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Abstract

Multiphoton lithography is a powerful technology that permits the processing of light-sensitive
materials by the use of pulsed NIR laser light. Owing to its unique features, including free-form
3D-patterning and the non-invasiveness to areas outside the focal volume, this method is
particularly suited for micropatterning of hydrogels in the presence of cells. Besides two-photon
polymerization where scaffolds-like constructs are built in a bottom-up approach from a macromer
formulation, two-photon degradation of pre-formed photoactive hydrogels allows for localized
microchannel formation or in situ modification of cell surroundings in 4D cell culture approaches.
Due to the high resolution multiphoton lithography offers and the resulting small feature sizes of
created constructs, maximizing the achievable writing speed, with the aim to push the feasible
spatial dimensions in the cubic centimetre regime, is a current key interest. Along with advances
in machine design and engineering, much improvement can be achieved in material development
and the implementation of new chemistries to extend the range of processable materials and
accessible materials properties. Within this thesis, two problems were addressed.

On the one hand, to expand the portfolio of highly efficient two-photon active compounds, two
triazine-based chromophores were synthesized and evaluated as initiators for two-photon
polymerization at two different technically relevant fs-laser wavelengths.

On the other hand, for photodegradable hydrogels photolabile bonds are integrated into a
hydrogel network. However, as the reactivity of most respective groups towards two-photon
excitation is rather low, high laser powers need to be applied and technically achievable writing
speeds cannot be fully exploited. To advance this material class, existing methods should be
improved and new photochemistries should be evaluated.

In concept studies, novel cleavable molecules, which could be fragmented upon radical attacks,
were designed and tested, and a water-soluble thiyl-releasing AFCT-reagent was synthesized
and evaluated concerning its applicability for the cleavage of disulfide-bonds.

Moreover, a concept for sensitized two-photon cleavage of o-nitrobenzyl (0NB), the currently most
used photolabile group, was developed and extensively tested. The biocompatibility of the
process was demonstrated in the presence of stem cells. This approach was then translated onto
much simpler disulfide linkages, in order to permit the two-photon cleavage of this functionality
and avoid the use of oNB. In addition, to facilitate the formation of disulfide-based networks from
thiol-terminated macromers, a disulfide containing photo-linker for the light-induced formation of
such networks by thiol-ene “click” chemistry was developed. The applicability of this new hydrogel
platform as well as the sensitized two-photon cleavage was finally confirmed by cell culture

studies.
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Kurzfassung

Multiphotonen-Lithographie ist eine Hochleistungstechnologie, welche die Bearbeitungen licht-
sensitiver Materialien unter Verwendung von gepulstem NIR-Laser Licht ermdglicht. Aufgrund
ihrer einzigartigen Merkmale, einschlie3lich Freiform-3D-Strukturierung und Nichtinvasivitat in
Bereichen auRerhalb des Fokusvolumens, ist diese Methode besonders fiir die Mikrostrukturie-
rung von Hydrogelen in Gegenwart von Zellen geeignet. Neben Zweiphotonen-Polymerisation,
bei der Strukturen aus einer Makromer-Formulierung aufgebaut werden, ermdglicht die Zwei-
photonen-Degradierung vorgeformter photoaktiver Hydrogele die lokalisierte Bildung von Mikro-
kanédlen und in situ Modifizierung der Zellumgebung in der 4D-Zellkultur. Aufgrund der hohen
Auflésung der Multiphotonen-Lithographie und der daraus resultierenden geringen Detailgré3en,
ist die Maximierung der erreichbaren Schreibgeschwindigkeit mit dem Ziel die realisierbaren
Objektabmessungen in den Zentimeter-Bereich zu bringen zurzeit von héchstem Interesse.
Gemeinsam mit Fortschritten in der Maschinenkonstruktion kdnnen viele Verbesserungen durch
Materialentwicklung und der Implementierung neuer Chemie erzielt werden, unter anderen um
den Umfang der verarbeitbaren Materialien und erreichbaren Materialeigenschaften zu erhéhen.
In dieser Arbeit sollen hierzu zweierlei Probleme angesprochen werden.

Einerseits wurden zwei Triazin-basierte Chromophore synthetisiert und als Initiatoren fir die
Zweiphotonen-Polymerisation evaluiert, um das Portfolio an hocheffizienten Zweiphotonen-
aktiven Substanzen zu erweitern.

Zum anderen werden fir die Bildung photospaltbarer Hydrogelen photolabile Bindungen in ein
Netzwerk integriert. Allerdings ist die Reaktivitdt der meisten dieser Gruppen in Bezug auf
Zweiphotonen Anregung eher gering, weshalb hohe Laserleistungen benétigt werden und die
technisch erreichbaren Schreibgeschwindigkeiten nicht voll ausgeschdpft werden kénnen. Um
diese Materialklasse voranzutreiben, sollten existierende Methoden verbessert und neue Photo-
chemie evaluiert werden. In Konzeptstudien wurden neuartige Molekule erarbeitet, die im Zuge
eines Radikal-Angriffs gespalten werden kdnnten, sowie ein wasserlosliches AFCT-Reagenz
synthetisiert und im Hinblick auf seine Eignung zur Spaltung von Disulfidbindungen getestet.
Weiters wurde ein Konzept fur die sensibilisierte Zweiphotonen-Spaltung von o-Nitrobenzyl
(oNB), der am haufigst verwendeten photospaltbaren Gruppe, entwickelt und umfangreich
getestet. Die Biovertraglichkeit dieses Prozesses wurde dabei in Gegenwart von Stammzellen
demonstriert. Dieser Ansatz wurde dann auf wesentlich einfachere Disulfidbindungen tbertragen,
um die Zweiphotonenspaltung dieser Gruppe zu erméglichen und die Verwendung von oNB zu
umgehen. Zur Erleichterung der Bildung Disulfid-basierter Netzwerke ausgehend von Thiol-

terminierten Makromeren wurde ein Disulfid-Linker fur die lichtinduzierte Bildung solcher
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Netzwerke unter Verwendung von Thiol-En-,Click® Chemie entwickelt. Die Anwendbarkeit dieser
neuen Hydrogel-Plattform sowie der sensibilisierten Zweiphotonenspaltung wurde dann durch

Zellkulturstudien bestatigt.
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INTRODUCTION

Tissue engineering

Tissue engineering is a multidisciplinary field that combines the principles of engineering and
biology with the aim to provide solutions for tissue repair and maintenance and to develop
functional substitutes for damaged tissue. In contrast to drug based therapies, tissue
engineering has particular advantages as it can provide a permanent solution to the problem of
organ failure.??

In general, certain factors are crucial for tissue engineering including (i) cells, (i) (bio)materials
and (iii) techniques to form particular tissue architectures. Historically, three main approaches to
tissue engineering have emerged: the use of isolated cells or cell substitutes as cellular
replacement parts (scaffold-free approach), using acellular biomaterials capable of inducing
tissue regeneration, and to apply a combination of cells and materials (typically in the form of
scaffolds).?®l Moreover, signaling molecules as for example growth factors play another key role
in tissue engineering by providing biochemical cues for stem cell proliferation, migration, and
differentiation.[ Nevertheless, an elaborate delivery system for growth factors is critical for tissue
regeneration.®

Tissue engineering is a highly innovative field and hence new technologies and emerging trends
from different research disciplines are rapidly adapted and utilized (Figure 1).1! For example, (i)
cells can be reprogrammed into induced pluripotent stem cells (iPSCs) or edited by the use of
genetic tools such as CRISPR-Cas9. (i) New biomaterials designed from natural or semi-
synthetic sources can be combined with advanced chemistries to influence biomechanics or the
local distribution and delivery of growth factors. (iii) To generate complex functional tissues,
engineering strategies are applied, which allow to create constructs that provide a particular
physiological environment. These strategies include programmed self-assembly, 3D-bioprinting

or the use of decellularized organs.
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Figure 1: Recent progresses in the field of tissue engineering have been achieved based on
advances and improvements of methodologies in different areas of research.®!

Hydrogels for Tissue Regeneration and 3D Cell Culture

Hydrogels are crosslinked and highly hydrated polymer networks with engineerable properties,
which are utilized for various strategies for tissue engineering, regenerative medicine and cell or
drug delivery. Due to their tunable physiochemical properties, hydrogels permit to mimic the native
extracellular matrix (ECM) of soft biological tissues.["

Generally, hydrogels can be classified according to their derivation and composition as either
synthetic, biological or hybrid (Figure 2).[fl Synthetic hydrogels are fabricated using synthetic
chemistry strategies, typically involving the crosslinking of bioinert chemical monomers or
macromers. Common traditional synthetic polymers used as hydrogel backbones include
poly(hydroxyethyl methacrylate) (PHEMA), poly(ethylene glycol) (PEG), and poly(vinyl alcohol)
(PVA). Besides, also hydrogels based on ionic materials as for example poly((meth)acrylic acid)
(P(M)AA) and polyacrylamide (PAAm) are applied.®! While the properties of synthetic polymers
can be easily and reproducible tuned due to a wide variety of available molecular sizes and
modifications with various functionalities, they are considered as biological inert and hence

require modifications with biological tethers to permit cell compatibility.
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Besides, supramolecular hydrogels mostly based on peptides or recombinant proteins are also
considered as synthetic. However, these supramolecular hydrogels have the limitation of
relatively weak mechanical strength and stiffness when compared to naturally derived and
traditional synthetic hydrogels.®!

In contrast to traditional synthetic hydrogels, biological hydrogels originate from natural sources
and are either protein or carbohydrate based materials.®! Examples include collagen, fibrin,
hyaluronic acid (HA), alginate, agarose or chitosan. Since these materials are often key
components of the native ECM, they are usually highly biocompatible.®’ Moreover, complex
biological hydrogels can also be directly derived from decellularized tissues.*"!

