional microgel platforms will be provided that can
potentially replace animal testing. The first project aims to provide a model system to mimic
processes from nature and presents an in vitro platform for bone regeneration. The second
project shifts the focus to mimicking complex in vivo tissue functionality and provides a
well-designed in vitro 3D cell culture platform. Finally, the third project combines the expe-
riences of the first and second project and provides a new polymer system from scratch for

microtissue applications.
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3. Chapter I

®e e “Bone Scaffolds Based on
Degradable 1V aterite/ PEG-Composite Microgels”

The results of the following chapter (p. 49—87) and the Supporting Information (p. 144—147) were pub-
lished at Advanced Healtheare Materials on May 6, 2020.

Elena Stengelin, ' ||
4

Adp. Healthe. Mater. 2020, 9, 1901820.

1 Johannes Gutenberg Univetsity Mainz, Department of Chemistry, Duesbergweg 10-14, D-55128 Mainz, Germany
g |

{

* Corresponding author

Reprinted with permission from Adp. Healthe. Mater. 2020, 9, 1901820.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3.1. Specific Summary

The rational design of microtissue-based in vitro models makes it possible to replicate spe-
cific areas and functions of the human body in the simplest possible way, while still consid-
ering the complexity of natural tissue. Depending on the material composition and intrinsic
properties, such in vitro systems not only represent potential tools for the development of
bioactive materials in medicine, they also provide a new and intelligent approach for preclin-

ical testing that, in the best case, can avoid the need for animal testing.
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In this context, a defined and functional in vitro platform is provided, specifically for the
study of cellular metabolic processes in bone regeneration. Focusing on material design,
poly(ethylene glycol) (PEG)-based microgels are prepared via droplet-based microfluidics.
Their material properties in terms of processability and adaptivity are analyzed and adjusted
to the requirements of the bone regeneration process. Additionally, the biocompatibility of
microgels and the influence of their gelation time and mechanical strength on the cell viability
are investigated by encapsulating osteoblasts inside the microgels. The degradability of the
hydrolysis-sensitive microgels is also demonstrated under physiological conditions. Besides
the material design, this study additionally focuses on mimicking metabolic processes during
bone regeneration. For this purpose, vaterite particles are encapsulated as metastable calcium
sources in the flexible microgel packaging and their transformation into the bone-like hy-
droxycarbonate apatite is analyzed. To extend the system, cells as well as vaterite particles are
encapsulated within monodisperse, submillimeter microgels to provide a powerful in vitro

platform as a starting point for further studies on bone tissue regeneration.

The personal contribution to the publication was the project development, interdisciplinary
project coordination, lab work (polymer basis development; rheology measurements to ana-
lyze the mechanical material properties and gelation times of the polymer systems; microgel
synthesis by droplet-based microfluidics; synthesis and analysis (FT-IR and Raman) of va-
terite particles; encapsulation of vaterite particles into microgels by microfluidics; FT-IR
spectroscopy measurements to analyze the vaterite transformation to hydroxycarbonate ap-
atite in the gel system; fluorescence correlation spectroscopy measurements to analyze the
mesh size of the hydrogel systems; cell experiments (encapsulation of cells and cells/vaterite
particles in microgels by microfluidics); confocal laser scanning microscopy and light micros-
copy for imaging of cell- and vaterite-laden microgels; degradation studies; sample prepara-
tion for SEM measurements, light scattering experiments, confocal Raman microscopy, and

endotoxin and toxicity testing), data analysis, writing and illustration of the manuscript, de-

sign of the cover picture (E. Stengelin, | EEEG_—_—
I (. Hlealrhc. Mater. 2020, 9, 2070030.).
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3.2. Introduction

Bone injuries have become an increasing health problem due to increasing life expectancy of
the population.” In the United States, for example, more than 6 million fractures and
500,000 bone grafts occur every year, and worldwide, there are more than 20 million patients
affected by bone-tissue loss due to trauma and degenerative diseases.!"”! The skeleton is a
central component for body stability, force distribution, and protection of organs, and bone
lesions are accompanied by pain and physical limitations. This is accompanied by a loss of

personal life quality and considerable costs for the health system and society.!"*

Patients with osteoporosis are at particularly high risk for fractures and poorly healing bone
injuties.” This metabolic disease causes a low bone mineral density and structural bone loss
due to an imbalance in the bone remodeling process.” Conventional osteoporosis therapies
with drugs, such as bisphosphonates, estrogen agonists/antagonists, ot tetiparatide, primatily
aim at inhibiting bone resorption or promoting bone formation, but they do not enable res-
toration of vanished bone mass.® Therefore, despite good availability of antiresorptive and
anabolic medications, bone fractures are common in patients with osteoporosis and are often
the cause of the problems described above.l”? As a result, there is an increasing need for novel
therapeutic approaches that promote bone regeneration within a reasonable period of

time. !

A promising regenerative approach might consist of a restorative therapy using a combina-
tion of scaffold-based biomaterials and bioactive agents, into which endogenous cells can

71 Tn addition to ceramics, polymers of synthetic and

migrate to build new bone material.
natural origin are the most popular scaffolding matrix for tissue regeneration, as they allow
the three-dimensional (3D) structure and biochemical properties of tissue to be mimicked.!"*
"I Moreover, they enable the integration of additional bone-regenerating components to ob-
tain mechanically stable and biocompatible composites. Accordingly, Shi et al. developed
artificial polymer-hydroxyapatite framework structures to promote bone growth, based on
the premise that hydroxyapatite (Cai0(PO4)s(OH)2) is the most prevalent component in inot-

e However, natural, non-stoichiometric hydroxyapatite is composed of a mul-

ganic bon
titude of ions such as Mg*", Na*, and CO5”, and depending on the specific bone location
and function, there is a wide spectrum of bone mineral variants with regard to structure,
composition, and biological behavior.!"'! As a result, synthetically produced stoichiometric

hydroxyapatite has only a limited capability of reaching the versatility of its natural counter-

part.*¥
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To overcome such limitations, an alternative approach is to provide a suitable form of a
calcium precursor to support bone mineralization zz situ. Vaterite, which is a metastable mod-
ification of calcium carbonate, is such a promising calcium precursor, as it is easily converti-
ble to bone-like hydroxycarbonate apatite (HCA).'"""**" When provided in the form of mi-
crometer-sized particles, it is highly biocompatible with human osteoblasts and endothelial
cells, and hence, it may represent a suitable platform for rapid 7z sit« bone regeneration.!'"**
Vaterite in combination with endogenous cells and in a flexible packaging form with adjust-

able mechanical properties, functionality, and biocompatibility might be a powerful starting

point for tissue regeneration.” !

To accomplish this, certain conditions must be met. Any preclinical development of a bio-
therapeutic material is generally characterized by a sequence of in vitro and in vivo optimi-
zation cycles, where the in vivo phase is complex, time consuming, and expensive. In con-
trast, the preceding in vitro phase is generally less time consuming and expensive. Thus, the
introduction of living cells to the in vitro phase would allow for a rational, early-stage opti-
mization of the biocompatibility of all materials and the entire therapeutic process. This, in
turn, would reduce the time and cost for the subsequent in vivo phase. Moreover, exposing
composite bone-promoting matrix materials to bone-derived living cells would also allow for

a detailed study of bone formation processes in vitro.

A suitable method to combine vaterite particles and living cells homogeneously in a flexible
packing form is droplet-based microfluidic technology. This method enables the synthesis of
monodisperse and uniform micrometer-sized hydrogels with exquisite control over their ge-
ometry. It also enables the controlled micro- and nanoencapsulation of further additives such

as cells and drugs.”™

To provide a basis for such rational materials engineering, this paper aims to (i) introduce a
convenient in vitro platform for the study of metabolic processes in bone formation and (ii)
provide an in vitro foundation for novel tissue-regenerative therapies. We report on the de-
velopment of system where a model matrix composed of osteoblast cells and vaterite parti-
cles are co-embedded within three-dimensional hydrogel-based structures designed and pro-
duced by droplet-based microfluidics (Figure 3-1). Our approach includes the development
of monodisperse, sub-millimeter-sized hydrogel scaffolds, directed by a systematic parameter
control. On a macroscopic level, microfluidic droplet templating enables the production of
size- and shape-defined specimens with the option of controlled cell- and vaterite encapsu-

lation. On a microscopic level, key requirements for the polymer system, such as the absence
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of cytotoxicity as well as good biocompatibility and biodegradability are achieved by the use
of functionalized poly(ethylene glycol) (PEG).?*" Harmful radicals and toxic catalysts are
avoided by the use of bio-orthogonal and cytocompatible thiol-ene Michael addition chem-
istry to induce droplet gelation.”” > On a mesoscopic level, the microgel properties, such as
their mechanical stiffness and gelation time, are adjusted to obtain high cellular viabilities by
control of the polymer concentration, precursor polymer size, and the reaction conditions
during gelation. Based on this systematic approach, physicochemically tailored scaffolding
structures with bone matrix-specific properties are designed to eventually degrade under

physiological conditions.

Figure 3-1. Production scheme for the encapsulation of vaterite particles (left), osteoblast cells (right), as well
as a combination of both (middle) in a uniform sub-millimeter-sized microgel package formed by droplet-based
microfluidics. Gelation of the precursor polymers is carried out by a biocompatible Michael addition between

PEG-based thiol- and acrylate functionalized precursor polymers.
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3.3. Results & Discussion

3.3.1. Polymer Scaffold

3.3.1.1. Basis

Biocompatible PEG is chosen as the starting material for generating microgels containing
living cells and vaterite particles since it is FDA approved and commercially available in a
variety of pre-functionalized forms, architectures, molar masses, and narrow distribution of
the latter. As a result, this polymer provides a suitable model platform in which key parame-
ters for tailored hydrogel generation can be controlled and explored. Based on this material,
the production of polymer-network gels is performed by using PEG building blocks with
star-shaped and linear topologies. Thiol-functionalization of the star-shaped precursors (4-
arm PEG-thiol) and acrylate-functionalization of the linear precursors (linear PEG-acrylate)
allows the precursors to be linked by radical-free and biocompatible Michael addition (see
reaction scheme in Figure 3-1). Since the Michael addition reaction generally takes place in
alkaline medium, the precursor polymers are dissolved in a slightly alkaline, biocompatible
phosphate buffer at pH 7.2. Due to subsequent experiments involving living cells, the pre-
cursor polymers are also dissolved in Dulbecco’s Modified Eagle Medium (DMEM) as a
culture medium for cells with a pH at physiological conditions (37 °C and 5% COy) of 7.2—
7.4.

For comparative analyses of the precursor-polymer solution gelation time in phosphate
buffer and in DMEM, time-dependent rheology measurements are performed. For this pur-
pose, a [4-arm PEG-thiol 10000 g mol™ (10K)/linear PEG-acrylate 5000 g mol ™" (5K)]
composition with a mean mass concentration of 160 g I.™" is used. The evolution of the
storage modulus, G, and the loss modulus G” is monitored as a function of time # as shown
in Figure 3-2. In these experiments, the crossing point of G” and G” indicates gelation. In
phosphate buffer (G (L), G” (W), gelation occurs after approximately twenty minutes at
room temperature. By contrast, gelation occurs after less than one minute in DMEM (G’
(V), G” (V) at room temperature. The reasons for the fast gelling in DMEM are probably
additional ingredients as salts and amino acids in the cell culture medium and also the slightly
higher pH value of the medium as compared to that of the phosphate buffer: since the Mi-
chael addition preferably occurs in alkaline solutions, an increased basicity leads to an in-

creased reaction rate.
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In addition, the influence of additives to the medium, such as GlutaMAX (Gl), fetal bovine
serum (FBS), and penicillin/streptomycin (P/S), on the reaction rate is studied by time-de-
pendent rheology. The resulting curves (G’ and G” as a function of time /), are shown in
Figure 3-2b. Gelation in DMEM (1% Gl) (G* (@), G” (O)) as well as DMEM (1% Gl, 10%
FBS) (G (®), G” (©)) and DMEM (1% Gl, 10% FBS, 1% P/S) (G’ (A), G” (A)) leads to
crossing of G’ and G” within one minute and is therefore similar to the reaction in pure
DMEM (G (V), G” (V). Major influences of these additives on the gelling time are there-

fore considered to be negligible.

G', G" (Pa)

G', G" (Pa)

Figure 3-2. Time-dependent rheology measurements of the [4-arm PEG-thiol 10000 ¢ mol-' (10K)/linear
PEG-acrylate 5000 g mol-! (5K)] composition with a mean mass concentration of 160 g L-! in (a) phosphate
buffer and (b) in cellular medium DMEM. Herein, the crossing point of storage modulus, G, and loss modulus
G” indicates gelation. In phosphate buffer (G* (), G” (L)), gelation occurs after approximately twenty
minutes, whereas it occurs in less than a minute in DMEM (G’ (V), G” (V)). Additional time-dependent
rheology measurements of the same precursor polymers under cross-linking conditions in DMEM with several
supplements (1% Gl (G” (@), G” (O)), 1% Gl + 10% FBS (G (®), G” (<)), 1% Gl + 10% FBS + 1% P/S
(G (A), G” (A)) show no influence of these on the gelling time: they all exhibit an increase of the complex

viscosity within about 1 minute.

Due to the use of thiol-functionalized building blocks, oxidative disulfides can be formed in
a competing side reaction to the Michael addition. To estimate the rate of this side reaction,

time-dependent rheology measurements of the 4-arm PEG-thiol 10K precursor (mass

56 | Defined and Functional Materials for Microtissue Engineering Applications



CHAPTER 1

concentration of 160 g L.™") dissolved in physiological phosphate buffer as well as in DMEM
(1% Gl, 10% FBS, 1% P/S) ate performed in the absence of the Michael-reactive linear
PEG-acrylate precursor. Again, the crossing point of G’ and G” indicates gelation. It appears
that the disulfide formation and the subsequent gelation in cell culture medium DMEM (1%
Gl, 10% FBS, 1% P/S) occurs within a few hours. The reasons for the fast gelling in DMEM
are probably a high oxygen level in the solution as well as a high amount of nutrients and
salts in the medium. Furthermore, 4-arm PEG-thiol 10K precursor linkages to thiol-contain-
ing components in the culture medium DMEM, such as amino acids (e.g., cysteine) and pro-
teins, have to be considered as well. In comparison, we observe a longer gelation in phos-
phate buffer. Depending on the batch of the polymers, the gelation time varies between
approximately 10 to 48 hours. Since disulfides are formed faster in the cell culture medium
DMEM (1% Gl, 10% FBS, 1% P/S) than in phosphate buffer, further microfluidic experi-

ments are done using phosphate buffer as the solvent, or a mixture of both.

3.3.1.2. Droplet-Based Microfluidics

Droplet-based microfluidic devices are used to form microgel particles from the heterofunc-
tional PEG precursors. These devices can also be simultaneously used to embed cells and
vaterite particles as bone-regeneration supporting supplements into the microgels. We em-
ploy two different poly(dimethylsiloxane) (PDMS) devices fabricated by soft lithography,
that are shown in Figure 3-1. The devices displayed on the left and on the right side are
designed for the preparation of either vaterite- or cell containing microgels, whereas the de-
vice shown in the middle of the scheme is designed for the simultaneous preparation of
vaterite- and cell containing microgels (for details see Supporting Information (SI) Figure

§9-1 and Figure S9-2).

The microfluidic device for the encapsulation of either vaterite particles or cells exhibits a
rectangular cross-section of 100 pm diameter, intersecting at two sequential cross-junctions.
At the first junction, aqueous solutions or suspensions of the two precursor polymers (4-arm
PEG-thiol and linear PEG-acrylate), cells, or vaterite particles combine to form a laminar
co-flowing stream. At the second junction, addition of an immiscible carrier fluid (HFE
fluorinated oil/ PFPE~T'tis surfactant) setves to break the stream into monodisperse droplets
with a uniform size of 150-200 pm in diameter, depending on the flow rates and the precur-
sor solution viscosities. In these droplets, surrounded by oil, the two polymeric building
blocks react in a radical-free, biocompatible thiol-ene Michael addition and form a three-

dimensional polymer network within a few minutes.
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The microfluidic device designed for the simultaneous encapsulation of vaterite particles and
cells is composed of channels that exhibit rectangular cross-sections of 100 um diameter,
intersecting at three sequential cross-junctions. In the first junction, aqueous solutions of the
two precursor polymers (4-arm PEG-thiol and linear PEG-acrylate) and the cell suspension
are injected and combined. In the second junction, a water miscible vaterite/ethylene glycol
suspension is injected. At the third junction, addition of an immiscible carrier fluid (HFE
fluorinated oil/ PFPE-Ttis surfactant) setves to break this fluid stream into monodisperse

droplets with a uniform size of 160 um in diameter.

In a subsequent purification step, the resulting microgel particles synthesized using both mi-
crofluidic devices are freed from the oil and transferred to an aqueous environment. De-
pending on the microgel composition and the aqueous environment (phosphate buffer or

DMEM), they swell to uniform sizes in the range of 200-300 pm in these media.

3.3.2. Vaterite-Containing Microgels

3.3.2.1. Vaterite Synthesis and Analytics

Vaterite is a meta-stable modification of calcium carbonate and converts to bone-like HCA
under physiological conditions.!” In combination with a PEG-based packaging form, this

could be a useful compound for iz situ bone regeneration.

The synthesis of vaterite particles is carried out by sonification of a mixture of calcium chlo-
ride dihydrate and sodium bicarbonate in ethylene glycol until a precursor vaterite solution
is obtained."””” The particle size of vaterite in the precursor solution is monitored by dy-
namic light scattering (DLS), which denotes polydisperse particles in the range of diameters
between 200 and 600 nm (for details see SI Figure S9-3). Since vaterite particles are more
stable in the dry state than in suspension, they are precipitated from the precursor va-
terite/ethylene glycol mixture by addition of water and then dried under high vacuum. The
precipitated nanoparticles agglomerate to micrometer-sized clusters, as shown by scanning-
electron microscopy imaging (SEM) (Figure 3-3a). The nanoparticles as well as their larger
agglomerates have characteristic ellipsoidal morphologies. Further particle characterization
is performed by Fourier-transform infrared spectroscopy (FT-IR) and Raman spectroscopy

(Figure 3-3b, c). The resulting spectra show characteristic CO; > vibrational frequencies of

1
>

vaterite and verify its identity (antisymmetric vs; stretching mode at 1487-1411 cm™
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1 1

symmetric v; stretching mode at 1090 cm ™, out-of-plane bending motion v, at 877 cm ™, and

in-plane bending motion v4 at 744 cm ™).""")
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Figure 3-3. Characterization of vaterite particles. (a) Scanning electron microscopy (SEM) image of vaterite
particles. (b) FT-IR and (c) Raman spectra show the characteristic CO3 2~ vibrational bands of vaterite (1487—
1411 cm-!: antisymmetric vs stretching mode; 1090 cm~!: symmetric v; stretching mode; 877 cm~!: out-of-

plane bending mode vz; 744 cm ~!: in-plane bending motion vy).

3.3.2.2. Encapsulation of Vaterite Particles

Vaterite particles are encapsulated into microgels using the microfluidic device depicted in
Figure 3-4a. The four sections are passed by the droplets at different dwell times in the
channel system. The section framed in blue shows the two rectangular cross-sections of the

microfluidic device that are overlaid by schematics of the injected linear PEG-acrylate
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precursors (blue), star-shaped 4-arm PEG-thiols (red), and vaterite particles (gray). The sec-

tions framed in red, green, and yellow show the droplets a few seconds after their formation.
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Figure 3-4. Images and analysis of vaterite-containing microgels. (a) Schematic representation of the microflu-
idic device used for this experiment, including four sections (framed in blue, red, green, and yellow, respectively)
displaying the droplets at different second-scale dwell times in the channel system. Vaterite particles in the
droplets agglomerate increasingly to clusters after encountering the aqueous building block solution in the first
cross-section, as is depicted in the sequence of the four sections. (b) The resulting vaterite-containing microgels
are analyzed by 3D confocal laser scanning microscopy and selective staining with sulforhodamine B and cal-
cium-selective tetracycline, (c) as well as by the transmission path of the confocal laser scanning microscope.
(d) Bright-field image of vaterite particles located in a microgel, whereby a small section of the microgel is
depicted. (e) Confocal Raman image from the black squared area of the bright-field image. The red area shows
the vaterite agglomerates, and the blue area shows the microgel fragment, stored in water. (f) Raman spectrum
from the vaterite agglomerates (red) and the combined spectrum of the microgel fragment and water (blue).

The spectra are obtained by hyperspectral analysis of the confocal Raman image.

Microgel formation occurs after injection of aqueous 4-arm PEG-thiol 10000 g mol ™ (10K)
and linear PEG-actylate 5000 g mol ™" (5K) precursor polymer solutions (dissolved in phos-
phate buffer) with a mean mass concentration of 300 g I.™" each at the first junction of the
microfluidic device, along with vaterite particles resuspended in ethylene glycol (5% (w/v))
by ultrasonic mixing. Droplets of the mixture of these components are formed at the second
junction by flow-focusing with a non-miscible fluorinated oil. In these droplets, the precursor
polymers react in a radical-free, biocompatible Michael addition, while vaterite particles ag-
glomerate to clusters within a few seconds after encountering the aqueous building block

solution in the first cross-section. An increasing agglomeration of the vaterite particles in the
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droplets is demonstrated in Figure 3-4a progressing from the red section to the green and
finally the yellow section. After gelation of the droplets occurs, the resulting vaterite-contain-

ing microgels are transferred into phosphate buffer or water.

Vaterite agglomerates in the microgels are characterized by 3D confocal laser scanning mi-
croscopy. By incubation in a dye solution of sulforhodamine B and calcium-selective tetra-
cycline, the vaterite particles and the microgels are distinguishable due to the special affinity
of sulforhodamine B to the polymer scaffold and tetracycline to the vaterite particles. In
Figure 3-4b, vaterite clusters stained in blue and microgels stained in red and an ovetrlay of
the two images is shown. By confocal laser scanning microscopy (transmission path), vaterite

particles are also recognizable as dark spots in the microgels (Figure 3-4c).

Meta-stable vaterite may transform to the thermodynamically more stable calcite or aragonite
during the microfluidics studies. To determine if this is the case, the stability of vaterite in
the microgels is confirmed by confocal Raman spectroscopy, since vaterite and the other
calcium carbonate modifications as calcite and aragonite are Raman active compounds. The
successful verification of the vaterite modification is depicted in Figure 3-4, where in (d) a
bright-field image of a microgel section containing vaterite agglomerates, stored in water is
shown. The image shown is made 48 hours after gelation of the microgel. In (e) the confocal
Raman image from the black squared area of the bright-field image is shown. The red area
shows the vaterite agglomerates, and the blue area shows the microgel fragment, stored in
water. The Raman spectrum obtained after hyperspectral analysis of the measured microgel
section including vaterite agglomerates is shown in (f). The blue spectrum corresponds to
the combined signals of the microgel PEG backbone and water. Due to the high impact of
water in the microgels, a separation into two single spectra is not possible. The red spectrum

presents the characteristic bands of vaterite, which corresponds to the symmetric stretching

1
>

mode v at 1090 ecm ™ and 1075 cm ™, the in-plane bending motion v, at around 744 cm ™

and the lattice modes at 305 cm ~'and 120 cm ™!

M7PIThis spectrum is obtained after subtract-
ing the combined spectrum of PEG and water from the mean spectra of the red area and
shows the meta-stable vaterite modification, successfully encapsulated in the microgels (for

details see SI Figure S9-4).

3.3.2.3. Transformation of Vaterite to HCA

For the assessment of the in vitro bone-like HCA forming ability of vaterite embedded in

the polymer matrix, vaterite-containing gels are immersed in Dulbecco’s phosphate-buffered
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saline (DPBS) and analyzed by FT-IR spectroscopy. The same measurements are also per-
formed with the polymer matrix and with pure vaterite particles as a control. Respective IR-
spectra are depicted in Figure 3-5, where measurements before the immersion in phosphate
buffer and after 48 hours of immersion are shown. The IR-spectra of the polymer matrix
(Figure 3-5a) show no changes after 48 hours of incubation in DPBS, while the spectra of
vaterite particles (Figure 3-5b) record an increase of PO,;” band intensity (non-degenerate

symmettic P-O stretching mode at 963 cm ™

and the triply degenerate antisymmetric P—O
stretching mode at 1024 cm ™). Additionally, the typical vibrational frequencies of the
COs* bands at 14871411 cm ™, 1090 cm ', 877 cm ', and at 744 cm ™', are shown in both

spectra. These results indicate the transformation of vaterite to HCA and agree to previous

findings of Schroder et al.™)
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Figure 3-5. Transformation of vaterite particles embedded within the polymer matrix to HCA at physiological
conditions. FT-IR-spectra of (a) the PEG polymer matrix, (b) pure vaterite particles (normalized to V), and (c)

vaterite particles embedded in the polymer matrix, each before and after 48 hours incubation in DPBS.
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The IR-spectra of vaterite-containing gels (25 wt%o) are shown in Figure 3-5¢, whereby the
spectra of the sample before immersion in DPBS mainly display the frequencies of the pol-
ymer scaffold, but also two charactetistic bands of vaterite at 877 cm ™ and at 744 cm ™. After
48 hours of incubation in DPBS, the spectra change. The intensity of the polymer frequen-
cies is mainly decreased, which is caused by hydrolysis sensitive ester groups in the polymer
network. Due to the vaterite-caused increased basicity of DPBS, the polymer degradation is
accelerated and makes a view of the mineral spectra possible, which is comparable to that of
pure vaterite after 48 hours of incubation in DPBS. This analysis indicates a vaterite trans-
formation in the polymer matrix to HCA and makes the vatetite/PEG composite material a

suitable candidate for further investigations on the mineral level.

3.3.3. Gel Composition vs. Cellular Viability

3.3.3.1. Endotoxin and Toxicity Testing of Gels

To determine the cell- and biocompatibility of the gels, endotoxin and toxicity tests are done.
For the endotoxin assay, gels and extracts from gels ([4-arm PEG-thiol 10000 g mol™
(10K)/linear PEG-acrylate 5000 ¢ mol ™ (5K)] composition with a mean mass concentration
of 160 g . ™) are added to HUVEC cells in culture, whereby no induction of E-selectin is
observed. Based on previous studies showing that the induction of the cell-adhesion mole-
cule E-selectin by endotoxin is a highly sensitive method for the detection of endotoxin in
biomaterials, it is clear that the precursor polymer synthesis methods used for the formation
are sufficient for the production of endotoxin-free gels.”'*? In Figure 3-6a respective images
of HUVEC cells cultured on plastic are shown, and the dye Hoechst 33342 is used to stain
the cell nuclei (blue). In (1), cells are exposed to 1 ug mI.™" endotoxin (LPS), which results
in an intensely green stain that indicates the presence of E-selectin. (2) is an untreated control
of HUVEC cells, while (3) and (4) are cells exposed to the gel or extracts from the gel. The
absence of green staining in (3) and (4) indicates no induction of E-selectin and therefore the

absence of endotoxin in the test sample.

The viability of cells growing on two gels ([4-arm PEG-thiol 10000 g mol ™" (10K)/linear
PEG-actylate 5000 g mol™ (5K)] composition with a mean mass concentration of 300 g .~
") is compared to the same amount of cells growing on plastic (control experiment). GFP-
marked osteoblast cells (MG-63 GFP) are used since osteoblasts are responsible for the pro-

duction of extracellular matrix (e.g. collagen) in metabolic bone regeneration processes and
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has been extensively used as a model cell line for osteoblast studies on biomaterials."” The
metabolic activity of the cells is assayed after 24 hours by examining the conversion of resaz-
urin to resorufin. Only viable, metabolically active cells can carry out this conversion. As can
be seen in Figure 3-6b, cells on the gels exhibit nearly the same amount of metabolic activity
after 24 hours as the cells on plastic, and therefore, the gels exhibit no toxic effect on the

cells.

100 | J. i

Percent of control

Figure 3-6. Endotoxin and toxicity testing of gels of type [4-arm PEG-thiol 10000 g mol-! (10K)/linear PEG-
acrylate 5000 g mol-! (5K)]. (a) Evidence of endotoxin by E-selectin staining of HUVEC cells cultured on
plastic (1, 2) and exposed to gels (3) or supernatant extract from the gels (4). A positive control is shown in (1),
where HUVEC cells ate exposed to 1 ug mL ! endotoxin (LPS) after 24 hours incubation on plastic. The in-
tense green fluorescence indicates the presence of E-selectin (using E-selectin as a first antibody and anti-mouse
Alexa Fluor 488 as a second antibody), whereby the dye Hoechst 33342 is used to stain the cell nuclei (blue).
The control, (2), as well as cells exposed to the gel or extracts from the gel (3 and 4, respectively) show no green
staining and indicate endotoxin-free materials. Similar results are observed with two different donors of HU-
VECs. (b) Relative metabolic activity of cells growing on gels compared to cells growing on cell culture plastic
(control), by examining the conversion of resazurin to resorufin. The cells growing on two gels exhibited nearly
an identical metabolic activity for the reduction of resazurin after 24 hours compared to the control cells grow-

ing on cell culture plastic set to 100%. Two different donors for HUVEC are used (mean £ SD (n = 8)).

64 | Defined and Functional Materials for Microtissue Engineering Applications



CHAPTER 1

3.3.3.2. Gel Elasticity

In most cases, endogenous cells will grow into implanted biomaterials, but the preclinical
development requires an optimization of the materials that is usually accomplished with ex
vivo and in vivo experiments. Since in vivo experiments are complex, time consuming, and
expensive, the in vivo studies can be mimicked ex vivo by examining cells. This requires that

the gel elasticity be optimized to maximize the viability of the cells.

To achieve a general understanding of the cell behavior in different polymer-network mesh-
sized scaffolds, GFP-marked osteoblast cells (MG-63 GFP) are encapsulated by microfluid-
ics in three different polymer networks that differ from each other in terms of the polymer-
network mesh size and consequently in the gel stiffness or softness. A focus is placed on the

influence of the gel mechanical strength and gelation time on the cell viability.

To examine the influence of the variation of the polymer-network mesh size, the molar mass
of the 4-arm PEG-thiol precursor polymer is kept constant at 10000 g mol ™ (10K), whereas
the molar masses and thereby the length of the linear PEG-acrylate precursor polymers are
varied from 2000 g mol ™" (2K) over 5000 g mol ™" (5K) to 7500 g mol ™ (7.5K) (Table 3-1).
The molar concentration of the precursor polymers in diverse solvents (and thus the molar
concentration of their reactive end groups) is kept constant at a ratio of 1:2 (4-arm PEG-
thiol to linear PEG-acrylate), whereas their respective mass concentrations increase within

the three systems.

Table 3-1. Composition of three specific networks, are compared based on their respective precursor polymer
molar mass (M) as well as molar and mass concentrations (¢pr) in diverse solvents. Storage and loss modulus
crossing points in buffet (fyputter) and in a mixture of phosphate buffer/DMEM (1% Gl, 10% FBS, 1% P/S) at
a ratio of 6:1 (Zymixwure) as well as the final network storage moduli after five hours of reaction time (G ypufer and

emisture) are obtained by rheology. Respective polymer-network mesh sizes (Epufrer a0d Emixture) are calculated

by the phantom network model.

M (Prec (Prec Pouffer G {buffer zbuffer Tmixture G }mixture gmixture
(kDa) (mol L-1) (gL (min) (kPa) (nm) (min) (kPa) (nm)
4-arm PEG-thiol 10 0.03 300
Hinenr PEConcro. L 77777777 g 29 15.7£0.8 6.4 11 20.9%3.6 5.8
linear PEG-acry: 5 0.06 120
late
4-arm PEG-thiol 10 0.03 300
Himenr PEConepo. L 77777777y mrmmpmmnnnn et 15 29.9+3.1 5.2 4 26.6%3.9 5.4
linear PEG-acry: 5 0.06 300
late
4-arm PEG-thiol 10 0.03 300
Hinenr PECGoncro. | 7777 7mimmmommmmmrpnmnnnnTene 11 28.7t1.4 5.2 4 30.31£3.9 5.2
i:t’zar PEG-acry 7.5 0.06 450
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The network stiffness and gelation times of the three systems are analyzed by time-dependent
rheology measurements of macrogels. The resulting curves are shown in Figure 3-7, where
the storage modulus, G’, and the loss modulus G”, are plotted against time. The crossing
points serve as an indication of the gelation time (%), and the terminal storage modules (G,)
denotes the polymer gel stiffness, whereby the plateau storage modulus G’ is generally con-
nected to the number density of elastically effective chains in the gel, vesr1, by the phantom
network model (A4 * vern = G’/ (RT)). In this formula, R is the gas constant, T the tempera-
ture, and A4 = 1 — (2 / ) is a structure factor, with fthe functionality of the cross-links (here,
=9

Measurements are performed in a phosphate buffered solution as a standard, as well as in a
mixtutre of phosphate buffer and DMEM (1% GI, 10% FBS, 1% P/S) at a ratio of 6:1. Since
disulfide formation as a side reaction to the Michael addition is more dominant in the DMEM
culture medium than in the phosphate buffer, experiments are performed in a mixture of
phosphate buffer and DMEM (1% Gl, 10% FBS, 1% P/S). The respective values are listed
in Table 3-1, where buffer and mixture represent the measurements in phosphate buffer or in
the mixture medium.
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Figure 3-7. Dependency of cell viability on the scaffolding gel elasticity: Time-dependent storage and loss
moduli over time for selected 4-arm PEG-thiol/linear PEG-acrylate network compositions in phosphate buffer
(a—c, at the top) and in a phosphate buffer/DMEM mixture at a ratio of 6:1 (d—f, at the bottom). Black symbols:
10K/2K composition (G’ (), G” (M) and G’ (<), G” (#)); blue symbols: 10K/5K composition (G’ (O),
G” (@) and G’ (%), G” (%)); purple symbols: 10K/7.5K composition (G” (A), G” (A) and G* (V), G” (V).