The third group of hybrid hydrogels combines different material types to benefit from the
advantages of the individual material classes. Hybrid approaches often involve blending,
copolymerization, or interpenetration of different polymer types.!® Alternatively, hybrid hydrogels
can also be generated by incorporating nanoparticles into hydrogels leading to so-termed
nanocomposite hydrogels, which were originally inspired by the compositions and structures of

nanoreinforced native bone tissues.*l

| Hydrogel-based biomimetic materials |

—‘ Naturally derived hydrogels |—>| Hybrid hydrogels F—{ Synthetic hydrogels I—

4{ Decellularized ECM l Traditional synthetic
_ hydrogels
Protein-based —{ Polymer hybrid hydrogels | « Poly(acrylamide)
hydrogels « Poly(ethylene glycol)
+ Collagen - + Poly(vinyl alcohol) ]
* Gelatin Nanocomposite hydrogels, « poly(2-hydroxyethyl
— « Elastin nanomaterials can be: methacrylate)
* Fibrin L_| * Nonmetallic nanoparticles « Poly(N-
« Fibronectin » Metal/metal-oxide nanoparticles isopropylacrylamide)
« Silk fibroin * Polymeric nanoparticles
 Matrigel  Carbon-based nanostructures
Supramolecular
Polysaccharide-based hydrogels hydrogels —
* Chitosan * Peptide
* Alginate » Recombinant protein
» Agarose
 Dextran
* Hyaluronic acid

Figure 2: Hydrogel-based biomimetic materials can be classified into naturally derived, synthetic,
and hybrid hydrogels, according to their origins and compositions.!®
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Furthermore, often synthetic and biological materials are combined to form biohybride hydrogels.
For instance, PEG based hydrogels are often modified with certain amino acid sequences (e.g.
RGD), which are derived from natural proteins such as fibronectin, laminin, or collagen, to
increase cellular attachment.*? Beyond that, also protein-patterning approaches exist with the
aim to guide the fate of encapsulated stem cells.*3l Moreover, for example degradable hydrogels
have been created by incorporating enzymatically degradable links into synthetic hydrogels
matrices. Such hydrogels can be slowly degraded while cells produce their own ECM.®!

Biocompatibility
*  Should not have toxic or undesirable effects
¢ Removal of toxic small molecules is critical

Target microenvironment
* Mimicking the dynamic nature of the

extracellular matrix > i =
: Loeh///— *  Practical considerations (sterilization and FDA
* Incorporation of b €mical and /
< / approvﬂ

biophysical cues to modulate cell behavior

Crosslinking in presence of cells
Crosslinking reaction must have
limited effect on cell viability or
protein bioefficacy
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Figure 3: General requirements for hydrogels used as ECM-mimetic materials for cell encapsulation
and 3D culture.l'!

Hydrogels are appealing for biological applications because of their high water content and
biocompatibility. While networks of hydrophilic polymers have a high affinity for water, they are
prevented from dissolving due to physical or chemical crosslinks. Hence, water can penetrate in
between the polymer chains of the network, subsequently causing swelling and the formation of
a hydrogel. The ability to tailor the molecular structure of hydrogels enables the adjustment of
their mechanical, responsive, and diffusive properties. As these networks are open, a constant
exchange with the swelling medium takes place and nutrients and other soluble factors can diffuse
in, supplying encapsulated cells, while waste materials are washed away.”® For many biological
applications, cells are directly encapsulated into a 3D hydrogel matrix serving as cell-culture
scaffold. Hence, basic requirements for ECM-mimetic materials are cytocompatibility of both the
gel precursors as well as the gel crosslinking reaction, a proper hydrogel formation rate for cell

encapsulation without sedimentation, and appropriate mass transport to support exchange of
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nutrients and waste products (Figure 3).1*%1 Moreover, the mechanical properties of the hydrogel
have to be adjusted to match those of the ECM of the encapsulated cell type. Likewise,
biochemical and biophysical cues need to resemble those found in the native

microenvironment.[4

Cells in vivo are constantly interacting with and remodeling their surrounding ECM to enable
various cell behaviors, including spreading, migration, proliferation, and differentiation. Hence,
hydrogels need to be adapted to the changing cell requirements in order to mimic the dynamic
nature of the ECM. Strategies for this purpose include (i) degradation of permanent crosslinks or

(i) breaking and reformation of reversible linkages to mimic the remodeling ECM (Figure 4).[15-161

A. Permanently crosslinked, degradable hydrogel

SRR

B. Reversibly crosslinked, adaptable hydrogel

Figure 4: (A) In a permanently crosslinked hydrogel irreversible degradation can occur, leading to
bulk degradation, whilst (B) an adaptable hydrogel is built from reversible crosslinks. (C) Such
reversible linkages can be formed either by physical associations or reversible chemical
reactions.!"®!

Dynamically tunable hydrogels

Classical 2D monolayer cell culture models oversimplify the 3D in vivo cell microenvironment. For
instance, whereas cells cultured in 2D can only have cell-ECM adhesions on the substrate side
and cell-cell adhesions in the horizontal plane, in 3D cells can generate adhesions on all sides.®!
Nevertheless, the complex 3D environment that is surrounding mammalian cells in vivo is
dynamically changing. Hence, dynamically tunable cell culture platforms permitting to modify the

cell surrounding matrix at a user-defined location and time point are highly relevant for research

5
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on cell and tissue physiology as well as for mechanobiology (Figure 5).[’3 Such stimuli responsive
hydrogels are also referred to as 4D-hydrogels (three spatial dimensions with changes over time)

or spatiotemporal hydrogels in literature.!'”]

Cells on 2D
substrate

matrix

Figure 5: Cell culture platforms have been developed from 2D to 3D and 4D to model the dynamical
changes of the native cell microenvironment. [

Several strategies are used to engineer 4D hydrogel platforms including reversible linkages which
facilitate cells to remodel their environment!'! and bioorthogonal chemistries allowing dynamic
modification of preformed hydrogels.['® Moreover, photoresponsive hydrogels which can be
stimulated by the use of light become increasingly important.['®

Photodegradable hydrogels

A lately emerging, highly elaborated class of photoresponsive dynamically tunable hydrogels
contains photolabile functional groups, which allow for user-directed real-time control of the
biomaterial’s (bio)chemical and mechanical properties at positions of interest by irradiation with
cytocompatible doses of light.'®® 20 Such photoresponsive hydrogels have undergone a
tremendous evolution in recent years from hydrogels containing photolabile groups on a
photostable backbone for guided three-dimensional cell growth and migration,2! over hydrogels
with a photodegradable backbone allowing for postgelation control of the physiochemical polymer
properties,'??! to a hydrogel matrix that permits photoreversible spatiotemporal immobilization of
proteins,[® to mention only a few milestones of this rapid development. The photodegradability
of such biomaterials is often enabled by the integration of o-nitrobenzyl (0NB) ester derivatives
(especially the nitroveratryloxycarbonyl (NVOC) group),?® which beyond that have been utilized
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in several other dynamically light triggered materials.’*! Alternatively, photocleavable hydrogels
based on coumarin-derivatives, disulfides, o-nitrobiphenylpropyl-derivatives or ruthenium-

complexes have been reported (Scheme 1).12°
a o~ d

R‘ hv Ri o
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Scheme 1: Schematic photoscissions of photolabile groups commonly utilized in photodegradable
hydrogels. o-Nitro-based compounds such as (a) o-nitrobenzyl esters?® and (b) o-nitrobiphenyl-
propyl-derivatives®! cleave via an intramolecular process, while (c) coumarins 1 and (d)
ruthenium-complexes!?*d interact with solvent molecules. (e) Disulfides can be cleaved
homolytically and are deactivated by a termination reaction with a radical species such as a
photoinitiator fragment.!259]

In general, photo-degradable hydrogels can be photoeroded either by the use of UV-VIS light or
upon two-photon excitation (Figure 6).12%% 281 While the former method allows for the generation of
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2D patterns by applying traditional photolithographic techniques involving masked light,? the
later permits the generation of complex 3D patterns by the use of pulsed NIR laser light.[2%

SN
hv
_>
initial stiff cell environment irradiated soft hydrogel

Figure 6: The crosslinking density of a photodegradable hydrogel can be reduced by irradiation at
respective wavelengths. Depending on the dose applied the mechanical properties can be either
reduced and the material softens or it can be fully degraded leading to reverse gelation.

Multiphoton Lithography

Multiphoton Lithography is a technology based on the non-linear absorption of light.*% While
already theoretically predicted in 1931 by Maria Goeppert-Mayer,2" it was only 30 years later,
after the invention of the laser, when Kaiser and Garrett could verify the effect by demonstrating
two-photon absorption (2PA) in CaFz:Eu?* crystals.®? However, after the invention of
subpicosecond pulsed lasers the technical and scientific exploitation of multiphoton processes
started. Webb et al. laid the foundation with the development of two-photon laser scanning
fluorescence microscopy,® a high resolution imaging technique that gained widespread use in
bioscience.* Multiphoton Lithography was demonstrated later by scanning a focused laser beam
in a 3D pattern through a photoresist causing polymerization of arbitrary three dimensionally

defined regions.3%
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Single laser

I[mmersion Microscope
‘ objective lens

Figure 7: Multiphoton Lithography. A subpicosecond laser beam is focused into a two-photon active
resin through an immersion medium and a substrate. Only in the focal point of the laser the photon
flux is sufficiently high enough to induce the excitation of a two-photon active compound which in
turn initiates locally confined polymerization.[3¢!

The specific characteristic of two-photon absorption based processes is the fact that only within
the focal volume of the laser beam the photon flux is high enough for a two-photon process to
occur.B®l Any subsequent process, such as fluorescence or a photo-induced chemical reaction,
is localized within this small volume as well.*8! Consequently, (i) the active volume (voxel) can be
highly confined allowing the fabrication of very precise objects. Moreover, as the voxel has a
limited longitudinal dimension, (ii) real 3D structuring of objects is possible, since layers above
and below the active volume remain unexcited (Figure 8b).

Photoresists for Multiphoton Lithography usually consist of a prepolymer resin containing a two-
photon active photoinitiator. Most common resins act as negative-tone photoresists, meaning that
polymerization occurs in the regions that are exposed.®® On the contrary, positive-tone
photoresists in which exposed regions are removed in the development step have been
demonstrated as well.*8 49 Photolabile polymer networks in which the exposed areas are cleaved
are also a type of positive-tone photoresists.?" 41l

In any case, after exposure, a development process generally involving washing with one or more
solvents is required to remove any unhardened material. Further post-processing steps such as

baking or bulk irradiation may be applied as well.*%
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Two-Photon Absorption

In contrast to linear one-photon absorption (1PA) which follows Beer-Lambert law,“? two-photon
absorption is a non-linear process by which a molecule or material absorbs a pair of photons
simultaneously, the sum of whose energy equals the transition energy (Figure 8a).’”! The
transition property for this process to occur is inherently weak at standard light intensities,*” which
is why the application of intense laser pulses is necessary to provoke the simultaneous absorption
of two or more photons. The transition probability for the absorption of two photons is proportional
to the square of the intensity / of the laser pulse P.3! Upon excitation of a molecule from the
ground state (So) to the excited state (Si), several relaxation pathways are possible. Their
respective probability depends on the nature of the molecule. While high fluorescence yield is
important for dyes used in two-photon laser scanning fluorescence microscopy, the efficient
initiation of a radical polymerization process is a key feature of an initiator applied in multiphoton
lithography.“4 Although not fully understood yet, the typical radical-generation pathway of
common photoinitiator molecules most likely involves intersystem-crossing from S; to the lowest
triplet state (T+1) from where the generation of polymerization-initiating radicals occurs.*? This is
due to the fact that T usually exhibits a much longer lifetime than S;.146]

1PA
1 2PA

R* !
single photon
A = 488 nm

H‘ Fluorescence

So

Figure 8: a) A molecule can be excited either by single photon absorption (1PA) or upon quasi-
simultaneous absorption of two photons, whose sum of energy equals the transition energy (2PA).
Relaxation can occur via various photophysical pathways, as for example fluorescence or
intersystem crossing to a triplet state. b) Focused laser light can be used to illuminate regions with
3D resolution. The irradiation is illustrated by photobleaching uniformly bound fluorescein within a
hydrogel at a single plane with light of 488 nm (1PA) and 800 nm (2PA). Only 2PA events are
localized to the imaging plane. Photobleaching and confocal imaging have been performed with a
1.0 NA objective. Scale bar = 25 mm.l'7c]

10
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Two-Photon Absorption Cross-section

The 2PA cross-section S2pa is a crucial parameter for the quantification of 2PA-efficiency.l*®! It is
a wavelength-dependent parameter characterizing the average two-photon absorption per photon
and molecule. Its informal unit is named Goéppert-Mayer (GM) with 7 GM being equal to 100
%0 ecm* s photon molecule™. In order to maximize 2PA, two-photon active chromophores usually
consist of an extended delocalized n-systems (x) with high coplanarity and usually involve donor
(D) and acceptor (A) groups at the center and ends of the molecule. Common molecular design
motifs involve linear asymmetric dipolar A-n-D or centrosymmetric quadrupole D-n-D or A-rn-A
arrangements. Besides, also branched octupolar molecules and such of higher complexity have
been investigated extensively. In practice, two-photon active chromophores commonly have
S2pamax Values in the range of 107'-10* GM.*4 However, molecules with increased n-systems or
branched molecules often work well as initiators but such chromophores usually require complex
synthesis and are in many cases sparingly soluble without respective modifications.*+451 In
contrast, conventional UV-photoinitiators are optimized for one-photon excitation, hence often
exhibit relatively low &2rpamax Values and are inefficient initiators in the two-photon excitation
regime.”] Consequently, resins containing initiators not optimized for two-photon application can
be only polymerized by means of long exposure times and high excitation intensities, resulting in
slow writing speeds and frequently structural damage.“® While many organo-soluble two-photon
dyes do exist,[* water-soluble two-photon initiators required for biological applications are still

rare.l!

Radical Photopolymerization

The process of radical photopolymerization allows the synthesis of polymers or crosslinked
networks from a usually liquid prepolymer or macromer solution by the use of the extern stimulus
of light. Radical photopolymerization can proceed either as a (i) chain-growth or a (1) step-growth
process. To start a radical photopolymerisation reaction, a photosensitive molecule, the PlI, is
excited by irradiation with light of a suitable wavelength (Scheme 2). Upon excitation the Pl either
cleaves homolytically giving two radicals (type 1) or abstracts a hydrogen atom from a co-initiator
(type 11).5% The thus generated radical species attacks a polymerizable group (e.g. a double bond)
causing the initiation of the polymerization process. In a (i) chain-growth process, the newly
generated radical attacks a further polymerizable group and so on, leading to the propagation of
the growing chain." This growth process proceeds until termination of the polymerization occurs

by e.g. recombination of two radicals.

11


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

hv

Pl ——— PI’

Excitation
Pl % 2\ R - Pl R
b Initiation
Pl P
/\ A .
S. /\ R e j\/\ R
R b Propagation &

R SR et R R

Termination

Scheme 2: The process of radical photopolymerization. Upon excitation of the photoinitiator a
radical species is formed that initiates the polymerization by attacking a monomer. The polymer
grows by propagation of the radical until a termination process occurs.

Chain growth processes are usually based on the polymerization of (meth)acrylates or vinyl
groups and result in stiff kinetic chains. Hence, chain polymerization leads to inhomogeneities in
the material, which compromise the material properties as stress is focused on weak portions of
the network. Moreover, networks formed by chain polymerization degrade with heterogeneous
byproducts. On the contrary, step-growth polymerization leads to highly homogeneous networks
with ideal microstructures improving mechanical integrity. For step-growth polymerization,
complementary, end-terminated comonomers are reacted.?

The ideal radical-mediated thiol-ene reaction represents an archetype of a step-growth
photopolymerization and is considered a “click” reaction (Scheme 3).5%! Ideal thiol-ene reactions
occur when e.g. norbornenes or vinyl ethers are being used as ene-component. Here, no
homopolymerization or chain growth is observed, thus implying that the overall rates of chain
transfer and are essentially identical.®* Thiol-ene reactions are often used as a tool for gelation
or post-gelation modification of hydrogels.['%¥ Besides, also the thiol-Michael addition reaction,
which is based on an anionic chain process, resembles an ideal thiol-ene reaction (Scheme 3).1%3

12
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Step Growth Chain Growth

Scheme 3: The idealized free-radical thiol-ene reaction proceeds with alternating chain transfer and
propagation while no homopolymerization of the ene-compound is occurring. An analogous
mechanism also applies to the thiol-Michael addition reaction when undergoing an anionic chain
process, if the radicals are replaced by their anionic counterparts.[53

Near-UV light is commonly used to induce both radical photopolymerization and photocleavage
of linkages in 3D cell culture applications. Recently, the downstream effects of such light on cell
function have been investigated by examining the global effects of common light treatments on
NIH3T3 fibroblasts and human mesenchymal stem cells (hMSCs).®% In this study, unchanged
proliferation rates, an absence of apoptotic induction, and an unaltered proteome were observed
following low-dose 365 nm light exposure, implying that near-UV-based radical-free

photochemistries can be exploited in tissue engineering without deleteriously affecting cell fate.
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OBJECTIVE

4D cell culture is a current key topic in the field of tissue engineering, as it allows to create artificial
cell environments that are needed to study basic biological processes and develop advanced
methods for drug screening and diagnostics.['® 1% Two-photon 3D-printing is a powerful
emerging technology with great potential for the precise fabrication of 3D cell scaffolds or the
spatiotemporal modification of cell surrounding matrices. Although tremendous progress has
been made to demonstrate two-photon microfabrication and material modification in presence of
cells, there are still many obstacles and challenges to be met in order to advance this technology
to a standard procedure for the manipulation of 4D cell matrices that can be operated by end
users beyond the expert level. Aside from advances in machine design and engineering, much
improvement can be achieved in material development and the implementation of new
chemistries to extend the range of processable materials and accessible materials properties.
Anyhow, for practical purposes simple approches should be investigated.

In this thesis, two problems should be addressed. On the one hand, to initiate two-photon-based
processes highly active two-photon absorbing compounds are needed. Such molecules are often
not commercially available and thus need to be synthesized. While some structure-activity
relationships are known that help to design molecules with increased two-photon absorption, the
distribution of the two-photon absorption spectrum of a compound is difficult to predict.
Nevertheless, for economic and engineering reasons compact non-tunable lasers with fixed
wavelengths are often applied in devices. Consequently, active compounds must be designed
and synthesized to match these specific emission lines. Hence, two triazine-based two-photon
active compounds should be prepared and their applicability as initiators for two-photon
polymerization should be evaluate at technically relevant fs-laser emission wavelengths.

On the other hand, photo-uncaging is a key technology for designing photodegradable hydrogels
for 4D cell culture or the fabrication of micro-fluidic devices. To produce such materials,
photolabile bonds are integrated into a hydrogel network. Whereas several functional groups have
been applied for this purpose, their reactivity towards two-photon excitation is still rather low.
Consequently, high laser powers need to be applied and technically achievable writing speeds
cannot be fully exploited. In order to advance this material class, existing technologies should be
improved and new photochemistries should be evaluated. In any case, to facilitate biomedical

applications, biocompatibility of the approaches is required.
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In a concept study model compounds, which could be fragmented upon radical attacks, should
be designed and tested, since such linkages could be spatiotemporally cleaved upon addition and
excitation of a photoinitiator. In a second concept, water-soluble thiyl-releasing AFCT-reagents
should be synthesized and evaluated concerning their applicability for the cleavage of disulfide-
bonds. These small molecules could be modularly added to pre-existing disulfide-based
hydrogels in order to cleave the linkages upon excitation. Information about the reactivity of these
test molecules can be acquired by simple "H-NMR studies.