66 | Defined and Functional Materials for Microtissue Engineering Applications



CHAPTER 1

Discussion of the Gelation Time

In phosphate buffer, the 4-arm PEG-thiol/linear PEG-acrylate 10K/2K (Figure 3-7a) (G’
(1), G” (M) composition gels after 29 minutes. In contrast, the 10K/5K (Figure 3-7b) (G’
(O), G” (@)) composition gels within 15 minutes and is thus twice as fast as the 10K/2K
composition. Furthermore, the 10K/7.5K (Figute 3-7¢) (G’ (A), G” (A)) composition gels
within just 11 minutes. Therefore, the gelation time decreases with increasing molar mass of
the linear PEG-acrylate (2K, 5K up to 7.5K). This is because the hydrodynamic radius in-
creases in the same row, making the reactive ends of the precursor polymers more likely to
find and react with the reactive groups of the PEG-thiol components at increasing size of
the linear PEG-acrylate.” Also, a greater hydrodynamic radius comes along with a lower
probability of loop-type reaction of both ends of the same linear precursor with two extrem-
ities of the same star precursor, which consumes these precursors without contributing to
actual network formation and this delays the formation of a percolated network. Almost the
same sequence is observed in the phosphate buffer/DMEM mixtutes, although at a faster
rate. The 4-arm PEG-thiol/linear PEG-acrylate 10K/2K (Figure 3-7d) (G” (), G’ (®))
composition gels after 11 minutes, whereas the 10K/5K (Figure 3-7¢) (G’ (%), G” (X))
composition and the 10K/7.5K (Figutre 3-7f) (G’ (V ), G” (V) composition gels within just
4 minutes. Here, the more alkaline pH value of the phosphate buffer/DMEM mixture in
comparison to the pH of the pure phosphate buffer is most likely responsible for the overall
accelerated reaction rate. It is also possible that there is an overall larger radius of gyration of
the linear building block in the phosphate buffer/DMEM mixtute than in phosphate buffer,

due to the additional salts and amino acids in DMEM, thereby leading to the faster gelation.

Discussion of the Gel Stiftness

Comparison of the terminal storage moduli G’ indicates differences between the networks.
In phosphate buffer, the 10K/2K (Figure 3-72) (G’ (L), G” (W) composition shows the
lowest storage modulus ((15.7 £ 0.8) kPa) and is therefore the softest network compared to
the others. The 10K/5K (Figure 3-7b) (G’ (O), G” (®)) and the 10K/7.5K (Figure 3-7c¢)
(G” (L), G” (M) compositions show storage moduli of (29.9 = 3.1) kPa and
(28.7 £ 1.4) kPa. The increase in the network strength between these three systems from
(15.7 £ 0.8) kPa to (29.9 * 3.1) and (28.7 £ 1.4) kPa is due to the different size of the PEG-
acrylate building blocks. The smaller the radius of gyration, the more likely is the occurrence
of looping defects in the network, and hence, these networks are softer. This agrees with the

longer time it takes for these precursors to actually form a gel, as just discussed above. Similar

Defined and Functional Materials for Microtissue Engineering Applications | 67



CHAPTER 1

results are obtained with the phosphate buffer/DMEM mixture (10K/2K: (20.9 £ 3.6) kPa,
10K/5K: (26.6 + 3.9) kPa, 10K/7.5K: (30.3 £ 3.9) kPa) (Figure 3-7(d—f)) and demonstrates

that the culture medium has little effect on the final gel stiffness.

The nanoscopic mesh sizes, £ of the polymer networks are calculated using the number den-
sity of elastically effective chains from the phantom network model A - ve1 = G”/ (RT)
from the moduli. The product of the structure factor .4 and the number density of elastically
effective chains on the left side, A * ves1, equals the number density of elastically effective
cross-links vz [mol * L™']. Multiplication of v, with the Avogadro constant N, yields the
absolute number of effective cross-links per liter, and the mean distance of these cross-links,
that is, the mesh size & is obtained from the cube-root of the inverse of that value:
£=(1/ (verr2 * Na))"> = (RT / (G’ Na))">. In this calculation, R is the gas constant, T the
temperature at which G’ is measured, Na the Avogadro constant, and G’ the measured stor-
age modulus of each network, here at a measurement frequency of 6.28 rad s ' (Table 3-1).
Altogether, the mesh sizes calculated in this manner do not differ from each other: both in
the phosphate buffer and in the phosphate buffer/DMEM mixture, the mesh sizes of the
10K/5K and 10K/7.5K systems are estimated to be approximately 5.2 nm or 5.4 nm,
whereas the mesh sizes of the 10K/2K system ate slightly larger in the phosphate buffer
(6.4 nm) and in the phosphate buffer/DMEM mixture (5.8 nm). This is a reflection of the

same trends in the moduli, from which the mesh sizes are actually calculated.

In summary, the three polymer systems show storage moduli of similar magnitude, corre-
sponding to similar network mesh sizes, but differences in the cross-linking time of the pre-

cursor polymers.

3.3.3.3. Gel Permeability

To independently probe the polymer-network meshes, fluorescence correlation spectroscopy
(FCS) is used to measure the permeability of small and mesoscopic probes through the gels.
This study also mimics the diffusive permeation of nutrients and metabolites in the gels in
cases where cells are encapsulated in order to determine how efficient the transport of species
of this size and molar mass occurs to and from cells. To determine this, gel samples of type
10K/2K, 10K/5K, and 10K/7.5K are prepared and incubated in a dye solution for several
hours. The FCS measurements are performed on macrogels rather than on microgels. Since

the reaction conditions in the production of the micro- and macrogels are similar, it is
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predicted that the very similar network structures will be generated in either form. Therefore,

the diffusion coefficients measured in the macrogels can be applied to the microgels as well.

Sulforhodamine B is chosen as a surrogate for low-molar-mass components of the culture
medium (e.g., salts and amino acids). Rhodamine has a diffusion coefficient D of 440 um* s~
" in aqueous solutions,™ and this is used to calculate the hydrodynamic radius Ry of 0.5 nm
using the Stokes—FEinstein equation (Ry = &7/ 6nnD), with 4s the Boltzmann constant, T
the room temperature, and 7 the viscosity of the medium (essentially, identical to water). In
contrast, bovine serum albumin (BSA) labeled with tetramethyl rhodamine is chosen as a
surrogate for larger molecules in the culture medium (e.g., proteins), as BSA is a major pro-
tein in cell culture medium with a measured diffusion coefficient D of 204 pm* s " in aqueous
solutions and a calculated hydrodynamic radius of 1.1 nm. In the three specific networks,
FCS measurements show diffusion coefficients of similar magnitude for both sulforhoda-
mine B and dye-labeled BSA. Compared to free sulforhodamine B in phosphate buffer
(440 um* s 7),P¥ the diffusion coefficients in the networks are 4-5 times slower (Diok/ox =
(105 £ 15) um? s, Dikssk = (93 £ 8) um?s™, Digkyzsc = (88 = 10) um?s ™), whereas
compared to free dye-labelled BSA (204 um®s™), the diffusion coefficients are two times
slower in the networks (Diok/ox = (120 £ 27) um® s ™, Dioxysk = (118 = 19) um* s, Dok /7.5
= (76 + 6) um?s ™). These lowered diffusion coefficients indicate an inhibited diffusion of
the substrate due to the network cross-linkings and chains. Nevertheless, a sufficient nutrient
exchange between the gels and the surrounding medium up to a substrate hydrodynamic

radius of 1.1 nm is possible.

3.3.3.4. Encapsulation of Cells

The influence of the gel properties on the viability of a human osteoblast cell line expressing
GFP (line MG-63) is analyzed by encapsulation into microgels. For this purpose, the micro-
fluidic device shown in Figure 3-1 (on the left and on the right side) is used. Microgel pro-
duction occurs after injection of aqueous 4-arm PEG-thiol and linear PEG-acrylate precur-
sor polymer solutions (dissolved in phosphate buffer) each at the first junction of the micro-
fluidic device, along with cells suspended in DMEM (1% Gl, 10% FBS, 1% P/S) and 15%
OptiPrep acting as a density-increasing compound to avoid deposition of the cells in the
microfluidic experiment. After gelation and purification, cell-containing microgels of the
10K/5K type are incubated in DMEM (1% Gl, 10% FBS, 1% P/S) at physiological condi-
tions (37 °C, 5% CO, and humidity) over a period of two wecks (Figure 3-8a). During the

first seven days, cells are centered in the microgels and form clusters, while the polymer-gel

Defined and Functional Materials for Microtissue Engineering Applications | 69



CHAPTER 1

specimen swells due to the hydrolysis of ester groups in the polymer network. The increase

of the degree of network swelling is illustrated by white dashed lines around the microgels.

04

o 6

Figure 3-8. Cell-containing microgels. (a) Monitoting of the cell viability in 10K/5K microgels is petformed
by light microscopy imaging over a period of two weeks. (b) Control test of the expetiment with 10K/5K
microgels monitored by 2D confocal microscopy. Increasing green fluorescence of GFP expressing cells indi-
cates cell proliferation. (c) Light microscopy imaging of type 10K/2K and (d) 10K/7.5K microgels containing
cells. (e) Control test of the experiment with 10K /2K microgels and (f) 10K/7.5K microgels. (g) 3D confocal
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microscopy of MG-63 GFP cells (green fluorescence) in microgels of type 10K /2K, incubated in a sulforho-

damine B/ phosphate buffer solution (red fluorescence). Scale bars: 100 pm.

After complete degradation of the microgels (after about 7—8 days), cloud-like cell clusters
are observed in the culture medium. These clusters eventually settle at random points on the
culture dish surface, adhere, and proliferate, seen as cells growing out of the clusters (day 9).
With time, cells continue to increase in numbers until at least day 14. This observation
demonstrates a high viability of cells that are encapsulated for at least 7 days within the
10K/5K polymer network, and these cells are able to attach and proliferate after gel degra-

dation, as evidenced by their growth on the cell culture dish surface.

In parallel to the microfluidic experiment, the viability of the cells is monitored in control
experiments. For this purpose, the cells are seeded on plastic, and their growth is followed
over a period of 7 days. The visualization of the cell growth is performed by 2D confocal
microscopy, whereby an increasing intensity of green fluorescence indicates increasing cell

growth. Figure 3-8b shows one experiment at days 1, 3, and 7.

Cells are also encapsulated in the 10K/2K and 10K/7.5K networks. Cells in the 10K /2K
microgels behave similar to cells encapsulated in the 10K/5K system (Figure 3-8¢). These
cells form cellular clusters that adhere to the cell culture dish after gel degradation. In con-
trast, the encapsulated cells in the 10K/7.5K network (Figure 3-8d) do not sutvive. In this
experiment, cellular clusters are not observed after degradation of the microgels, however,
some isolated, rounded-up single cells are observed that do not adhere to the cell culture

dish. The viability of the cells is also monitored in control experiments (Figure 3-8e,f)

Differences in the cellular viability between both polymer systems 10K /2K and 10K/7.5K
are probably based on differences in the ability of the cells to form cell—cell contacts. Since
PEG is an antifouling material and resistant against protein adsorption from the environ-
ment, cells are not able to adhere to that material.” Instead, they form a round sphere-like
morphology and aggregate to cell clusters through specialized protein complexes, like E-
cadherin, integrin, or ECM proteins.”>" This can be observed in the 10K/2K and 10K/5K
networks, where the cells interact spatially and form clusters, whereas the cells in the
10K/7.5K system remain isolated over the entire encapsulation petiod. As cell—cell interac-

38]

tion is an important parameter of cellular viability,”™ this might be the cause for survival

differences in the networks.

The inhibition of cell—cell contacts in the 10K/7.5K microgels may be based on differences

in the gelling time, the elasticity of the polymer network, and the viscosity of the precursor
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polymer solution. The 10K/5K system and the 10K/7.5K system both require approxi-
mately 4 minutes to gel in the hybrid mixture of phosphate buffer and DMEM respectively,
and the elasticity of both polymer gel systems has been found to differ only marginally
((26.6 * 3.9) kPa and (30.3 £ 3.9) kPa). Despite this similarity, however, the cell viability in
these two systems differ substantially. The reason may be due to the different viscosities of
the precursor polymer solutions. In the 10K /5K system, the cells are embedded ina 300 g L.~
! precursor solution with a linear-precursor polymer molar mass of 5000 g mol ™', whereas in
the 10K/7.5K system, they are embedded in a 375 g ™' solution with a linear-precursor
polymer molar mass of 7500 g mol . Both the higher concentration and polymer molar mass
in the 10K/7.5K system as compared to the 10K/5K entails a higher solution viscosity,
which impairs cellular motion. If the gelation is then faster than the time that it takes for cells
to come into physical contact with one another in that viscous surrounding, they are fixed at
isolated positions in the polymer network, as it is the case in the 10K/7.5K system, thereby

preventing them from forming cell-clusters.

Next to the precursor polymer viscosity, the gelling time is more influential in the 10K /2K
system compared to the 10K/5K and the 10K/7.5K systems. In the 10K/2K system, the
low precursor polymer concentration of only 210 g .7, along with the lower linear-polymer
molar mass of 2000 ¢ mol ™ entails a low viscosity and therefore promotes cell migration in
the precursor—gel droplets. In addition, the 11-minute gelling time in the phosphate
buffer/DMEM mixture is two and a half times longer than the gelling times of the 10K /5K
and the 10K/7.5K systems, which also allows for more distant cell migration in the pre-gel
stage. As a result, the cells have more time and can migrate with a higher mobility in the pre-

gel droplets to form clusters by the expression of junction proteins before gelation occurs.

Figure 3-8g shows the encapsulated cells in a microgel network of the 10K /2K type, visu-
alized by 3D confocal imaging. For this purpose, the cell containing microgels are incubated
in a solution of red-fluorescent sulforhodamine B. The red dye molecules adhere to the pol-
ymer network allowing visualization of the microgels and the green fluorescence stems from
the GFP expressing cells. As can be seen, the cells are located in the center of the microgels.
This is achieved by shaking of the cell containing droplets during the microfluidic steps,

thereby preventing sedimentation of the cells in the templates.
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3.3.4. Cell- and Vaterite-Containing Microgels

As a next step towards material development for ex vivo tests, co-encapsulation of both cells
and vaterite particles is performed, using the modified microfluidic device shown in Figure
3-1 (middle scheme). Besides the injection of the two polymeric building blocks (4-arm PEG-
thiol and linear PEG-acrylate, solved in phosphate buffer), the independent encapsulation of
both, vaterite particles suspended in ethylene glycol (3.42%(w/v)) as well as the cell suspen-
sion of osteoblasts (MG-63 GFP) and DMEM in droplets, is made possible. While the two
polymeric building blocks react in a thiol-ene Michael addition and form three-dimensional
polymer networks, the injected cells form cell clusters and vaterite particles agglomerate to
larger granules distributed in these networks. Respective cell- and vaterite-containing micro-
gels are observed with 2D confocal microscopy over a period of several days as shown in
Figure 3-9a (above). Since the [4-arm PEG-thiol 10000 g mol ™ (10K)/linear PEG-acrylate
2000 g mol ™ (2K)] polymer composition is chosen, a high cell viability is ensured, which is
investigated by microgel incubation in DMEM (1% Gl, 10% FBS, 1% P/S) at physiological
conditions (37 °C, 5% CO, and humidity). The images of day 1 and day 5, respectively, show
microgels with vaterite agglomerates visible as dark spots (transmission path), superimposed
with the green fluorescence of cells expressing GFP (fluorescence path). Since the degree of
microgel swelling increases with time due to hydrolysis sensitive ester groups in the polymer
network, the microgel diameter increases from day 1 to day 5, until the complete gel degra-
dation after about 7 days. Additionally, cells in the microgels form clusters by cell—cell inter-
actions and settle after degradation of microgels at random points on the culture dish surface
and adhere and proliferate. This is shown in the image of day 8, where the green fluorescence

indicates high viable layer of adherent cells.

In comparison, the same number of cells as in the experiment above are encapsulated in the
[4-arm PEG-thiol 10000 g mol ™" (10K)/linear PEG-acrylate 2000 g mol™ (2K)] polymer
system, using the microfluidic device shown in Figure 3-1 (left and right side of the scheme)
without further vaterite encapsulation. The respective microgels are also observed with 2D
confocal microscopy, while incubating in DMEM (1% Gl, 10% FBS, 1% P/S) at physiolog-
ical conditions (37 °C, 5% CO, and humidity) over a period of several days, as shown in
Figure 3-9b (above). While the microgel diameters increase during the incubation period
(day 1 to day 8) comparable to these of vaterite- and cell-containing microgels, cell clusters
are formed by cell—cell interactions as well. Microgels degrade after approximately 7 days,
and the released cell clusters adhere to the plastic and proliferate, which indicates a high cell

viability (day 8).
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In parallel to both microfluidic experiments, the general viability of the cells is monitored in
triple control experiments over a period of three days. In Figure 3-9a, b (below), one exper-
iment is shown each after 24 hours, 48 hours, and 72 hours of incubation. Visualization of
the cell growth is achieved by 2D confocal microscopy, and the increasing intensity of green

fluorescence indicates increasing cell growth.
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Figure 3-9. Viability of cells in vaterite-containing and vaterite-free microgels. (a) MG-63 GFP cells encapsu-
lated in vaterite-containing microgels of the 10K/2K type and (b) in microgels of the 10K/2K type without
further vaterite particle encapsulation. Cell viability is monitored in both experiments by 2D confocal micros-
copy over a period of eight days. Depicted are the days 1 and 5, where a superposition of transmission and
fluorescence paths is shown, while day 8 is only shown in the fluorescence path. A control experiment is also

performed by 2D confocal microscopy over a period of three days. Scale bars: 100 pm.

In summary, cells encapsulated in both microgels with and without vaterite particles survive
the microfluidic experiments and remain in the gels over a period of 7 days. This indicates
that the polymer model system described in this study is highly suitable for further studies
of bone tissue regeneration. Differences of cell growth are marginal, most likely due to dif-
ferences in the gelation time of precursor polymers in droplets. In vaterite-free microgels,
encapsulated cells are present as agglomerates in the microgels from day 1 and grow into
large clusters during the 8-day incubation period in culture medium. These agglomerates
consist of many cells. In vaterite- and cell-containing microgels, encapsulated cells are mostly
present as smaller agglomerates up to single cells beginning at day 1. When vaterite particles

are encapsulated, a slight increase of pH is observed in the reaction solution in the droplets,
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which decreases the reaction time of polymer-network formation. Cells in the droplets are
therefore impaired to form contacts and such remain as small agglomerates or single cells.
Nevertheless, with increasing incubation time in culture medium, the cells grow into larger
clusters. This is probably enabled by the small modulus of the (10K/2K) system ((20.9 *
3.6) kPa), which also decreases with increasing incubation time due to hydrolysis sensitive
ester groups in the network. The resulting lower constriction to the encapsulated cells enables
them to grow more easily. An additional favorable influence will probably have vaterite par-
ticles in the gels, since they are highly compatible for osteoblasts and promote cell growth as

proven in previous studies."

3.3.5. Microgel Degradation

An additional feature of the polymer networks used in this study are the hydrolysis-sensitive
ester groups that promote polymer degradation in aqueous environments. After cleavage of
these ester groups, there is a loss of network points in the polymer network and thereby an
increase in the degree of swelling over time until complete degradation of the microgels oc-

curs.

Investigation of the pH dependence of the polymer degradation is performed with microgels
of the 10K/5K type by incubation in phosphate buffer at pH 5.0, 7.2, and 9.0 at room tem-
perature. At acidic and neutral pH, no swelling is obsetved for 40 days (A,O). By contrast,
microgels in alkaline buffer solution (pH 9.0) show a marked ongoing swelling (LJ) and de-
compose completely after approximately one month. The increase of the degree of swelling
of the gels in alkaline buffer solution is also illustrated by the white dashed outlines in Figure
3-10a (at days 0, 18, and 32). The respective swelling curves are depicted in Figure 3-10b.
Since the goal is to use the gel capsules for biomedical applications, swelling measurements
are also carried out in culture medium (DMEM with 1% Gl, 10% FBS and 1% P/S) at phys-
iological conditions (5% CO; and 37 °C). Therefore, microgels of type 10K /2K, 10K/5K,
and 10K/7.5K are incubated in the cell culture medium for several days. The respective
swelling curves are depicted in Figure 3-10c. Compared to microgels stored in alkaline phos-
phate buffer at room temperature, microgels stored in cell culture medium at physiological
conditions decompose at a higher rate (within one week). Reasons for the faster decompo-
sition of the microgels in the culture medium at physiological conditions compared to phos-
phate buffer at room temperature are most likely due to the elevated temperature (37 °C

instead of room temperature) and additional substances such as amino acids and proteins in
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the cell culture medium. The accelerated degradation kinetics of microgels in the cell culture
medium is considered to be an advantage, as it enables a rapid 7 situ vaterite particle release
in pharmacological experiments. All three polymer systems (10K/2K, 10K/5K and
10K /7.5K) show similar degradation kinetics (ll, @, A), as their number of network points

and thus the number of hydrolysis-sensitive ester groups are equal.
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Figure 3-10. Degradation of microgels. (a) Stability of gels of type 10K/5K in phosphate buffer at pH 9.0 and
room temperature, as observed over a period of 32 days. The increase of the degree of swelling of the gels is
illustrated by the white dashed outlines. (b) Time-dependent microgel swelling in phosphate buffers at various
pH values of 10K/5K microgels (all measurements are performed at room temperature; pH 9.0 (O0), pH 7.2
(O), pH 5.0 (A)). (c) Time-dependent microgel swelling in culture medium (DMEM with 1% Gl, 10% FBS
and 1% P/8S) at physiological conditions (5% CO; and 37 °C) with microgels of the (10K/2K) (H), (10K/5K)
(@), and (10K/7.5K) (A) type. Gels show degradation in neatly one week. The measured data are linked by
lines to guide the eye. Scale bars in panel (a): 300 pm.
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3.4. Conclusion

We have developed a system that allows the combination of individual components under
various conditions that can be used as a model for the formation of bone-regenerative and
cell-containing materials. This model system can be used as an in vitro platform for the study
of cellular metabolic processes in bone formation and may provide an in vitro foundation
for novel tissue-regenerative therapies. The system uses hydrolysis-sensitive PEG-based
model matrixes, formulated to monodisperse microgels to which additional components
such as vaterite particles and cells are added using droplet-based microfluidics. The success-
ful encapsulation of vaterite particles in these microgels as calcium precursors is confirmed
by confocal Raman spectroscopy, and the transformation of vaterite to HCA is demonstrated
using FT-IR spectroscopy measurements. Based on these results, we provide a powerful bi-
opolymer-supported starting point for bone mineral growth and hence a basis for further
investigation using this model system for tissue regeneration. Furthermore, osteoblast cells
(MG-63 GFP) are successfully encapsulated into the microgels. This is demonstrated by con-
focal microscopy and cell studies show that these cells remain viable. Cells are present in
microgels as agglomerates and show a greater viability than single cells under similar condi-
tions. Rheological experiments demonstrate that the polymer system can be adjusted to form
different network mesh sizes and to exhibit different gelation times and viscoelasticity, and
that this can all result in differences in cell agglomeration and subsequent cell viability in the
microgels. Initial studies with this model system have demonstrated that vaterite and cells
can be co-encapsulated into the microgels and that a similar cell viability and high cell-com-
patibility is observed under these conditions compared to microgel containing only cells but
no vaterite. Thus, this model system will be useful for examining and optimizing conditions
for mineralization by osteoblasts in a microgel when a bone-forming substrate is available
and for delivering bone-forming substrates to a target for tissue regeneration in vivo. The
entire vaterite- and cell-containing microgel package becomes a model system for future in

vitro and in vivo studies targeting bone tissue-regenerative applications.
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3.5. Experimental Section

Materials: The precursor polymers 4-arm PEG-thiol 10K and linear PEG-acrylate 2K, 5K
and 7.5K are purchased from JenKEM Technology USA. The Novec HFE-7500 fluid as
well as HFE-7100 are purchased from 3M. Krytox 157-FSH is obtained from DuPont,
GIPCO GlutaMAX Supplement and bovine serum albumin (BSA) labelled tetramethylrho-
damine from Thermo Fisher Scientific, Optiprep from StemCell Technologies, ethylene gly-
col from ChemPur, 1H,1H,2H 2H-perfluoro-1-octanol, as well as 1H,1H,2H,2H-per-
fluoroctylsilan 97% from Alfa Aesar and sodium bicarbonate from Roth. The MG-63 GFP
osteoblast cell line is obtained from the laboratory of one of the coauthors (RU). All other
components such as DPBS-D8537, thionyl chloride, «, o, a-trifluortoluene, tris(hydroxyme-
thylamino-methane), trypsin EDTA solution, DMEM high glucose-D5796, fetal bovine se-
rum-F7524, Penicillin-Streptomycin-P4333, calcium chloride dihydrate and Sulforhodamine
B are purchased from Sigma-Aldrich.

Synthesis of PEPE=Tris Surfactant: PFPE-Tris is synthesized in a two-step process using a
method of Chiu et al.” In brief, Krytox 157-FSH (5 g, 0.69 mmol), dissolved in HFE-7100,
is treated with thionyl chloride (0.81 g, 6.9 mmol) and stirred in an inert gas atmosphere at
50 °C for 24 h. The resulting mixture is concentrated using a cold distillation and then re-
solved in HFE-7100 (10 mL) and «, «, a-trifluortoluene (6 mL), followed by addition of
tris(hydroxymethylaminomethane) (0.084 g, 0.69 mmol) under inert gas atmosphere. A re-
fluxing reaction is conducted at 60 °C for 24 hours, and solvents were removed by cold dis-
tillation. The crude product is purified by dissolution in HFE-7100 and extraction against
water. After cold distillation and vacuum drying, a waxy white product in a yield of 70% is
obtained. The PFPE-Tris surfactant is analyzed by FT-IR spectroscopy with an FT/IR-470
instrument (JASCO Analytical Instruments). The results show a mode at 1683 cm ™' that is
assigned to the carboxylic acid amide, whereas the carboxylic acid tie of Krytox 157-FSH at
1683 cm™ is no longer observed. This indicates complete conversion of the Krytox 157-

FSH. The intensity of both signals is weak due to the large perfluorinated residues.

Fabrication of PDMS' Devices: Microfluidic devices are produced using photo- and soft lithog-
raphy. In a first step, silicon wafers (MicroChemicals) are spin-coated (WS-650MZ-23NPP13
from Laurell) with a SU-8 2075 photoresist (MicroChem) and irradiated with UV-light (UV-
Kub 2 from Kloé) to get negative reliefs of the microfluidic channels that are imprinted on
to-scale photomasks. In a second step, PDMS is mixed with a crosslinker (Sylgard 184 elas-

tomer kid from Dow Corning) at a ratio of 10:1 using a Thinky ARE-250 mixing setup, and
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the mixture is applied to the patterned silicon wafer. After solidifying for 2 hours at 65 °C,
devices are fabricated by peeling off the resulting reliefed PDMS replica slabs and oxygen
plasma bonding (electronic diener Plasma-Surface-Technology) of these onto glass slides. To
increase fluorophilicity, the channels are coated with a solution of 2% 1H, 1H, 2H, 2H-
perfluorooctylsilane in HFE-7100 for a few minutes and this is then removed by air-drying.
The resulting channels have a uniform height of 180 um and a width of 150 um at the droplet

forming cross-junction.

Synthesis of 1 aterite Particles: Vaterite particles are synthesized using a method previously de-
scribed.””"! Calcium chloride dihydrate (10 mM) is dissolved in ethylene glycol (100 mL.) by
sonication at 40 °C (Bandelin Sonorex Digitec). Sodium bicarbonate (20 mM) is dispersed in
ethylene glycol (100 mL) by mechanical stirring and is added to the calcium chloride solution.
The resulting dispersion is sonicated for 25 minutes at 40 °C. The precursor vaterite solution
is analyzed by dynamic light scattering measurements (for details see SI Figure S9-3) to
quantify the particle size, which denotes a polydisperse particle size distribution in the range
of 200—600 nm. Subsequently, water (100 mL) is added to the vaterite precursor solution and
the mixture is sonicated for another 5 minutes. Precipitated particles are separated from the
turbid sol product by centrifugation (9000 rpm; 10 minutes), washed several times with water

and ethanol and dried under high vacuum. The yield (60%) is determined gravimetrically.

Vaterite-Containing Microgels: Droplet templating is carried out with the PDMS device shown
in Figure 3-1 (on the left and right side of the scheme) by connecting the device to four
syringe pumps (neMESYS Plugin) via polyethylene tubing (Intramedic Clay Adams Brand
PE20) and plastic syringes. The precursor polymers 4-arm PEG-thiol 10000 g mol™
(300 g L.™") and linear PEG-acrylate 5000 g mol ™ (300 g L") are dissolved in DPBS and then
equally injected with a flow rate of 75 uL. h ™', while 5% (w/v) of vaterite particles in ethylene
glycol are injected in the middle channel with a flow rate of 25 pl. h™'. The vaterite suspen-
sion is prepared with a sonotrode (Bandelin Sonopuls), whereby the mixture is homogenized
for 10 minutes at an energy consumption of 19.3 kJ (ice cooling). These three fluids form a
laminar co-flowing stream at the first cross-junction of the microchannel, which is broken
to form monodisperse pre-microgel droplets with diameters of approximately 160 pm in the
second cross-junction by flow focusing with immiscible HFE 7500, which is injected at a
flow rate of 2000 ul. h ™. To stabilize the resulting droplets, 2wt% of PFPE~Tftis surfactant
is also added to the fluorinated oil. Droplets are purified with a 50% solution of 1H, 1H, 2H,
2H-perfluoro-1-octanol in HFE7500 in several trituration steps after 30—60 minutes. After

this, the vaterite-containing microgels are transferred into phosphate buffer or water.
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Veerification of Vaterite Stability in Microgels: Confocal Raman microscopy is performed using a
Witec 300 alpha R setup. Illumination of the sample is performed using a 532 nm excitation
line from a single-mode frequency doubled Nd:YAG laser via a 100-um single-mode glass
fibre. We use a Zeiss LD EC Epiplan-Neofluar 50x/0.55 objective and the laser power at
the sample behind the objective is 12 mW. An edge filter is used to separate the Raman signal
from the excitation line. Confocality of the Raman signal is achieved via a 50-um multi-mode
fibre glass between microscope and the Raman spectrometer, where the fibre serves as a pin-
hole. The Raman spectrometer is equipped with a holographic grating of 600 lines/mm. As
detector, a Newton Andor EMCCD camera with 1600x200 pixels is used. With this config-
uration a spectral resolution of about 2 cm™ is obtained. All data sets are analyzed using

Cluster Analysis and Non Negative Matrix Factorization.

Vaterite Transformation to HCA:The transformation of vaterite particles to HCA is analyzed
using FT-IR spectroscopy. The first measurement is performed without further vaterite in-
cubation in DPBS (t = 0 h). The second measurement is performed after 48 h of vaterite
incubation in DPBS (2 g .™") at 37 °C and shaking (150 rpm). Before analysis, the sample is
washed three times with water and dried at high vacuum. The analysis of vaterite particles
embedded in the polymer gel is carried out as follows: Two gels are prepared mixing 4arm
PEG-thiol precursor polymers 10K and linear PEG-acrylate precursor polymers 5K, solved
in phosphate buffer (each with a mass concentration of 300 g L.™"). 25wt% vaterite particles
(based on the dry precursor polymer total mass) are added and mixed using a sonotrode.
After 1 hour gelation time, the first gel is washed three times with water, freeze dried and
analyzed with FT-IR spectroscopy. The second gel is incubated 48 hours in DPBS (2 g L™
vaterite in DPBS), then washed three times with water, freeze dried and analyzed with FT-
IR spectroscopy. The analysis of the pure gel ensured analogue to the measurements of gels

with vaterite.

Cell-Containing Microgels: Droplet templating is carried out with the PDMS device shown in
Figure 3-1 (on the left and right side of the scheme) by connecting the device to four syringe
pumps (neMESYS Plugin) via polyethylene tubing (Intramedic Clay Adams Brand PE20)
and plastic syringes. HFE 7500 and PFPE-Tris surfactant (2wt%) are mixed and injected
with a flow rate of 2000 ul. h~". The precursor polymers 4-arm PEG-thiol 10000 g mol ™
(300 g ") and linear PEG-acrylate 2000 g mol ™, 5000 g mol ™ or 7500 g mol ™ (120 g .,
300 g L.™! or 450 g .™") ate dissolved in DPBS and then equally injected with a flow rate of
75 ul. h ™. Osteoblast cells (MG-63 GFP) are also injected in the middle channel with a flow

rate of 75 plL h ™. The cells are cultivated in petri dishes with an area of 11.9 cm” and ate
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detached from the dishes for microfluidic experiments. For that purpose, cells are rinsed
with DPBS, incubated with trypsin EDTA solution to release the cells and then centrifuged
for 5 minutes at 1000 rpm. The resulting cell pellet is resuspended in DMEM (1% Gl., 10%
FBS, 1% P/S) and 15% OptiPrep (0.333 mL). In each experiment, four petri dishes are used
with a cell population density of approximately 80%, which corresponds to 3.13 x 107 cells
per microfluidic experiment. Cell counting is performed with a Neubauer counting chamber.
The cell suspension is injected in the microfluidic devices, whereby the cell containing drop-
lets are collected at 37 °C. Depending on the polymer system, microgels are then purified
after 30—60 minutes with a 50% solution of 1H, 1H, 2H, 2H-Perfluoro-1-octanol in
HFE7500 in several trituration steps and then transferred into DMEM (1% Gl., 10% FBS,
1% P/S). Cell-containing microgels are incubated over several weeks at 5% CO, and 37 °C

and are analyzed by optical microscopy (Zeiss Axio) and 2D, as well as 3D confocal micros-
copy.

Cell- and 1 aterite-Containing Microgels: Droplet templating is carried out with the PDMS device
shown in Figure 3-1 (in the middle of the scheme) by connecting the device to five syringe
pumps (neMESYS Plugin and Harvard pump) via polyethylene tubing (Intramedic Clay Ad-
ams Brand PE20) and plastic syringes. HFE 7500 and PFPE-Tris surfactant (2wt%) are
mixed and injected with a flow rate of 3000 uI. h ™. The precursor polymers 4-arm PEG-
thiol 10000 g mol™ (300 g .™") and linear PEG-acrylate 2000 g mol™ (120 g .™") are dis-
solved in DPBS and then equally injected with a flow rate of 75 ul.h™". Additionally,
3.42% (w/v) of vaterite particles in ethylene glycol are injected with a flow rate of 50 uL. h™
to obtain a total vaterite concentration of 3.42% (w/v) in microgels , while osteoblast cells
(MG-63 GFP) in DMEM are injected with a flow rate of 75 ul. h ™. 'The cells are cultivated
in petri dishes with an area of 11.9 cm? and are detached from the dishes for microfluidic
experiments. For that purpose, cells are rinsed with DPBS, incubated with trypsin EDTA
solution to release the cells and then centrifuged for 5 minutes at 1000 rpm. The resulting
cell pellet is resuspended in DMEM (1% GlL, 10% FBS, 1% P/S) and 15% OptiPrep
(0.333 mL). In each experiment, four petri dishes are used with a cell population density of
approximately 80%, which corresponds to 3.13 x 107 cells per microfluidic experiment. Cell
counting is performed with a Neubauer counting chamber. After injection, the vaterite- and
cell containing droplets are collected at 37 °C and then purified after 30-60 minutes with a
50% solution of 1H, 1H, 2H, 2H-Perfluoro-1-octanol in HFE7500 in several trituration steps
and then transferred into DMEM (1% GL., 10% FBS, 1% P/S). Vaterite and cell-containing
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microgels are incubated over several weeks at 5% CO, and 37 °C and are analyzed by optical

microscopy (Zeiss Axio) and 2D, as well as 3D confocal microscopy.