Currently, the most commonly used photolabile group is the oNB group, which has been
extensively studied. Nevertheless, its two-photon absorption and hence reactivity is rather low. In
order to enhance the two-photon response of oNB-based networks, two-photon active
chromophores could be added to such materials as sensitizers. To avoid laborious synthetic
modifications and for the ease of handling, a photolabile hydrogel should be formed from easily
accessible precursors and the sensitizer added modularly to the hydrogel. The effect of the
sensitizer should be evaluated by both optical as well as mechanical methods.

In addition, the same approach should also be tested on disulfides, which are much simpler
cleavable linkages as oNB but do not react to two-photon excitation. Albeit disulfide-based
networks do exist, their formation usually involves oxidation of free thiols, a procedure only slightly
controllable. In order to ease the handling, such networks could be created by using the external
stimulus of light. For this purpose, a disulfide-containing linker should be designed. By integrating
highly reactive norbornene groups such a linker could be used for crosslinking of readily available
thiol-terminated macromers utilizing thiol-ene chemistry. Finally, this approach would lead to
photoorthogonality, as network formation could be accomplished by the use of UV-VIS light,
whereas cleavage could be performed in the two-photon excitation regime. The applicability of
this new photocleavable hydrogel platform should be evaluated by cell culture studies.

15
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GENERAL PART

1. SYNTHESIS AND EVALUATION OF YNE-MODIFIED TRIAZINES
AS TWO-PHOTON ACTIVE INITIATORS
1.1  State of the Art
Multiphoton active chromophores are the key components needed for several applications based
on the non-linear absorption of light.®® There is an ongoing quest for new efficient multiphoton
active chromophores to (i) improve the technological applications of these materials and (ii) further
increase the understanding of the excitation process and structure-property correlations. Although
clear principles for the design of 2PA dyes have been developed, yet all the best 2PA
chromophores still come from serendipitous discoveries (which can often be rationalized
retrospectively in terms of transition dipole moments and energy gaps), rather than from rational
design.l*4
Information about the excitation process and further photochemistries can be obtained by ultrafast
transient absorption spectroscopies. For example, in an earlier cooperation with the Vauthy
research group at the University of Geneva, an unforeseen photochemical alkyne-allene
transformation accompanying an intramolecular charge-transfer process upon excitation has
been discovered (Scheme 4Fehler! Verweisquelle konnte nicht gefunden werden.).”!

~p o ~y \-+/ B4
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Scheme 4: Alkyne to allene phototransformation of a 1,3,5-triazine coupled to a benzenamine via an
alkyne.l"]

In another earlier study by our group, a series of structurally related 1,3,5-triazine-derivatives
bearing 1-3 aminostyryl-donor arms have been synthesized and characterized. These molecules
proved to be suitable initiators for two-photon polymerization. 8!

For an in-depth investigation of the discovered alkyne to allene phototransformation,®”! two yne-
modified 1,3,5-triazines were required, namely the respective mono- (dipolar, 1-armTri) and
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trisubstituted (octupolar, 3-armTri) derivatives (Figure 9). To facilitate solubility in a various
organic solvents the target molecules should contain alkane chains (butyl). Nevertheless, also
polar or organic functionalities could potentially be introduced to permit water-solubility.

BUzN NBUZ
Cl x N 7
d=N [
N, )%@—NBuz %
N
@] | |
1-armTri 3-armTri
C1gH25CloNy Cs1HgsNs
377.31 NBU, 763.13

Figure 9: 1,3,5-triazine-based target molecules 1-armTri (linear) and 3-armTri (quatrupolar).

1.2  Synthesis of 1,3,5-triazine based chromophores

Both molecules could be synthesized starting from alkyne 3 and cyanur chloride 4 by Pd-
catalyzed cross-coupling reactions. Both a Negishi or Sonogashira reaction could potentially be
utilized. As the cross-coupling reaction proceeds gradually, depending on the equivalents applied
of alkyne 3 either target molecule 1-armTri or 3-armTri is the final product.

1.2.1 Synthesis of the alkyne-substituent 4-(ethynyl)-N,N-dibutylbenzeneamine, 3

The synthetic route towards the alkyne substituent 4-(ethynyl)-N,N-dibutylbenzeneamine 3 was
known from a previous study (Scheme 5).14%a 4-(4-(N,N-Dibutylamino)phenyl)-2-methylbut-3-yn-
2-ol 2 was synthesized from N,N-dibutyl-4-iodobenzeneamine 1 by Sonogashira cross-coupling
with 2-methylbut-3-yn-2-ol using (PPhs)2PdCl2 as catalyst. Compound 2 was further converted to
the terminal alkyne 4-(ethynyl)-N,N-dibutylbenzeneamine 3 by deprotection with KOH.

= OH =

g KOH

BuZNQI — BuzN@ — <OH - BuzNAQ—:
(PPha),PdCl, =

4 N(Et)s, Cul 2 3

Scheme 5: Synthetic route towards alkyne substituent 3.

Although this route was already established in our lab an unexpected result occurred, as the
majority of alkyne 3 oxidized to acyl 3a (53%) in the course of column chromatography
(determined by 'H-NMR, GCMS) (Scheme 6, Figure 10). This unwanted Markovnikov-type
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hydratization most properly occurred due to the presence of metal catalyst residues (Pd, Cu) from
the previous synthetic step. Generally, this reaction is known to be catalyzed by strong acids or
transition metal catalysts.® Hence, trace metal impurities should be removed thoroughly before
deprotection of the alkyne to avoid hydratization of the alkyne. Furthermore, the reaction mixture
should be degassed carefully, as also Glaser-coupling reaction can as well occur as side reaction

in presence of oxygen.[6%

W

/\\/\N
3 3a

Scheme 6: The unexpected hydratization product 3a formed from alkyne 3 during column
chromatography.

= 28 /g\/?‘w LRI ERGEEEERECaERARER 163
[ w0 w0 OO~ oo o
NV \ |‘| \I NPAEN N ==
15, 13 P
HJ.C_\/ ~ \_N/ \E/
: ]
e
|
4.6 1,3 10
. ng”
A A
19 2.0
80 7.5 7.0 6.5 6.0 55 5.0 45 4.0
&8 38
P P 0w
7 7
0
. I
NN
[ I |'.'H3
15, 13 4
Hsﬁ/ ~. \N/ ‘\5'/
“ i
2 11,14
46 i 1213 10,15
. |
10 1 [T}
" 1,3 HS.C/ |
Iy k]
. l ) AN) wt
17 20 40 28 47 44 61
8.0 7.5 7.0 6.5 6.0 55 50 45 40 35 3.0 25 20 15 10
&/ ppm

Figure 10: While the singlet at 2.96 ppm in the 'H-NMR of 3 (blue) can be assigned to the terminal
alkyne proton, the spectra of 3a (maroon) shows a singlet at 2.49 ppm with integral 3, which derives
from the acetyl substituent.
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1.2.2 Synthesis of octupolar triazine 3arm-Tri

First, the octupolar target molecule 3arm-Tri was successfully synthesized in a one-pot reaction
from cyanur chloride by Negishi cross-coupling reaction following the modified protocol for the
mono-substituted alkyne reported in the earlier study (Scheme 7).571 3arm-Tri was purified by
column chromatography and received as an orange solid in good yield (47%) considering the
three-fold coupling. Here, reflux in THF was essential to fully convert the 2-arm analogue into the
octupolar compound (reaction monitoring by TLC). Comparable routes were described by Sonoda
et al.l®'l, however stating the reaction occurred at room temperature, and Braml et al. stating reflux
conditions.!®? The alternative route via Sonogabhira cross-coupling using Cul, Pd(OAc). and PPH3
as catalyst in triethylamine according to Raut et al. proved not to be successful.¢®!

NBU2
V4
R\ 1) abs. THF, n-BuLi, ZnCls N=
B“ZN‘Q = - Bu2N~©%<\ N
R -
NN N\
3 (PPha)sPd©® JI I 4 3arm-Tri \
cl” N el 47%
NBLIz

Scheme 7: ,,One-pot“-synthesis of octupolar 3armTri from cyanuric chloride 4 by Negishi cross-
coupling.

Although the quadrupolar disubstituted analogue 2-arm-Tri was not required for the spectroscopic
study, this molecule could be easily synthesized via Negishi cross-coupling at room temperature,
since the conversion of 2arm-Tri to 3arm-Tri was traced during the synthesis of the latter by TLC

and requires elevated temperature (reflux in THF).

1.2.3 Synthesis of dipolar triazine 1arm-Tri

Next, the dyad 1-armTri was synthesized as described in the earlier study by Negishi cross-
coupling reaction and was received as a red solid in 70% yield after column chromatography
(Scheme 8).557]
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Scheme 8: Synthesis of 1arm-TriCl. by Negishi cross-coupling.

In an initial synthesis attempt, a decomposition product of 1TarmTri was discovered which readily
formed over prolonged time in CDCls solution (Figure 11, Figure 12). Chloroform can decompose
to HCI and usually contains traces thereof. Svechkarev suggests purification by column
chromatography using CHCls as eluent.®”! Following this procedure a HCI adduct to the alkyne of
1arm-Tri (deep red solid) can form in increased yield, which was identified by 'H-NMR and
GCMS. Hence, elution using PE:DEE is highly advised.

Cl
NZ

ey,
cl N
s

7.03
3.36

=+
@
o

33
64
62
52
62
61
60
58
58
58
58
56
56
42
41
38
37
35
33
]
0o

i’ : —

3
1
1
1
1
1
1
1
1
i
1
1
i
1
‘]
1
1
1
i
058

T4
772
665
<663

o]
7
N

4
;. o Ry, 2
g4 | 1 | | 16,20
10,14 H LN
|I :!; il
1,13 -|~/'
i L
HQE/
T i — = T T 3
1.9 10 20 41 45 42 6.1
75 7.0 6.5 6.0 55 5.0 45 40 3.5 3.0 25 20 15 1.0
6/ ppm

Figure 12: '"H-NMR spectra of the HCI adduct of 1arm-TriCl..
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1.3 Testing of 1,3,5-triazine-based dyes as two-photon initiators

Since the structurally related alkene-modified 1,3,5-triazines proved to be suitable initiators for
two-photon polymerization,®® the newly synthesized alkyne analogues were tested as two-photon
initiators as well. For that reason, sample solutions of the target molecules in a 1:1 (w/w) mixture
of acrylate monomers trimethylolpropanetriacrylate (TTA, Genomer 1330) and ethoxylated-
(20/3)-trimethylolpropane triacrylate (ETA, Sartomer 415) at the low concentration of 1 umol g™
were prepared. Samples were drop casted onto methacrylate functionalized glass-bottom ibidi
p-dishes and then two-photon polymerized using a tunable fs-pulsed NIR-laser.

Arrays of p-cubes (100 x 100 x 100 um?3) at different writing speeds and laser powers were
fabricated at 720 nm and 780 nm using a 10x / 0.4 NA microscope objective (Olympus). While
720 nm marks the lower end of the emission spectrum of tunable fs-pulsed Ti:Sapphire lasers,
780 nm represents the emission wavelength of compact high power fiber-based fs-lasers. The
laser power was increased from 10-100 mW (A 10 mW) while the writing speed was varied from
100-900 mm s (A 200 mm s'). The hatch and dz were maintained constant at 0.4 pm and
0.5 um respectively.

After two-photon polymerization the arrays were examined my light microscopy first, and via laser
scanning microscopy (LSM) after development with 2-propanol. In the latter case, the
fluorescence emission signal of the two-photon chromophores embedded in the polymer network
was exploited. As expected from the earlier study, the octupolar 3armTri exhibited a much
broader processing window at the low laser powers (<100 mW) investigated compared to the

dipolar 1armTri.[8

1.3.1 Two-photon polymerization in presence of 1armTri

The dipolar dye 1armTri exhibited a small processing window at 720 nm with solid cubes
preferably forming a high laser powers and low writing speeds (Figure 13). For instance, at
900 mm s and 100 mW no stable cube formed. At 780 nm cubes exclusively formed at low
writing speeds and high laser powers, but unfortunately detached from the glass support. Due to
ongoing reconstructions of the z-Scan setup at the Institute of Materials Science and Technology
the two-photon spectrum of compound 1armTri could not be measured yet. Nevertheless, these
results indicate a significantly higher two-photon absorption cross-section at 720 nm than at
780 nm.

21


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

[ ]
lio
nowledge

b

i
r

Writing speed / mm s™ .
100 300 500 700 906

100

90 ’

80

700

Laser power / mW

60

720 nm
Writing speed / mm s™ .
100 300 500 700 900
&
\~

100

90

80

%)

70

pa— N—/"I
BN~ H—=— N
\— N

60 o O
780 nm

Laser power / mW

Figure 13: Arrays of cubes were two-photon polymerized from ETA:TTA in presence of 1armTri
(1 pmol g). The writing speed was increased from 100-900 mm s™' along the x-axis, whereas the
laser power was increased from 10-100 mW along the y-axis. Light microscopy images (left) were
taken from the undeveloped resin. After development the cubes were examined by LSM (right).

1.3.2 Two-photon polymerization in presence of 3armTri

In contrast to the dipolar analogue, the octupolar 3armTri showed a much broader processing
window at both wavelengths using the same parameters. Polymerization occurred at all writing
speeds, with the lower threshold of polymerization at 780 nm. Here, optimal shaped cubes could
be created with a laser power of 40 mW at all writing speeds and even with 20 mW still a cube
formed at 100 mm s™'. At 720 nm overexposure leading to explosions occurred at laser powers
above 60 mW and a low writing speed of 100 mm s™'. These preliminary results demonstrate good
two-photon initiation properties and indicate high two-photon absorption at both 720 nm and
780 nm. As overexposure occurs at lower writing speeds, this high performance two-photon
initiator is especially applicable for high writing speeds, which poses a current key challenge in
the development of multiphoton lithography. !
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Figure 14: Arrays of cubes were two-photon polymerized from ETA:TTA in presence of 3armTri
(1 pmol g). The writing speed was increased from 100-900 mm s™' along the x-axis, whereas the
laser power was increased from 10-100 mW along the y-axis. Light microscopy images (left) were
taken from the undeveloped resin. After development in 2-propanol the structures were examined
by LSM (right).
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1.4 Conclusion

Both target molecules have been synthesized successfully with substantial optimizations of the
reaction procedure and work-up being done. Both compounds can be used as initiators for two-
photon polymerization. However, the octupolar 3armTri performs much better than the dipolar
derivative, especially at high writing speeds. Moreover, it is also more versatile, as good
polymerization results could be achieved at both 720 nm and 780 nm. These findings are in
accordance with observations discussed in literature demonstrating that the two-photon
absorption and performance is increasing with the number of branches when comparing a dipolar
to an octupolar molecule.+ %8 For application in agueous environment the target molecules can

be modified with water-soluble functionalities instead of butyl groups in the future.%!

Samples of both compounds have been committed to the Vauthey research group at University
of Geneva. A photophysical in-depth investigation of the compounds was performed and a

manuscript is currently in preparation.
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2. RADICAL FRAGMENTATION INDUCED BY HYDROGEN ATOM
ABSTRACTION
2.1 State of the Art and Basic Considerations
While the inherent light-sensitivity of photocleavable functionalities, for example oNB- and
coumarin-derivatives, allows for quick and simple irradiation-experiments, it can as well be
considered a drawback, since it necessitates sample handling under light protection for the total
course of the experiment and in particular light-based examination methods (e.g. microscopy) can
be complicated.
Hence, a photocleavable molecular system, in which the light sensitivity is decoupled from the
cleavable functionality would be an interesting approach. Such a system could be activated by
addition of a small molecule photoinitiator modularly added to the system when needed. A option
would be to create a molecular core unit that can be integrated into a polymer backbone, and
which upon hydrogen atom transfer (HAT)®* responds with an intramolecular single electron
transfer (SET) cascade,’®! finally leading to fragmentation and therefore disintegration of the
backbone. In order to design such a system, several driving factors should be included to provoke
the occurrence of a SET cascade resulting in fragmentation. A reasonable driving factor might be
the (I) formation of a conjugated delocalized n—system upon HAT. This event could be
combined with an (ll) irreversible fragmentation of a covalent linkage within the polymer
backbone, for instance the decarboxylation of a carbonyl-based functional group. This way, a (lll)
radical leaving group should be formed, which tends to undergo subsequent hydrogen
abstraction elsewhere on the polymer backbone initiating an iterative HAT-SET cycle. The key
steps of such a cycle except decarboxylation are illustrated in Scheme 9.

'L?
O " %
H R e R
TTLE AR S e, OOCRIGRREN -
H-Abstraction Cleavage
M,

stilbene derivative

Scheme 9: Expected hydrogen atom transfer-single electron transfer (HAT-SET)-fragmentation
cascade.

Initiating radicals capable of hydrogen abstraction can either be generated thermally or
photochemically by addition of an appropriate initiator or hydrogen abstractor and if necessary
monomer. Within the scope of this work only photochemical initiation should be considered.
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2.2 Molecular Design and Synthesis — Symmetric Approach

As the radical fragmentation unit would be integrated into a polymer backbone on multiple sites,
simple and convenient synthetic strategies from inexpensive starting materials should be utilized
here. Based on this consideration, two symmetric small molecule test compounds were
synthesized from meso-hydrobenzoin 1 with either two ester or two carbonate functionalities
(Scheme 10). Due to the symmetry, this strategy allows for modification with polymerizable side
chains in order to integrate this core group into a polymer backbone by substituting the tert-butyl
group R with an appropriate polymerizable or conjugatable moiety (e.g. azides, (meth)acrylates,
thiols, etc.). Decarboxylation of the test compounds should result in the formation of a stilbene

derivative as indicated in Scheme 9.

esterification

R-COX

meso-hydrobenzoin, 1 R = C(CH);: HBDP
R = OC(CH);: HBDB

Scheme 10: Modification of meso-hydrobenzoin 1 to the symmetric test molecules by esterification.
The R-groups could be exchanged for a functionlity allowing to form a linkage.

The synthesis of the ester derivative HBDP was realized by esterification with pivaloyl chlorid 2,
since after decarboxylation of the ester a stabilized tertiary radical (tert-butyl radical) is formed
and due to its commercial availability (Scheme 10). The carbonate analogue HBDB was
introduced by reaction with di-tert-butyl dicarbonate Boc2O, since this reagent is readily available
and, what is more, because of its common use as protecting agent various very convenient
protocols for its application do exist.[®®! Decarboxylation of HBDB would give a tert-butyloxide

radical.

2.2.1 Synthesis of meso-0,0’-diBoc-hydrobenzoin HBDB

The test molecule HBDB was synthesized following two protocols by Basel and Hassner using
either 4-dimethylaminopyridine DMAP or 1-methylimidazole Melm as base and toluene as solvent
(Scheme 11).[5¢1 The reaction mixtures were stirred at room temperature and the progress of the

reaction was controlled by GCMS.
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A) Boc,0, toluene, DMAP 02\0
B) Boc,0, toluene, Melm

o _0

\f
0
1 HBDB \K

Scheme 11: Synthetic approaches towards HBDB.