Testing of Gels for the Presence of Endotoxin: The rapid induction of E-selectin on endothelial cells
in culture after exposure to endotoxin (LPS) has been shown to be a very sensitive method
to detect the presence of endotoxin in solutions at femtogram levels.”*” This method is
used to examine gels made from the individual precursor molecules to show that they are
free of endotoxin. Vaterite synthesis described in this publication has been previously shown
to be free of endotoxin."! Briefly, the individual precursors (4-arm PEG-thiol 10000 g mol -
' (160 g L.7") and linear PEG-acrylate 5000 g mol ™ (160 g I.™") in phosphate buffer) are com-
bined to form a gel in a microcentrifuge tube. After polymerization, 1 mL of DPBS is added
to the tube and incubated for 24 hours at 37 °C. After 24 hours, the supernatant is removed
from the gels and an aliquot (20 pL) is added to HUVEC cells growing in one well of an 8-
well chamber slide. The gel remaining in the tube is remove via pipetting and placed onto
HUVEC cells in a second well in the chamber slide with fresh media. Cells are also exposed
to 1 ug mL ™" of endotoxoin (ILPS, Sigma) or left untreated (negative control) in additional
wells. After 4 hours, cells are washed 2x with PBS and fixed with paraformaldehyde and then
stained with antibody against E-selectin (1:100 E-selectin, Monosan (M6010), Netherlands).
After 1 hour, cells are washed 4x with PBS and then the secondary antibody is added (1:1000,
anti-mouse Alexa Fluor 488, Molecular Probes) and incubated at room temperature. After
1 hout, cells are washed and Hoechst Dye 33342 (1:10,000 in PBS, Molecular Probes) is
added to stain the nuclei. After 5 minutes, cells are washed 2x with PBS, mounting medium
is added (Fluoroshield, ImmunoBioScience Corp.) and cells are examined by fluorescence

microscopy.

Toxcicity of Gels: The viability of cells is measured by the addition of resazurin to cells in culture
in the presence and absence of gels (4-arm PEG-thiol 10000 g mol™ (300 g I.™') and linear
PEG-acrylate 5000 g mol ™" (300 g I.™') in phosphate buffer). Resazutin is used to measure
the metabolic activity of living cells which is converted by a redox reaction to the fluorescent
compound resorufin and this can be measured in a fluorescent ELISA reader. Gels are added
to wells in a 96-well plate. After polymerization, 20,000 cells/96 well (MG-63) are added to
the wells and incubated for 24 hours and then 20 plL of resazurin stock solution (12 mg
resazurin in 100 mI. Hanks’ Balanced Salt Solution with Ca*" and Mg*" (Sigma-Aldrich) is
added and incubated for a further 2 hours at 37 °C. After this, 100 ul. is removed from each
well and placed into a new 96-well plate and examined in an ELISA reader (TECAN Spark
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10M, 530-570 nm excitation and 580—100 nm emission). The amount of resorufin produced

by cells exposed to gels is compared to unexposed cells set at 100%.

Rheology Measurements: To compare the gelation time and stiffness of the several polymer sys-
tems investigated in this study (10K/2K, 10K /5K and 10K/7.5K), time-dependent rheology
measurements are carried out using an Anton Paar modular compact theometer of type MCR
302 (Anton Paar, Graz, Austria) equipped with a plate—plate measuring system PPOS8, with a
radius of 8 mm and a plate—plate gap distance of 0.4 mm at 21 °C. For all measurements, a
solvent trap is used to suppress evaporation of the solvent. The samples are prepared by
mixing the precursor polymers (4arm PEG-thiol 10K (300 g I.™") and linear PEG-acrylate
2K (120 g .7, 5K (300 g I.™") or 7.5K (450 g L"), dissolved in phosphate buffer, DMEM,
or a mixture of both (ratio 6:1) prior to beginning the measurements. For this purpose, 18 uL
of sample is applied. Experiments are carried out at a constant shear amplitude of 1% and a
shearing frequency of 6.28 rad s ™. Measurements in the linear-viscoelastic (LVE) regime are
confirmed by amplitude sweeps, whereby the frequency remained constant at 6.28 rad s ™'
and the amplitude varied between 0.01 and 100% deformation. Also, frequency sweeps are

done in a frequency range of 100-0.1 rad s, at a fixed amplitude of 1% within the LVE

regime of the sample.

FCS: Experiments are done with a Leica TCS-SP8 AOBS SMD microscope and a SymPho-
Time 64 analysis software from PicoQuant. Measurements are performed with a HCPLAPO
CS2 63x/1.20 water objective, an argon laser with 20% intensity, and an HyD SMD 1 detec-
tor. For sample preparation, gels (4-arm PEG-thiol 10000 g mol™ (300 g I.™") and linear
PEG-actylate 2000 g mol ™ (120 g .7, 5000 g mol ™ (300 g I.™") and 7500 g mol " (450 g .~
") in phosphate buffer) are prepared in an eight-well- plate (Ibidi). After gelation, gels are
incubated in a dye solution at room temperature overnight. A 6-nM solution of sulforhoda-
mine B is used, as well as a 6-nM solution of bovine serum albumin (BSA) labelled with
tetramethyl rhodamine (both prepared in DPBS). All measurements are carried out in the gel
volume, whereby five points for each gel are selected. For fitting with SymPhoTime 64 anal-
ysis software, the 3D-Gaussian triplet model is selected. Calibration is performed with a sul-
forhodamine B solution (6-nM) in phosphate buffer, with a diffusion coefficient of

440 pm? s~ (22 °C).P4

Swelling Measurements: Droplet templating is carried out with the PDMS device shown in Fig-
ure 3-1 (on the left and right side of the scheme) by connecting the device to four syringe

pumps (neMESYS Plugin) via polyethylene tubing (Intramedic Clay Adams Brand PEZ20)
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and plastic syringes. The precursor polymers 4-arm PEG-thiol 10000 g mol™ (300 g I.™") and
linear PEG-acrylate 2000 g mol™, 5000 g mol ™" or 7500 g mol™ (120 g .7, 300 g I.™" or
450 g I.™") are dissolved in phosphate buffer and then equally injected with a flow rate of
75 ul. h ', while pure DPBS is injected in the middle channel with a flow rate of 25 ul. h ™.
The microgels are then purified after 1 hour with a 50% solution of 1H, 1H, 2H, 2H-Per-
fluoro-1-octanol in HFE7500 in several trituration steps and then transferred into DPBS or
DMEM (1% Gl.,, 10% FBS, 1% P/S). Microgels are incubated in diverse DPBS solutions,
which differ from each other in the pH value. Phosphate buffer (pH 5) is prepared by acidi-
tying DPBS (pH 7.2) with HCI, while phosphate buffer of pH 9 is prepared by adding aque-
ous NaOH solution. The swelling behavior of microgels is then observed by optical micros-
copy (Zeiss Axio) and Image] is used to determine the size of the microgels. All measure-
ments are done at room temperature. In addition, measurements are performed at physio-
logical conditions. For this purpose, microgels are transferred into DMEM (1% Gl, 10%
FBS, 1% P/S) and then incubated for several days at 5% CO; and 37 °C. The swelling be-

havior of the microgels is evaluated as described above.

Statistical Analysis: Quantitative data and sample size of cell viability results are given as mean
* standard deviation (SD) and numbers (n), respectively. Excel from Microsoft and Origin

from OriginlLab publishes are the software used for statistical analysis.
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4.1. Specific Summary

Analogous to the study on microtissue-based in vitro model systems for bone regeneration
applications (Chapter I: “Bone Scaffolds Based on Degradable 1V aterite/ PEG-Composite Microgels™),
the following study addresses the use of microscopic in vitro model platforms as potential
alternatives to animal testing. The work focuses on mimicking the heterogeneous and com-

plex nature of biological microtissues such as the blastula in embryogenesis, mammary
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glands, or the alveolar epithelium using volume-switchable core—shell microgel platforms.
These platforms are intended to be used for 3D cell cultivation applications and are tuned
to the specific requirements of different in vivo tissues by selective tailoring the multipara-

metric material functionalities.

In this context, special attention is paid to the material selection in the form of ther-
moresponsive and long-term stable poly(IN-isopropylacrylamide) (PNIPAAm) and its pro-
cessability in microfluidics. Regarding the adaptivity, different amounts of hydrophilic IN-
hydroxyethylacrylamide are incorporated into the microgels to tune their mechanical
strength. To improve the cell adhesive properties of the PNIPAAm microgels and to increase
their biocompatibility, the surface of the microgels is modified with polydopamine. Finally,
the use in 3D cell culture applications is demonstrated by investigating the cell growth on

macroscopic hydrogels, single microgel templates as well as cell/microgel agglomerates.

The personal contribution to the publication was the project development, interdisciplinary
project coordination, lab work (polymer basis development; microgel preparation by micro-
fluidics; temperature-dependent swelling measurements of microgels; temperature-depend-
ent rheology measurements to analyze hydrogel elasticity; analysis of microgel properties at
physiological conditions; polydopamine surface coating of macro- and microgels; analysis of
polydopamine surface coating by FT-IR spectroscopy measurements; collagen coating of
microgels; cell experiments (cell adhesion on hydrogels and on single microgel templates);
light microscopy and confocal laser scanning microscopy imaging; sample preparation for
'H MAS NMR spectroscopy, SEM measurements, confocal Raman microscopy, and cell

spheroid growth experiments), data analysis, writing and illustration of the manuscript.
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4.2. Introduction

Microtissue engineering is a significant development in the field of 3D cell culture technol-
ogy, as the design of microtissue platforms reflects the diversity and complexity of in vivo
environments, thereby providing excellent alternatives to animal testing. As animal experi-
ments face ethical and moral concerns, they are increasingly blocked by law and need to be
reduced, replaced, and refined according to the 3R concept by Russel and Burch from 1959.1"
Classical two-dimensional (2D) cell cultures may appear to be such a substitute, but they only
inadequately reflect the complex in vivo conditions.”” To overcome that limitation, the de-
velopment of 3D cell culture in vitro models is needed, especially such models that mimic

the hierarchical structure of in vivo environments in a simplifying manner.

In this context, an increasing amount of research deals with the fabrication of microtissue-
based spheroidal 3D in vitro models using scaffold-free and scaffold-assisted methods. While
the scaffold-free method does not require any matrix at all, the scaffold-promoted method
uses additional hydrogel-based matrix elements to form cell spheroids. For this purpose,
several research studies are especially focused on the encapsulation of cells in poly(ethylene
glycol) (PEG)-based microgels. In these microgels, cells preferentially interact with other
cells, forming cell spheroids due to the antifouling property of PEG."**l Compared to 2D cell
culture models, these cell spheroids effectively mimic a 3D environment by growing in a
network-like structure instead of growing on a flat substrate. However, these cells also grow
without control in all three dimensions, ignoring the intrinsically defined and hierarchically
structured in vivo environment. In view of the general motivation of replacing animal exper-
iments by synthetic platforms, a better-defined basis of 3D in vitro models is therefore nec-
essary, which additionally takes into account the shape, the nature and the mechanical prop-
erties of in vivo tissues to best mimic the in vivo environment. To address this issue and to
contribute to that basis, we aim at a rational design of microgel-based templates with func-
tional and at the same time cell-adhesive properties for the engineering of complex microtis-

sue constructs.

An appropriate material for our intent is the stimuli responsive poly(IN-isopropylacrylamide)
(PNIPAAm). Hydrogels made from this polymer exhibit a reversible volume phase transition
(VPT) in the physiological temperature range and undergo changes in solubility and swelling,
which facilitates the imitation of the structure, properties, and microenvironment of native
tissue.l”” By incorporation of comonomers into the PNIPAAm network, the VPT tempet-

ature can be further tuned to higher or lower values depending on the hydrophilicity and the

90 | Defined and Functional Materials for Microtissue Engineering Applications



CHAPTER 1I

amount of the comonomer.” Since PNIPAAm-based microgels can be easily shaped via
droplet-based microfluidics, various temperature-dependent microgels can be obtained,
which differ in size, mechanical strength, and opacity."” As a result, this approach enables
the rational material design of specific and tuneable microgel-based microcarrier cores and

provides a good platform for precisely directed microtissue templating.

The other key point for the successful implementation of the microgel templates is to in-
crease their cell affinity. In general, PNIPAAm hydrogels show a temperature-dependent cell
affinity, such that above the VPT temperature, cells show increased cell adhesion and prolif-
eration on PNIPA Am-coated culture dishes, whereas when the temperature is decreased, the
cells are detached from the culture dish."! Hence, to make the templates more versatile,
temperature-independent cell adhesion on the PNIPAAm microgels needs to be supported.
To address this objective, we use a polydopamine (PDA) coating, which is a cost-effective
and biocompatible solution providing potentially high cell affinity and maintaining the mi-
crogels’ VPT properties.'” Moreover, PDA adheres to a variety of surfaces with strong bind-
ing forces, as Messersmith's group has demonstrated.">'¥ In a premilitary work to our study,
Zhang et al. have adapted this method for producing PDA-coated PNIPAAm-based nano-
gels.™ The approach translates well to PNIPAAm-based microgels, thus enabling the syn-

thesis of highly cell-affine and multifunctional core—shell microcarriers.

Based on this strategy, this work presents the manufacturing of well-designed core—shell mi-
crogels, which are suitable templates for fine-structured microtissues mainly due to their dual
functionality (VPT properties of the core and cell growth-promoting properties of the shell).
Our approach involves three steps, as shown in Figure 4-1: The first step (1) focuses on the
microgel design and synthesis, the second step (2) on the PDA surface coating of the micro-
gels to increase their cell adhesion properties, and the third step (3) on the cell growth ex-
periments on microgels. For this purpose, we use a systematic parameter control and enable
targeted tuning of the microgel properties at multiple levels. On a nanoscopic scale, we
choose temperature-sensitive and cell-affine materials, while on a microscopic level, the tem-
plating of the PNIPAAm-based microgels is performed by droplet-based microfluidics and
subsequent PDA-surface coating. At the same time, the microgel core properties, such as
their size and mechanical strength, are controlled at the mesoscopic level by additional in-
corporation of the hydrophilic comonomer N-hydroxyethylacrylamide (HEAM). Based on
this systematic approach, our platform offers a great variety of well-designed PNIPAAm/

HEAM core—shell microgel templates and provides a promising basis for complex and
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advanced 3D in vitro cell culture systems with deep understanding on a conceptional and

practical level as alternative for animal testing.

1) PNIPAAM/HEAM Microgels
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Figure 4-1. PDA-coated PNIPAAm/HEAM-based core—shell microgels as templates for microtissue applica-
tions in three steps: (1) PNIPAAm/HEAM microgel (cote) synthesis by droplet-based microfluidics. The mi-
crogel network is based on NIPAAm, N,N'-methylenebisacrylamide (BIS) crosslinker and different amounts
of HEAM comonomert, which react in a radical polymetization to form stable networks initiated by N,N,N',N'-
tetramethylethylenediamine (TEMED) and ammonium persulfate (APS). (2) PDA surface modification of
PNIPAAm/HEAM-based microgels (shell) to increase the microgels’ cell adhesiveness. (3) Cell coating expet-
iments of PNIPAAm/HEAM-PDA microgels improved by previous collagen ot fibronectin coating of the

microgels.
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4.3. Results & Discussion

4.3.1. PNIPAAm/HEAM Microgels

4.3.1.1. Polymer Basis

PNIPAAm is chosen to provide a suitable polymer basis for our work due to its ther-
moresponsiveness in water, by which PNIPAAm hydrogels exhibit temperature-dependent
mechanical properties that can be further tuned by incorporating comonomers. Moreover,
due to their hydrophilic nature, PNIPAAm-based materials mimic the extracellular matrix
(ECM) well and provide a stable environment as a basis for potential 3D microtissue engi-
neering. Hence, we focus on the development of PNIPAAm-based 3D templates that are
designed at several levels. On a nanoscopic level, hydrogels are prepared using NIPAAm
monomers and N,N'-methylenebisacrylamide (BIS) as a crosslinker. Dissolved in water and
initiated by ammonium persulfate (APS) and IN,N,N,N'-tetramethylethylenediamine
(TEMED), these molecules react with each other in a radical polymerization and crosslink
to form stable gels at room temperature.!'” Moreover, by incorporating HEAM as a comon-
omer into the PNIPAAm network, the mechanical properties of the PNIPAAm system can
be altered. To analyze the influence of the comonomer on the thermoresponsive PNIPAAm
properties, we investigate three different hydrogel systems that differ in the amount of
HEAM. Specifically, 2.5 mol%, 7.5 mol%, and 12.5 mol% of HEAM content are considered,
while the NIPAAm content is adjusted accordingly, and the BIS content remains constant at

1 mol%.

4.3.1.2. Comonomer Content in PNIPAAm/HEAM-Based Hydrogels

To understand and analyze the HEAM influence on our thermoresponsive hydrogel prop-
erties, it is necessary to determine the actual comonomer content in the PNIPAAm networks.
For this purpose, we investigate the HEAM content in the 2.5 mol%, 7.5 mol%, and
12.5 mol% PNIPAAm/HEAM polymer networks as well as the HEAM-free PNIPAAm
network (0 mol%) swollen in D>O using quantitative 'H Magic Angle Spinning NMR spec-
troscopy ('H MAS NMR). In the case of gels (as well as semisolid matrixes), the anisotropic
interactions like dipole—dipole couplings, quadrupole couplings, and anisotropy of the chem-
ical shift are partially averaged due to the limited mobility of molecules induced by the solvent

in the gel. To further reduce the line-broadening, and therewith to improve the resolution,
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only low spinning speeds of a few kilohertz are needed. At these conditions, the recorded "H
MAS NMR spectra mimic those obtained in solution and provide comparable resolution.
The investigated polymer compositions are listed in Table 4-1, while the full "H MAS NMR

spectra are shown in Figure 4-2.

Table 4-1. Composition of the 0 mol%, 2.5 mol%, 7.5 mol%, and 12.5 mol% PNIPAAm/HEAM polymer
networks. The amounts of NIPAAm, HEAM, and BIS in the respective systems are indicated as x in mol%.
Proton ratios (proton rationmr) of NIPAAm (H-c) and HEAM (H-f, H-e) comonomers are calculated as pro-
ton rationmr = (Anrpaam * (Auean)™ - 4H), using the proton integrals of NIPAAm (Anwaam) and HEAM
(Aneam), experimentally determined by '"H MAS NMR spectroscopy (Figure 89-5 and Table §9-1). For com-

parison, the molar ratios of PNIPAAm (nnipaam) and HEAM (npran) comonomers are calculated as molar ra-

tio = (nnwaam * (Mueam) ™) (Table §9-2).

XNIPAAm XHEAM XBIS proton rationmr molar ratio
[mol%] [mol%] [mol%]
0 mol% 99.0 0.0 1 - -
2.5 mol% 96.5 25 1 30.41 40.00
7.5 mol% 91.5 7.5 1 13.09 13.33
12.5 mol% 86.5 12.5 1 8.18 8.00

There we assign the signal at 3.90 ppm to the methine proton of the isopropyl side group of
PNIPAAm (H-c). The peaks at 3.67 ppm and 3.34 ppm are related to the hydroxyethyl side
group of HEAM (H-f, H-e). The two resonances at 2.30—1.83 ppm and 1.83—1.32 ppm refer
to the backbone protons of the polymer network (H-b, H-a), and those at 1.32-0.90 ppm to
the six methyl protons of the PNIPAAm side chain (H-d)."" Due to the small amount of

BIS (1 mol%) in the polymer network, the related signals are not considered.

The quantification of the HEAM content in the PNIPAAm/HEAM networks is performed
based on the H-c, H-f, and H-e proton signals, which are shown enlarged in Figure 4-2. In
this representation, all spectra are referenced to the H-c proton of the PNIPAAm isopropyl
side group. Accordingly, from the 2.5 mol% system (gray), over the 7.5 mol% system (red)
up to the 12.5 mol% system (green), an increasing intensity of the H-f and H-e proton signals
is observed due to the increasing amount of HEAM comonomer within the three copolymer

systems. In accordance, no H-f and H-e signals are detected for the 0 mol% (black) system.

Whether the HEAM comonomer incorporation into the PNIPAAm network is stoichio-
metric can be assessed by determining the integral ratio (proton rationyr) between the H-c
proton signal (Axipaam) and the H-f and H-e proton signals (Aueawm) of each copolymer system

using the formula: proton rationwr = (Axpaam * (Anean) ™) - 4H (Table 4-1). Respective
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Antpaam and Appan values are obtained by deconvoluting the 'H MAS NMR spectra as shown
in the Supporting Information (SI) (Figure S9-5 and Table S9-1). For comparison, the the-
oretical molar ratios of NIPAAm (onwaam) and HEAM  (npean) (molar ra-
tio = (nxpaam * (Nuean) ™)) are also analyzed (Table S9-2) and presented in Table 4-1. The
values of the 12.5 mol% (proton ratioxmr: 8.18, molar ratio: 8.00), and 7.5 mol% (proton
rationwr: 13.09, molar ratio: 13.33) systems agree well. But deviations are observed in the
2.5 mol% system (proton rationmr: 30.41, molar ratio: 40.00), probably due to the small
amount of HEAM comonomer used. The lower the amount of comonomer, the more error-

prone are the measurements.
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Figure 4-2. Full "H MAS NMR spectra of the 0 mol% (black), 2.5 mol% (gray), 7.5 mol% (red), and 12.5 mol%
(gteen) PNIPAAm/HEAM hydrogels and schematic structute of the polymer network with the proton species
assigned. Enlarged sections of the 'TH MAS NMR spectra show relevant signals for the quantification of the
HEAM content in the hydrogels at 3.90 (H-c), 3.67 (H-f), and 3.34 ppm (H-e).

In conclusion, HEAM can be assumed to be stoichiometrically incorporated into the
PNIPAAm/HEAM networks, as the expetimentally determined proton ratiosnur agree well
with the theoretically calculated values. This finding provides a fundament to classify our

subsequent investigations.
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4.3.1.3. Microgel Synthesis via Droplet-Based Microfluidics

To make the 2.5 mol%, 7.5 mol%, and 12.5 mol% PNIPAAm/HEAM polymer systems use-
ful for microtissue templating, they need to be shaped on a microscopic level. A suitable
method to convert the polymer networks into spherical microgels is droplet-based microflu-
idic templating, which we use for the microgel synthesis. For this purpose, a poly(dime-
thylsiloxane) (PDMS) based microchannel device, fabricated by hard and soft lithography, is
used as described in the SI (Figure S9-6). The microfluidic channel has a rectangular cross-
section of 100 um in diameter in which the aqueous solution based on NIPAAm, HEAM,
BIS, and APS is broken into monodisperse droplets by flow-focusing by an immiscible car-
rier fluid of fluorinated oil (Novec 7500), surfactant (Krytox), and initiator (TEMED). Sta-
bilized by the oil-surfactant mixture, the NIPAAm, HEAM, and BIS molecules in these
droplets react in a free-radical crosslinking polymerization reaction initiated by TEMED that
diffuses from the surrounding oil phase into the aqueous droplet within a few minutes,
thereby gelling the drops. By breaking the resulting microgel suspension using
1H,1H,2H,2H-petfluoro-1-octanol, PNIPAAm/HEAM microgels of type 2.5 mol%,
7.5 mol%, and 12.5 mol% with diameters between 160—180 um in water are obtained to
which the following investigations refer. The size of the microgels can also be adjusted by
varying the flow rates of injected fluids or by varying the microfluidics channel system width,

as described in the SI (Figure S9-7).

4.3.1.4. Temperature-Dependent Swelling Measurement

To provide a platform of well-designed microgel templates with stimuli-responsive proper-
ties, we investigate the three PNIPAAm/HEAM polymer networks and analyze the impact
of the HEAM-comonomer on their temperature-dependent swelling. A characteristic quan-
tity of thermoresponsive gels is the Volume Phase Transition Temperature (VPTT). At this
temperature, the nanoscopic network-strand structure is rearranged due to changing poly-
mer—solvent interactions, thereby causing a change of the microgel volume and elastic prop-

erties.

To study temperature as well as solvent influences on the VPTT, PNIPAAm/HEAM mi-
crogels are immersed in three different solvents. In detail, the microgels are placed in water
as a standard solution and in phosphate buffer as well as Dulbecco’s Modified Eagle Medium
(DMEM) with 10% fetal bovine serum (FBS), 1% GlutaMAX (GL.), and 1% Penicillin-Strep-

tomycin (P/S), which are relevant media for applications in cell biology. While the microgels
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are immersed in these different solvents, the temperature is increased from 25 °C to 50 °C
at a rate of 0.1 °C per minute. At each step, images of the microgels are taken by light mi-
croscopy, and their diameters are determined using an image processing program. By plotting
the microgel diameters as a function of temperature, temperature-dependent swelling curves
are obtained. Such swelling curves of the microgels in water are represented in Figure 4-3a,
while swelling curves of the same microgels in phosphate buffer and DMEM (10% FBS, 1%
Gl and 1% P/S) are shown in the SI (Figure S9-8). The symbols in gray (m) refer to the
2.5 mol%, in red (®) to the 7.5 mol%, and in green (A) to the 12.5 mol% microgels. When
comparing the three swelling curves of microgels in water, two observations can be identi-
fied: First, the curves shift towards higher temperatures with increasing comonomer content
in the microgel polymer networks from 2.5 mol%, over 7.5 mol% up to 12.5 mol%. Second,

the gradients of the respective swelling curves decrease with increasing temperature.

The shift of the swelling curves towards higher temperatures with increasing HEAM comon-
omer content is explainable by the more hydrophilic character of HEAM compared to that
of PNIPAAm.” With increasing HEAM comonomer content, the PNIPAAm/HEAM net-
works therefore become more hydrophilic, whereby solvents can be better retained in the

network at higher temperatures.

The decrease of the swelling-curve gradients of the PNIPAAm/HEAM networks is also
explainable by the increasing network hydrophilicity with increasing HEAM content. The
more HEAM comonomer is in the network, the less cooperative chain segments collapse in
it, resulting in a more widespread VPT." This trend is well known in literature for PNIPAAm

microgels copolymerized to neutral or charged hydrophilic comonomers."!

From the inflection points of the swelling curves, we further determine the VPTT as a char-
acteristic parameter. The inflection points are calculated by derivation of the swelling curves
and subsequent Gaussian fitting, while the maximum of the fit curves corresponds to the
inflection points. Derivations and Gaussian fittings of the swelling curves in DMEM (10%
FBS, 1% Gl. and 1% P/S) are shown in the SI (Figure §9-9), while the estimated VPTTsc
quantities of all three systems in water, phosphate buffer, and DMEM (10% FBS, 1% GL
and 1% P/S) are represented in Figure 4-3b and in the SI (Table S9-3).

By comparing the VPTTsc values, it is noticeable that they shift to higher temperature with
increasing HEAM comonomer content in all three solvents. The increasing VPTTsc within

the three systems is explainable by the same reasons as discussed above. The more
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hydrophilic HEAM comonomer is incorporated in the PNIPAAm/HEAM polymer net-

works, the more do the swelling curves and the VPTTsc shift to higher temperatures.

Additionally, the solvent type has a significant influence on the VPTTsc. Compared to the
swelling measurements in water, the swelling curves in phosphate buffer and DMEM (10%
FBS, 1% GI. and 1% P/S) shift to lower temperatures. Since phosphate buffer and DMEM
(10% FBS, 1% GL. and 1% P/S) include inorganic salts, this finding is explainable with the
competition for solvent molecules between the microgels and salt ions due to the osmotic
pressure. This competition effectively strengthens hydrophobic interactions within the pol-
ymer netwotk and thereby promotes a VPTTsc at lower temperatures.'® Minor differences
can also be observed between the VPTTsc of microgels in phosphate buffer and DMEM
(10% FBS, 1% GI. and 1% P/S), but they are small compared to the values in water. These
differences may be due to the multitude of ingredients in the DMEM (10% FBS, 1% Gl. and
1% P/S), which all have an influence on the osmotic pressure and hence on the VPTTsc of

the polymer networks.
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Figure 4-3 Temperature-dependent swelling of 2.5 mol% (m), 7.5 mol% (e), and 12.5 mol% (A) microgels.
(a) Swelling curves in water. (b) VPTTsc in water, phosphate buffer, and DMEM (10% FBS, 1% Gl. and 1%
P/S).
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4.3.1.5. Hydrogel Elasticity

To achieve a general understanding of the polymer-network elasticity on a mesoscopic level,
we focus on the mechanical hydrogel properties and examine temperature and solvent influ-
ences. These examinations are performed by temperature-dependent rheology measure-
ments in water, phosphate buffer, and DMEM (10% FBS, 1% Gl. and 1% P/S). Respective
data are represented in Figure 4-4, where the storage modulus G’ is plotted against the tem-
perature from 25 °C to 50 °C. Figure 4-4a displays measurements of the 2.5 mol% (m),
7.5 mol% (@), and 12.5 mol% (A) hydrogels in plain water as the swelling medium. In all
these three systems, G’ increases with increasing temperature, which is due to their VPT
behavior: with increasing temperature, the polymer systems collapse and expel the solvent.
Thus, the hydrogels become smaller, but the amount of polymer in them remains the same,
resulting in a higher concentration of the remaining polymer backbone contributing to the

deformation resistance, which is why G’ increases with increasing temperature.!"”

Since the three hydrogel systems differ in comonomer content and hence in the VPTT, the
G’ versus temperature curves increase at different temperatures. G’ (2.5 mol%, m) system
with the lowest comonomer content increases first with increasing temperature,
G’ (7.5 mol%, ®) system increases later, and G’ (12.5 mol%, A) with highest comonomer
content increases last. For reference, a G' temperature curve of pure PNIPAAm without any
comonomer (0 mol% ('V)) is also shown, with a VPT correspondingly ahead of the other
three systems. Figure 4-4b and ¢ show rheology measurements of the hydrogels in phos-
phate buffer and DMEM (10% FBS, 1% GL. and 1% P/S). Again, G’ of the three systems
increases with increasing temperature, which is again attributed to the increasing comonomer

content within these systems and thus an increasing VPT.

Since the G’ versus temperature curves are similar to the swelling curves discussed in the
section before, VPTT¢ are calculated for the three polymer networks in water, phosphate
buffer, and DMEM (10% FBS, 1% Gl. and 1% P/S), and compared to the VPTTsc obtained
by the microgel swelling measurements. Respective analysis is shown and discussed in the SI
(Figure S9-10, and Table S9-3), whereby the VPTT¢ and VPTTsc values are found to be
all in a similar range, which makes the rheology measurements a valuable complement to the

swelling measurements described above.
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Figure 4-4. Temperature-dependent rheology measurements of 0 mol% ('V), 2.5 mol% (m), 7.5 mol% (e), and

12.5 mol% (A) hydrogels in (a) water, (b) phosphate buffer and (¢) DMEM (10% FBS, 1% Gl. and 1% P/S).

4.3.1.6. Microgel Properties at Physiological Conditions

So far, we have investigated the temperature-dependent swelling and the mechanical prop-
erties of the PNIPAAm/HEAM hydrogels. To further improve their applicability in mi-
crotissue engineering, we now focus on the microgel properties at physiological conditions,
as assessed by the microgel diameter and mechanical strength in DMEM (10% FBS, 1% GL
and 1% P/S) at 32 °C and 37 °C. As reference, also values at 25 °C are considered.
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The microgel diameters (dnom) at 25 °C, 32 °C, and 37 °C in DMEM (10% FBS, 1% Gl. and
1% P/S) are obtained in the context of temperature-dependent swelling measurements and
represented in a normalized form in Figure 4-5a, as well as in Table $9-4, while Figure 4-
5b shows micrographs of single representatives of the different microgel types in DMEM
(10% FBS, 1% GI. and 1% P/S). At 25 °C, all microgel types are in a similar size range,
whereas at 37 °C, the microgel diameters increase from 2.5 mol% over 7.5 mol% up to
12.5 mol%, which again can be explained by the increasing comonomer content. The more
comonomer is in the polymer network, the more does the VPT shift to higher temperatures,
so, microgels with a high comonomer content collapse at higher temperatures than microgels
with a low comonomer content, which therefore affects the microgel diameter at given fixed
temperature in the range in between. Thus, with increasing comonomer content, the micro-
gels become larger at 37 °C. The mechanical properties are received by temperature-depend-
ent theology measurements (Figure 4-4) and represented in Figure 4-5¢, as well as in Table
§9-4. Corresponding values in water and phosphate buffer at 32 °C, and 37 °C are shown in
the SI (Figure S9-11). At 25 °C and 32 °C, the storage modules G’ of all three systems are
in a similar order of magnitude with values around 200-600 Pa. But even here, an increase
in that modules with increasing comonomer content can be observed. In contrast, at 37 °C,
values increase up to (3474£853) Pa for the 2.5 mol% polymer system with less comonomer
content, whereas the values decrease with increasing comonomer content up to (2311+39) Pa
for the 12.5 mol% polymer network. This finding again is explainable by the content of
comonomer and the respective differences in the VPT. The more comonomer is in the mi-
crogels, the more does the VPT shift to higher temperatures, and so accordingly, the micro-
gels collapse at higher temperatures. Respectively, with increasing comonomer content, mi-
crogels become larger, but the amount of polymer in them remains the same, resulting in a
lower concentration of the remaining polymer backbone contributing to the deformation

resistance. For that reason, G' decreases with increasing comonomer content.!"”

In conclusion, we have analyzed the microgel size of the 2.5 mol%, 7.5 mol%, and
12.5 mol% systems at 25 °C, 32 °C, and 37 °C, which fit well to the respective G’ values.
With increasing comonomer content, the microgels become larger, whereas the microgel
stiffness decreases. This finding allows us to provide a construction kit of functional micro-
gels with adjustable size and mechanical strength at the physiological relevant temperature

range of 32-37 °C.
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Figure 4-5. Microgel propetties of 2.5 mol%, 7.5 mol%, and 12.5 mol% PNIPAAm/HEAM polymer net-
works in DMEM at 25 °C, 32 °C, and 37 °C. (a) Normalized microgel diameter. b) Light microscopy imaging

of microgels (scale bars are 50 um). (c) Polymer stiffness.

4.3.2. Polydopamine Surface Coating

Having tuned and analyzed the thermoresponsive and mechanical properties of 2.5 mol%,
7.5 mol%, and 12.5 mol% PNIPAAm/HEAM-based polymer networks, we further focus
on enhancing their cell-adhesiveness in the following section to make these microgels appli-
cable for cell adhesion and cell growth. To achieve this goal, we focus on the surface modi-
fication of the microgels using PDA, as schematically shown in Figure 4-1b (2), since PDA
demonstrates cell adhesion-promoting properties and adheres to a multitude of surfaces

through physical binding forces.**!
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The strategy of PDA coating is inspired by mussel adhesive proteins, which are largely com-
posed of 3,4-dihydroxy-L-phenylalanine (IL-DOPA), whose catechol and amino groups are
mainly responsible for its strong adhesive properties. Dopamine hydrochloride (DA), the
precursor of PDA, contains similar catechol moieties as well as a primary amine function and
exhibits analogous adhesive properties in the polymerized state. For this reason, PDA ad-
heres to a variety of surfaces through hydrogen bonding, n-n-stacking and coordination, in-
cluding PNIPAAm hydrogels.” ™ Moreover, DA polymetizes to PDA by autooxidation un-
der mild basic conditions, providing a powerful and simple way to modify

PNIPAAm/HEAM microgel sutfaces with cell adhesion-promoting properties.

4.3.2.1. PDA Coating of Macrogels

In a first step, we study the time-dependent PDA coating of PNIPAAm/HEAM hydrogels
using the 12.5 mol% gel type. For this purpose, macrogels are synthesized and incubated in
a solution of DA in Tris(thydroxymethyl)aminomethane (TRIS) buffer of pH 8.5 (1 mg mI.~
" at room temperature for 0 min (PDA.0), 15 min (PDA.15), 90 min (PDA.90), 3 h
(PDA.3h), and 24 h (PDA.24h) as shown in Figure 4-6a on the right (from the bottom to
the top). PDA.O is colotless and translucent, whereas the black coloration of the hydrogels
increases with increasing PDA coating. The black coloration of PDA-coated hydrogels is
described in literature and thus a good indication of the successful hydrogel coating.™ To
further examine that coating, the hydrogels are freeze dried and subsequently analyzed by
Fourier-Transform Infrared Spectroscopy (FT-IR) using a FT-IR-470 instrument (JASCO
Analytical Instruments), along with a reference based on pure PDA (Figure 4-6a, left). The
spectrum of PDA.0 has characteristic signals at 3431 cm™ (O—H and N—H stretching mode),
2840-3000 cm™ (C—H stretching modes), and two signals at 1633 cm™ (C=O stretching
mode) and 1538 cm™ (N-H bending mode).”>*" With increasing PDA coating on the hy-
drogels, these FT-IR signals are overlaid by characteristic PDA absorbance peaks at
3172 em™! (phenolic O—-H and N-H stretching modes), 1506 cm™ (N—H bending modes),
and 1273 cm™ (phenolic C-O stretching modes), also confirming the successful PDA sur-

face coating strategy.”*’

4.3.2.2. PDA Coating of Microgels

In a second step, the PDA coating procedure is transferred to 12.5mol%
PNIPAAm/HEAM microgels. Corresponding microgels of type PDA.O, PDA.15, PDA.90,
PDA.3h, and PDA.24h suspended in isopropanol are shown in the SI (Figure S9-12), where

Defined and Functional Materials for Microtissue Engineering Applications | 103



CHAPTER II

again the increased black coloration confirms PDA surface coating of microgels. Subse-
quently, the microgels are freeze-dried and morphologically analyzed by Field-Emission
Scanning Electron Microscopy (FE-SEM), as well as pure PDA as a reference. Respective
FE-SEM measurements are shown in Figure 4-6b, whereby the PDA.O microgels exhibit a
plain structure, while pure PDA shows a rough morphology. With increasing PDA coating
time an increase of that rough morphology is observed on the microgels’ surfaces. Further
FE-SEM images are shown in the SI (Figure §9-13), along with photographs of the freeze-
dried PDA.24 microgels (Figure S9-14).

To further investigate whether PDA preferentially accumulates on or in the microgels, mi-
crogels are analyzed by confocal Raman microscopy in the swollen state in water. Since the
concentration of PDA below 90 minutes of PDA coating time is not sufficient to record
clear Confocal Raman spectra and the fluorescence emitted by PDA leads to highly noisy
spectra (Figure §9-15), we focus in the following on the PDA.90, PDA.3h, and PDA.24h
systems. In Figure 4-6¢ the corresponding spectra for the PDA.3h microgels, as well as the
bright-field and Raman images are shown. The PDA spectrum (green) can be clearly distin-
guished from the water spectrum (black) and the gel spectrum (red). For the PDA, the main
bands at 1590, 1415, 1350, and 1240 cm™ and the broadband around 2900 cm™ are detected,
the first forth peaks correspond to the presence of aromatic rings, while the broadband is
attributable to strongly hydrogen-bonded OH and NH stretching vibrations and complies to
values in literature.”” The resulting spectra indicate enhanced accumulation of PDA on the
microgel surface, whereas almost no PDA can be detected inside the microgels. Further anal-
ysis also allowed the thickness of the PDA layer on the microgels to be determined (Figure
§9-16) and revealed a thickness of approximately 2.3+0.6 pm for the PDA.90 microgels,
3.1£1.2 um for the PDA.3h microgels and 3.7£1.8 um for the PDA.24h microgels.

Whether PDA surface coating of microgels influences temperature-dependent microgel
swelling is investigated using PDA.O, PDA.15, PDA.90, PDA.3h, and PDA.24h microgels in
phosphate buffer (Figure S9-17). All swelling curves show a similar course, indicating almost
identical swelling of these microgels. Thus, PDA coating does not seem to have any influence
on the microgel swelling, confirming the results of Confocal Raman spectroscopy. With in-
creasing PDA coating, PDA accumulates on the microgel surface, but hardly any PDA is
detectable inside the microgels, thus having little effect on the temperature-dependent mi-

crogel swelling.
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In summary, we could demonstrate the successful PDA surface modification of 12.5 mol%
PNIPAAm/HEAM macro- and microgels. Overall, hence, core—shell microgels ate ob-
tained, whereby the microgel cores are less affected from the PDA coating, providing a suit-

able and functional base for subsequent cell experiments.
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Figure 4-6. PDA-coated 12.5 mol% PNIPAAm/HEAM hydrogels. (a) FT-IR spectroscopy measurements of
freeze-dried macrogels and pure PDA (left) and corresponding gels swollen in water (right, from the bottom
to the top: PDA.O, PDA.15, PDA.90, PDA.3h, and PDA.24h). (b) FE-SEM measurements of freeze dried
microgels and of pure PDA. (c) Confocal Raman microscopy measurements of PDA.3h microgels, as well as

respective bright-field and Raman images.
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4.3.3. Cell Growth on Microgels

The transfer of PDA-coated PNIPAAm/HEAM microgels to biological applications in mi-
crotissue engineering needs to be supported by cellular experiments as schematically shown

in Figure 4-1 (3). Hence, we focus in the following on homogenous cell coating of microgels.

4.3.3.1. Cell-Affinity of PDA

To coat core—shell microgels homogenously with cells, it must be first investigated whether
PDA influences cell adhesion on the hydrogels in general. For this reason, we analyze cell
growth on 2.5 mol%, 7.5 mol%, and 12.5 mol% PDA hydrogels with 0 (PDA.O), 15
(PDA.15), and 60 (PDA.60) minutes of PDA coating. For this purpose, macrogels are syn-
thesized and incubated in a suspension of osteoblasts expressing GFP (MG-63 GFP) and
DMEM (10% FBS, 1% Gl., 1% P/S) at 37 °C and 5% CO; for several days, whereby cell
growth on the hydrogels is analyzed by Confocal Laser Scanning Microscopy (CLSM). Re-
spective images are shown in Figure 4-7. As shown on the left, 2.5 mol% and 7.5 mol%
hydrogels precipitate at 37 °C, since their VPTT is far below this temperature. Hence, they
show a whitish, opaque haze and do not shrink in any way. Due to this reason, it is impossible
to analyze the cell growth on these hydrogels since transparent materials are required for

quantitative CLSM.

In contrast, 12.5 mol% hydrogels show a VPTT in the range of 37 °C, whereby they partly
shrink but remain transparent, which makes CLSM possible in these cases. But again, there
is a limitation in imaging. Since the intense blackish color of the PDA.60 hydrogels dimin-
ishes their transparency, imaging is poorly possible. For this reason, we concentrate on
CLSM of the 12.5 mol% PDA.O and PDA.15 hydrogels. Respective images are shown in
Figure 4-7 on the right, whereby (I) represents the cell adhesion experiments on 12.5 mol%
PDA.O hydrogels, and (II) on 12.5 mol% PDA.15 hydrogels (both: 2D fluorescence path of
CLSM). In (I), large cell clusters are observed, which indicates less cell adhesion on these
materials, whereby in (II), the elongated cell morphology argues for excellent cell growth. A

control experiment of cells growing on plastic is also shown for comparison.

To extend the hydrogels functionality, we also perform cell experiments at 32 °C as shown
in the SI (Figure S§9-18). Since the VPTT of all hydrogels are above 32 °C, they are trans-
parent at this temperature and hence suitable for light- and confocal microscopy. Accord-
ingly, we detect cell growth on all three gel types at 32 °C. Thus, the 15-minute PDA coating

appears to be a valuable approach to enable cell growth on hydrogels, both at 32 °C, and

106 | Defined and Functional Materials for Microtissue Engineering Applications



CHAPTER 1I

37 °C. These results provide a stable basis on which to build in subsequent cell experiments

on homogeneous cell coating of PDA.15 microgels.

'PDAD PDA.15 PDAﬁOl

| PDA.0 PDA.15 PDA.60

50 pm

125 mol% 7:5mol% 2.5mol%

Figure 4-7. Cell gtowth on 2.5 mol%, 7.5 mol%, and 12.5 mol% PNIPAAm/HEAM-PDA hydrogels at 37 °C.
Left: Hydrogels with 0-, 15-, and 60-minutes of PDA coating, incubated in DMEM (10% FBS, 1% GL., 1%
P/S) at 37 °C and 5% COx. Right: CLSM imaging of cells (MG-63 GFP) growing on 12.5 mol% PDA.O (I) and
PDA.15 (IT) hydrogels after 24h incubation time. Both images (I) and (II) are obtained by the 2D fluorescence

path of the CLSM. For comparison, a control experiment of cells growing on plastic is also shown.

4.3.3.2. Cell Growth on PDA.15 Microgels

To translate the microgel-templates to potential application in microtissue engineering, we
need to realize a homogeneous cell coating on the microgel surfaces. In general, the PDA
coating allows for good cell adhesion, but still there are some factors that complicate a ho-
mogeneous cell coating to be realized, which is why we need to develop a method to make

this possible in general.

One of these factors are the adhesive properties of PDA-coated microgels, which cause mi-
crogels to stick onto a multitude of surfaces and other microgels. Corresponding preliminary
experiments have been performed and are shown in the SI (Figure $9-19). Since the sticky
behavior of PDA-coated microgels is easily circumvented by diluting the microgels in liquid-
filled cell culture dishes, this problem can be easily overcome. Another major factor coun-
teracting the homogeneous cell coating of microgels in solution is gravity, which is why cells
in solution settle on the culture dish bottom over time. If that settling occurs faster than the
establishment of cell-gel interactions on the microgel surface, this leads to unoccupied mi-
crogel surfaces. Hence, to enable homogeneous cell coating of our PDA.15 microgels, we
need to address two aspects: (i) cell-matrix interactions must be significantly increased, and
(i1) cells and microgels must be brought into spatial proximity. Taking these factors into ac-

count, we investigate in two approaches. First, we focus the nature of the microgel surfaces
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to promote cell-matrix interactions. Second, we optimize the cell suspension density used in

the experiment to bring cells and microgels into spatial proximity.

To investigate the influence of different microgel surfaces on cell-matrix interactions, we
use two surface types. One type is based on the already characterized PDA.15 microgels, and
the second type on PDA.15 microgels with additional collagen coating (PDA.15/collagen
microgels). Due to its excellent cell adhesion properties, collagen represents a suitable surface
modification substance for microgel coating. Moreover, PDA adheres to a variety of materi-
als, including proteins as collagen, which essentially facilitates the respective modification of

PDA microgel surfaces.P!

To examine the effect of different cell concentrations on the homogeneous microgel cell
coating, PDA.15 and PDA.15/collagen microgels are additionally incubated in two different
cell concentrations each (high and low). In summary, we focus on four different cell experi-
ments (1-4), which are schematically shown in Figure 4-8a. In experiments (1) and (2),
PDA.15 and PDA.15/collagen microgels are incubated at low cell concentrations, respec-
tively. In contrast, in expetriments (3) and (4), the PDA.15 and PDA.15/collagen microgels

are incubated at high cell concentrations.

In general, cell experiments are performed with osteoblasts expressing GFP (MG-63 GFP),
which are trypsinized and detached from the culture dishes at the beginning of each experi-
ment. For the low cell concentration expetiments ((1) and (2)), 1.57 x 10° cells - mL.™" sus-
pended in DMEM (10% FBS, 1% Gl 1% P/S) ate used. An appropriate volume of cell
suspension is transferred to a bioinert Petri dish and mixed with either 7.5 mol% PDA.15 or
PDA.15/collagen microgels. The microgels are incubated for 24h at 32 °C and 5% CO, and
subsequently analyzed by CLSM, keeping the temperature constant at 32 °C. Respective im-
ages are shown in Figure 4-8a ((1) and (2)). In both approaches, cells partially adhere to the
microgel surfaces and form large cell-microgel clusters, resulting in inhomogeneous cell
coated microgel surfaces. In conclusion both approaches (1) and (2) seem to be unsuitable

for homogeneous cell coating of microgels.

In contrast, for the high cell concentration experiments ((3) and (4)) 1.57 x 10° cells - mL™
in DMEM (10% FBS, 1% GL., 1% P/S) ate used. The cell suspension is transferred into 96-
well plates, and either 7.5 mol% PDA.15 or PDA.15/collagen microgels are added. Leaving
the microgels and cells densely packed in the culture dish, the mixture is incubated for 1 h at
32 °C, and 5% CO,. Subsequently, the microgels are transferred into bio-coated culture

dishes containing DMEM (10% FBS, 1% GL., 1% P/S) to separate them from the remaining
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free cells. Due to gravity, most of the free cells settle and adhere to the bottom of the bio-
coated cell culture plate, so the microgels are easily separable from the remaining cells. Again,
the microgels are transferred into new bio-inert culture dish plates and analyzed by CLSM,
keeping the temperature constant at 32 °C. In total, PDA.15/collagen microgels are easily
coatable with cells by incubating in a highly concentrated cell suspension, while cells do not
adhere to the collagen-free PDA.15 microgels. Instead, large cell-microgel agglomerates are
observed. This behavior completely contradicts the cell growth on hydrogel surfaces coated
with PDA shown in the previous section and is probably caused by the natural binding pro-
tein deficit in the highly concentrated cell suspensions, since these proteins are responsible
for cell adhesion on PDA coated surfaces. The denser the cell suspension, the less volume
of DMEM (10% FBS, 1% GL., 1% P/S) is present, and thus fewer binding proteins are con-
tained in the FBS. This probably results in an insufficient PDA.15 microgel surface coating
with binding proteins from the FBS and prevents cells from adhering well. However, by
coating the PDA.15 microgels with collagen beforehand, this problem is avoided. Respective
CLSM images are shown in Figure 4-8a (3) and (4).

Beside 7.5 mol% PDA.15/collagen microgels, also 2.5 mol% and 12.5 mol% microgels are
incubated in a highly concentrated cell suspension and subsequently analyzed by CLSM keep-
ing the temperature constant at 32 °C as represented in Figure 4-8b. The CLSM images on
the left show cell-coated microgels after 2 h, and those on the right after 24 h incubation in
DMEM (10% FBS, 1% Gl., 1% P/S) at 32 °C and 5% COs. The first row demonstrates
transmission images, the second superposition of transmission and fluorescence images, and
the third fluorescence images of the microgels. After 2 h, cells are homogenously distributed
on each microgel surface, as shown by their rounded morphology, while after 24 h, their
morphology becomes more elongated. This morphology indicates viable cells, adhering and
proliferating on the microgel surfaces. To demonstrate the homogeneity of cell coating on
the microgels, an image stack is recorded at six levels of a cell-coated 12.5 mol%
PDA.15/collagen microgel, as shown in the SI (Figure S9-20). The variation of the cell
concentration in the cell-coating experiment, as well as different PDA coating times of the

microgels showed no influence on the cell density on these microgels (Figure S9-21).

As all three microgel systems ate incubated in DMEM (10% FBS, 1% GL., 1% P/S) at 32 °C
and 5% CO,, significant differences in the microgel size are recognizable. Overall, an increase
in diameter is observed within the 2.5 mol% through 7.5 mol% up to 12.5 mol% systems,
which can be attributed to the increasing comonomer content. The more comonomer, the

more does the VPT shift towards higher temperatures, and the larger the microgels become.
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This additionally affects the mechanical strength of the microgels, which decreases within
the three systems as discussed above. However, since the cells adhere evenly distributed on
all three microgel systems, no effects of the respective microgel properties on cell growth are

observed.

low cell conc.
low cell conc.

high cell conc.
high cell conc.

Figure 4-8. Cell coating of microgels. (a) CLSM imaging (superposition of transmission and fluorescence path)

of 7.5 mol% PDA.15 and PDA.15/collagen microgels coated with low or high cell concentrations after 24 h
incubation time in DMEM (10% FBS, 1% Gl., 1% P/S) at 32 °C and 5% CO,. (b) CLSM imaging (transmission
path, fluorescence path, and superposition of both) of cell-coated 2.5 mol%, 7.5 mol%, and 12.5 mol%
PDA.15/collagen microgels after 2 h and 24 h incubation time in DMEM (10% FBS, 1% GL., 1% P/S) at 32 °C
and 5% COa.

In total, we could demonstrate the ability to obtain a homogeneous cell coating of core—shell
microgels by increasing cell-matrix interactions using collagen and a high concentrated cell-

suspension. Additionally, a microgel-type independent cell adhesion is observed, meaning
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cells are unaffected from the 2.5 mol%, 7.5 mol%, and 12.5 mol% microgel size and me-
chanical strength. This finding enables a system-independent and thus universal use of the
microgel templates in potential follow-up studies for microtissue engineering applications,
such as mimicking the blastula in embryogenesis, breast glands, and the alveolar epithe-

lium.P>=4

4.3.3.3. Microgels Incorporated in Cell Spheroids

Since spheroids are commonly used 3D cell culture models for microtissue engineering and
drug screening applications, we investigate the mimicking of higher hierarchical spheroid
structures with tunable mechanical properties using our core—shell microgel platform. To-
wards this end, 7.5 mol% PDA.15 microgels are coated with fibronectin to improve their cell
adhesions properties. Subsequently they are added to MCF7 cells and seeded into cell sphe-
roid cultures. After 24 h microgel-laden cell spheroids are formed at 30 °C with one to three
integrated microgels (Figure 4-9), whereby the number of integrated microgels depends on

the number of microgels added to each well.

Bright fie

Id 30°C —» 37°C —» 30°C
A 5T

Figure 4-9. Fibronectin-coated 7.5 mol% PDA.15 microgels incorporated in cell spheroid structures based on
MCF7 cells. On the left, bright field micrographs of spheroids at 30 °C ate shown, and on the right, confocal
fluorescence micrographs are added. The MCF7 cells are stained with vibrant DiO (green fluorescence). The

temperature is first increased from 30 °C to 37 °C and later decreased back to 30 °C. Scale bars are 100 pm.

The thermoresponsive microgel properties allowed altering the microgel size and analyzing
the stability of microgel-laden spheroid structures. When the temperature is increased from
30 to 37 °C, the microgels within the spheroids shrink, and the cells follow the movement
induced by the microgels. Next, when the temperature is decreased again to 30 °C, the sphe-
roids recover their initial structure and the microgel swell to their initial volume. The shrink-
ing of the microgels is fast within a few seconds, yet the reaction of the cells is slower and

takes place within 20 minutes. This behavior is explainable by the strong cell—cell adhesion
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and high E-cadherin expression of MCF7 cells, which presumably leads to the stability of
the multicellular structure during this movement. In summary, this finding offers a temper-
ature-sensitive cell spheroid platform with tunable mechanical properties as basis for future

investigations on higher hierarchical spheroid structures.

4.4. Conclusion

Since 3D in vitro microtissue models offer a suitable approach to reduce and replace animal
testing, we have developed microtissue systems using a core—shell micro-template platform
that takes into account the complex shape, the nature, and the mechanical properties of in
vivo tissues to best mimic the in vivo environment. These microgels were synthesized and
analyzed with a primary focus on material design such to obtain a deep understanding at the
conceptual level through (1) systematic tuning of the mechanical and functional properties
of the microgel cores, (2) enhancement of their cell adhesiveness, and (3) application in cell

biology.

In the first development step, by using microfluidic technology, we were able to obtain spher-
ical cores whose mechanical properties could be tuned by choosing a thermoresponsive pol-
ymer and different proportions of hydrophilic comonomers, essentially simplifying the mim-
icking of natural microstructures. In the second step, we were able to increase the attractive-
ness of the microgel cores to cell adhesion by effective PDA surface coating, while minimiz-
ing its influence on the mechanical and functional properties of the cores. In the last step,
we demonstrated the successful homogeneous cell coating of the core—shell microgels, using
additional collagen surface coating, and also presented the successful embedment of fibron-
ectin coated microgels into cell spheroid structures and their response to temperature

changes.

Thus, the present core—shell microcarrier toolkit enables a multifunctional and versatile 3D
microtissue platform and can be used as flexibly adjustable template for the in vitro for-
mation and analysis of hollow spherical tissue constructs, as well as for the investigations on

higher hierarchical spheroid structures.
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4.5. Experimental Section

Materials: NIPAAm and APS are purchased from Acros Organics. HEAM, TEMED, SPAN
80, dopamine hydrochloride, trypsin EDTA solution, phosphate buffer (DPBS-D8537),
DMEM high glucose (ID5790), fetal bovine serum (FBS) (F7524), Penicillin-Streptomycin
(P/S) (P4333) and Tris(hydroxymethyl)aminomethane ate obtained from Sigma-Aldrich. BIS
is obtained from Merck, Novec 7500 from 3M, Krytox 157FS(L) from DuPont,
1H,1H,2H,2H-Perfluor-1-octanol from Alfa-Aesar and gibco GlutaMAX (Gl.), as well as
gibco collagen I (Rat Tail) from Thermo Fisher Scientific. Deuterium oxide is purchased
from deutero. Osteoblasts (MG-63 GFP) are obtained from R. E. Unger — Johannes Guten-

berg University Mainz, Institute of Pathology.

Hydrogel Synthesis: NIPAAm is recrystallized twice from #-hexane before use in hydrogel syn-
thesis. 0 mol%, 2.5 mol%, 7.5 mol%, and 12.5 mol% hydrogels are synthesized by mixing
NIPAAm (0 mol%: 99.0 mg, 0.875 mmol, 0.990 eq.; 2.5 mol%: 96.5 mg, 0.853 mmol,
0.965 eq.; 7.5 mol%: 91.5 mg, 0.809 mmol, 0.915 eq.; 12.5 mol%: 86.5 mg, 0.764 mmol,
0.865 eq.), HEAM (0 mol%: 0.0 mg, 0.000 mmol, 0.000 eq.; 2.5 mol%: 2.5 mg, 0.021 mmol,
0.025 eq.; 7.5 mol%: 7.0 mg, 0.061 mmol, 0.075eq.; 12.5 mol%: 11.0 mg, 0.096 mmol,
0.125 eq.), BIS (1.3 mg, 0.009 mmol, 0.010 eq.), APS (4.9 mg, 0.021 mmol, 0.025 eq.), and
water (1 mL). Subsequently, the aqueous solution is transferred into a 96-well plate (70 uL
per well). Gelation is initiated by adding TEMED (1 uL per well). After 10 minutes, gelation
occurs, and gels are purified by incubation in water over three days while changing the water

twice per day.

Microgel Synthesis: Droplet-based microfluidics is carried out using a poly(dimethylsiloxane)
(PDMS) device fabricated by soft lithography as described in the SI (Figure S9-6). The
PDMS device is connected to two syringe pumps (neMESYS Plugin) via polyethylene tubing
(Intramedic Clay Adams Brand PE20) and plastic syringes (Becton Dickinson). NIPAAm is
recrystallized twice from #-hexane before use in the microgel synthesis. For the synthesis of
2.5 mol%, 7.5 mol%, and 12.5 mol% microgels, NIPAAm (2.5 mol%: 96.5 mg, 0.853 mmol,
0.965 eq.; 7.5 mol%: 91.5 mg, 0.809 mmol, 0.915 eq.; 12.5 mol%: 86.5 mg, 0,764 mmol,
0.865eq.), HEAM (2.5mol%: 2.5mg, 0.021 mmol, 0.025eq.; 7.5mol%: 7.0 mg,
0.061 mmol, 0.075eq.; 12.5mol%: 11.0 mg, 0.096 mmol, 0.125eq.), BIS (1.3 mg,
0.009 mmol, 0.010 eq.) and APS (4.9 mg, 0.021 mmol, 0.025 eq.) are dissolved in water
(1 mL) and injected with a flow rate of 450 um h™ into the PDMS device. At the cross-

junction of the microchannel, the aqueous solution is broken to form monodisperse pre-
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microgel droplets by flow-focusing with an immiscible oil (Novec 7500), which is injected
with a flow rate of 1500 um h™". To stabilize the resulting droplets, 2 wt% of Krytox and
3 wt% TEMED are added to the fluorinated oil. Resulting droplets are purified after 24 h
gelation time with Novec 7500 containing 20 wt% 1H,1H,2H,2H-Perfluor-1-octanol (3x
400 uL), pure Novec 7500 (3x 400 uL), #-hexane containing SPAN 80 surfactant (1wt%) (3x
400 uL), pure #-hexane (3x 400 uL), isopropanol (3x 400 uL) and 1,4-dioxane (3x 400 uL).
The microgels are cooled to 5 °C and washed with cold water. Depending on the application,

the microgels are transferred into DPBS-D8537 or DMEM (10% FBS, 1% Gl., 1% P/S).

Microgel Swelling: Swelling measurements are carried out using microgels of type 2.5 mol%,
7.5 mol% and 12.5 mol% synthesized via microfluidics as described above. Samples are in-
cubated in water, DPBS-D8537, and DMEM (10% FBS, 1% GL. and 1% P/S) placed on a
thermoelectric stage from Instec, while heating up from 25°C to 50 °C in 1°C per
10 minutes steps. After equilibration for 10 min, an optical micrograph is taken at each tem-
perature step with a high-resolution digital camera from Carl Zeiss. The pictures are analyzed,

and particle sizes are determined using the Image] software.

Rheology: For elasticity measurements of the 0 mol%, 2.5 mol%, 7.5 mol%, and 12.5 mol%
systems, hydrogels of 300 uL volume are synthesized using a rounded cap of 1.8 cm diameter
for shaping, while the hydrogel compositions refer to that described above. After 10 minutes
of gelation, gels are purified by incubation in water over three days while changing the water
twice per day. Subsequently hydrogels are transferred into DPBS-D8537 or DMEM (10%
FBS, 1% GL., 1% P/S) and applied to rheology after incubation time of 24 h in the respective
solvent. Rheological measurements are performed using an Anton Paar modular compact
rheometer of type MCR 302 (Anton Paar, Graz, Austria) equipped with a plate—plate meas-
uring system PP25 (2.5 cm diameter) and solvent trap. Temperature-dependent elasticity
measurements are carried out a constant shear amplitude of 1% and a constant shearing
frequency of 1 rad s~ each as well as using a constant normal force of FN = 1 N. Measuring
points are recorded while the rtheometer heats up from 25 °C to 50 °C in 1 °C per 1-minute
steps. Measurements in the linear-viscoelastic (LVE) regime are confirmed by amplitude
sweeps, whereby the frequency remained constant at 1 rad s™ and the amplitude varied be-
tween 0.01% and 100% deformation. In addition, frequency sweeps are performed in a fre-
quency range between 100-0.01 rad s™' and at a fixed amplitude of 1% within the LVE re-

gime of the sample.

114 | Defined and Functional Materials for Microtissue Engineering Applications



CHAPTER 1I

PDA Coating: 12.5 mol% macrogels and microgels are synthesized as described above and
incubated in a 1 mg ml.™" solution of dopamine hydrochloride (DA) and Tris(hydroxyme-
thyl)aminomethane (TRIS) buffer of pH 8.5 on a shaking plate at room temperature. PDA.0O
macrogels and microgels are incubated for 0 min, PDA.15 for 15 min, PDA.90 for 90
minutes, PDA.3h for 3 h and PDA.24h for 24 h. After coating, macrogels are purified by
incubation in water over 24 h by changing water five times. Microgels are purified by washing
with water five times and using a centrifuge (10000 rpm, 5 min, 5 °C). Pure PDA as reference
is synthesized by incubating 1 mg mI.™" dopamine hydrochloride (DA) in a TRIS buffer so-
lution (pH 8.5) for 24 h at room temperature. 10% acetone is added, and PDA is separated
from the PDA/TRIS buffer solution by centrifugation (10000 rpm, 20 min, 5 °C). The black
powder is purified by washing with water five times and using a centrifuge (10000 rpm,

5 min, 5 °C).

FE-SEM: FE-SEM measurements are performed on a NOVA Nano-SEM 630 with an at-
tached Oxford Inca X-ray system for chemical analysis. Freeze-dried samples are sputtered
with a gold-layer of 10 nm before analysis. Secondary and backscattered electron images are
collected with an acceleration voltage of 10 keV and a spot size of 5 using a through-the-

lense detector.

MAS NMR Spectroscopy: Al NMR experiments are performed on a Bruker Avance DSX 400
NMR spectrometer operating at 399.87 MHz 'H frequency. Prior to the '"H NMR experi-
ments all gels are incubated in DO for 24 h at room temperature, while solvent is changed
three times. The gel samples are measured using 4 mm rotors and inserts specially developed
to investigate gels and soft matter. The 'H single pulse excitation NMR spectra are recorded
using a commercial three channel Bruker 4 mm probe head at 3 kHz Magic Angle Spinning

(MAS), averaging 32 scans with a 20 s recycle delay.

Confocal Raman Spectroscopy: Confocal Raman spectroscopy are performed with a Witec 300
alpha R setup. During the measurement 12.5 mol% PDA-coated microgels are illuminated
with a 532 nm and 633 nm excitation line from a single mode frequency doubled Nd:YAG
laser via a 100-pm single-mode glass fiber. Emitted light is focused on a Zeiss C-Aprocrho-
mat 63x/1.2 W objective, while the laser power at the sample behind the objective is 0.5 mW
to avoid damage of the sample. To further separate the Raman signals from the excitation
line an edge filter is installed. The confocal character of the Raman signal is achieved via a
50-um multi-mode fiber glass between microscope and the Raman spectrometer, where the

fiber serves as a pinhole. The Raman spectrometer is equipped with a holographic grating of
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600 lines per mm. As detector, a Newton Andor EMCCD camera with 1600 X 200 pixels is
used. With this configuration, a spectral resolution of about 2 cm™ is obtained and a spatial
resolution of 270 nm (lateral). All data sets are analyzed using cluster analysis and non-nega-
tive matrix factorization. The cross sections calculation are obtained from the average of a

10mm thick line perpendicular to the PDA layer

Cell Coating of Microgels: Osteoblasts (MG-63 GFP) cultivated in Petri dishes with an area of
11.9 cm® and of 80% confluency are detached from plastic by trypsinization using trypsin
EDTA solution. After centrifugation (1000 rpm, 5 min), the resulting cell pellet is resus-
pended in DMEM (10% FBS, 1% Gl., 1% P/S) and adjusted to a specific cell concentration,
while cell counting is performed using a Neubauer counting chamber. Depending on the cell
experiment, different amounts of cells are used as described in the following. For the cell
growth on macrogels, 2.5 mol%, 7.5 mol% and 12.5 mol% hydrogels of type PDA.O,
PDA.15 and PDA.GO are synthesized as described above and incubated in DPBS-D8537.
Subsequently hydrogels are transferred into 8well plates from ibidi and covered with 300 pL.
of cell suspension in DMEM (10% FBS, 1% Gl., 1% P/S) at a final concentration of
1.57 x 10° cells - mL.™" each. The cell-coated hydrogels are incubated at 37 °C and 5% CO,,
as well as at 32 °C and 5% CO; for several days and analyzed by optical microscopy (Zeiss
Axio) and CLSM. For cell growth on microgels, 2.5 mol%, 7.5 mol% and 12.5 mol%
PDA.15 microgels are synthesized as described above and transferred in DPBS-D8537. Ad-
ditionally, 2.5 mol%, 7.5 mol% and 12.5 mol% PDA.15/collagen microgels are synthesized,
by incubating PDA.15 microgels in a solution of 50 pg mL.™" collagen in 20 mM acetic acid
at room temperature for 1 h. Afterwards, microgels are purified by washing three times with
DPBS-D8537 using a centrifuge (10000 rpm, 5 min, 5 °C). For the low cell concentration
experiments (1) and (2), 1.57 x 10’ cells - mI.™" suspended in 3 mI. DMEM (10% FBS, 1%
Gl., 1% P/S) are transferred to a bioinert Petri dish and mixed with 10-20 7.5 mol% PDA.15
ot 7.5 mol% PDA.15/collagen microgels and incubated for 24 h at 32 °C and 5% CO,. For
the high cell concentration experiments (3) and (4), 1.57 x 10° cells - mI.™" suspended in
300 u. DMEM (10% FBS, 1% GL., 1% P/S) are transferred into a 96-well plate and 5-10
7.5 mol% PDA.15 or 7.5 mol% PDA.15/collagen microgels are added. The mixture is incu-
bated for 1 h at 32 °C and 5% CO; and subsequently transferred into a bio-coated culture
dish containing DMEM (10% FBS, 1% Gl., 1% P/S). Again, microgels are incubated for 1 h
at 32 °C and 5% CO, and subsequently transferred to a bio-inert culture dish plate. and

analyzed by CLSM, keeping the temperature constant at 32 °C.
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Spheroid Culture: The MCF7 human breast cancer cells (ATCC® Cat. No. HTB-22™) are
cultured in DMEM (Dulbecco’s Modified Eagle Media, Gibco, 10565018), supplemented
with 10% FBS (Fetal bovine serum, Sigma Aldrich, F2442) and 1% PS (Penicillin/Strepto-
mycin, Jena Bioscience, ML-105XL) at 37 °C and 5% CO; using standard cell culture meth-
ods. The 7.5 mol% PDA.15 PNIPAAM/HEAM microgels ate incubated with 10-20 pug mI~
" human plasma fibronectin (Millipore Cat. # FC010) for 1 h at room temperature with mild
agitation. The microgels are washed twice with PBS buffer and used immediately in cell cul-
ture. Cells are grown to 80% confluence and the cells are stained with the vybrant™ Dio
cell-labeling solution (Thermo Fisher Cat. No. V22886) following the manufacture's proto-
col. The cells are detached with trypsin from the flask and resuspended in spheroid media
(DMEM containing 3% FBS, 1% PS and 0.6% methylcellulose (Sigma Aldrich Cat. #
M7027)). The cells are counted using a cell counter (BioRad, TC20™) and diluted to 2x10°

cells - mI™". The microgels are added to the cell suspension in a 1-3 microgels per 200 cells.
100 pL. of the cell-microgel mixture (200 cells, 1-3 microgels) per well is pipetted into a U-
bottom 96 well plate (Greiner bio-one Cat. # 650 185). The plate is centrifuged at 200 rcf
for 3 min and cultured at 30 °C for 24 h. Total internal reflections and fluorescence images
(488 nm excitation laser) confocal microscopy (Leica SP8) equipped with a temperature con-
troller. Images are acquired initially at 30 °C, then the temperature was increased to 37 °C

and subsequently again at 30 °C.