As it turned out, HBDB decomposes in the course of the GCMS run giving a deceiving
chromatogram. For that reason, the reactions were unnecessarily maintained for 9 days, although
a reaction time of below 18 h would have been sufficient. Nevertheless, both syntheses yielded a
clean white solid product only after liquid-liquid extraction in excellent yields (>95%).

2.2.2 Synthesis of meso-hydrobenzoin dipivalinate HBDP
For the synthesis of HBDP three different procedures were tested including neat and base

P j
B) 2, Et;N, DCM

C) 2, pyridine, DCM

: 6.0
1 HBDP I

Scheme 12: Synthetic approaches towards HBDP.

catalysed reaction conditions.

A recent publication by Rao et al. entitled “An Efficient Protocol for Alcohol Protection Under
Solvent- and Catalyst-Free Conditions” stated the synthesis of compound HBDP under neat and
almost equimolar conditions (1.1 eq per functional group) at room temperature within 15 min.®”!
However, as the reaction batch size was rather small (1 mmol), it was considered beneficial to
perform this reaction in concentrated solution (DCM) rather than in a slurry to avoid issues caused
by stirring. Under this condition, the reaction did not proceed as quick as described and according
to GC-MS analysis almost only conversion to the mono-functionalized product was achieved
overnight. The reaction was therefore dismissed and a modified protocol by Marshall and Xie
describing the conversion of (R,R)-hydrobenzoin with acryloyl chloride to the corresponding
bisacrylate in the presence of triethylamine was performed.®® The reaction was maintained

overnight according to the protocol. Since reaction control by GC-MS was unclear, crude 'H-NMR
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was performed revealing only 40% conversion to the mono-substituted product. Finally HBDP
was synthesised according to the Einhorn-Variante of the Schotten—Baumann reaction® over
the course of one week by using pyridine as base and 2.5 eq of pivaloyl chloride 2." The product
was purified by recrystallization from EtOH yielding 51% of a fluffy white solid.

2.2.3 Reactivity testing of target compounds via 'H-NMR-experiments

In order to test the reactivity of the target compounds towards the anticipated HAT-SET
fragmentation cascade, the test molecules HBDP or HBDB were irradiated with UV/VIS—light in
benzene-ds solution in presence of either monomer and PI or a hydrogen abstractor and then
analysed by 'H-NMR. Monomers with moderate reactivity, thus forming reactive radicals, as for
e.g. methacrylates, vinyl esters and vinyl ethers were used in combination with the type |
photoinitiator Ivocerin® to provide a sufficient radical concentration for HAT to occur, while
hydrogen abstractors as camphorquinone, benzophenone and ITX were expected to directly
abstract hydrogen from the test compounds. Moreover, the reactions containing monomers were
also conducted in the presence of an equimolar amount of thiol.

solvent monomers hydrogen abstractors
D
Lol | X
07 0" CeHs Yo
D D benzyl methacrylate o
D
benzene-ds rac-campherquinone

thiol (‘I}’CQH% 'e)
C1aFlps—SH lauryl methacrylat
auryl methacryia
1-dodecanethiol Y Tyiate O O

o ®]
photoinitiator )J\ benzophenone

#7707 Cihps

o > O. vinyl laurate o]
C L1
~o Q g

&} ,/\010125"25
Ivocerin® dodecyl vinyl ether | ITX

Figure 15: Reagents and reactants used in the 'TH-NMR model reactions.

'Given this circumstances, in case the product shall be synthesized again the neat method should
be reconsidered.
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2.2.4 'H-NMR-experiments of symmetric test molecules HBDB and HBDP

To test the concept, the symmetric test compounds HBDB or HBDP were either reacted with
photoinitiator Ivocerin® (4 mol%, Mixture A), monomers (4 eq, Mixtures B) or combinations of
monomer (4 eq) and thiol (4 eq, Mixtures C) in presence of lvocerin®. Moreover, the compounds
were also irradiated in presence of hydrogen abstractor benzophenone (1 eq, Mixture D1). The
compositions of the individual reaction mixtures are listed in Table 1. The symmetric test
compounds and the corresponding reactants were dissolved in benzene-ds in GCMS vials and
degassed for about 5 min with argon before they were either irradiated for 10 min in an Ivoclar
Vivadent irradiation apparatus using program P2 for initiation of Ivocerin® or with a Lumen
Dynamics OmniCure® S2000 UV-curing system with an intensity of 3 W cm (320-500 nm) in the
case benzophenone was applied. During the degassing process, some solvent evaporated. As
this were preliminary tests, only intended to proof the concept rather than a systematic study,
such fluctuations of concentrations were ignored. After irradiation, the samples were diluted with
benzene-ds to provide sufficient volume for 'TH-NMR measurements.

Table 1: Reactivity screening of symmetric test compounds HBDB and HBDP. All mixtures were
initially dissolved in 0.8 mL benzene-ds.

Mixture Test Monomer Thiol Photoinitiator /
compound | (4 eq) (1eq) Hydrogen abstractor

A - -

B1 benzyl methacrylate | —

B2 vinyl laurate - ,

B3 ESBE / dodecyl vinyl ether — l(zor?]%wo)

C1 (1 eq) lauryl methacrylate

C2 vinyl laurate dodecylthiol

C3 dodecyl vinyl ether

D — - benzophenone (1 eq)

In none of these experiments, the formation of the corresponding stilbene fragmentation product
SB or SP nor the respective tert-butanol or tert-butane fragment of symmetric test compounds
HBDB or HBDP could be observed (Scheme 13).
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R = C(CH)5: HBDP R = C(CH)5: SP
R = OC(CH),: HBDB R = OC(CH),: SB

Scheme 13: Anticipated but not observed HAT-SET fragmentation of symmetric test compounds
HBDP and HBDB.

A possible explanation for these results could be based on the steric hindrance of the two relevant
H-atoms caused by the bulky adjacent phenyl and tert-butyl groups. A possibility to circumvent
this limitation but conserve the molecular constellation of the core concept would be an
asymmetric approach, in which only one of the two hydroxyl-groups is modified with a respective
leaving group in order to reduce the steric hindrance.

2.3 Molecular design and synthesis — asymmetric approach

The asymmetric functionalisation of hydrobenzoin 1 is synthetically convenient, since the already
established protocols with adapted equivalents of reactants from the symmetric approach can be
used. An overall drawback of the asymmetric strategy is the synthetically more challenging further
derivatisation of the core unit to permit integration into a polymer backbone due to the loss of
symmetry. Therefore, one of the two macromers has to be connected to the core unit via the
leaving group, whereas the other must be bound to one of the phenyl moieties or to the free
hydroxy group (Figure 16). As the asymmetric core unit contains only one potentially cleavable
bond, the efficiency of the network cleavage process is formally reduced.

R = C(CH)3;, OC(CH);
R' = macromere

Figure 16: Possible attachment points for macromer moieties on an asymmetric core unit in blue.
One branch (black) must certainly be connected via the leaving group R to permit degradation of
the network.

30


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

2.3.1 Synthesis of meso-O-mono-Boc-hydrobenzoin HBMB

HBMB was synthesized according to a modified procedure from Basel and Hassner. ¢!

>

1 HBMB
Scheme 14: Synthesis of HBMB.

Hydrobenzoin 1 was reacted with 1.01 eq Boc.O and 0.13 eq DMAP in dry toluene at room
temperature (Scheme 14). After 2 h TLC indicated full consumption of starting material and the
reaction mixture was worked up. Crude 'H-NMR revealed that the extracted solid consisted of
starting material 1 (16%), desired product HBMB (66%) and difunctionalized product HBDB (16%,
1:4:1). Separation was performed by silica column chromatography yielding HBMB (56%) as a

white solid.

2.3.2 Synthesis of meso-hydrobenzoin monopivalinate HBMP
HBMP was synthesised following a modified protocol of the synthesis of HBDP.

Scheme 15: Synthesis of HBMP.

Here, 1 was converted using 2 eq of pivaloyl chloride 2 in presence of pyridine (Scheme 15). After
a reaction time of 24 h the formation of both mono- and diester (HBMP and HBDP) was confirmed
by GCMS. Purification via silica column chromatography yielded HBMP (61%) as a white solid.

2.3.3 'H-NMR test-experiments of asymmetric test molecule HBMB

The 'H-NMR test-experiments of HBMB were realized in a similar manner as those of the
symmetric test molecules. The sample mixtures were irradiated for 10 min in an lvoclar Vivadent
irradiation apparatus using program P2 for initiation of Ivocerin®. The mixtures containing
hydrogen abstractors were irradiated using a Lumen Dynamics OmniCure® S2000 UV-curing
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system with an intensity of 1 W cm2 (320-500 nm). The experiment with benzophenone was also
conducted at 3 W cm. An overview of the individual reaction mixtures is given in Table 3.

Table 2: Reactivity screening of HBMB: All mixtures were dissolved in 0.8 mL benzene-ds.

Mixture Test Monomer Thiol Photoinitiator /
compound | (4 eq) (1eq) Hydrogen abstractor

A — —

B1 lauryl methacrylate | —

B2 vinyl laurate - _

B3 dodecyl vinyl ether | — :\‘/‘or%%rl';o)

C1 HBMB lauryl methacrylate

(07 (1eq) vinyl laurate dodecylthiol

C3 dodecyl vinyl ether

D1 - - benzophenone (1 eq)

D2 - - ITX (1 eq)

D3 - - campherquinone (1 eq)

Finally, only in the formulation containing benzophenone a significant effect of irradiation could
be observed. Scheme 16 depicts the expected fragmentation sequence of the asymmetric test
molecules. As no relevant literature entries concerning enol 3 could be found, it is anticipated that
in case of fragmentation a signal of tautomeric ketone 4 should be observed in the 'H-NMR-
spectrum of the irradiated formulation.