CLSM: Experiments are performed using a Leica TCS-SP8 AOBS SMD microscope with an
HCPL APO CS2 10%/0.40 DRY objective. Cells expressing GFP ate excited with an argon
laser (488 nm), while fluorescence is detected between 500 nm and 600 nm using a PMT2

detector. Transmission is detected using a PMT Trans detector.
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5. Chapter I11

e e e “Cell Adbesion on UL -Crosslinked Polyurethane
Gels with Adjustable Mechanical Strength

and Thermoresponsiveness”

The results of the following chapter (p. 120—135) and the Supporting Information (p. 164—208) were pub-
lished at Macromolecular Rapid Communications on September 25, 2021. In this thesis, the publication has been

supplemented by an additional excursus.

I F:1cna Stengelin, [
4

Macromol. Rapid Commun. 2021, 2100505.

1 Johannes Gutenberg Univetsity Mainz, Department of Chemistry, Duesbergweg 10-14, D-55128 Mainz, Germany
# Author 1 and Author 2 contributed equally to this work

* Corresponding author

Reprinted with permission from Macromol. Rapid Conmun. 2021, 2100505.

© 2021 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH

5.1. Specific Summary

In addition to the two previously described publications (Chapter 1: “Bone Scaffolds Based on
Degradable 1 aterite/ PEG-Composite Microgels” and Chapter 11: “Rational Design of Thermoresponsive
Microgel Templates with Polydopamine Surface Coating for Microtissue Applications”™), the following
publication also pursues the overall goal of replacing animal testing by combining the expe-
riences of the first two projects to provide a new microtissue platform from scratch. Accord-
ingly, this project is mainly focused on the synthesis of new polymer materials with custom-

izable properties. For this purpose, hydrolysis-sensitive precursor polymers based on
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polyurethane (PU) are synthesized, whose thermoresponsive properties can be adjusted by
the amphiphilic equilibrium of comonomers in the polymer framework. Furthermore, gel
formation is achieved by incorporating dimethylmaleimide units in the backbone of the pre-
cursor polymers, which are covalently crosslinkable by UV irradiation. Depending on the
amount of crosslinking units and the concentration of the precursor polymer, the mechanical
strength of the gels can be adapted to the requirements of natural tissue. Due to the high
poly(ethylene glycol) content in the PU-based networks, the hydrogels exhibit intrinsically
low cell-adhesive properties, which is why their biocompatibility is promoted by incorporat-
ing catechol biolinkers into the networks. The corresponding biocompatibility is investigated
in cell culture experiments. In an excursus, the transfer of the PU material platform to po-
tential applications in microtissue engineering is additionally demonstrated by microfluidic

experiments.

The personal contribution to the publication was the project development, interdisciplinary
project coordination, lab work (cell experiments; confocal laser scanning microscopy imag-
ing), data analysis, writing and illustration of the manuscript. The results of the excursus were
developed in collaboration with || il Bachelor thesis: |l Biokompatible
Hydrogele mit einstellbarer Volumenphaseniibergangstemperatur, Johannes Gutenberg-

Universitat Mainz, 2021.).
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5.2. Introduction

Thermoresponsive hydrogels are one of the most promising material platforms for modern
biomedical applications with a scope ranging from nanomedical drug carriers to 3D in vitro
models and tissue engineering applications."” Especially in the latter cases, it is crucial to
provide soft materials which resemble the biological extracellular matrix (ECM). To ensure
an efficient nutrient and waste transport as well as tissue-like mechanical properties, this
requires hydrogels with swelling ratios between 50-85 wt%.>* Depending on the respective
application, the adaptive hydrogels should further be cell adhesive, biodegradable, and ex-

hibit robust and distinct thermoresponsive properties.

While natural hydrogels such as proteins usually fulfill the bio-related requirements, their
weak mechanical properties as well as the batch-to-batch variations resulting from their ani-
mal-based origins limit the application scope.” In contrast, the chemical and mechanical
properties of synthetic hydrogels are by far easier to adjust to the application specific de-
mands. However, synthetic materials are usually bioinert, and cell-adhesion must be enabled
through additional bio-linkers or coatings that allow interactions with cell surface receptors.’”
"I'Due to these complementary properties, the development of hydrogel platforms that com-
bine the advantages of natural and synthetic materials is an ongoing challenge for materials

scientists.

Regarding the thermal adaptivity of responsive hydrogels, poly(IN-isopropylacrylamide)
(PNIPAAm) is still the most common polymer backbone due its sharp volume phase tran-
sition (VPT) close to the physiological temperature range in aqueous media. Nevertheless, it
has drawbacks. Although much progress was achieved with respect to the often insufficient
mechanical performance of PNIPAAm-based hydrogels,""! fundamental issues such as the
non-degradability of the vinyl backbone remain.? To provide versatile alternatives, thet-
moresponsive polyurethane (PU) hydrogels received increasing interest. The general biocom-
patibility of PU materials is widely established and enabled various medical applications rang-
ing from controlled drug delivery carriers"* ™! to promising or already commercialized mate-
tials for blood contacting devices like prosthetic heart valves.'” In these materials, the ure-
thane groups in the polymer backbone are not only responsible for the often superior me-

chanical strength of PU networks but are also intrinsically hydrolysable.!*-"

To obtain thermoresponsive PUs, the combination of a hydrophilic oligomeric diol (soft
segment) and a hydrophobic diisocyanate (hard segment) has been established as versatile

design approach. Due to its commercial availability, pronounced hydrophilicity and
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nontoxicity, poly(ethylene glycol) (PEG) became the most commonly applied soft segment.
As shown by Fu et al., the variation of the polyether molar mass and thus the molar ratio of
hydrophilic and hydrophobic segments allows for an easy variation of the lower critical so-
lution temperature (LCST) of such amphiphilic PUs in aqueous solution."” Nevertheless, it
should be noted that their turbidity measurements showed a rather broad (= 10 °C) and par-
tially incomplete LCST transition in comparison to PNIPAAm. This has been strongly im-
proved through the introduction of charged comonomers, which further allowed an even

more flexible variation of the LLCST, as demonstrated by Sardon et al.l'>*"

To transfer the obtained insights from linear chains to 3D crosslinked networks, PU hydro-
gels have either been obtained in a crosslinking polymerization in the presence of a trifunc-
tional comonomer!"*"* or through the consecutive crosslinking of linear precursor poly-
mers with reactive side-groups.”” As shown in the studies of Frydrych et al. and Li et al.,
the absolute swelling ratio of such PU gels can be variated through the molar mass of the
polyether soft segment in both cases. The comparison of the equilibrium swelling ratios Q
(in wt%) at 4 and 40 °C demonstrates a Quc/Qurc switching around 100% in a purely PEG
based system!"”! while up to 600% can be achieved through the implementation of oligo(eth-

ylene glycol) side chains as demonstrated by Aoki and Ajiro.””

Despite the numerous improvements achieved with respect to the processability, mechanical
performance, and thermal adaptivity of PEG-based PU hydrogels, strategies to achieve cell
adhesion have been rarely implemented. To overcome this limitation, in the present work,
we apply the modular design principles established for thermoresponsive PUs to create hy-
drogels with adjustable mechanical strength and thermoresponsiveness that can additionally
be bio-activated through the covalent attachment of cell-adhesive groups. As a consecutive
crosslinking strategy provides a greater flexibility with respect to the material’s processability,
we focus on the synthesis of linear PUs based on PEG and isophorone diisocyanate (IPDI).
To avoid unspecific crosslinking, toxic catalysts or a strong pH dependency, an uncharged
dimethylmaleimide (DMMI) comonomer is incorporated as reactive side-group which un-
dergoes a dimerization reaction in the presence of a photosensitizer and UV light.* To im-
prove the cell adhesion on these gels, we further attach arginine-glycine-aspartate- (RGD)
amino acid sequences and catechol groups to the network through the identical DMMI di-

metrization reaction.
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5.3. Results & Discussion

5.3.1. Thermoresponsive, UV-Crosslinkable Polyurethanes

Linear PUs are synthesized in a prepolymer procedure starting from PEG diols with differing
molar masses (M, = 1.0 (1a), 1.5 (1b), 2.0 (1c) and 4.0 (1d) kg'mol™") that are added to the
asymmetric isophorone diisocyanate (IPDI) 2 and converted into the corresponding
macrodiisocyanates (PEG/IPDI) 3a—d by reaction with the cycloaliphatic, secondary isocy-
anate group under organo-tin catalysis (Figute 5-1a2).*" To incorporate dimerizable
DMMI-groups, 2,3-dimethyl maleic anhydride 10 is first attached to a hydrophilic triethylene
glycol linker 9, which is coupled with the acetonide protected 2,2-bis(hydroxymethyl)propi-
onic acid 14 as shown in Scheme $9-1 in the Supporting Information (SI). The deblocked
DMMI-diol 4 is then applied as chain extender for the PEG diisocyanates 3a—d. Size exclu-
sion chromatography (SEC) measurements of the PEG diols 3a—d and the obtained linear
PUs 5a—e demonstrate moderately effective but sufficient chain elongation efficiencies as

summarized in Table 5-1 and Figure S9-23.

Table 5-1. PEG diols applied in the polymerization. Characterization of the synthesized PUs.

M, (PEG diol) M, D9 56/ mpp1/ movm Tep
? [gmo9  [kgmol °C]
5a - PU-1.0k 0.88 6.3 1.5 29:2.7:1 5
5b - PU-1.5k06 1.24 12.0 1.9 36:2.8:1 18
5c - PU-1.5k 1.24 12.4 1.8 47:3.3:1 28
5d - PU-2.0k 1.95 14.6 1.6 61:3.2:1 52
5e - PU-4.0k 4.22 30.3 1.5 140:4.5:1 > 90

4 SEC (DMF, PEG calibration); » 'H-NMR analysis (EG: 3.76-3.40 ppm, 4H; IPDI: 1.19-0.06 ppm, 15H; DMMI: 1.89 ppm, 6H).

The molar ratios between the hydrophilic ethylene glycol (EG) units of the PEG backbone
and the hydrophobic IPDI-DMMI blocks are investigated by "H-NMR spectroscopy. Com-
paring the characteristic signals of the DMMI methyl groups (1.89 ppm), the IPDI cycloali-
phatic methylene- and methyl-groups (1.19-0.06 ppm) and the PEG backbone (3.76—
3.40 ppm) reveals the intended increase of the molar content of hydrophilic EG groups with
the molar mass of the polyether (Table 5-1, Figure S9-(41-46)). To enable an even finer
variation of the hydrophilic-to-hydrophobic balance than accessible through the commer-
cially available PEG diols, the molar feed ratio between PEG and DMMI is additionally
vatied from 1:1 to 1:2.3 for PEG-1.5k (5b - PU-1.5k"). The '"H-NMR analysis verifies that
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this approach is another facile option to alter the PU composition. All experimental details

and full characterizations can be found in the SI.

Linear PU Precursor Polymers
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Figure 5-1. (a) Synthesis of linear PEG/IPDI-based PUs with DMMI pendant groups (5a—e). (b) Turbidity
measurements of 5a - PU-1.0k (m), 5b - PU-1.5k%¢ (#), 5¢ - PU-1.5k (®), 5d - PU-2.0k (A) and 5e - PU-4.0k

(V) in water (5 g'L.™"). (c) Cloud point temperatures as a function of the molar ratio between EG, IPDI and

DMMI with linear regression (dashed line).

To investigate how the variation of the amphiphilic balance influences the thermoresponsiv-
ity, the cloud point temperatures Tcp are determined through UV-Vis transmittance meas-
urements in dilute aqueous solutions (Figure 5-1b). As shown in Figure 5-1b, the cloud
point temperatures depend linearly on the molar ratio between hydrophilic EG and hydro-
phobic IPDI and DMMI groups and can be varied from 5 to over 90 °C. In accordance with
the observations reported by Li et al. and Ronco et al., the turbidity curves depicted in Figure
5-1b also reveal a sharper and more pronounced LCST transition for the more hydrophobic

PU compositions.”**!
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5.3.2. Gelation and Mechanical Properties

Further on, the UV-induced crosslinking of the linear precursor polymer solutions in the
presence of the photosensitizer thioxanthone disulfonate (TXS) is investigated by linear
shear rheological experiments. Applying 5e - PU-4.0k (e = 100 g-1.7") as a representative
example, the gelation time in terms of the G'-G" crossover is determined as 7a = 8 min at a
TXS concentration of 1 mM and an irradiation aperture of 1%, and is shown to be tempera-
ture independent between 5-20 °C (Figure §9-24). When the TXS concentration is reduced
to 0.1 mM while the irradiation intensity is kept constant at 1%, the gelation time increases
to 68 min while the obtained gel strength remains constant. The gelation time at the lower
TXS concentration (0.1 mM) can however be reduced to 7 min if the irradiation aperture is
increased to 10%. This qualitative parameter screening demonstrates how the gelation time

of the DMMI crosslinked hydrogels can be readily adjusted by these two external parameters.

Next, we investigate how the gel strength in terms of the plateau modulus depends on the
precursor polymer concentration of 5e - PU-4.0k (T'= 5 °C). As indicated in Figure 5-2a,
no stable gel is obtained below a concentration of @u = 100 g'L™". Above this gelation
threshold, the plateau moduli increase approximately linearly from 200 to 3900 Pa with the
polymer concentration (Figure 5-2b), as expected for affine and phantom networks. It
should be noted though, that the precursor solutions then become increasingly viscous (Fig-

ure 5-2a) which leads to inhomogeneities and handling difficulties.

Further on, we compare the mechanical properties of hydrogels obtained from the different
precursor polymers (cou = 100 g'L.™"). 5a - PU-1.0k is excluded from all further experiments
due to its incomplete dissolution in water at higher polymer contents. As shown in Figure
5-2¢, the time-dependent plateau moduli clearly demonstrate the dependency of the gel
strength on the average sticker spacing, which is mainly determined by the PEG molar mass
(Figure 5-2d). As expected, the 5b - PU-1.5k"® hydrogel shows the highest plateau modulus
(1200 Pa), which decreases with the PEG content and molar mass to 990 Pa (5¢ - PU-1.5k),
370 Pa (5d - PU-2.0k), and finally 200 Pa (5e - PU-4.0). In summary, the concentration and
precursor polymer dependent mechanical properties are qualitatively consistent with the ex-
pected structure—property relations and allow an easy adjustment of the gel strength between

200—4000 Pa though the precursor polymer concentration and average sticker density.
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PU Gels — Mechanical Gel Strength
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Figure 5-2. (a) Time-dependent complex viscosity of 5e PU-4.0k solutions under UV irradiation at a concen-
tration of 75 (), 100 ('V), 200 (A), and 300 g'L~! (®). Gelation occurs at a TXS concentration of 1 mM, an
irradiation aperture of 1% (320-500 nm), and at a temperatutre of 5 °C. (b) Plateau moduli as a function of the
PU-4k concentration. (c) Time-dependent storage G' (closed symbols) and loss G" moduli (open symbols) of
5b PU-1.5k%¢ (#), 5¢ PU-1.5k (), 5d PU-2.0k (A) and 5e PU-4.0k (V) hydrogels at a concentration of
100 ¢! (T'= 5 °C). (d) Schematic representation of the DMMI crosslinked PU networks.

5.3.3. Swelling Properties of PU Hydrogels

To investigate the temperature-dependent hydration behavior (Figure 5-3a), the swelling
degrees of PU gels crosslinked at oy = 100 g 1.~ are measured at 5, 20, and 40 °C after equi-
libration for 12 h at each temperature. Note that the synthesized hydrogels are thoroughly
dialyzed beforehand to avoid interferences with a potentially occurring sol fraction. It can
first be observed that the swelling degrees of the fully hydrated networks at 5 °C show the
same crosslinking-density dependency as the gel strength and increase from 2700% (PU-
1.5k™%) over 4100% (PU-1.5k) and 5000% (PU-2.0k) to 7800% (PU-4.0k) with increasing
soft segment length (Figure 5-3b). This tendency is in accordance with the findings reported
by Li et al. and Frydrych et al. who also variated the PEG molar mass in chemically cross-

linked PU hydrogels and investigated their temperature-dependent equilibrium swelling.!'"*!
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PU Gels — Thermoresponsivity
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Figure 5-3. (a) Schematic representation of the temperature-induced hydrogel deswelling. (b) Equilibrium
swelling degrees and (c) swelling degree switches between 5 and 40 °C of 5b - PU-1.5k%6 (=), 5¢ - PU-1.5k
(=), 5d - PU-2.0k (=) and 5e - PU-4.0k (==) hydrogels crosslinked at a concentration of 100 g'L.™" and equil-
ibrated for 12 h at 5, 20 and 40 °C. (d) Microscope images of 5b - PU-1.5k¢ gels at increasing temperatures.

The thermal responsiveness of the hydrogels is further evaluated by comparing the equilib-
rium swelling degrees at 5 and 40 °C. As depicted in Figure 5-3c, the temperature induced
volume switch decreases around a factor two from (350+12)% (5b - PU-1.5k") to (180%4)%
(5e - PU-4.0k) from the most hydrophobic to the most hydrophilic PU composition. This
trend qualitatively reflects the LCST behavior of the dilute precursor polymer solutions
which was shown to depend linearly on the balance between hydrophilic EG and hydropho-
bic DMMI- and IPDI-monomers (Figure 5-1c). However, within the crosslinked gels this
dependency is not as clearly pronounced and the volume switches of the PU-1.5k"and PU-
1.5k gels even coincide within the margin of error. Note, that the considerable weighing error
and small sample number (performed in triplicate) limit the accuracy of the swelling degree
determinations in contrast to the turbidity measurements. Nonetheless, in comparison to the
formerly mentioned studies on similar PU hydrogels, it can be observed that the volume
switches between 5 and 40 °C of the PEG-2.0k- ((320%£7)%) and PEG-1.5k- (350%12)%)
based hydrogels significantly exceed those reported by Li et al. (PEG-2.0k, = 100%)*) and
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Frydrych et al. (PEG-1.5k, = 200%).1" This is likely caused by the additionally incorporation
of the hydrophobic DMMI-groups and generally depends on the overall amphiphilic balance.
As exemplarily shown for PU-1.5k", the temperature-induced deswelling is also accompa-
nied by a significant size reduction corresponding to 83% (25 °C), 69% (45 °C) and finally
63% (55 °C) of the initial diameter at 5 °C (Figure 5-3d).

5.3.4. Bio-Linker Attachment and Cell Adhesion

To generate bio-adhesive hydrogel surfaces, we further investigated the possibility to incor-
porate integrins such as catechol groups or RGD sequences into the PU networks, since
both groups are known to promote cell adhesion. To keep the polymer design simple, the
initially incorporated DMMI side-groups are also used for the attachment of these bio-link-
ers. For this purpose, 3,4-(dihydroxyphenyl)propionic acid 16 is coupled with a DMMI func-
tionalized triethylene glycol linker 12 in an HATU mediated amidation to obtain the DMMI-
functionalized catechol 6 (Figure 5-4a, Scheme $9-2). Analogously, the RGD-alkyne deri-
vate 23 synthesized by solid phase peptide synthesis is coupled with a triethylene glycol-
DMMI azide linker 22 in a copper catalyzed azide-alkyne cycloaddition (Figure 5-4a,
Scheme S9-3). The triethylene glycol linker ensures the water solubility of both bio-linkers.
The schematic incorporation of RGD-DMMI units in the PU gel is shown in Scheme S9-
5. To further ensure the mechanical integrity of the hydrogels and to allow good material
handling in the cell adhesion test, we changed the polymer concentration from 100 to

200 gL,

Analytical evidence of the bio-linker incorporation into the PU gels is provided by 'H magic
angle spinning (MAS) NMR spectroscopy (Figure 5-4b). The "H MAS NMR spectra of
thoroughly dialyzed PU-2.0k (200 g-1.™") gels with 0 mol% RGD (i) and 25 mol% RGD (ii)
(compared to the PU-DMMI groups) are analyzed and compared to the one of pure RGD-
DMMI 7 (iii). As shown in Figute 5-4b (i) the '"H NMR spectrum is dominated by the PU
backbone resonances, but the additionally occurring signals at 7.87 ppm (triazole-CH),
4.58 ppm (triazoleN-CH,), 3.22 ppm (arginine NHCH), 3.06 ppm (triazoleC-CH>CH,), and
2.73 ppm (triazoleC-CH,CH,) can be assigned to the RGD-DMMI and indicate the success-
ful incorporation into the network. An especially clearly visible example is the resonance of
the triazole proton at 8 = 7.82 ppm. The weak, low field-shoulder observed the reference
spectrum in aqueous solution is presumably caused by a second tautomeric of the tria-

zole.”** Nonetheless, it can be noted that the signal of the RGD-DMMI linker is shifted to
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8 = 7.87 ppm inside the gel and significantly broadened as shown by the increased full width
at half height fwhh (solution: fwhh = 2.42 Hz; gel: fwhh = 9.05 Hz). A similar broadening is
observed for all related signals and can be explained by the confinement in the gel pores
resulting in reduced chain dynamics. An analogous measurement with 5 mol% RGD show-

ing the same characteristic signals with lower intensities is provided in the SI (Figure S9-25).

PU Gels — Cell Adhesion Properties
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Figure 5-4. (a) Scheme for the incorporation of RGD-DMMI (highlighted in purple) or catechol-DMMI (high-

lighted in orange) groups into the PU networks to increase their cell adhesive properties. (b) 'H MAS NMR
spectra of PU-2.0k gels (200 g'L™) containing 0 mol% (i) and 25 mol% RGD-DMMI (ii) in D20 and 'H solu-
tion NMR spectrum of DMMI-RGD (iii) in D2O. (c) Mechanical strength of PU-2.0k gels (200 g'L.™!) with 0,
5, and 25 mol% RGD-DMMI bio-linker. (d) CLSM imaging of green-fluorescent cells (MG-63 GFP) after 24 h
incubation (37 °C and 5% CO») on PU-2.0k gels (200 g'L.™") with 0, 5, and 25 mol% RGD, and 5 mol% cate-
chol. For compatison, a control experiment with cells growing on polystyrene-based petri dishes with cell ad-

hesive properties is also shown. The scale bars refer to 50 um.
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Since the DMMI groups that react with a linker molecule cannot contribute to the 3D cross-
linking reaction, it is further investigated how the attachment of RGD sequences influences
the gelation of the PU-2.0k gels (200 ¢'.™"). As shown in Figure 5-4c, the addition of
5 mol% RGD to the precursor solution does not significantly affect the plateau modulus. If
the concentration is however increased to 25 mol%, a 40% lower plateau modulus results.
In addition to this investigation during the gelation process, it is also probed how the incor-
poration of the catechol linker influences the mechanical properties of the purified gels under
equilibrium swelling conditions (Figure §9-26). The results coincide with the former find-
ings and demonstrate that the applicable concentration range of the bio-linkers is limited by

the accessible number of DMMI groups in the PU chains.

To analyze the cell adhesive properties of PU gels with RGD or catechol bio-linkers, cell
experiments are performed (Figure 5-4). For this purpose, green-fluorescent osteoblasts
(MG-63 GFP) are cultured on PU-2k gels (200 g-1.™") with 0 and 5 mol% RGD and catechol.
After 24 h, the gels are analyzed by Confocal Laser Scanning Microscopy (CLSM). The cells
on the 0 and 5 mol% RGD gels show a spherical morphology, indicating a low cell adhesion
capacity. By contrast, the cells on the 5 mol% catechol gels show an elongated morphology
comparable to the control experiment, indicating a pronounced cell adhesion. Consequently,
the question arises as to why the cells adhere to the catechol-based but not to the RGD-
based PU-2k hydrogels. This is likely due to the insufficient amount of integrins in the RGD-
based polymer, as the cells require a certain concentration of integrins to adhere.’™! Alt-
hough the same concentration of RGD and catechol units was used, the total integrin density
in catechol is higher because serum proteins from the culture medium adhere to the catechol
units, which have a higher number of integrin binding sites than single amino acid sequences
such as RGD.P>” To probe whether an analogous behavior can be achieved at a higher
RGD concentration, the experiment is repeated with a 25 mol% RGD containing gel. How-
ever, as can be seen in Figure 5-4d, this increase in concentration is still insufficient, which
can be explained by the decreasing mechanical gel strength. The more RGD sequences are
incorporated into the network, the fewer network junctions can be formed which increases
the swelling degree of the corresponding hydrogels. Due to this counteracting behavior, an
increase of the RGD concentration does not efficiently increase the RGD density in the
network and thus prevents an improvement of the cell attachment. Beyond that, sufficiently
stable gels are not obtained above 25 mol% RGD. Hence, it is not practicable to improve

the cell adhesion by a further increase of the RGD concentration. Based on this comparison,
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the catechol linkers are found to be a suitable way to increase the biocompatibility of the PU

hydrogels.

5.3.5. Excursus: Microgel Preparation via Microfluidics

Since microgels are valuable tools for microtissue applications, PU microgels of type 5b -
PU-1.5k", 5¢ - PU-1.5k, and 5d - PU-2.0k are synthesized using a polydimethylsiloxane
(PDMS)-based microfluidic setup as shown in Figure 5-5a. For this purpose, monodisperse
droplets based on an aqueous PU precursor/TXS-photosensitizer solution are prepared by
flow focusing at the intersection of the PDMS-channel system with an immiscible carrier
fluid (Novec 7500/Ktrytox). The PU precursor polymers are covalently connected via UV
irradiation inside the monodisperse droplets to form stable microgels. After removal of the
carrier fluid and surfactant (Krytox), microgels are transferred to water, and microgel diam-

eters between 171-182 um (20 °C) are obtained (Figure 5-5b).

PU Microgels
a) b)
-/~ PEG/IPDI L DMMI - photosensitizer
PU-1.5k"¢
PU-1.5k
PU-2.0k

Figure 5-5. 5b - PU-1.5k%¢, 5¢ - PU-1.5k, and 5d - PU-2.0k microgels synthesized by microfluidics. a) Sche-

matic of the microfluidic setup. (b) Photographs of microgels at 20 °C in water. The scale bars refer to 100 pm.

While microgels from the 5d - PU-2.0k system have a stable and monodisperse spherical
structure, microgels from the 5b - PU-1.5k" and 5¢ - PU-1.5k systems are less stable and
polydisperse. These differences can be caused by phase separation processes during droplet
formation, which lead to inhomogeneities in the polymer network. Due to the cloud point
temperatutes close to room temperature (5b - PU-1.5k"° (18 °C); 5¢ - PU-1.5k (28 °C)), pat-

tial precipitation of the precursor polymers is likely. By using UV irradiation to crosslink the
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precursor polymers, the temperature inside the droplets can be additionally increased, which
also affects the phase separation process. This behavior is less pronounced in the 5d - PU-
2.0k system due to the higher cloud point temperature of 52 °C. In summary, this leads to
monodisperse microgels with homogeneously pronounced swelling behavior. Microgels of
type 5d - PU-2.0k therefore have the greatest potential for microtissue engineering applica-
tions. To expand the toolbox of microgels and to realize their full potential, the microfluidic

conditions need to be improved.

5.4. Conclusion

In this study, thermoresponsive PEG-IPDI-based PUs with dimerizable DMMI side groups
are synthesized. The cloud point temperatures of the dilute aqueous PU solutions depend
linearly on the molar ratio between hydrophilic EG and hydrophobic IPDI and DMMI
groups and can be varied from 5 to above 90 °C. Soft hydrogels are obtained by UV light-
induced crosslinking of the precursor polymers in the presence of a photosensitizer. Both
the equilibrium swelling ratio (Qsec = 2700-7800%) and the gel strength in terms of plateau
modulus (G = 200-4000 Pa) are determined by the precursor polymer concentration and
the average DMMI density. The changes in the swelling ratio of the hydrogels (Qsec/Quoec)
reflect the dependence of the cloud point temperature on the amphiphilic equilibrium, in-
creasing from 180% to 350% for the more hydrophobic PU compositions. Moreover, the
cell adhesive properties of these PU gels can be significantly improved by incorporating low
concentrations of a catechol biolinker via DMMI side groups without significantly affecting
the mechanical properties. In microfluidic experiments, microgels with homogeneous size
distributions were synthesized using the precursor PU polymers with cloud point tempera-
tures of about 50 °C. Below this temperature, the size distribution was quite inhomogeneous

and needs to be improved in further studies.
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6. Summary & Conclusion

In this work, three separate studies are presented that focus on the development of adaptive
and smart synthetic materials for potential applications in microtissue engineering. The major
goal of each section is to develop new in vitro models that can replace animal experiments
based on the 3R principles in the long term. All the individual studies combine into a toolbox
that offers new strategies for replacing animal experiments in science. Particular attention is
paid to the materials used and their properties such as processability, adaptivity, biocompat-
ibility, and stability/degradability, as well as their shaping by droplet-based microfluidics. The
investigations are additionally complemented by cell experiments to demonstrate the bio-

technological applicability of the materials.

The first study addresses potential in vitro model systems as promising material platforms to
study cellular metabolic processes in bone formation. Droplet-based microfluidics is used to
produce microgel systems with embedded living cells, vaterite particles, or a combination of
both. It is demonstrated that by using poly(ethylene glycol) (PEG)-based precursor polymers
and varying their molar masses, microgels with tunable gelation times and viscoelastic prop-
erties can be generated. Their respective influence on the viability of the encapsulated cells
is shown in 3D cell studies. In addition, confocal Raman microscopy measurements show
successful conversion of the embedded vaterite to hydroxycarbonate apatite. The stable tri-
ple combination of microgels, vaterite particles, and cells demonstrates a well-designed and
analyzed microgel composite system with a cell viability comparable to that of the dual com-
bination of microgels and cells. Finally, the degradation potential of the hydrolysis-sensitive
microgel systems is demonstrated. Overall, this results in a high-performance composite ma-
terial that can support the bone growth process due to its specific material properties and
also serves as a model system for future microtissue-based in vitro bone mineralization stud-
ies. The methods and findings obtained from the material design and cell experiments also

provide a valuable basis for further projects.

In a second study, novel core—shell microtemplate platforms are presented for in vitro fab-
rication and analysis of hollow, spherical tissue constructs, mainly to mimic the blastula in
embryogenesis, mammary glands, or the alveolar epithelium. For this purpose, the synthesis

of thermoresponsive and long-term stable microgel cores based on poly(IN-
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isopropylacrylamide) (PNIPAAm) and various amounts of a hydrophilic comonomer using
droplet-based microfluidics is demonstrated. Microgels, that differ significantly in size and
mechanical strength in the physiological temperature range, are obtained. In addition, the
biocompatibility of the microgel cores is improved by a homogeneous surface coating with
polydopamine as well as collagen or fibronectin, without affecting the mechanical microgel
properties. Corresponding results are provided through 3D cell culture experiments, which
show comparable, homogeneous cell growth on the surface of all microgel types. Further
cell experiments also show the formation of microgel-based cell agglomerates that respond
volumetrically to temperature changes. Overall, multifunctional core—shell microcarrier sys-
tems provide a powerful platform for further and more intense research and development

of in vitro microtissue-based structures.

The third study presented in this work, focuses on the development of polyurethane (PU)-
based polymers as potential materials for future in vitro studies on microtissues. The suc-
cessful design and synthesis of hydrolysis-sensitive PEG-based PU precursor polymers with
dimerizable crosslinking units are presented. The resulting polymers exhibit a lower critical
solution temperature, which can be tuned by the amphiphilic balance of the used comono-
mers. UV irradiation dimerizes the crosslinking units of the polymers, resulting in hydrogels,
whose degree of swelling and mechanical strength can be varied by the amount of precursor
polymers and dimerizable crosslinking units. The biocompatibility of the hydrogels is signif-
icantly improved through the incorporation of catechol biolinkers, as proven by cell studies.
Successful microgel formation using microfluidics can be demonstrated for PU precursor
polymers with cloud point temperatures around 50 °C, providing an excellent basis for fur-

ther studies on microtissues.

In summary, three interdependent and consecutive studies on defined and functional micro-
gels as in vitro models are reported. The spectrum of applications covered by the projects
ranges from mimicking natural in vivo processes (bone regeneration) to modelling the highly
complex functionality of in vivo tissues, and up to providing a promising new polymer plat-
form for microtissue applications. The results within this thesis show, that these highly func-
tional material platforms provide a valuable basis for further investigations and make an im-

portant contribution to the field of sustainable avoidance of animal testing.
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7. Additional Projects

Through the work on microtissue-based in vitro model systems, methods and strategies have
been developed that are also transferable to other application areas outside microtissue en-
gineering. Accordingly, the knowledge gained from both the material design and the cell
studies has also been applied to other projects, which were carried out in collaboration with
research groups from other fields such as supramolecular and inorganic chemistry. These
projects focus on research topics from a wide variety of life science fields, such as tissue
engineering, biomimetic heterogeneous catalysis, and sustainable water treatment. Overall,
these collaborations demonstrate that there is a variety of useful application areas for the

methods and systems described and developed in this thesis.

®e e “I')iermal Programming of Multidomain Supramolecular

Copolymers into Injectable Soft Hydrogel S caffolds”

Manuscript in preparation.
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* Corresponding author

Personal Contributions: Cell experiments; confocal laser scanning microscopy.

Abstract: In vitro tests are important tools for drug development in the pharmaceutical in-

dustry. However, due to the use of animal-derived scaffolds, the accuracy and reproducibility
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of test results are often not guaranteed. To enable more precise results, this project aims to
develop synthetic 3D hydrogels which mimic the fibrous extracellular matrix and can be used
as an advanced in vitro model. To this end, thermo-induced hydrogelation on the basis of a
modular supramolecular copolymer system of Cs-symmetric peptide amphiphiles is investi-
gated with respect to the self-assembly, viscoelastic properties and shape stability. Further
investigations are performed to test the biocompatibility of the material in cell studies with
human primary osteoblasts (hOB) and osteosarcoma cells (SaOS-2), as well as the potential

application in bioprinting.

®e e “Vuorum Quenching Induced Biofilm Inhibition
by CeO2.. Containing Paints”

Manuscript in preparation.
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# Author 1 and Author 2 contributed equally to this work

* Corresponding author

Personal contributions: Cell experiments; confocal laser scanning microscopy.

Abstract: The formation of biofilms on ship hulls is one of the largest cost factors in the
marine industry due to the additional energy consumption. To reduce costs, there is a great
interest in developing strategies to prevent these biofilms. This project therefore investigates
possible interventions in the biofilm formation process. Since the main cause of biofilms is
the accumulation of bacteria and their growth, the signal transmission between individual
bacteria should be inhibited. This can be achieved through coatings, which contain cerium
oxide (IV) particles. These nanoparticles are expected to catalyze the bromination of signal-

ing molecules and thus restrict signaling pathways between bacteria by Quorum Quenching.
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For the studies, paints based on CeO, particles are synthesized, analyzed and their influence

on bacterial and cell growth/viability is investigated.

e e “Porous Alginate-CeO,.. Composite Hydrogels

for Water Treatment Applications”

Manuscript in preparation.
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ule and Master thesis (Master thesis: [JJJJl|, Synthese und Strukturaufklirung von porésen,
alginatbasierten Filtrationseinheiten zur selektiven Filtration von Farbstoffen aus Wasser,

Johannes Gutenberg-Universitit Mainz, 2021).

Abstract: Clean drinking water is the basis of human existence. Due to climate change, how-
ever, its availability will become one of the greatest global challenges. As a contribution to
this, a possible model system for hydrogel-based drinking water treatment is investigated.
Special attention is paid to the microscopic material design of the porous alginate-based hy-
drogel matrix and its nano- and mesoscopic structural properties. To investigate the filtration
potential of the alginate matrix, differently charged organic dyes are used as model pollutants,
whose intense colorations and electrostatic properties allow a simple analysis of the interac-
tion mechanisms between matrix and dye molecules. CeO,. nanoparticles are another key
component whose potential for photocatalytic degradation of dyes is exploited for water
treatment. Therefore, a beneficial combination with the results from previously described

project (“Quornm Quenching Induced Biofilm Inbibition by CeO... Containing Paints”) is possible.

140 | Defined and Functional Materials for Microtissue Engineering Applications



INDEXES

8. Indexes

List of Figures

FIGURE 1T ottt ettt et ettt et ettt et e st e ebeesaesbasbeessensansesssessensansesssensanes 5
FIGURE 1-2. oottt ettt ettt et et et e b e e beetaesb e beebaensensesbeessensensesseensensan 10
FIGURE 1-3 ettt ettt et et et ete e te et e e beebesabeeabeeabeeaseeasesaseeaseeasasssesasesnsanas 15
FIGURE T4 oottt ettt ettt ettt et ettt e b e s beetaesb e beebaensansesbeessensansesseensansan 19
FIGURE 1-5. ottt ettt et ettt et et e st e b e s be e st esb e beebaensansesbeessensensesseensansan 24
FIGURE -0 ettt ettt et ettt e te et e e te e be e teeabeeateeabeeabesateensesasesasesasannsenns 26
FIGURE 2T ettt ettt et e v et e et e et e e abeebesabeeateeabeeasaeasesaseensesasesssesasennsenns 46
FIGURE 3T ottt ettt ettt ettt et ettt e b e s beets e st e beebsensensesbeessensensesseensansan 54
FIGURE 3-2. et ettt ettt et et e et e e te et e e abeebesabeeateeabeeaseeasesaseensesasesnsesasennsenas 56
FIGURE 3-3. ettt et ettt et et e te e te et e eabeebesabeeabeeabeeasesaseeaseensesasesssesasennsenas 59
FIGURE 34 oottt ettt et ettt e st et e e beets e st e beebsensensesseessensensesseensansn 60
FIGURE 3-5 ottt ettt ettt e tt e st et e e beersesb e beebaensensesseessensensesseensansan 62
FIGURE 30 ettt ettt ettt e ve et e e be e beeteeabeeateeaseeatesaseensesasesasesasennsenns 64
FIGURE 37, ottt ettt ettt ettt et ettt et e e beetsesbesbeebsensensesbeessensansesseensansan 66
FIGURE 3-8, .ottt ettt ettt ettt et et et et e e beeta e st e beebaensensesbeesaensensesseensansan 70
FIGURE 3-9. ettt et ettt et et et e te et e e be e be s beeabeeateeaseeateeabeensesasesnsesasennsenns 74
FIGURE 3-T0. ettt ettt ettt et e et e e te e veebeeabeebeebeeabeeabeeasaeasasaseeasesasesssenasennsenns 76
FIGURE 4T ottt ettt ettt ettt ettt eat et e s beetsesbebeebaensensesseeseensensesseensansan 92
FIGURE 4-2. ettt ettt et et et e et e ve et e et e e besbeeateeabeeabeeaseeaseessesasesnsesasesnsanas 95
FIGURE 4-3. ettt ettt et et e te et e et e e beeabeeabeeateeateeasaeasesaseeasesasesssesasennsanas 98
FIGURE 44 .ottt ettt ettt et st ta et et e e bt e et enbesteessesbesessaessensenseessensans 100
FIGURE 4-5. oottt ettt et ettt e a et et e e bt eebenbesteessesbenseessensensesseessansans 102
FIGURE 4-0. ettt ettt ettt ettt et e ba e be e bt e bs e beesseaeseasbaeeseaessanssanseesssannes 105
FIGURE -7 ettt ettt et ettt et et e ba e be e bs e ba e be e s st e seansaasseaesaasssasseesssennns 107
FIGURE 4-8. ..ottt ettt sttt ettt a et e be e tb e st ebesteeraesbeseesaensensensesssansans 110
FIGURE 4-9. ettt ettt ettt ettt ettt et e be e be e be e ba e beaeseesbeesseasseanssassnesssannns 111
FIGURE 5T ettt ettt ettt ettt et e be e be e bt e be e bee s st e s seassaesseasssanssasseasseennns 125
FIGURE 521 oottt ettt sttt ettt a et e e bt et ebesteessesbeseesaensensessesssensans 127
FIGURE 5-3. ettt ettt et ettt et e be e ae e st enbesteesaesbesestaensensessesssensans 128
FIGURE 54 ettt ettt ettt et et et et e be e be e bt e be e be e st e s seaebaesssassaanssasseasssennns 130
FIGURE 5-5. ettt ettt et ettt et et e e bt esbebesteersesbenseesaensensesseessensans 132
List of Tables

TABLE 1ol oottt ettt et ettt ete et s e teeaeeasensaebeessensenseeseessensensestsessensenseeseeasensans 9
TTABLE -2 ottt ettt et ettt ettt et e e te e st et eteeteeae et enseeteeasenseseessensenseteeasensenteeteeneensenns 29
TTABLE 3-T. ottt ettt ettt et et ettt et et eat et et e ets e st e beebe e st enbenbeebeers et e beereersenteteeaeensanes 65
TTABLE 4-T. oottt ettt ettt ettt e sttt ett et et e ets e st e beebeersenbe b e ebeeste st e beebeereenbeteeaeensenes 94
TTABLE 5-T. oottt ettt ettt ettt et e ete ettt et e ebeeasensaeseebeensensaeteeasenseteereeneententeereeneenean 124

Defined and Functional Materials for Microtissue Engineering Applications | 141



INDEXES

List of Abbreviations and Symbols

APS
RGD
Na
ks
BSA

CLSM

DMMI

DA

DMEM

DPBS

DLS

EG

EDTA

ECM
FBS

FT-IR

ammonium persulfate
arginine-glycine-aspartate
Avogadro constant
Boltzmann constant
bovine serum albumin

confocal laser scanning

microscopy
diffusion coefficient
dimethylmaleimide

dopamine hydrochloride

Dulbecco’s Moditied Eagle
Medium

Dulbecco’s phosphate

buffered saline

dynamic light scattering

elastic modulus

ethylene glycol

ethylenediaminetetraacetic

acid
extracellular matrix
fetal bovine serum

fourier-transform infrared

spectroscopy

functionality of cross-links

GelMa
Gl
GFP
Ry
HA

HCA

IPDI
G‘

LCST

MAS

TEMED

BIS

HEAM

NMR

P/S

PEG

PNIPAAm

gelatin methacrylate
GlutaMAX

green fluorescent protein
hydrodynamic radius
hydroxyapatite

hydroxycarbonate apatite

isophorone diisocyanate
loss modulus

lower critical solution

temp erature

magic angle spinning

mesh size

N,N,N*,N*-tetramethyl-

ethylenediamine

N,N‘*-methylenebis-

acrylamide
N-hydroxyethylacrylamide

nuclear resonance

spectroscopy
penicillin-streptomycine
Poissons ratio

poly(ethylene glycol)

poly(IN-isopropylacrylamide)

142 | Defined and Functional Materials for Microtissue Engineering Applications



INDEXES

PDMS polydimethylsiloxane

PDA polydopamine

PU polyurethane

SEM scanning-electron
microscopy

SEC size exclusion chromato-
graphy

G* storage modulus

A structure factor

SI Supporting Information

T temperature

TXS thioxanthone disulfonate

TRIS tris(hydroxymethyl)-amino-
methane

R universal gas constant

UCST upper critical solution tem-
perature

] viscosity

VPT volume phase transition

VPTT volume phase transition
temperature
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9. Appendix

9.1. Chapter I

9.1.1. Microfluidic devices

v linear PEG-acrylate © vaterite particles
€ 4arm PEG-thiol @ MG63 cell line

Figure S9-1. Fabrication of cell- or vaterite-containing microgels by microfluidics. (a) Microfluidic device over-
laid by schematics for the injected linear PEG-acrylate precursors (blue), star-shaped 4-arm PEG-thiols (red),
vaterite particles (gray), or cells (green). The device channel system consists of two rectangular cross-sections.
At the first intersection, precursor polymer solutions along with cells or vaterite particles are injected in order
to form a laminar co-flowing stream. At the second intersection the fluid stream is transformed into droplets
by a flow focusing process with a non-miscible fluid. (b) The resulting droplets are then stored in an immiscible
carrier fluid until the reaction between the precursor polymers is complete. (c) Afterwards, the generated mi-

crogels are transferred into phosphate buffer, where they swell to uniform sizes in the range of 200 to 300 um.

1 linear PEG-acrylate © vaterite particles
& darm PEG-thiol @ MG63 cell line

Figure S9-2. Fabrication of cell- and vaterite-containing microgels by microfluidics. (a) Microfluidic channel
system, overlaid by schematics of the injected linear PEG-actylate precursors (blue), star-shaped 4-arm PEG-
thiols (red), vaterite particles (gray), and cells (green). The device channel system is composed of three rectan-
gular intersections. In the first intersection, precursor polymers and cells are injected. At the second intersec-
tion, vaterite particles suspended in ethylene glycol are injected. In the third intersection, the fluid stream is

broken into droplets by flow focusing with a non-miscible fluid. (b) Templated droplets are then stored in an
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immiscible carrier fluid until the reaction between the precursor polymers inside is complete. 2D confocal

imaging of microgels confirm the presence of MG-63 cells expressing GFP and vaterite agglomerates.

9.1.2. Dynamic Light Scattering measurements

DLS measurements are petrformed using a uniphase He/Ne laser (A = 632.8 nm, 22 mW),
an ALV-SP125 goniometer, an ALV/High QE APD-avalanche photo diode with fiber op-
tical detection, an ALV 5000/E/PCl-correlator, and a Lauda RC-6 thermostat unit at 20 °C.
Angular dependent measurements of typically 10° steps ate carried out in the range
30° £ ® < 150°. For data evaluation, experimental intensity correlation functions are trans-
formed into amplitude correlation functions through the Siegert relation extended to include
negative  values  after baseline subtraction by calculation according to
21()=SIGN(G(t))-SQRT(ABS((G2(t) — A)/A).
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Figure 89-3. DLS results of the vaterite/ethylene glycol mixture.

All field correlation functions usually show monomodal decay and are fitted by a sum of two
exponentials gi(t)=a‘exp(-t/b) + crexp(-t/d) to take polydispersity into account. Average
apparent diffusion coefficients Dupp are calculated by applying
q"Dup = (@b =1+ c:d = 1)/(a + ¢), resulting in an angular-dependent diffusion coefficient
Dapp or a reciprocal hydrodynamic radius <1/Ru>upp, according to formal application of

the Stokes—Einstein law. By extrapolation of <1/Ru>., to q = 0, z-average hydrodynamic
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radii Rh=< 1/Ry>,.1 are obtained (uncotrrected for concentration-dependency). The meas-
urements are performed in methanol and denoted polydisperse nanometer sized particles in

the range of 200 to 600 nm, as the p*-value of 0.229 at 90° shows.

9.1.3. Scanning electron microscopy (SEM)

Vaterite particles are observed with a Fei Phenom SEM, as they are applied on transmission
electron microscopy grids by dissolving in isopropanol. To increase the contrast, the samples

are coated with 7.6 nm gold with a BAL-TEC/MEDO020 sputtering system.

9.1.4. Confocal Raman spectroscopy

Vaterite in Microgel

Vaterite

Aragonite |
Calcite

Normalized Intensity

T T T
1000 1050 1100 1150 1200

Raman Shift (cm'l)

Figure S9-4. Comparison of vaterite-Raman spectra measured in PEG microgel (red), vaterite (black), arago-

nite (green) and calcite (blue). Dashed lines ate for reference.l!]

9.1.5. Confocal microscopy

Experiments are done with a Leica TCS-SP§ AOBS SMD microscope with an HCPL APO
CS2 10%/0.40 DRY objective. For sample preparation, cell-containing and vaterite-contain-
ing microgels, respectively, are transferred in phosphate buffer into 8-well plates (300 uL
each well). To distinguish between the gel matrix and the encapsulated components, 20 pLL
of 2 uM sulforhodamine B solution are added. The dye molecules adhere to the polymer
scaffold, which leads to an increased contrast, whereby the microgels become clearly visible.
The excitation takes place with a DPSS laser (561 nm), and a detection range between 570
and 650 nm is used. In addition, vaterite-containing microgels are stained with calcium stain-
ing tetracycline dye. For this purpose, 1 uL. of 1 mM tetracycline, dissolved in methanol, is

added to the samples in 8-well dishes. Here, excitation takes place with a UV diode (405 nm),
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and a detection range between 500 and 550 nm is used. The osteoblast cell line expressing
GFP is excited with an argon laser (488 nm), and fluorescence is detected in a range between
500 and 550 nm. As detectors, a PMT and a HyD SMDs are used. To obtain 3D confocal
images of the stained microgels, z-stacks are recorded with a line average of 1, frame average

of 1, line accumulation of 1 and frame accumulation of 1.
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9.2. Chapter II

9.2.1. HEAM Comonomer Content in PNIPAAm/HEAM Hydro-

gels
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Figure $§9-5. Deconvolution of the 'H MAS NMR spectra of a) 0 mol%, (b) 2.5 mol%, c) 7.5 mol%, and c)

12.5 mol% PNIPAAm/HEAM hydrogels. For the evaluation of the proton integrals A (H-c), A (H-f) and A

(H-¢) a preliminary data processing is performed using Mestrenova (v 11.0.4-18998). All spectra are shifted

against the reference of D>O (4.8 ppm) for standardization. The region from 3.0—4.2 ppm is extracted and a

baseline fit using a 3-point cubic spline interpolation is performed. Each spectrum is normalized afterwards

(with respect to the highest signal at around 3.9 ppm (H-c)) and fitted using the Python modules SciPy (1.6.2)

and Scikit-learn (0.24.1) via a pseudo Voigt-like function (formula 1) in the range of 3.0-4.2 ppm. The areas of

the fitted signals are then determined using the trapezoidal method (Scikit-learn) and placed in relation to each

other.

(1 =70 (Agr - exp (=

ALi'oj

(x—p;)? o ALigi
(2-09)2 )) T (n-((x—ﬂt)z+0i2))
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Table S9-1. Proton ratios (proton rationmr) of NIPAAm (H-c) and HEAM (H-f, H-¢) comonomers are calcu-
lated as proton rationmr = (Anwaam * (Aneam)™ = 4H), using the proton integrals of NIPAAm (Axw
paam = A (H-¢)) and HEAM (Anpam = (A (H-f) + Ay (H-¢) + Az (H-¢) + A3 (H-e)), experimentally deter-
mined by "H MAS NMR spectroscopy.

A (H-¢) A (H-f) Ay (H-¢) Az (H-¢) As (H-¢) proton
rationMR
0 mol% 0.085 - - - - -
2.5 mol% 0.083 0.007 0.001 0.002 0.001 30.410
7.5 mol% 0.084 0.014 0.004 0.004 0.004 13.088
12.5 mol% 0.084 0.022 0.010 0.004 0.006 8.184

Table S9-2. Molar ratios of PNIPAAm and HEAM comonomers are calculated as molar ra-

tio = (nnpaam * (7aEam) ™) using NIPAAm (#nipasm) and HEAM (#ueam) quantities.

#NIPAAm [Mmol] #HEAM [Mmol| proton rationmr
2.5 mol% 0.853 0.021 40.000
7.5 mol% 0.809 0.061 13.333
12.5 mol% 0.764 0.096 8.000
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9.2.2. Droplet-Based Microfluidics
Spherical shaped PNIPAAm/HEAM microgels of type 2.5 mol%, 7.5mol%, and

12.5 mol% are synthesized using droplet-based microfluidics. For this purpose, we employ a
poly(dimethylsiloxane) (PDMS) channel system as shown in Figure §9-6, which is fabricated
by photo- and soft lithography. For photo lithography, silicon wafers (Micro-Chemicals) are
spin-coated (WS-650MZ-23NPP13 from Laurell) with a 100 pm layer of 3050 photoresist
(MicroChem) and subsequently irradiated with UV-light (UVKub 2 from Kloé¢). To obtain
negative reliefs of the microfluidic channels, to-scale photomasks are applied during UV ir-
radiation on the photoresist-coated silicon wafer. For soft lithography, PDMS is mixed with
a crosslinker (Sylgard 184 Elastomer Kid from Dow Corning) in a 10:1 ratio using a mixer
(Thinky ARE-250) and applied to the silicon wafer placed in a Petri dish. Any air bubbles are
removed from the liquid PDMS by placing the Petri dish in a desiccator and, in an alternating
fashion, evacuating and venting it. After curing at 65 °C for 2 h, the resulting relief PDMS
replica plates are peeled off, and holes for the inlets and outlets are created using a 1 mm
biopsy punch. Subsequently, the PDMS device is covalently bonded to glass slides by oxy-
gen-plasma bonding (electronic Diener Plasma-Surface-Technology). The channels are con-
ditioned with 2% 1H,1H,2H,2H-perfluorooctylsilane (Alfa-Aesar) in Novec 7100 (3M) for
10 minutes at room temperature making them fluorophilic, while the residues are removed

by N drying.

oil: Novec 7500
+Krytox FS(l) d,

< outlet # Y. ‘TEMED- =g

»

z?;ﬂisfﬁuégﬁ oil: Novec 7500 j - S ﬁ?
+Krytox FS(L) L5 j? ¥ o B
+ + <+ -
= +TEMED -

\ aquious solution: \
NIPAAmM +HEAM cross-section

+BIS +APS

Figure $9-6. PDMS microfluidic setup. (a) PDMS device connected to syringe pumps via polyethylene tubing.

The colotless tube represents the oil inlet, the red tube the injection of the aqueous solution, and the tube with
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small red droplets represents the outlet. (b) Section of the PDMS template with three microfluidic channels.
The microfluidic channels exhibit a rectangular cross-section of 100 pm diameter, where the aqueous solution
based on NIPAAm, HEAM, BIS, and APS is broken into monodisperse droplets by flow-focusing with an
immiscible carrier fluid composed of fluorinated oil (Novec 7500), surfactant (Krytox FS(L)) and initiator

(TEMED). (c) Enlarged view of the cross-section of a microfluidic channel. (d) Microgels in water.

Number of Microgels
o = N WL s D

;\“\: DTN & N \~; s N &y\\§

55 160 165 170 175 180 B0 82 84 86 83 90 92 94 96 98 100
Microgel Diameter (um) Microgel Diameter (um)

Number of Microgels
SO AN WER OO N®

Figure $9-7. 12.5 mol% PNIPAAm/HEAM microgels in water at room temperature. Due to the weak con-
trast of the microgels in water, the contour of some microgels is visually highlighted by dashed lines. The
microgel size can be adjusted by varying the Flow Rate Ratio (FRR) between the oil and the aqueous phase
during the microfluidics experiment. The larger FRR, the smaller the microgel diameter become.? (a) Flow rate
oil: 1500 uLL h-1, flow rate aqueous phase (aq): 450 pLL h-!, FRR: 3.3; mean microgel diameter: 168 £ 4 um. (b)
Flow rate oil: 1300 uLL h-!, flow rate aqueous phase (aq): 200 uL h-!, FRR: 6.5; mean microgel diameter:
91 * 4 um. Another way to vary the microgel size is to use microfluidic channel systems with smaller channel

widths, as shown in previous work.l
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9.2.3. Volume Phase Transition Temperature (Swelling Measure-

ments)
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Figure 89-8. Swelling measurements of 2.5 mol% (m), 7.5 mol% (e), and 12.5 mol% (A) PNIPAAm/HEAM

microgels in (a) phosphate buffer and (b) DMEM (10% FBS, 1% Gl. and 1% P/S).
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Figure §9-9. Derivations (symbols) and Gaussian fitting (red curves) of microgel swelling curves in DMEM

(10% FBS, 1% Gl and 1% P/S) of (a) 2.5 mol% (m), (b) 7.5 mol% (), and (c) 12.5 mol% (A) type. The

derivations ate determined by plotting the slope between two measuring points of the respective swelling curves

against the average temperature of these two points. By Gaussian fitting, the maximum of these curves is de-

termined, which corresponds to the inflection point of the swelling curves and thus to the respective VPTTsc.
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9.2.4. Volume Phase Transition Temperature (Rheology)

Since the G’ versus temperature curves (Figure 4-4) are similar to the swelling curves (Fig-
ure 4-3, and Figure §9-8, VPTT¢ are calculated for the three polymer networks in water,
phosphate buffer, and DMEM (10% FBS, 1% GL. and 1% P/S) (Figure $9-10) and com-
pared to the VPTTsc obtained by the microgel swelling measurements. By derivation of the
G’ versus temperature curves, inflection points are determined, which results in the VPTT
values listed in Table §9-3. The 0 mol% (V) system as reference has a VPTT¢ of
(35.0 + 0.0) °C which is comparable to values in literature.") The VPTT¢ and VPTTsc values
of the 2.5 mol% (m) polymer network in water, phosphate buffer, and DMEM (10% FBS,
1% Gl. and 1% P/S) complement each other well within the scope of error. In contrast, the
VPTTe and VPTTsc values of the 7.5 mol% (@) polymer network differ slightly, whereby
the VPTTe are shifted to higher temperatures compared to the VPTTsc values. In case of
the 12.5 mol% (A) systems the values diverge even further, while the VPTT¢- are shifted to
even higher temperatures compared to the VPTTyc values. The deviations between the
VPTTsc and VPTT¢ values are explainable by small differences in the swelling and rheology
curves. In case of the swelling curves, the microgel diameter decreases continuously up to
the VPT area with increasing temperature, then drops sharply in the VPT area, and subse-
quently remains constant in the smallest possible microgel state. In case of the G’ versus
temperature curves, G’ remains constant up to the VPT area with increasing temperature,
then increases sharply in the VPT area, and subsequently continues to increase smoothly.
But with increasing comonomer content, G’ does not remain constant but drops before in-
creasing sharply in the VPT area. This we observe less in water, but more in phosphate buffer
and DMEM (10% FBS, 1% Gl. and 1% P/S), indicating first a decrease and then an increase
of gel elasticity. That finding can be explained by taking into consideration that hydrogels
gain hydrophilicity with increasing comonomer content, whereby their network strands less
cooperatively collapse with increasing temperature.”” Thereby, aqueous solutions are inho-
mogenously expelled from the polymer networks with increasing temperature and collects
on the hydrogel surface, which is detected by the rtheometer as viscous hydrogel fraction.
This artefact results in a decrease of the G’ verses temperature curves just before the VPT is
detected and causes a VPTT¢ shift to slightly higher temperatures compared to the VPTTsc
values. Since this finding occurs more strongly in phosphate buffer and even more strongly
in DMEM (10% FBS, 1% GL. and 1% P/S), salts and further ingredients seem to promote

such a less cooperative collapse of the network strands with increasing temperature as well.
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Figure §9-10. VPTT¢ of 2.5 mol%, 7.5 mol%, and 12.5 mol% hydrogels in water, phosphate buffer, and

DMEM (10% FBS, 1% Gl. and 1% P/S), determined by detivation of the G’ versus temperature curves shown

in Figure 4-4. The derivations are obtained by plotting the slope between two measuring points of the respec-

tive G’ versus temperature curves against the average temperature of these two points. The maximum of the

resulting derivations corresponds to the inflection points of the G’ versus temperature curves and thus to the

respective VPT T

Table S9-3. VPTT of 2.5 mol% (m), 7.5 mol% (e), and 12.5 mol% (A ) microgels in water, phosphate buffer,
and DMEM (10% FBS, 1% GL. and 1% P/S) calculated by swelling measurements (VPTTsc) and rheology

(VPTT¢).
2.5 mol% 7.5 mol% 12.5 mol%
°C) VPTTsc VPTT¢ VPTTsc VPTT¢ VPTTsc VPTT¢
water 375+ 0.1 37.6 £ 0.0 39.1£0.1 40.4 £ 0.3 399102 429 £0.3
buffer 35.1£0.1 347103 3621 0.1 37.8£0.8 38.6 £ 0.1 40.1 £ 0.0
DMEM 3421 0.1 353108 36.0 £ 0.1 365t 1.1 374 1£0.1 41.1£05
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9.2.5. Microgel Properties at Physiological Conditions
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Figure $9-11. Microgel stiffness of the 2.5 mol%, 7.5 mol%, and 12.5 mol% systems in water, phosphate
buffer, and DMEM (10% FBS, 1% Gl. and 1% P/S) at (a) 32 °C, and (b) 37 °C obtained by rheology.

Table S9-4. Normalized microgel size (dhorm = (& - dimin) * (dmax - dmin)~!, With microgel diameter 4, minimum
microgel diameter dmi, and maximum microgel diameter ¢na) and mechanical strength (G) of 2.5 mol%,

7.5 mol%, and 12.5 mol% networks at 25 °C, 32 °C, and 37 °C in DMEM (10% FBS, 1% Gl. and 1% P/S).

2.5 mol% 7.5 mol% 12.5 mol%

G [Pl dnorm G [Pa dhorm G’ [Pa] dhorm
25°C 270 £ 49 1.00 +0.03 475 £ 140 1.00 + 0.05 570 £ 26 1.00 + 0.04
32°C 209 £ 4 0.64 £ 0.03 296 94 0.71 £0.03 386 £ 81 0.81 £0.03
37°C 3474 £ 853 0.01 £0.01 985 + 41 0.07 £ 0.02 231 %39 0.45 £ 0.02
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9.2.6. PDA Coating of Microgels

Figure $9-12. Light microscopy imaging of 12.5 mol% PNIPAAm/HEAM microgels with 0 min (PDA.0),
15 min (PDA.15), 90 min (PDA.90), 3h (PDA.3h) and 24h (PDA.24) PDA coating, suspended in isopropanol.

=
<
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o

Figure $9-13. FE-SEM measurements of freeze-dried 12.5 mol% PNIPAAm/HEAM microgels with 0 min
(PDA.0), 15 min (PDA.15), 90 min (PDA.90), 3h (PDA.3h), and 24h (PDA.24) PDA coating. Samples are

sputtered with gold (10 nm) before analysis.
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Figure $9-14. Photographs of freeze-dried PDA.24 microgels.
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Figure $9-15. Confocal Raman spectroscopy measurements of freeze-dried (a) PDA.O, (b) PDA.15, and (c)
PDA.90 macrogels and respective bright-field imaging. The gel without PDA coating shows a clear spectrum,

whereas the PDA.15 gel shows a comparable but noisy spectrum due to fluorescence emitted by PDA,
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indicating PDA coating in general. Since the PDA concentration is probably insufficient, no clear PDA signals
are detectable in this spectrum. Confocal Raman measurement of the PDA.90 gel shows the same noisy spec-
trum, but PDA-specific bands are observed between 1000 and 1750 cm~!. Based on this finding, further con-

focal Raman studies will be performed on microgels containing PDA.90, PDA.3h and PDA.24h microgels.
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Figure §9-16. Confocal Raman measurements to determine the thickness of PDA coating on 12.5 mol%
PNIPAAm/HEAM microgels swollen in water with (a) 90 minutes (PDA.90), (b) 3h (PDA.3h), and (c) 24h
(PDA.24h) PDA coating time. The insert shows the peak integral at 1590cm! of the scanned area for each
microgel. The cross-section of the PDA was calculated averaging the intensities along a 10 pm line (some de-
picted in the insert). For all measured microgels, the mean values of the calculated cross-section give approxi-
mately 2.310.6 um for the PDA.90 microgels, 3.1+1.2 um for the PDA.3h microgels, and 3.7+1.8 um for the
PDA.24h microgels.
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Figure $9-17. Temperature-dependent swelling measurements of 12.5 mol% PNIPAAm/HEAM PDA.O (A),

PDA.15 (" ), PDA.90 (e), PDA.3h (m) and PDA.24h (**) microgels in phosphate buffer. (a) Absolute, and (b)

normalized microgel diameters.
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9.2.7. Cell-Affinity of PDA

To extend the hydrogels functionality, we also perform cell experiments at 32 °. Since the
VPTT of the 2.5 mol%, 7.5 mol%, and 12.5 mol% PNIPAAm/HEAM hydrogels are above
32 °C, they are transparent at this temperature and hence suitable for light- and confocal
microscopy. Accordingly, hydrogels are synthesized and incubated in a suspension of MG-
63 GFP in DMEM (10% FBS, 1% GL., 1% P/S) at 32 °C and 5% CO; for several days.
Respective images are presented in Figure S9-18, whereby in (I) the light microscopy images
of the PDA.O hydrogels and in (II) the CLSM images (fluorescence path) of the PDA.15

hydrogels are shown.

7.5 mol% 2.5 mol% ‘

12.5 mol%

control

50 ym 50 uym
L |

Figure §9-18. Cell growth on 2.5 mol%, 7.5 mol%, and 12.5 mol% hydrogels at 32 °C. (I) Light microscopy
imaging of PDA.O hydrogels, and (II) 2D CLSM imaging of PDA.15 hydrogels.

Additionally, control experiments of cells growing on plastic are presented. In (I), cells do
not adhere to the PDA.O hydrogels as indicated by their rounded cell morphology, which
confirms the previous results at 37 °C. Furthermore, differences in cell cluster growth are
observed on the 2.5 mol%, 7.5 mol%, and 12.5 mol% PDA.O hydrogels. On the 2.5 mol%
hydrogel cells form larger clusters compared to the 7.5 mol%, and 12.5 mol% PDA.O hydro-
gels, which is justified by the increasing comonomer content within the three systems from
2.5 mol% through 7.5 mol% up to 12.5 mol%. The larger the comonomer content, the more
does the VPTT shift to higher temperatures. As a result, the 2.5 mol% PDA.O hydrogel con-

tracts stronger and becomes smaller compared to the other two hydrogels. Hence, cells are
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brought into spatial proximity and cluster on the hydrogels due to less cell-material interac-
tions. In contrast, cells adhere well to the PDA.15 hydrogels (II), as indicated by their elon-
gated morphology. Thus, the 15-minute PDA coating appears to be a valuable approach to
enable cell growth on PNIPAAm/HEAM hydrogels, both at 32 °C, and 37 °C.
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9.2.8. Cell Growth on PDA.15 Microgels
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Figure §9-19. 3D CLSM imaging (fluorescence path) of culture dishes coated with 2.5 mol% (left), 7.5 mol%
(middle), and 12.5 mol% (right) PNIPAAm/HEAM microgels. Microgels are suspended in isopropanol and

applied to the culture dish surfaces, whereby isopropanol is subsequently removed by evaporation (2 h at room

temperature). Microgels are coated with MG-63 GFP osteoblasts (1.57 x 10° cells

- mL!) and incubated in
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DMEM (10% FBS, 1% Gl. and 1% P/S) at 37 °C and 5% COx. (a) PDA.15 microgels coated on bio-coated
culture plates after 72 h incubation (x-y and z-y level). Cells grow on the bio-coated culture plates, as well as on
the PDA coated microgels, demonstrated by green-fluorescent cells on the culture dish and the microgel sur-
faces. (b) PDA.O microgels coated on bio-coated culture plates after 72 h incubation (x-y and z-y level). Cells
grow on plastic but avoid microgels (c) PDA.15 microgels coated on bio-inert culture plates after 48h (x-y
level). Cells grow on PDA coated microgels, demonstrated by green-fluorescent cells on the culture dish and

the microgel surfaces, but avoid growth on bioinert culture plates.

Figure S9-20. Cell growth on 12.5 mol% microgels after 24 h incubation in DMEM (10% FBS, 1% Gl., 1%
P/S) at 32 °C and 5% CO, analyzed by CLSM (fluorescence mode). From left to the right, the microgel section-
plane levels shift from lower to upper parts on z-axis, whereby a complete cell coated microgel is demonstrated.