R = C(CH)s: HBDP 3 4
R = OC(CH)s: HBDB R = C(CH)s, OC(CH)5

Scheme 16: Expected fragmentation product of asymmetric test compounds. As, there are no
significant literature entries concerning enol 3, it is anticipated that ketone 4 forms after
tautomerisation.

However, in the 'H-NMR spectrum of the irradiated sample an intense signal possibly
corresponding to the fragment tert-butanol in benzene-ds could be observed’ (Figure 17 and
Figure 18) with the ratio between tert-butyl and tert-butanol being 11.8 : 13.8.
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Figure 17: Overlay of '"H-NMR spectra of non-irradiated sample (red) and irradiated sample (blue) of
the formulation containing benzophenone and HBMB in benzene-ds. The sample was irradiated with
an intensity of 1 W cm=2,

A closer look at the spectrum of the irradiated sample reveals that the ratio of the two aliphatic
protons of HBMB (4.85 ppm and 5.95 ppm) remained unaltered, whereas the integral of the tert-
butyl group relatively increased to 11.8 (Figure 18). Also the OH-signal flattened out somewhat.
However, no signal, which could be possibly correlated to ketone 4 was detected.

~596
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Figure 18: 'H-NMR spectra of irradiated sample containing benzophenone and HBMB in benzene-
ds. The intensity of irradiation was 1 W cm2. No signal which, could be related to ketone 4 is present.
The reference value of 4.31 ppm of the a-carbonyl protons in CDCI; was taken from Dong et al.[/”"
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The relatively intense singlet at 2.83 ppm was also present in the spectrum of an irradiated sample
containing only benzophenone in benzene-ds (Figure 19) and is thus considered to originate from

a fragmentation product thereof.?

T
14 [rel]

SIIITIA poans
hhhhhhhhhhhh

283
041
030

10

benzophenone

T T T T
8 6 4 2 [ppm]

Figure 19: 'TH-NMR spectra of an irradiated solution of benzophenone in benzene-ds. The sample
was irradiated with an intensity of 3 W cm for 10 min.

2.3.4 'H-NMR-experiments of meso-hydrobenzoin monopivalinate HBMP

The 'H-NMR-test-experiments of meso-hydrobenzoin monopivalinate HBMP were realized in a
similar manner as those before. HBMP was irradiated in combination with equimolar amounts of
hydrogen abstractors benzophenone, ITX or rac-champhorquinone in benzene-ds using a Lumen
Dynamics OmniCure® S2000 UV-curing system with an intensity of 1 W ¢cm2(320-500 nm). The
experiment with benzophenone was also repeated at 5 W cm. Since the reactions including
Ivocerin® and monomer gave no positive result with HBMB, theses were not repeated with
HBMP. Table 4 gives an overview of the reaction mixtures.

Table 3: Reactivity screening of HBMP: All mixtures were initially dissolved in 0.8 mL benzene-ds.

Mixture | Test compound | Hydrogen abstractor

D1 benzophenone
D2 HDMP ITX
D3 campherquinone

2 Other singlets, which may appear to have a certain intensity in Figure 19 could not be reproduced as
prominent in a second irradiation experiment using 3 W cm2 (not depicted).
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As in the previous experiments with HBMB significant alterations of the "H-NMR spectrum of the
irradiated formulation containing HBMP and benzophenone compared to the dark sample could

be observed (Figure 20).

1
5 [rel]

UMOT 1 1 "0\ Bruker TofSfin3. 2 data Mackus Tunzer ]

— ; L M 1 | B ik ll

T T T T
8 3 4 2 ppm]

Figure 20: Overlay of '"H-NMR spectra of non-irradiated sample (red) and irradiated sample (blue) of
the formulation containing benzophenone and HBMP in benzene-ds. The sample was irradiated with
an intensity of 1 W cm=2,

The irradiated sample again shows an intense signal in the aliphatic region, in this case at
1.07 ppm (Figure 21). This signal does not correspond to the reference values of the volatile
fragment isobutane ["H-NMR (250 MHz, CsDs): & = 1.637 (dectet, J = 6.6 Hz, 1H), 0.863 (d, J =
6.6 Hz, 10H)]."2 Furthermore, the singlet at 2.83 ppm is present as well. A noteworthy fact is the
disappearance of the OH-signal at 1.60 ppm after irradiation. Besides, no other relevant signals
are present, which could correspond to ketone 4. Moreover, irradiation at 5 W cm? did not

provoke any further changes in the spectrum (Figure 22).
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Figure 21: 'TH-NMR spectra of the irradiated sample containing benzophenone and HBMP in
benzene-ds. The intensity of irradiation was 1 W cm2. No signal which can be related to ketone 4 is
present.
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Figure 22: 'TH-NMR spectra of the irradiated sample containing benzophenone and HBMP in
benzene-ds. The intensity of irradiation was 5 W cm. No signal which can be related to ketone 4 is
present.

Contrary to the symmetric test molecules, in the case of the asymmetric compounds some
reaction did occur in the course of irradiation in the presence of benzophenone. Nevertheless, no
relevant fragmentation product of the investigated compounds could be detected via 'H-NMR
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measurement. GC-MS measurement of the NMR-samples did not give any useful information

except the presence of benzophenone.

24 EWG-conjugation Approach

A further approach is based on derivatives of 2-phenyl-1-(phenylsulfonyl)propan-2-ol (PPSP),
which is easily accessible via aerobic oxysulfonylation from a-methylstyrene and phenylsulfinic
acid.[”® At this asymmetric compound HAT can only occur in a-position to the electron withdrawing
group (EWG) sulfone resulting in the formation of a delocalized t—system. Again, decarboxylation
could be a second driving force in this concept. The resulting compound resembles stilbene, but
contains an additional sulfonyl functionality in the conjugated system (Scheme 17).

O .
P co, ®
0 /0 0,
‘s\ HAT - ‘s\
/0 o
R = C(CH)s
R = OC(CH)s 6

Scheme 17: HAT from PPSP derivative would results in a delocalized n-system 5 in which the
electron withdrawing group (EWG) phenyl sulfonyl is conjugated with phenyl via vinylene.

2.4.1 Synthesis of 2-Phenyl-1-(phenylsulfonyl)propan-2-ol (PPSP)
PPSP was synthesized according to Lu et al.”?

&}
7 HO, / O
S
o &}
I: pyridine, Air,

CHCl3, 45°C, 80 min
II: triphenyl phosphine, i
45 °C, 80 min

Scheme 18: Synthesis of PPSP by aerobic oxysulfonylation of styrene 6 with phenylsulfinic acid 7.
PPSP was synthesized according to Lu et all”® a-Methylstyrene 6 was reacted with 2.0 eq of
phenylsulfinic acid 7 and 0.9 eq of pyridine in chloroform in the presence of air at 45°C for 2 days.
Then 1.0 eq of triphenylphosphine was added for reduction of intermediately formed hydroxy
peroxide (Scheme 18).% Purification was performed by silica column chromatography giving
PPSP (63%) as a white solid.
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The reaction time of 2 days clearly exceeded the 80 min reported in literature. A possible
explanation for this deviation could be that the applied a-methylstyrene contained 15 ppm p-tert-
butylcatechol as inhibitor. In literature, the presence of this inhibitor is not stated and must
therefore be considered as absent. For further experiments this inhibitor should be removed from
a-methylstyrene prior to synthesis by washing with 1 N aqueous NaOH followed by vacuum
distillation. Furthermore, the presence of crystal water in the solid sulfinic acid has not been
investigated before the reaction. Afterwards a melting interval from 68-79°C instead of a melting
point at 83-84°C has been observed indicating the presence of crystal water. An attempt to dry
sulfinic acid x n H20 by dissolving in toluene and subsequently drying in vacuum to remove water
resulted in a colour change of the colourless solution to dark yellow.

2.4.2 Synthesis of O-Boc-2-Phenyl-1-(phenylsulfonyl)propan-2-ol (BPPSP)
Compound BPPSP was synthesized according to an adopted protocol from Basel and Hassner. ¢!

LI

HE 7 & ,@ Boc,0, toluene, DMAP 9" Qg ,@
S > 3
0 @)

PPSP BPPSP

Scheme 19: Synthesis of BPPSP.

Sulfone PPSP was reacted with 1.25 eq of Boc2O and 0.1 eq DMAP in dry toluene at room
temperature overnight (Scheme 19). Full conversion of starting material was confirmed by GCMS
and the off-white solid product (97%) was isolated only by washing with 5% aqueous HCI and
evaporation of the solvent.

2.4.3 'H-NMR-test-experiments of BPPSP

The 'H-NMR-test-experiments of BPPSP were realized in a similar manner as before. The
formulations were either irradiated for 10 min in an Ivoclar Vivadent irradiation apparatus using
program P2 for initiation of lvocerin®. When hydrogen abstractors were investigated, a Lumen
Dynamics OmniCure® S2000 UV-curing system with an intensity of 3 W cm? (320-500 nm) was
used. Experiments including thiols were not repeated. Table 4 gives an overview of the

investigated reaction mixtures. None of these experiments gave a positive result.
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Table 4: Reactivity screening of BPPSP: All mixtures were initially dissolved in 0.8 mL benzene-ds.