The schematic on the right shows a cell-coated microgel.
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Figure $9-21. CLLSM images (top: fluorescence path; bottom: transmission path) of cell-coated (MG-63 GFP)
12.5 mol% PDA.15/collagen, PDA.30/collagen and PDA.60/collagen microgels after 2 h incubation time in
DMEM (10% FBS, 1% Gl., 1% P/S) at 32 °C and 5% CO». They show no significant increase in microgel cell
coating with increasing PDA surface coating. By increasing the cell concentration in the 12.5 mol%
PDA.15/collagen cell-coating experiment, no significant increase in cells on the microgel surface is observed
either. Instead, more cell agglomerates form in the cell culture dish, as the denser cell suspension also increases

the probability of cell-cell interactions.
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9.3. Chapter III

9.3.1. Materials

O-(7-Aza-1H-benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate
(HATU, Alfa Aesar, 99%), 2,2-bis(hydroxymethyl)propionic acid (Aldrich, 98%), copper(1I)
sulfate (Sigma, 98%), N,N-diisopropylethylamine (DIPEA, Aldrich, 99.5%), 3,4-dihydroxy-
hydrocinnamic acid (Aldrich, 98%), 2,2-dimethoxypropane (DMP, Merck, 98%), 2,3-dime-
thylmaleic anhydride (Alfa Aesar, 97%), di-n-butyltin dilaurate (DBTDL, 98%, Alfa Aesar),
di-tert-butyl dicarbonate (Merck Millipore, 98%), hydrogen chloride solution (4.0 m in diox-
ane, TCI), p-toluenesulfonic acid monohydrate (PTSA, TCI, 98%), (+)-Sodium l-ascorbate
(Acros Organics, 99%), sodium azide (Alfa Aesar, 99%), triphenylphosphine (Alfa Aesar,
99%), tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA, TCI, 97%) and trifluoroace-
tic acid (TFA, Alfa Aesar, 99%) are purchased from commercial resources and used without
further purification. DOWEX X50W-X8 and Chelex 100 resin are thoroughly washed with
MeOH prior to use. Isophorone diisocyanate (IPDI, mixture of cis/trans isomers (72:28),
98%, Acros Organics) and 1,2-bis(2-chlorethoxy)ethane (Aldrich, 97%) are freshly distilled
prior to use. The poly(ethylene glycol)s (Sigma Aldrich) are first purified by precipitation into
diethyl ether, freeze dried from benzene and further dried in high vacuum prior to polymer-
ization. Cyclohexan (CHex), ethylacetate (EA), dichlormethane (DCM), 1,4-dioxane, and
methanol (MeOH) are used as received. Anhydrous toluene, acetone, dimethyl sulfoxide
(DMSO), N,N-dimethylformamid (DMF), and N,N-dimethylacetamide (DMAc) are pur-
chased from Acros Organics and used as received. For cell experiments: Phosphate buffer
(DPBS)-D8537 (Sigma-Aldrich), Dulbecco’s Modified Eagle Medium (DMEM) high glu-
cose-D5796 (Sigma-Aldrich), fetal bovine serum (FBS)-F7524 (Sigma-Aldrich), GlutaMAX
(GL) (Thermo Fisher Scientific), Penicillin-Streptomycin (P/S)-P4333 (Sigma-Aldrich), tryp-
sin EDTA solution (Sigma-Aldrich), Osteoblasts (MG-63 GFP obtained from R. E. Unger

— Johannes Gutenberg University Mainz, Institute of Pathology).

9.3.2. Chromatography

Thin-layer chromatography is performed on Fass silica gel 60 (Merck) or silica gel 60 RP-18
(Merck, coated plates. Spots are detected with UV-light (A = 254 nm), iodine or ninhydrin
(0.2 g in 100 mL. EtOH) solution. Flash chromatography is performed on silica gel 60 (40—
63 um, Merck Millipore) and LiChroprep® RP-18 (40—63 um, Merck Millipore. Size
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exclusion chromatography (SEC) measurements are performed at 60 °C in DMF (+ 1 g L™
LiCl) using a 1260 Infinity GPC/SEC-system from Agilent (PSS SECcutity pump, VWR
Elite Chrom RI detector) equipped with a PSS GRAM guard column, two PSS GRAM
1000A and one PSS GRAM 100 A columns at a flow rate of 1 mIL min~'. All data are analyzed
with the software PSS WinSEC provided by PSS. The number- and weight average molecular
weight (M., M) and dispersity (D) are calculated with a PEG calibration (calibration stand-
ards provided by PSS). Samples (2 g I.™") are filtered through a Chromafil PET-45/15 MS
syringe filter prior to injection. Analytical and semipreparative HPLC were performed on a
JASCO (Tokyo, Japan) LC-4000 system equipped with a binary pump system, an in-line de-
gasser, dynamic mixer and a UV /VIS-detector. Signals were detected in a range from 400—
200 nm. The system was operated by the software ChromNAV by [AS5CO in its version
2.00.02. For analytical purpose, a reverse phase Luna C18(2) (250 X 4.6 mm), 100 A pore
size, 10 um particle size, by Phenomenex (Torrance, USA) was used as stationary phase, oper-
ated at 20 °C with a flow rate of 1.5 mL/min. Semipreparative HPLC was petformed on a
reverse phase Macherey-Nage/ Nucleodur C18 Pyramid (250 x 21 mm), 100 A pore size, 5 um
patticle size with a flow rate of 18.9 mIL./min. The fractions were collected automatically by
a CHF122SC fraction collector (Advantec MEC Inc., Dublin, USA). Acetonitrile (B) and ul-
trapure water (A), each with 0.1% TFA, were used as eluents. Analytical gradient: 5% B (1
min) = 30% B (in 15 min) = 30% B (3 min) = 50% B (in 5 min); Semi-preparative gradient:
15% B (1 min) = 50% B (in 24 min) = 100% B (3 min).

9.3.3. Instrumentation

NMR spectra are recorded on a Bruker Avance-II HD 400 instrument at 20 °C. The chemical
shift 8 is given in ppm by using tetramethylsilane as internal standard (8 = 0 ppm) and deu-
terated solvents (CDCls, DMSO-d;,) as internal reference. The reported signal splittings are
abbreviated as follows: s = singlet, d = dublet, t = triplet). Coupling constants | are reported
in Hz. High resolution electron spray mass spectra (HR-ESI MS) are measured with an Ag-
lent 6545 QTOF-instrument. Turbidity measurements are performed on a Jasco UV-Vis V-
760 Spectrophotometer equipped with a mechanical stirrer and external thermostat using
1 cm quartz class cuvettes. Optical swelling measurements are performed using a Zeiss Pri-
movert inverted microscope with a 4x objective. Images are recorded using a ABS UK155m
microscope camera. The samples immersed in water are sealed between two microscope
cover slides divided by a silicon isolator before they are placed in an Instec TSA12Gi thermal

stage controlled by a mK2000 temperature controller equipped with an external industrial
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chiller (C500WU) (all components by Instec). UV-irradiations are performed with the UV
lamp OmniCure, Series 1500 (Model No. S1500A, 200 Watt Mercury Arc, 320-500 nm)
from Lumen Dynamics Group Inc equipped with a fiber optic light guide. Linear shear rhe-
ology is performed on a stress-controlled modular compact rheometer of the type MCR 302
(Anton Paar, Graz, Austria) equipped with UV-transparent lower glass plate, a stainless-steel
cone—plate geometry and a solvent trap. The temperature is controlled by a Peltier plate.
Motor adjustment and inertial calibration are performed before each measurement. 'H MAS
NMR spectroscopy measurements are performed on a Bruker Avance DSX 400 NMR spec-
trometer operating at 399.87 MHz 'H frequency using 4 mm rotors and inserts specially
developed to investigate gels and soft matter. The 'H single pulse excitation NMR spectra
are recorded using a commercial three channel Bruker 4 mm probe head at 4 kHz Magic
Angle Spinning (MAS), averaging 512 scans with a 5 s recycle delay. Confocal Laser Scanning
Microscopy (CLSM) is performed using a Leica TCS-SP8 AOBS SMD microscope with an
HCPL APO CS2 10x/0.40 DRY objective. GFP expressing cells are excited with 488 nm
(argon laser), while their green fluorescence is detected between 500 nm and 600 nm (PMT2

detector).
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9.3.4. Synthesis

9.3.4.1. DMMI-"EG diol (4)

0
HoN Oy _Boc,0 >LO)J\N/\/O\/\O/\/NH2
8 2 dioxane/H,0 0
(2:1), rt, 12 h
6% | O o ©

toluene 110 °C, 5h

OH OH >L
:\K DMP, PSTA J\N/\/O\/\O/\/

acetone,

90%
’ o 0 quant TFA/DCM (1 1),rt, 1h

/a)J\N/\/ \/\O/\/ 14 HN" \/\O/\/

1. HATU, DIPEA,
. 0°Ctort, DCM
64%) 2.15, DOWEX 50W-X8,
over 2 steps MeOH, r.t., o/n

Scheme S§9-1. Synthesis of DMMI-TEG diol 4.

tert-Butyl-(2-(2-(2-aminoethoxy)ethoxy)ethyl)carbamate (9)

According to a literature procedure, 1,8-Diamino-3,6-di- o
oxactan (8) (30.0 g, 202 mmol, 1 eq.) is dissolved in a 1,4- H2N\/\o/\/‘)\/\uj\o)<
dioxane/water mixture (#/» = 2:1, 300 mL) in a 500 mL Schlenk flask under Argon atmos-
phere and cooled in a water-ice-bath (2-5 °C)."" A solution of di-fer~-butyl dicarbonate
(14.5 g, 66.4 mmol, 0.33 eq.) in 1,4-dioxane (100 mL) is added dropwise over 5 h. After-
wards, the ice-bath is removed and the reaction mixture is stirred for 17 h at r.t. before the
turbid solution is concentrated under reduced pressure. After dilution with brine (200 mL),
the pH is adjusted to 3 with an aqueous citric acid solution (3%) under ice-cooling (1.2 L).
The aqueous phase is washed with DCM (3 x200 mL) and the pH is adjusted to 10 with
sodium carbonate (190 g). Finally, the basic aqueous phase is extracted with DCM
(5 x 300 mL) before the organic layer is dried over sodium sulfate and the solvent is removed
under reduced pressure. Amine 9 is obtained as colorless liquid (14.1 g, 56.9 mmol, 85%).
Molecular formula: Cii1HxN>O4 TLC: Rf= 0.33 (DCM:MecOH = 10:3:, SiO,). ESI-
HRMS (m/2): Calculated for [M+H]": 249.181, found: 249.181 'H-NMR, COSY
(300 MHz, DMSO-4s, 8): 6.78 (t, 1H, C(=O)NH)), 3.47 (m, 4H, OCH.CH0), 3.40-3.28 (m,
6H, H.NCH,CH,O, OCH,CH.NHC(=0), 3.05 (q, 2H, CH.NHC(=0)), 2.63 (t, 2H, NH>),

Defined and Functional Materials for Microtissue Engineering Applications | 167



APPENDIX

1.37 (s, 9H, CHs) ppm. “C-NMR, HMBC, HSQC (75 MHz, DMSO-d;, 8): 155.6
(OC(=O)NH), 77.6 (C(CHs)s), 73.1 (CH,0), 69.6 (CH,0), 69.5 (CH,0), 69.1 (CH,0), 41,4
(CH.NH,), 39.7 (CH,NHC(=0)), 28.3 (CH5) ppm.

DMMI-"EG tert-butyl amine (11)

tert-Butyl-(2-(2-(2-aminoethoxy)ethoxy)ethyl)carba- o

mate (9) and 2,3-dimethyl maleic anhydride (10) are >I\oj\N/\/o\/\o/\/E$R
dissolved in toluene (95 mL each) and added to a H o)
250 mL two-neck flask equipped with a Dean-Stark apparatus. The colorless solution is
heated under reflux for 11 h before the solvent is removed under reduced pressure and the
crude product is obtained as orange liquid. After chromatographical purification
(‘Hex/EA = 3:2, SiO,), DMMI-TEG BOC-protected amine 11 is obtained as slightly yellow,
viscose liquid (13.5 g, 37.8 mmol, 66%). Molecular formula: C;;H2sN>Os. TLC: Re= 0.25
(‘Hex/EA = 3:2, SiO;). ESI-HRMS (m/Z): Calculated for [M+H]": 357.2025, [M+Na]":
379.1840, found: [M+H]": 357.2018, [M+Na]": 379.1836 'H-NMR, COSY (300 MHz,
CDCl; 8): 5.05 (s, 1H, C(=O)NH), 3.72-3.66 (m, 2H, NCH>), 3.6-3.50 (m, 8H, CH,O), 3.28
(q, °] = 5.1 Hz, 2H, CH,NH(C=0)), 1.95 (s, 6H, (C=C)CH3), 1.44 (s, 9H, OCCH3) ppm.
BC-NMR, HMBC, HSQC (75 MHz, CDCl; 8): 172.2 (C(=O)N), 156.2 (OC(=O)NH),
137.4 (CHsC=CCHsj), 77.3 (C(CHs)3), 70.4 (CH,O), 69.9 (CH:0O), 68.3 (CH:O), 40.5
(CHNH(C=0)), 37.1 (NCHy), 28.6 (C(CH3)3), 8.9 (C=C)CHs) ppm.

DMMI-"EG amine (12)

DMMI-TEG BOC-protected amine 11 (13.1 g, 36.8 mmol, o

1.0 eq.) is dissolved in DCM (18.5 mL) under inert atmos- HZN/\/O\/\O/\/W
phere before trifluoro acetic acid (TFA) (18.4 mlL, 0
239 mmol, 6.5 eq.) and triethylsilane (0.37 mL, 1 vol%) are added. After stirring at r.t. for 60
min, TFA and solvent are removed under reduced pressure. The yellow residue is repeatedly
re-dissolved in toluene which is then removed under reduced pressure (6 x) before the highly
viscous TFA salt is finally dried under high vacuum for 48 h. Molecular formula:
Ci2HN:O4. TLC: R = 0.44 (DCM/MeOH = 10:3, SiO,). ESI-HRMS (1m,/z): Calculated
for [M+H]": 257.1501, found: [M+H]": 257.1500 NMR, COSY (300 MHz, CDCl; 8): 7.26
(s, 3H, NH3), 3.76-3.57 (m, 10H, CH:O), 3.22 (m, 2H, CH,NH"), 1.94 (s, 6H, CH3) ppm.

BC-NMR, HMBC, HSQC (75 MHz, CDCl; 8): 172.6 (C(=O)N), 137.6 (CH,C=CCHS),
70.2 (CH,O), 68.8 (CH,O), 66.6 (CH,O), 40.0 (CH,NH;"), 37.5 (NCH,), 8.8 (CHs) ppm.
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2,2,5-trimethyl-1,3-dioxane-5-carboxylic acid (14)

According to a literature procedure, 2,2-bis(hydroxymethyl)propionic acid 13 ><
(10 g, 74.5 mmol, 1.0 eq.), 2,2-dimethoxypropan (13.8 mL, 113 mmol, 1.5 eq)and {7
and p-toluenesulfonic acid monohydrate (0.78 g, 4.1 mmol, 0.05 eq.) are dissolved >I<OH
in anhydrous acetone and stirred at r.t. for 16 h under inert atmosphere.” Afterwards, a 1:1
mixture of EtOH and 37% ammonia solution (1 mL) is added and the solvent is removed
under reduced pressure. The residue is dissolved in DCM (150 mL) and washed with water
(3 x 30 mL) before the organic phase is dried over sodium sulfate. Removal of the solvent
yields 2,2,5-trimethyl-1,3-dioxane-5-carboxylic acid (14) as colotless solid (11.6 g, 67.0 mmol,
90%). Molecular formula: CsH,O4. TLC: Rs = 0.70 (EA, SiO,). ESI-HRMS (1n/Zz): Cal-
culated for [M]: 173.0814, found: 173.0820. 'H-NMR, COSY (300 MHz, DMSO-4, 8): 4.00
(d, 2H, *] = 11.6 Hz, CHY)), 3.55 (d, 2H, *] = 11.6 Hz, CH”), 3.35 (s, 1H, C(=O)OH), 1.34
(s, 3H, CHs), 1.26 (s, 3H, CHs), 1.07 (s, 3H, CH3) ppm. "C-NMR, HMBC, HSQC
(75 MHz, DMSO-d,, 6): 175.6 (C(=O)OH), 97.3 (OC,0), 65.2 (CHy), 40.7 (C,(CHs)), 24.7
(CH3), 22.7 (CHs), 18.4 (CHs) ppm.

DMMI-"EG diol acetonide (15)

DMMI-TEG amine 12*TFA (1.00 g, 2.7 mmol, o

1 eq.) is dissolved in anhydrous DMF (15 mL) in a o /ﬂ)OJ\N A0 /\/w\
100 mL Schlenk flask under inert atmosphere be- #\O H o
fore 2,2,5-trimethyl-1,3-dioxane-5-carboxylic acid (14) (0.57 g, 3.24 mmol, 1.2 eq.) is added.
The solution is cooled in an ice-bath and a solution of HATU (1.23 g, 3.24 mmol, 1.2 eq.) in
DMF (12 mL) and DIPEA (1.85 mL, 10.5 mmol, 3.9 eq.) are slowly added. After stirring for
3 h at r.t., the solvent is distilled off under high vacuum (40 °C oil bath) and the residue is
dissolved in DCM (150 mL). After washing the organic phase with a saturated sodium bicar-
bonate solution (3 x 50 mL) and water (1 x 50 mL) and drying over sodium sulfate, the sol-
vent is removed under reduced pressure. The crude product is chromatographically purified
(ACN/H:0O = 1:1, RPys silica gel) and compound 15 is obtained as colotless, highly viscous
oil (749 mg, 1.82 mmol, 67%) after lyophilization. Molecular formula: C»H3N,O;. TLC:
Rs = 0.47 (ACN/H:O = 1:1, RPss silica gel). ESI-HRMS (m/2): Calculated for [M+H]":
413.2288, [M+Na]": 435.2107; found: [M+H]": 413.2293, [M+Na|": 435.2105. '"H-NMR,
COSY (400 MHz, DMSO-d, 8): 7.57 (t, ’] = 5.5 Hz, NHC(=0)), 3.90 (d, 2H, *] = 11.8 Hz,
OCH.C,), 3.61 (d, 2H, °]=11.8 Hz, OCH,”C,), 3.53-3.44 (m, 8H, CH0), 3.38 (t,
°T = 5.8 Hz, 2H, CH:N), 3.21 (m, 2H, CHNH(C=0)), 1.89 (s, 6H, (C=C)CHs), 1.35 (s, 3H,
CH3), 1.28 (s, 3H, CH3), 1.00 (s, 3H, CHs) ppm.
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DMMI-"EG diol (4)

DMMI-"EG  diol  acetonide 15 (1.11g, 5 o

2.69 mmol) is dissolved in MeOH (220 mL) be- HO/E)LN/\/O\/\O/\/E;\\é\
fore DOWEX X50W-X8 (5.28 g, 4.8 wt%) is HO H 0
added and the colotless suspension is stirred for 19 h at r.t.. The solvent is removed under
reduced pressure and the diol is obtained as slightly yellow, highly viscous oil (0.969 g,
2.58 mmol, 96%). Molecular formula: C;7HzxN,O;. TLC: Rf= 0.44 (ACN/H,O = 1:1,
RP;s silica gel). ESI-HRMS (m/2): Calculated for [M+Na]™: 395.1794; found: [M+Na]":
395.1793. 'TH-NMR, COSY (300 MHz, CDCl;, 8): 7.49 (ss, 1H, C(=O)NH), 3.63-3.49 (m,
14H, CH,CH,O, CH,OH), 3.44 (m, 2H, CH,NH(C=0)), 3.23 (s;, 2H, OH), 1.94 (s, 6H,
CH;), 1.11 (s, 3H, CH3) ppm.®C-NMR, HMBC, HSQC (75 MHz, CDCl;, 8): 177.0
(C(FO)NH), 172.4 (C(=FO)N), 137.5 (CH;C=CCHs), 70.3 (CH.O), 70.1 (CH.O), 69.6
(CH,OH), 68.3 (CH20), 67.9 (CH,0), 47.8 (CH.NHC(=0)), 39.1 (C,(CHz)2), 37.3 (NCH>),
18.14 (CHs), 8.8 ((C=C)CHs) ppm.
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9.3.4.2. DMMI-"EG-Catechol (6)

90 min 24 h,0°Ctort.
8%
o] OH
/ H HCI (4M), ><
N N dioxan, 4h
V\O)z/\/ OH reflux <\/\O>/\/N
(0] (0]
78% 9%

Scheme S9-2. Synthesis of DMMI-TEG-Catechol (6).

2,2-Dimethyl-1,3-benzodioxole-5-propanoic acid (17)
2,2-Dimethyl-1,3-benzodioxole-5-propanoic acid (17) is synthe- 0

sized according to a modified procedure by Liu et al.”! 3 4-(Dihy- HO)‘\/\C[ e
droxyphenyl)propionic acid (16) (1.05 g. 5.76 mmol, 1.0 eq) is dis-

solved in anhydrous toluene (100 mL) in a flame-dried 250 mL two neck-flask equipped with
reflux condenser and septum. 2,2-dimethoxypropan (2.2 mL, 22 mmol, 3.8 eq.) and p-tol-
uenesulfonic acid monohydrate (50 mg, 0.26 mmol, 0.05 eq.) are added and the reaction mix-
ture is refluxed for 90 min under nitrogen atmosphere. After cooling to r.t., the organic phase
is washed with water (3 x 25 mL), dried over sodium sulfate before the solvent is removed
under reduced pressure. The yellow residue is recrystallized from “Hex (15 mL) to yield (17)
as colotless crystalline solid (708 mg, 58%). Molecular formula: C;,H1,04. TLC: R = 0.27
(ACN:HO = 2:1, RPys silica gel). ESI-HRMS (m/Z2): Calculated for [M+H]": 223.097,
found: 223.090 '"H-NMR, COSY (400 MHz, DMSO-4, 8): 12.09 (s, 1H, C(=O)OH), 6.70
(m, 2H, Catechol: C;H/C¢H), 6.60 (m, 1H, Catechol: CsH), 2.71 (t, 2H, °] = 7.6 Hz, CHa-
An, 247 (t, 2H, °] = 7.6 Hz, CH,C(=O)OH), 1.66 (s, 6H, CH;) ppm."C-NMR, HMBC,
HSQC (101 MHz, DMSO-d, 8): 173.8 (C(=O)OH), 146.8 (Catechol: C;), 145.1 (Catechol:
(), 134.1 (Catechol: Cy), 120.5 (Catechol: CsH), 117.5 (OC,0), 108.5 (Catechol: C;H), 107.8
(Catechol: C¢H), 35.6 (CH.C(=O)OH), 30.2 (CH,-A7), 25.6 (CH3) ppm.
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DMMI-"EG-Catechol Acetonide (18)

DMMI-triEG amine*TFA 12 (600 mg, o

1.62 mmol, 1.2 eq.) is dried under high /Z//;ﬁ Oy o] .
vacuum at r.t. in a 25 mL Schlenk flask for & H)K/\@[OK
4 h and afterwards dissolved in anhydrous DMF (2 mL) under nitrogen atmosphere before
2,2-dimethyl-1,3-benzodioxole-5-propanoic acid (17) (301.6 mg, 1.35 mmol, 1.0 eq) is
added. Under ice cooling, a solution of HATU (770 mg, 2.0 mmol, 1.5 eq.) in DMF (2 mL)
and finally DIPEA (0.92 mL, 5.40 mmol, 4.0 eq) are added dropwise and the reaction mix-
ture is stirred for 1 h art 0 °C and another 23 h at r.t. Afterwards, the solvent is removed
under reduced pressure and the residue is dissolved in DCM (80 mL). The organic phase is
washed with saturated sodium carbonate solution (2 x 50 mL) and Brine (2 x 50 mL) before
it is dried over sodium sulfate and the solvent is removed under reduced pressure. The resi-
due is purified by column chromatography (ACN/H,O = 1:1, RPys silica gel) and the prod-
uct is isolated as colorless oil after lyophilization (490 mg, 79%). Molecular formula:
C2sH3N20O7. TLC: R = 0.25 (ACN:H,O = 1:1, RPys silica gel). ESI-HRMS (m/z): Calcu-
lated for [M+H]": 461.2288, found: 461.227. 'H-NMR, COSY (400 MHz, CDCl;, 8): 6.61
(m, 3H, Catechol: C;H, CsH, CH), 620 (s, 1H, (C=O)NH), 3.57 (m, 12H,
(CH.CH,0),CH.CH), 2.86 (m, 2H, CH,-Ar), 2.49 (m, 2H, NHC(=O)CH.), 1.94 (s, 6H,
(C=C)CH3), 1.65 (s, 6H, OC,CH3) ppm. "C-NMR, HMBC, HSQC (101 MHz, CDCl;, §):
172.7 (C(=O)NH), 172.6 (C(=O)N), 147.9 (Catechol: C,), 145.8 (Catechol: C,), 137.4
(CH;C=CCH3), 134.3 (Catechol: Cy), 120.7 (Catechol: Cs), 117.7 (OC,0), 108.8 (Catechol:
Cs), 108.1 (Catechol: Cg), 70.4 (CH20), 70.1 (CH20), 69.9 (NCH.CH:0O), 68.3 1 (CH0),
39.6 (CH.NH(C=0)), 39.1 (CH0), 37.6 (NH(C=0)CH,), 32.0 (CH2-A7), 26.3 (OCCHj),
9.2 (CHs) ppm.

DMMI-Catechol (6)
DMMI-Catechol-acetonide 18 (473 ¢, 1.03 o
. . T 0
mmol, 1.0 eq.) is dissolved in HCl in dioxane / N g Oy OH
(4M, 10 mL) and heated under reflux in a ni- o] H

OH
trogen atmosphere for 10 h. After lyophilization of the reaction mixture, the product is pu-

rified by column chromatography (ACN/H,O = 2:1, RPss silica gel) and isolated as highly
viscous, yellow oil (327 mg, 78%). Molecular formula: C,HxN,O; TLC: R¢= 0.55
(ACN:H;O = 2:1, RPss silica gel). ESI-HRMS (m/2): Calculated for [M+H]": 421.19
found: 421.197. '"H-NMR, COSY (400 MHz, DMSO-4, 8): 8.69 (s, 1H, -OH), 8.59 (s, 1H,
OH), 7.81 (t,’] = 5.7 Hz, 1H, (C=O)NH), 6.59 (d, °’] = 7.9 Hz, 1H, Catechol: CsH), 6.55 (d,
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‘I = 2.1 Hz, 1H, Catechol: C;H), 6.41 (dd, °] = 7.9 Hz, *] = 2.1 Hz, 1H, Catechol: CsH), 3.47
(m, 8H, CH,OCH,CH,OCH>), 3.31 (m, 2H, NCH.), 3.14 (m, 2H, CH,NH(C=0)), 2.60 (m,
2H, CH,-A7), 2.26 (m, 2H, NHC(=O)CH,), 1.89 (s, 6H, CH;) ppm. ®*C-NMR, HMBC,
HSQC (101 MHz, DMSO-d;, 8): 171.62 (C(=O)NH), 171.5 (C(=O)N), 144.9 (Catechol: C;),
143.3 (Catechol: Cy), 136.7 (CH;C=CCHj), 132.2 (Catechol: Cy), 118.7 (Catechol: Cs), 115.6
(Catechol: C3), 115.4 (Catechol: C), 69.5 (CH,0), 69.3 (CH,O), 69.2 (NCH.CH,0), 67.1
(CH;0), 38.46 (CH,NH(C=0)), 37.9 (NH(C=0)CH.), 37.4 (CH;0), 30.6 (CH:-A7), 1, 8.4
(CH5) ppm.
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9.3.4.3. DMMI-"EG-RGD (7)

Cla g~ O~ —NaNa, Nz~~~ O~ PPhs N3 0
© 19 C "o, Y N3 Et,O/THF/N HCI NN,
reflux, 6 d 20 (5:1:5), r.t. 18 h 21
90% 85%
HoN__NH
i 0 O o

HN toluene
0 reflux, 10 h

0 0 I 0 OH é/\/RGD o 10
N~ ~N H g H N0 g N3
o]
22

2 0 CuSOy4 TBTA,
0} Na-Ascorbat,
7 DMSO, rt., 16 h
94% 46%

Scheme S§9-3. Synthesis of DMMI-TEG RGD 7.

1,2-Bis(2-azidoethoxy)ethane (20)

According to a literature procedure, freshly distilled 1,2-bis(2- N3\/\o/\/o\/\N3
chlorethoxy)ethan (19) (6.00 mL, 38.4 mmol, 1 eq.) is dissolved in

water (100 mL) before sodium azide (13.8 g, 212 mmol, 5.5 eq.) is added and the colotless
emulsion is heated under reflux for 6 days. After cooling to r.t., the aqueous phase is ex-
tracted with DCM (3 x 100 mL) and the combined organic phases are dried over sodium
sulfate. 1,2-Bis(2-azidoethoxy)ethane (20) (6.90 g, 34.5 mmol, 90%) is obtained as colorless
liquid after removal of the solvent under reduced pressure. Molecular formula: CsH:NeOo.
TLC: R=0.19 (ACN/H:O = 1:1, RPys silica gel). ESI-HRMS (m/Z): Calculated for
[M+Na]": 223.0919, found: 223.0914 '"H-NMR, COSY (300 MHz, CDCl;, 8): 3.74-3.65 (m,
8H, CH:0), 3.40 (t, °] = 5.0 Hz, 4H, CH,N3) ppm. "*C-NMR, HMBC, HSQC (75 MHz,
CDCl, 6): 70.9 (OCH2CH,0), 70.3 (CH2CH.N3), 50.8 (CH2N;) ppm.

2-[2-(2-Azidoethoxy)ethoxy]ethan-1-amine (21)

According to a literature procedure, 1,2-bis(2-azidoeth-
oxy)ethane (20) (4.15 g, 20.7 mmol, 1.0 eq.) is dissolved in a
mixture of Et,O, THF and 1N HCl,q (5:1:5, 57.5 mL) in a 100 mL two-neck flask equipped

Ng\/\o/\/o\/\NH2

under inert atmosphere."” Triphenylphosphine (5.42 g, 20.7 mmol, 1.0 eq.) is dissolved in
EtO (30 mL) and added over 3 h under vigorous stirring over a dripping funnel before the
reaction mixture is stirred for 18 h at r.t.. Afterwards, the organic phase is separated and
extracted with 4N HCl,q (100 mL). Both aqueous phases are combined and washed with Et,O
(4 x 100 mL) and toluene (2 x 100 mL) before the pH is adjusted to 14 by addition of sodium
hydroxide. Finally, the basic aqueous phase is extracted with DCM (2 x 100 mL) and the

organic phase is dried over sodium sulfate before the solvent is removed under reduced
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pressure. 2-[2-(2-Azidoethoxy)ethoxy]ethan-1-amine (21) is obtained as colorless liquid
(3.06 g, 17.5mmol, 85%). Molecular formula: CHuN,O,. TLC: R&=0.63
(ACN/H2O = 10:1, RPss silica gel). ESI-HRMS (1m/2): Calculated for [M+H]": 175.1195,
found: 175.1189. Calculated for [M+Na]": 197.1014, found: 197.1004. '"H-NMR, COSY
(300 MHz, CDCls, 8): 3.82-3.59 (m, 6H, CHO), 3.53 (t, °] = 5.2 Hz, 2H, CH,CH,NH.,),
3.40 (t,’] = 5.0 Hz, 2H, CH.N3), 2.88 (t, °] = 5.2 Hz, 2H, CH,NHo>), 1.74 (s, 2H, NH,) ppm.
BC-NMR, HMBC, HSQC (75 MHz, CDCl;, 8): 73.44 (CH,CH.NH.), 70.81 (CH,0), 70.45
(CH:0), 70.21 (CH-0), 50.81 (CH:N3), 41.85 (CH.NH,) ppm.

DMMI-"EG-azide (22)

2-|2-(2-Azidoethoxy)ethoxy|ethan-1-amine (21) (1.59¢, o

9.1 mmol, 1.0eq.) and 2,3-dimethyl maleic anhydride (10) / Nf~ g~ Na
07,

(1.15 mg, 9.1 mmol, 1.0 eq.) are dissolved in toluene (50 mL) o}

und a 100 mL two-neck flask equipped with a Dean-Stark apparatus. The colotless solution
is heated under reflux for 10 h under inert atmosphere. After removal of the solvent under
reduced pressure, the obtained orange oil is purified by column chromatography
(‘Hex/EA = 3:2, SiO;). DMMI-TEG-azide 22 (1.18 g, 4.2 mmol, 46%) is obtained as color-
less viscous liquid. Molecular formula: C12H1sN;O.. TLC: Re= 0.39 (“Hex/EA = 3:2, SiOy).
ESI-HRMS (1n/2): Calculated for [M+Na]": 305.1226, found: 305.1222 '"H-NMR, COSY
(300 MHz, CDCls, 8): 3.71-3.60 (m, 10H, CH0O), 3.36 (m, 2H, CH,N3), 1.95 (s, 6H, CH3)
ppm. "C-NMR, HMBC, HSQC (75MHz, CDCl, 8): 1722 (C(=O)N), 137.3
(CH;C=CCH3), 70.79 (CH,0O), 70.20 (CH20), 70.16 (CH-0O), 68.33 (CH20O), 50.80 (CH.N3),
37.21 (CH2N), 8.83 (CHs) ppm.
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Protected-RGD-alkyne (23a)

The peptide is synthesized on solid support. Loading of the
resin: 2-Chloro-tritylchloride polystyrene resin (loading =
1.60 mmol/g 2-chloro-tritylchloride, 1.00 g, 1.60 mmol)
is placed in a Merrifield-reactor. A solution of Fmoc-L- O;N§=O NH

Asp(OBu)-OH (1.32 g, 3.20 mmol, 2.0 eq.) in DCM H\I\T o

(10 mL) with a small amount of DMF is added to the O\S\H/H 0 o)<
resin. After the addition of DIPEA (0.56 ml, 3.20 mmol, N” 5 N\)I\H 5 o
2.0 eq.), the mixture is shaken for 5 min. DIPEA (0.84 mL, 4.80 mmol, 3.0 eq.) is added and
the mixture agitated for 1 h. MeOH (1 mL) is added, the mixture shaken for 15 min before
draining the reactor. The resin is washed consecutively with DCM (3 X 10 mL), DMF (3 X
10 mL), DCM (3 X 10 mL) and MeOH (3 X 10 mL). The resin is transferred in an automated
peptide synthesizer and swollen by shaking it in DCM/DMF (1:1) for 15 min. The N-termi-
nal Frmoc-group is removed by the treatment of the resin with piperidine in DMF (20v% in DMF)
for 5 min and subsequently for 20 min. The liquid is removed by suction and the resin
washed with DMF (2X), DCM (2X) and DMF (2X). The coupling of the following amino acid is
performed by treating the growing peptide with a solution of the Fmoc-Amino acid (4.0 eq.),
HBTU (4.0 eq.), HOBt (4.4 eq.) and DIPEA (6.0 eq.) in DMF. After 1 h of shaking, the
reactor is drained and the resin washed with DMF twice. The procedure is repeated for the
third amino acid. After the final removal of Fmoc, the peptide was capped by shaking the
resin in a solution of 4-pentynoic acid (314 mg, 3.2 mmol, 2.0 eq.), HATU (791 mg,
3.2 mmol, 2.0 eq.), HOAt (436 mg, 3.2 mmol, 2.0 eq.) and DIPEA (1.11 mL, 6.4 mmol,
4.0 eq.) for 2 h. The peptide is cleaved from the resin by shaking it in TFE in DCM (20 vol%,
3x20 mL) for 2 h. The cleavage cocktail is concentrated under reduced pressure and precip-
itated into cold water (45 mL). The residue is washed with water twice and subjected to
lyophilization. The crude is purified by flash chromatography (EA/MeOH (+0.1% AcOH)
= 5:1>1:1, Si0y) and the product isolated as colotless solid after lyophilization (988 mg,
1.34 mmol, 84% relative to resin loading capacity). Molecular formula: Cs;Hs0NO10S.
TLC: R¢ = 0.43 (EA/MeOH (+0.1% AcOH) = 3:1, SiO,). ESI-HRMS (1m/Z): Calculated
for [M+H]": 735.3387, [M+Na]": 757.3207, found: [M+H]": 735.3366, [M+Na]": 757.3188.
'H-NMR, COSY (400 MHz, DMSO-d;, 8): 12.82 (s;, 1H, D: C(=O)OH), 8.25 (m, 1H, G:
NH), 8.12 (d, °] = 7.5 Hz, 1H, R: C(=O)NH), 8.03 (m, 1H, D: C(=O)NH), 7.19-6.21 (2x
si, 3H, R: NH), 4.50 (m, 1H, D: CH), 4.20 (m, 1H, R: CH), 3.69 (m, 2H, G: CH,), 3.02 (m,
2H, R: NHCH>), 2.96 (s, 2H, CHx(Pbf)), 2.74 (s, 1H, C=CH), 2.64 (dd, '] = 16.0 Hz, °] = 6.1

176 | Defined and Functional Materials for Microtissue Engineering Applications



APPENDIX

Hz, 1H, D: CH.), 2.53 (dd, J=16.0 Hz, ] = 7.1 Hz, 1H, D: CH,"), 2.47 (s, 3H, R:
CH,(Pbf)), 2.42 (s, 3H, R: CHy(Pbf)), 2.34 (m, 4H, HCECCH,CH,), 2.01 (s, 3H, R:
CH;5(Pbf)), 1.65 (m, 1H, R: NHCH,CH,CH.", 1.52-1.38 (m, 9H, R: NHCH,CH,CH.",
NHCH,CH,, OC(CH:),(Pbf)), 1.37 (s, 9H, D: OC(CHs);). ®*C-NMR, HMBC, HSQC
(101 MHz, DMSO-d, 8): 1722 (D: C(=O)OH), 171.8 (R: C(=O)NH), 170.6
(CH,CH,C(=O)NH), 169.2 (D: C(=0)O(CH>)3), 168.4 (G: C(=O)NH), 157.4 (C-Ta(Pbf)),
156.1 (R: NHC(=NH)), 137.3 (C-6(Pbf)), 134.2 (C-5(Pbf)), 131.4, (C-4(Pbf)), 124.3 (C-
3a(Pbf)), 116.3 (C-7(Pbf)), 86.3 (C-2(Pbf)), 83.7 (CECH), 80.3 (C(CH>)3), 71.3 (CECH), 52.5
(R: CH), 49.0 (D: CH), 42.5 (C-3(Pbf)), 41.7 (G: CH.,), 40.1 (R: NHCH>), 37.3 (D: CH>), 33.9
(HC=CCH,CH>), 29.4 (R: NHCH,CH,CH,), 28.3 (C-2-(CH:)»(Pbf)), 27.7 (C(CH>)3), 25.5 (R:
NHCH,CH,), 19.0 (C-4-CH; (Pbf)), 17.6 (C-6-CH; (Pbf)), 14.1 (HCECCH,CH,), 12.30 (C-
7-CHs (Pbf)) ppm.

RGD-alkyne (23)

Protected RGD-alkyne 23a (988 mg, 1.34 mmol) is dis-

solved in a mixture of TFA (9.0 mL), TIPS (0.5 mL) and HZNI . .

H,O (0.5 mL) and agitated for 1.5 h at room tempera- OHW/H o /¢OH
ture. The mixture is concentrated under reduced pressure M” T N\)k” I OH
and subsequently precipitated into cold EtO (45 mL).

The precipitate is washed with Et;O (45 mL) twice, dried under reduced pressure, taken up
in water and subjected to lyophilization to yield the product as colorless solid (TFA salt,
720 mg, 1.33 mmol, 99%). Molecular formula: Ci;HyN¢O;. TLC: R¢=0.08
(“‘Hex/EA = 1:1, SiO,). ESI-HRMS (m/2): Calculated for [M+H]": 427.1941, found:
427.1934. '"H-NMR, COSY (400 MHz, DMSO-4, 8): 8.27 (t, °] = 5.8 Hz, G: C(=O)NH),
8.17 (d,’] = 8.2 Hz, 1H, R: C(=O)NH), 8.09 (d, ’] = 8.1 Hz, 1H, D: C(=O)NH), 7.87 (m,
1H, R: NH), 7.16 (si, 4H, R: NH/NH,), 4.46 (m, 1H, D: CH), 4.25 (m, 1H, R: CH), 3.71
(m, 2H, G: CHy), 3.08 (m, 2H, R: NHCH,), 2.74 (s, 1H, C=CH), 2.59 (m, 2H, D: CH,), 2.35
(m, 4H, HC=ECCH,CH,), 1.72 (m, 1H, R: NHCH.CH.CH.,"), 1.50 (m, 3H, R:
NHCH.CH,'CH.") ppm. "C-NMR, HMBC, HSQC (101 MHz, DMSO-4;, 8): 172.6 (D:
CHC(=O)OH), 1721 (D: CH.C(=O)OH), 171.8 (R: C(=O)NH), 170.7
(CH.CH.C(=O)NH), 168.5 (G: C(=O)NH), 156.80 (R: NH,C(=NH), 83.8 (C=CH), 71.4
(C=ECH), 52.3 (R: CH), 48.7 (D: CH), 41.7 (G: CH,), 40.46 (R: NHCH,), 36.69 (D: CH»),
34.0 (HC=CCH.CH,), 29.2 (R: NHCH:CH.CH), 2496 (R: NHCH:CH)), 14.2
(HC=CCH:CH») ppm.
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DMMI-"EG-RGD (7)

RGD-azide 23 (100 mg, 0.23

mmol, 1.0 eq.) and DMMI-

TEG-azide 22 (99.3 mg, 0.35

mmol, 1.5 eq.) are dissolved in ‘Z/;( N/\’M /QJ‘:
DMSO (3 mL) and oxygen is re- (\/\OW

moved by three consecutive freeze-pump thaw cycles. A solution of tris[(1-benzyl-1H-1,2,3-
triazol-4-yl)methyljJamine (TBTA, 37.9 mg, 0.07 mmol, 0.3 eq.) and CuSO4*5H,0O (11.2 mg,
0.07 mmol, 0.3 eq.) in DMSO (1 mL) is inserted before sodium ascorbate (35.8 mg,
0.18 mmol, 0.8 eq.) is added in a argon counter flow one minute later which changes the
color from blue to colorless. The solution is stirred for 16 h at r.t. before the solvent is dis-
tilled off under high vacuum and the residue is dissolved in water (50 mL). After washing
with Et,O (2 x 100 mL) and EA (2 x 50 mL), Chelex 100 resin is added to the blue solution,
stirred at r.t. for 12 h and filtered off. After two additional Chelex treatments, DMMI-TEG-
RGD 7 (156 mg) is obtained as colotless solid by lyophilization. Further purification is per-
formed by semi-preparative HPLC (acetonitrile (B) and ultrapure water (A), each with 0.1%
TFA, gradient: 15% B (1 min) = 50% B (in 24 min) = 100% B (3 min)). Molecular for-
mula: Cx»H4NiOn. TLC: Re= 0.60 (ACN, RPys silica gel). MALDI-MS (CHCA, m/Z):
Calculated for [M+H]": 709.327, found: 709.742; Calculated for [M+Na]": 731.309, found:
731.738. 'H-NMR, COSY (400 MHz, D-O, 8): 7.81 (s, 1H, triazole: CH), 4.75 (m, 1H, D:
CH), 4.53 (t, ’] = 5.0 Hz, 2H, triazoleN-CH,), 4.26 (m, 1H, R: CH), 3.95 (s, 2H, G: CH,),
3.88 (t, ] = 5.0 Hz, 2H, triazoleN-CH,CH), 3.64-3.56 (m, 8H, CH,O, CH,NC(=0)), 3.16
(m, 2H, R: NHCH), 3.01 (m, triazoleC-CH>CH>), 2.92 (m, 2H, D: CH,), 2.68 (m, 2H, tria-
zoleC-CH,CH,), 1.90 (s, 6H, CH3), 1.80 (m, 1H, R: NHCH.CH"), 1.67 (m, 1H, R:
NHCH.CH-CH"), 1.52 (m, 2H, R: NHCH,CH,'CH.") ppm. "C-NMR, HMBC, HSQC
(101 MHz, DMSO-4,/D-0O, 8): 1753 (R: C(=O)NH), 174.3 (DMMI: C=0), 174.2 (D:
CHC(=0O)OH), 174.1 (D: C(=O)OH), 170.8 (G: C(=O)NH), 156.7 (R: NH,C(=NH), 146.2
(triazole: C=CCH,), 137.7 (DMMI: C=C), 123.7 (triazole: C=CCHy), 69.6 (CH:O), 69.2
(CH-0), 68.7 (triazoleN-CH,CH>), 67.7 (CH20O), 53.6 (R: CH), 50.7 (triazoleN-CH,), 49.2
(D: CH), 42.2 (G: CH,), 40.4 (R: NHCH,), 37.0 (DMMI-CH,), 35.6 (D: CHy), 34.6 (tria-
zoleC-CH>CHy), 27.9 (R: NHCH.CH,CH>), 24.2 (R: NHCH,CH,CH»),), 20.7 (triazoleC-
CHy»), 7.8 (CHs) ppm.
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Figure $9-22. Chromatogram of Compound 7 (acetonitrile (B) and ultrapure water (A), each with 0.1% TFA;
gradient: 5% B (1 min) a 30% B (in 15 min) a 30% B (3 min) a 50% B (in 5 min)).
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9.3.4.4. Linear PEG-IPDI-DMMI Polyurethanes

OCN DBTDL O O /@
OH ___DBTDL, NCO
Hot ~CTH . NCO  DMAc, rt,
., e OCN H)ko,f\/o}:/\o)LH
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Scheme 89-4. Synthesis of linear PEG/IPDI PUs with pendant DMMI groups.

SOP

All reaction steps are carried out under Argon atmosphere in flame dried glassware. An IPDI
2 stock solution in DMA (2.0 eq., 0.95 M) is added to a 100 mL three-neck flask with dripping
funnel, valve and septum. Poly(ethylene glycol) 1la=d (500 mg, 1.0 eq) of the appropriate
molar mass is freshly freeze-dried from benzene and dissolved in DMA (3 mL) and trans-
ferred to the dripping funnel with a syringe. After addition of one drop DBTDL to the IPDI,
the PEG solution is added over 15-30 min and the reaction mixture is stirred for another
2 h. Afterwards, the DMMI diol 4 (1.0 eq, 0.45 M) is added as a stock solution in DMA and
the reaction mixture is heated to 50 °C. After 48 h, an additional portion of IPDI (0.1 eq.) is
added and the solution is stirred for another 24 h. Next, the reaction is quenched with MeOH
(2 mL) and cooled to r.t.. The polymer solution is precipitated into ice-cold Et,O (160 mL)
and reprecipitated one time from DCM. Finally, the PU is isolated by lyophilization from

ACN/H,O. All polymerizations are catried out according to this SOP.

PU-1.0k (5a)

The polymetizatzion is cartied out with PEG-1.0k (M, = 0.88 kg mol™, 401 mg, 1.0 eq.), and
IPDI (stock solution: 0.94 M, 0.85 mL, 2.0 eq.) and DMMI (stock solution: 0.45 M, 0.89 mL,
1.0 eq.). Yield: 0.528 mg (71%). SEC: M, = 4.15 kg mol™, M,, = 6.28 kg mol™", P = 1.5 'H-
NMR (400 MHz, DMSO-d, 8): 7.55 (m, 1.1H, C(=O)NH), 7.12 (m, 2H, OC(=O)NH), 5.69
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(m, 2H, OC(=O)NH), 4.87 (m, 1H, CH), 4.03 (m, 6H, NH(C=0)O-CH.), 3.50 (m, 90H,
CH,0), 2.73 (m, 4H, O(C=O)NH-CH.), 1.89 (s, 4.5H, (C=C)CH3), 1.60-0.72 (m, 36H,

BC-NMR (101 MHz, DMSO-d,, 8): 173.7 (C(=O)NH), 171.6 (DMMI: C(=O)N), 158.5
(OC(=O)NH), 156.5 (OC(=O)NH), 155.4 (OC(=O)NH), 136.8 (CH;C=CCH;), 69.5
(CH,0), 69.3 (CH,0), 68.9 (CH,0), 62.9 (CH,0), 54.4 (IPDI), 47.2 (CH,NHC(=0)), 45.5
(IPDI), 43.9 (IPDI), 41.6 (IPDI), 38.6 (IPDI), 36.9 (IPDI), 36.0 (IPDI), 35.0 (IPDI), 31.4
(IPDI), 27.5 (IPDI: CH3), 23.2 (IPDI: CH3), 17.4 (CHs), 8.5 (DMMI: CHs) ppm.

Peak assignment accorting to literature reports and comparison with educt spectra.!'!

PU-1.5K"° (5b)

The polymerizatzion is carried out with PEG-1.5k (M, = 1.24 kg mol™', 301 mg, 0.6 eq.), and
IPDI (2.0 eq., stock solution: 0.43 M, 1.13 mL) and DMMI (stock solution: 0.21 M, 1.35 mL,
1.4 eq.). Yield: 0.417 mg (89%). SEC: M, = 6.55 kg mol™, M, = 12.0 kg mol™', © = 1.9. 'H-
NMR (400 MHz, DMSO-ds, 8): 7.60 (m, 1.1H, C(=O)NH), 7.13 (m, 2.2H, OC(=O)NH),
5.84 (m, 1.8H, OC(=O)NH), 4.89 (m, 1H, CH), 4.02 (m, 6.1H, NH(C=0)O-CHo), 3.34 (m,
113H, CH20), 2.72 (m, 3.6H, O(C=O)NH-CH)), 1.89 (s, 4.8H, (C=C)CH3), 1.55-0.81 (m,
38.5H, CHs/CH,) ppm. "C-NMR (101 MHz, DMSO-d, 8): 173.8 (C(=O)NH), 171.7
(DMMI: C(=O)N), 158.5 (OC(=O)NH), 157.0 (OC(=O)NH), 156.9 (OC(=O)NH), 155.4
(OC(=O)NH), 136.8 (CH;C=CCH3), 69.6 (CH20), 68.9 (CH-0), 67.1 (CH20), 62.9 (CH,O),
53.4 (IPDI), 46.7 (CH.NHC(=0)), 45.5 (IPDI), 43.9 (IPDI), 41.6 (IPDI), 38.6 (IPDI), 36.9
(IPDI), 36.0 APDI), 35.0 APDI), 31.5 (IPDI), 27.5 (IPDI: CH3), 23.2 (IPDI: CHj), 17.5
(CHs), 8.5 (DMMI: CH3) ppm.

PU-1.5k (5¢)

The polymerizatzion is catried out with PEG-1.5k (M, = 1.24 kg mol™', 500 mg, 1.0 eq.),
IPDI (stock solution: 0.94 M, 0.71 mL, 2.0 eq.) and DMMI (stock solution: 0.45 M, 0.74 mL,
1.0 eq.). Yield: 0.566 mg (73%). SEC: M, = 7.02 kg mol™, M, = 12.4 kg mol™', D = 1.8. 'H-
NMR (400 MHz, DMSO-ds, 8): 7.56 (m, 1H, C(=O)NH), 7.12 (m, 2H, OC(=O)NH), 5.74
(m, 2.6H, OC(=O)NH), 4.87 (m, 1H, CH), 4.03 (m, 6H, NH(C=0)O-CH,), 3.51 (m, 113H,
CH;0O), 2.72 (m, 4.1H, O(C=O)NH-CHo), 1.89 (s, 3.6H, (C=C)CH3), 1.61-0.73 (m, 34H,
CH;/CH,) ppm. ®C-NMR (101 MHz, DMSO-4, 8): 173.7 (C(=O)NH), 171.61 (DMML:
C(=O)N), 156.8 (OC(=O)NH), 155.4 (OC(=O)NH), 136.8 (CH;C=CCH3), 69.7 (CH-0),
09.5 (CH-O), 69.3 (CH20), 68.9 (CH,O), 67.1 (CH20), 66.2 (CH;O), 63.1 (CH20), 62.9
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(CH,0), 60.2 (CH,0), 47.0 (CH,NHC(=0)), 46.6 (IPDI), 45.5 (IPDI), 43.9 (IPDI), 38.6
(IPDI), 36.9 (IPDI), 36.3 (IPDI), 36.0 (IPDI), 35.0 (IPDI), 31.4 (IPDI), 27.5 (IPDI: CHy),
23.2 (IPDI: CH>), 17.5 (CHs), 8.5 (DMMI: CHs) ppm.

PU-2.0k (5d)

The polymerizatzion is carried out with PEG-2k (M, = 1.95 kg mol™, 502 mg, 1.0 eq.), IPDI
(stock solution: 0.95 M, 0.53 mL, 2.0 eq)) and DMMI (stock solution: 0.46 M, 0.55 mL,
1.0 eq.). Yield: 0.522 mg (74%). SEC: M, = 8.93 kg mol™', M, = 14.62 kg mol™, D = 1.6,
'H-NMR (400 MHz, DMSO-d, 8): 7.55 (m, 0.8H, C(=O)NH), 7.14 (m, 2H, OC(=O)NH),
5.69 (m, 2H, OC(=O)NH), 4.86 (m, 0.6H, CH), 4.03 (m, 5.2H, NH(C=0)O-CH),), 3.51 (m,
175H, CH,0), 2.73 (m, 4.3H, O(C=O)NH-CH,), 1.89 (s, 4.3H, (C=C)CH>), 1.61-0.72 (m,
41.3H, CHs/CH,) ppm. *C-NMR (101 MHz, DMSO-d,, 8): 173.7 (C(=O)NH), 171.61
(DMMI: C(=O)N), 158.5 (OC(=O)NH), 158.4 (OC(=O)NH), 156.8 (OC(=O)NH), 155.4
(OC(=O)NH), 136.8 (CH;C=CCHy), 70.0 (CH,O), 69.3 (CH,O), 68.9 (CH,0), 67.9 (CH,0),
63.1 (CH,0), 62.9 (CH,0), 54.4 (IPDI: CH.NHC(=0)O), 53.4 (IPDI), 46.6 (IPDI), 45.5
(IPDI), 43.9 (IPDI), 38.6 (IPDI), 36.9 (IPDI), 36.0 (IPDI), 35.0 (IPDI), 31.4 (IPDI), 30.0
(IPDI), 27.5 (IPDI: CHs), 23.0 IPDI: CHz), 17.5 (CHz), 8.5 (DMMI: CHs) ppm.

PU-4.0k (5¢)

The polymetizatzion is cartied out with PEG-4k (M, = 4.22 kg mol™, 485 mg, 1.0 eq.) IPDI
(stock solution: 0.95M, 0.25 mL, 2.0 eq.) and DMMI (stock solution: 0.46 M, 0.26 mL,
1.0 eq.). Yield: 0.436 mg (72%). SEC: M, = 20.03 kg mol™', M,, = 30.27 kg mol™!, D = 1.5.
'H-NMR (400 MHz, DMSO-d, 8): 7.55 (m, 0.8H, C(=O)NH), 7.14 (m, 2H, OC(=O)NH),
5.69 (m, 2H, OC(=O)NH), 4.88 (m, 0.3H, CH), 4.03 (m, 4.8H, NH(C=0)O-CHo), 3.51 (m,
381H, CH20), 2.92-2.60 (m, 4H, O(C=0O)NH-CHo), 1.89 (s, 4.1H, (C=C)CHs), 1.78-0.63
(m, 53H, CH;/CH,) ppm. "C-NMR (101 MHz, DMSO-4, 8): 176.8 (C(=O)NH), 171.6
(DMMI: C(=O)N), 158.5 (OC(=O)NH), 157.6 (OC(=O)NH), 156.8 (OC(=O)NH), 155.4
(OC(=O)NH), 136.8 (CH;C=CCH3), 69.8 (CH-0), 68.9 (CH0), 67.1 (CH20), 63.1 (CHO),
62.9 (CHx0), 47.0 (IPDI), 45.6 (IPDI), 43.9 (IPDI), 38.6 (IPDI), 36.9 (IPDI), 36.1 (IPDI),
35.0 dPDI), 31.4 (IPDI), 31.3 (IPDI), 27.5 (IPDI: CH3), 23.0 (IPDI: CH;), 8.4 (DMMI:
CHs) ppm.
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9.3.5. Molar Mass Distributions

20 22 24 26 28 30 32
t (min)
Figure §9-23. SEC elugrams of PEG-diols 1a—d (dashed) and the corresponding PEG/IPDI/DMMI PUs

(PU-1.0k 5a (=), 1.5k6 5b (=), PU-1.5k 5¢ (=), PU-2.0k 5d (=) and PU-4.0k 5¢ (=) (measured in DMF +
LiCl 1 g-L-1).

9.3.6. Turbidity Measurements

The PUs are dissolved in MilliQ water (3 mL) to a concentration of oy = 5 g'L™". Afterwards,
the solutions are transferred to a quartz glass cuvette equipped with a stirring bar. For the
turbidity measurements, a wavelength of 550 nm is chosen and a dark measurement is per-
formed, before a baseline measurement is conducted with pure water. Then the PU-cuvette
is placed in the spectrometer and equilibrated for 10 min at each temperature under vigorous
stirring before the measurement is started. After another 10 min at the same temperature, a
further measurement is performed and if both values coincide the temperature is increased
(5 °C or 2.5 °C steps). Otherwise, the equilibration is continued at the same temperature.
The cloud point temperatures are determined from the inflection points of the recorded

curves shown in Figure 5-1b.

9.3.7. Rheological Measurements

The PUs are dissolved to the appropriate concentration in an aqueous thioxanthone disul-
fonate (TXS) solution (0.1 or 1 mM). For gelation experiments, 80 uL. of this solution are
placed on the rheometer (plate-plate geometry, diameter: 25 mm) and the sample is equili-
brated for 5 min at 5 °C at a constant shear amplitude and frequency (y = 0.1%; v = 1 rad-s~

Y. Afterwards, the UV irradiation (1 or 10% aperture) is started through the transparent
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lower glass plate and a time dependent measurement is started (y = 0.1%; o = 1 rad's™) at

5°C.

9.3.8. Gelation Time Measurements

103

G', G (Pa)

10'1 . 1 . 1 . 1 .
50 100 150 200
t (min)

Figure $9-24. Time-dependent storage G’ (closed symbols) and loss G” (open symbols) moduli of PU-4k
(100 g-I.-1) in an aqueous thioxanthone disulfonate (TXS) solution under UV irradiation at a TXS concentration
of 1 mM and a light aperture of 1% at 20 °C (@) and 5 °C (A) as well as at a TXS concentration of 0.1 mM
and a light aperture of 1% (m) and 10% (V) at 5 °C.

9.3.9. Equilibrium Swelling Experiments

Around 10 mg precursor polymer are dissolved to a concentration of 100 g'L™ in aqueous
thioxanthone disulfonate solution (1 mM) and irradiated with UV light for 60 min. The ob-
tained gels are dialyzed against MeOH (2 x) and water (4 x) to remove a potential sol fraction.
The gels are then immersed in water (5 mL) and kept in a 5, 20 or 40 °C water bath for 12 h
before the gel is removed from the water and weighed (71). Finally, the gels are freeze dried
and the dry mass (7uy) is determined by difference weighing. The swelling degree Or is cal-

culated as Or = 100%- (m1—2ary)/ mary. Each measurement is performed at least in duplicate.
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9.3.10. Temperature Induced Volume Change

A PU-1.5k" gel piece of =2 mm size is cut from the macroscopic gel, immersed in water
and sealed between two microscopy slides. After placing the sample on an Instec Thermo-
stage under an optical microscope (4x objective), a temperature ramp from 5 to 61 °C is
started. During this, the temperature is increased in 2 °C steps and the samples are equili-
brated for 10 min at each temperature. The diameter of the gel piece is measured at three
different positions at each temperature using the software ImageJ. The measured distances
are normalized to the one measured at 5 °C and an average of the normalized values from

the three different positions is calculated.

9.3.11. Gel Preparation for MAS-NMR and Cell Experiments

The schematic gelation reaction is shown in Scheme §9-5. Stock solutions of the Catechol-
6 or RGD- 7 DMMI (50 mM) are prepared in MilliQQ water. Afterwards, a volume portion
containing 0, 5 or 25 mol% of the respective bio-linker in comparison to the DMMI groups
in the PU (moawn = fosnn Ny zpu with the DMMI functionalization degree foan = 0.78 de-
rived from the '"H NMR analysis (foswr = integral (1.89 ppm®?)/integral(1.89 ppm)™), the
average number of repeating units per chain N, = M,(PU)/M,(tepeating unit) = 8.9 kg-mol”
'/2.8 kg'mol™ = 3.2, and the molar amount of the PU my = mpu/Ma(PU)) are added to in a
previously weighed amount of PU-2k 5d (10-20 mg). An aqueous thioxanthone disulfonate
solution (1 mM) is added to obtain a polymer concentration of 200 g-1.™". After dissolution
overnight, the solution is irradiated with UV light for 30 min. Afterwards, the obtained gel is
dialyzed against DMSO (2 x 12 h), MeOH (2 x 12 h) and water (4 x 12 h) to remove any
excess of bio-linker and photosensitizer. For "H MAS NMR measurements, the gels are then
freeze-dried and immersed in D,O for at least 12 h prior to measurement. For cell tests, the
gels are transferred into phosphate buffer and purified over 3 days, while changing the buffer
every day.
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Scheme S§9-5. Schematic incorporation of RGD-DMMI units into the PU gel.

9.3.12. TH MAS NMR Spectroscopy

PU-2k 5d gels with 0 mol% RGD (i), 5 mol% RGD (ii), and 25 mol% RGD (iii) are analyzed

by '"H MAS NMR spectroscopy (Figure $9-25). Subsequent peak assignments are made ac-

cording to literature reports and comparison with educt spectra.l’”

0 mol% RGD (i): '"H MAS NMR (400 MHz, D,O, 8): 4.25 (PU: NH(C=0)O-CH,), 3.75

(PU: CH,0), 2.93 (PU: O(C=0)NH-CH,), 2.17-0.72 (PU: (C=C)CHs, CHs/CH,) ppm.

5 mol% RGD (if) and 25 mol% RGD (ii): "H MAS NMR (400 MHz, D0, 8): 7.87 (s, RGD:
triazole-CH), 4.58 (RGD: triazoleN-CHy), 4.23 (PU: NH(C=0)O-CH>), 3.73 (PU: CH,O),
3.22 (RGD: R: NHCH), 3.06 (RGD: triazoleC-CH-CHs), 2.98 (PU: O(C=0)NH-CH>), 2.73

(RGD: triazoleC-CH,CHs), 2.17-0.72 (PU: (C=C)CH,, CHs/CHs) ppm.
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Figure $§9-25. 'H MAS NMR spectroscopy measurements in D20 of PU-2.0k gels (200 g'L™!) containing 0
mol% (i), 5 mol% (ii), and 25 mol% RGD-DMMI (iii). Respective RGD-DMMI signals in (i) and (i) are high-
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9.3.13. Mechanical Properties

Correspondingly synthesized and purified PU-2k 5 hydrogels with 0, 5 and 25 mol% incor-
porated catechol-linker are immersed in water at 5 °C for 24 h and probed by linear shear

rheology (cone-plate geometry, diameter: 7 mm).
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Figure S§9-26. Time-, amplitude- and frequency sweeps of dialyzed and fully hydrated PU-2k hydrogels
(200 gL crosslinked in the presence of 0 mol% (A), 5 mol% (m) and 25 mol% (@) catechol-DMMI (y = 1%,
o = 1 rad s, G" closed symbols, G": open symbols, T = 20 °C).

Consistent with previous findings on 5 and 25 mol% RGD hydrogels, the plateau moduli of
the 0 and 5 mol% catechol-containing gels are in agreement, while the incorporation of 25

mol% results in a 35% lower plateau modulus.
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9.3.14. Cell Experiments

Osteoblasts (MG-63 GFP) are cultured on polystyrene (11.9 cm?) in DMEM (10% FBS, 1%
Gl, 1% P/S) at 37 °C and 5% CO; using standard cell culture methods. For the cell experi-
ments cells are detached from plastic by trypsinization with trypsin EDTA solution. After
centrifugation (1000 rpm, 5 min), the resulting cell pellet is resuspended in DMEM (10%
FBS, 1% Gl., 1% P/S) and adjusted to 1.5 x 10° cells - mL™" (cell counting by Neubauer
counting chamber). PU-2k gels with 0, 5, and 25 mol% RGD, as well as 5 mol% catechol,
are transferred into 8well plates from ibidi and covered with 300 uL of cell suspension. After

24 h cell-coated hydrogels are analyzed by CLSM.

9.3.15. Microfluidics
Microgels of type 5b - PU-1.5k", 5¢ - PU-1.5k, and 5d - PU-2.0k are synthesized by droplet-

based microfluidics (Figure $9-6). Microgel preparation is enabled by injecting two immis-
cible liquids into the microfluidic device and flow focusing them at the cross-section. As
substrate stream, the precursor polymers 5b - PU-1.5k", 5¢ - PU-1.5k, or 5d - PU-2.0k (100g
L) dissolved in an aqueous NaTXS (1 mM) solution are injected at a flow rate of 450 L.
hr™'. As cartier stream Novec 7500 and Krytox (2 wt%) are injected at a flow rate of 900 uL
hr™". The resulting droplets are irradiated with UV light (120 min), which initiates the gelation
process. The obtained microgels are purified with 20 wt% 1H,1H,2H,2H-Perfluor-1-octanol

solution in Novec 7500, pure Novec 7500, isopropanol, 1,4-dioxane and transferred to water.
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9.3.16. H- and BC-NMR spectra

tert-Butyl-(2-(2-(2-aminoethoxy)ethoxy)ethyl)carbamate (9)
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Figure §9-27. 'H- and 3C-NMR of compound (9) (300 MHz, 75 MHz, DMSO-d).
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DMMI-"EG tert-butyl amine (11)
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Figure §9-28. 'H- and 3C-NMR of compound (11) (300 MHz, 75 MHz, CDCls).
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DMMI-"EG amine (12)
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Figure §9-29. 'H- and 13C-NMR of compound (12) (300 MHz, 75 MHz, CDCl3).
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2,2,5-trimethyl-1,3-dioxane-5-carboxylic acid (14)
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Figure §9-30. 'H- and 3C-NMR of compound (14) (300 MHz, 75 MHz, DMSO-dj).
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DMMI-"EG diol acetonide (15)
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Figure $9-31. 'H-NMR of compound (15) (400 MHz, DMSO-d).
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T .
DMMI-"EG diol (4)
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Figure §9-32. 'H- and 3C-NMR of compound (4) (400 MHz, 101 MHz, CDCls).
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2,2-Dimethyl-1,3-benzodioxole-5-propanoic acid (17)
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Figure S9-33. 'H- and 13C-NMR of compound (17) (400 MHz, 101 MHz, DMSO-4).
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DMMI-Catechol-Acetonide (18)
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Figure §9-34. 'H- and 3C-NMR of compound (18) (400 MHz, 101 MHz, CDCls).
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DMMI-Catechol (6)
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Figure §9-35. 'H- and 13C-NMR of compound (6) (400 MHz, 101 MHz, DMSO-4).

Defined and Functional Materials for Microtissue Engineering Applications | 197



APPENDIX

1,2-Bis(2-azidoethoxy)ethane (20)

o
N 0o @
3\/\0/\/ \/\N3 8
o — QBB — O ®
N A A ]
~ Laa T o T oA T o TN oS TN o S T o I o 0}
| —_— o
|
| J
b &
S 3
o0 <
T T T T T T
14 12 10 8 6 4
Chemical Shift (ppm)
2
&}
O
@]
R} <+
=& @ %
Ing=N=] =
[l S v
NN I
ka
T T T T T T T T T T T
220 200 180 160 140 120 100 80 60 40 20

Chemical Shift (ppm)

Figure §9-36. 'H- and *C-NMR of compound (20) (300 MHz, 75 MHz, CDCls).
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2-[2-(2-Azidoethoxy)ethoxy]ethan-1-amine (21)
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Figure §9-37. 'H- and 13C-NMR of compound (21) (300 MHz, 75 MHz, CDCl3).
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T .
DMMI-"EG-azide (22)
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Figure §9-38. 'H- and 3C-NMR of compound (22) (300 MHz, 75 MHz, CDCls).
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Protected RGD-alkyne (23a)
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Figure §9-39. 'H- and 13C-NMR of compound (23a) (400 MHz, 101 MHz, DMSO-4).
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RGD-alkyne (23)
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Figure §9-40. 'H- and 3C-NMR of compound (23) (400 MHz, 101 MHz, DMSO-ds).
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DMMI-"EG-RGD (7)
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Figure §9-42. 'H- and 3C-NMR of compound (5a) (400 MHz, 101 MHz, DMSO-d).
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Figure S9-43. 'H- and 13C-NMR of compound (5b) (400 MHz, 101 MHz, DMSO-d).
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Figure §9-44. 'H- and *C-NMR of compound (5¢) (400 MHz, 101 MHz, DMSO-d).

206 | Defined and Functional Materials for Microtissue Engineering Applications



APPENDIX

I(s) E (m)
7.55 4.03
IT (m) G(m)| | T (m) D)y || C ()| | B (s) Al(m)
7.14 5.69 4.88 3131 2.7 1.89 91
AL
e T T T T T
© o ° o a g o o O
S o o <) v~ ~ ~ ~
T T T T T T T T
14 12 10 8 6 4 2 0
Chemical Shift (ppm)
g
g
e
%
5
J
A= v w g
NRCEEE S - A 3N — W TV = dON O T DO Y
o — 600 o QAN =T O TR0 YOO O
B n AN A PR R S - EARVE: R R R R NE SIS
—_— === — FEoovovofonmnnT T cionn NN — 0
NS =N I Tee——— S |e——————"
|
i | |
UL
; M . Ml muL‘l it
T T T T T T T T T T T T
220 200 180 160 140 120 100 80 60 40 20 0

Chemical Shift (ppm)

Figure S9-45. 'H- and 13C-NMR of compound (5d) (400 MHz, 101 MHz, DMSO-ds).
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Figure §9-46. 'H- and *C-NMR of compound (5¢) (400 MHz, 101 MHz, DMSO-d).
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