Mixture Test Monomer Thiol Photoinitiator
compound | (4 eq) (1 eq) Hydrogen abstractor

A - -

B1 lauryl methacrylate | — Ivocerin

B2 vinyl laurate - (4 mol%)

B3 (EiP:)qS)P dodecyl vinyl ether | —

D1 - - benzophenone (1 eq)

D2 - - ITX (1 eq)

D3 - - campherquinone (1 eq)

2.5 Conclusion

Apparently, the hypothesized HAT-SET fragmentation mechanism does not work upon simple

radical mediated hydrogen abstraction. This could be either due to sterical hindrance of H-

abstraction or due to thermodynamic barriers. Quantum calculations could give further evidence

here. However, as these molecular systems do not easily cleave under these simple experimental

conditions in solution, this type of fragmentation is not considered robust enough for application

in polymer networks, especially in hydrogels. Hence, this approach was not further investigated.
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3. WATER-SOLUBLE AFCT REAGENTS FOR CLEAVAGE OF
DISULFIDE NETWORKS

3.1  State of the Art

Disulfide linkages are of particular interest, as they can be reversibly formed and cleaved and
have an essential function in the stabilization of biomaterials such as proteins. Generally,
cleavage and remodelling of disulfide-based networks relies on the thiol-disulfide metathesis
reaction,” in which either a thiyl radical or a thiol anion reacts with a disulfide by forming a new
disulfide and releasing a sulfur-species. This reaction can be induced chemically by the use of an
excessive amount of a thiol-containing component via a nucleophilic attack or photochemically at
high UV-light intensities. Due to their reversible character, disulfide networks are dynamic and

therefore exhibit self-healing properties.25% 75!

3.1.1 Chemical-induced disulfide cleavage

Prestwich and co-workers presented a synthetic mimic of the extracellular matrix (SECM) based
on disulfide-containing polyethylene glycol diacrylate block copolymer cross-linkers, which were
used to cross-link thiol-modified hyaluronan and gelatine macromers in the presence of cells.
User-controllable decomposition permitting rapid recovery of viable cells under mild, non-
enzymatic conditions was facilitated by thiol-disulfide exchange using an excess of N-acetyl-
cysteine or glutathione to dissociate the reductively cleavable hydrogels.["®

In an earlier work, Tsarevsky and Matyjaszewski demonstrated the cleavage of internal disulfide
bonds of a polymer by reduction with dithiothreitol (DTT) to the corresponding thiol. Re-oxidation
to the corresponding disulfide-linkage was performed with FeCls.[””]

Singh and Whitesides developed several dithiol reagents for reduction of disulfides, which provide
a higher reactivity than DTT including N,N'-dimethyl-N,N'-bis(mercaptoacetyl) hydrazine (DMH)
and bis(2-mercaptoethyl)sulfone (BMS) (Figure 23). The design of these dithiol reagents is based
on two requirements: (i) a low value of pKa (~7 to 8) of their thiol groups and (ii) a high reduction
potential.”® In another attempt disulfide linkages in polymers were directly reduced by reducing

agents such as NaBH,.l"®
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DTT BMS DMH

Figure 23: Molecular structures of dithiothreitol (DTT), N,N'-dimethyl-N,N'-bis(mercaptoacetyl)
hydrazine (DMH) and bis(2-mercaptoethyl)sulfone (BMS).

3.1.2 Photochemical-induced disulfide cleavage

Direct photochemical scission of disulfides can be induced by high intensity UV-irradiation utilising
the radical disulfide metathesis reaction. Otsuka et al. presented a dynamic covalent polymer
driven by disulfide metathesis upon photoirradiation.®% For this purpose, two disulfide-containing
polyesters containing no chromophores but different molecular weights were irradiated using a
400 W high-pressure mercury lamp with the maximum peak of the radiation intensity at 365 nm.
In this study, also a model reaction was carried out, in which equimolar quantities of alkyl
disulfides were photoirradiated for 1 h in deaerated THF (0.1 mol L") at 30 °C, and the progress
of the reaction was monitored by HPLC analysis. The authors observed a molar product
equilibrium after 1 h near the statistical product ratio (1:2:3 = 24:27:49).

Based on the same concept, Anseth and co-workers have developed a photodegradable,
photoadaptable hydrogel exploiting the radical-mediated disulfide fragmentation reaction induced
by a photoinitator.?*¥ Hydrogels were formed by the oxidation of thiol-terminated 4-armed PEG
macromolecules using 1% H20. and 1 mM Nal. These disulfide cross-linked hydrogels were then
swollen in a lithium acylphosphinate (LiTPO) photoinitiator (PI) solution. Upon exposure to light,
radicals formed from the scission of the photoinitiator attacked and cleaved disulfide bonds
liberating thiyl radicals, which then again underwent fragmentation and exchange reaction with
other disulfides. Depending on the ratio of radicals to sulfur atoms in the gel either
photodeformation, photowelding, or photodegradation was induced. When the concentration of
radicals generated by the initiator was in the order of the concentration of sulfur atoms in the
network, the network could be completely degraded into soluble PEG segments. Thus,
degradation of hydrogels up to 2 mm thickness was possible within 120 s at low light intensities
(10 MW cm at 365 nm). If, however, the number of radicals generated was much less than the
number of sulfur atoms in the gel (accomplished by limiting the initial photoinitiator concentration),
the network instead adapted to an applied strain to minimize the free energy of the system. Under

such conditions, self-healing was possible by disulfide exchange reaction.

41


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

Moreover, an initiator-free self-healing covalently cross-linked polymer was developed by
Matyjaszewski and co-workers by integrating thiuram disulfide moieties into a polyurethane
backbone.®®!! Here, the radical reshuffling of thiuram disulfide units is exploited, which can be
induced by irradiation with visible light in air, at room temperature and in the absence of a solvent.
Due to the reactivity of thiuram disulfide units at ambient conditions, this functional group has
potential for integration into dynamic hydrogel networks, albeit its inherent light sensitivity.

3.1.3 Other methods to induce disulfide metathesis

Fritze and Delius reported the generation of clean equilibrium mixtures of disulfides by ultrasound
irradiation,® while Ramstrom and co-workers described a Brgnsted base-free, phosphine-
catalyzed disulfide metathesis.®® Moreover, Wei et al. reported disulfide metathesis in an ion gel
under heat and pressure catalyzed by an ionic liquid in the presence of copper salt.®4 Sanders
and co-workers presented a mechanochemical approach that requires a base, but no reducing

agent. 8!

3.2 General Considerations

Photoscission of disulfide-linkages in polymers can be directly induced by irradiation with high
intensity UV light leading to metathesis reaction resulting in rearrangement and self-healing of
materials.!® 8! For the permanent cleavage of disulfides and prevention of reformation of linkages
by the use of light, an equimolar amount of photoinitiator is required, which upon scission
consumes free thiyl radicals.?® Nevertheless, depending on the number of crosslinks the
photoinitiator concentration required for complete degradation can surpass the concentration
acceptable for cells by far,!®”) making this degradation mode irrelevant for biomedical applications.
Alternatively, simple small molecule thiol-releasing water-soluble addition-fragmentation chain
transfer (AFCT) reagents could as well be added to a disulfide-based network to promote

degradation (Scheme 20).
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Scheme 20: Upon addition of an initiator radical fragment to either an AFCT reagent or a disulfide,
a thiyl radical is released. Addition of the thiyl radical to the double bond of the AFCT reagent
releases another thiyl radical, which can then either attack a disulfide in the polymer backbone
(disulfide metathesis) or add to another AFCT molecule (addition-fragmentation). A thiyl radical
from the polymer backbone can likewise either attack an AFCT reagent or undergo disulfide
metathesis with another disulfide linkage, leading to amplified network-degradation.

The advantage of this system would be the amplification of the photodegradation cycle by chain
transfer. Addition of a photoinitiator-derived radical to the double bond of an AFCT reagent leads
to the release of a thiyl radical,®® which can then either undergo metathesis with a disulfide in the
polymer backbone or add to another AFCT molecule. A thiyl radical from the polymer backbone
can likewise either attack an AFCT reagent or undergo metathesis with another disulfide linkage,

leading to network degradation.

3.3 Preliminary reactivity testing

To proof the concept of amplified disulfide metathesis by AFCT a small molecule study was
performed, in which previously investigated AFCT reagent ethyl 2-((n-dodecylthio)methyl)acrylate
ADTE®® was reacted with 2,2'-dihydroxyethyl disulfide (Figure 24). Both compounds were
combined with 1:1 stoichiometry (0.17 M) in acetone-ds in presence of photoinitiator Darocur 1173
(3 mol%). The sample was irradiated in an UV-oven (Intelli-Ray 600) for 5 min at 50% power. By
comparing 'H-NMR spectra of irradiated and non-irradiated reaction mixtures ~50% conversion
was estimated. Both the ene-signals (a,b,e) as well as the signals of protons in a-positions to the
sulphur atom (c,d,f,g) changed accordingly (Figure 24).
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Figure 24: Reaction of ADTE with 2,2'-dihydroxyethyl disulfide in acetone-ds upon UV irradiation in
presence of Darocure 1173. Conversion was confirmed by comparing "H-NMR spectra of irradiated
(red) and non-irradiated (blue) reaction mixtures.

As the addition of the thiol species is reversible, a conversion of the AFCT reagent in the range
of 50% implies equilibrium state, confirming the proposed reaction mechanism.

Due to the promising result of the experiment with ADTE, the amplified photo-triggered disulfide
metathesis should be tested in aqueous environment as well.

3.4 Synthesis of water-soluble AFCT reagent 3-MPAMA

Hence, the water-soluble AFCT reagent 3-MPAMA was synthesized by reacting methyl
3-mercaptopropanoate 9 with ethyl a-bromomethacrylate 8 in a straightforward and quick (30 min)
reaction following a modified protocol (Scheme 21).1 In a second step, 2N NaOH was added to
the reaction mixture and it was refluxed to hydrolyse the ester. By recrystallization from water
74% of a white solid where obtained. The molecule is soluble in basified water.

1) N(Et)5
Br THF, Ar, r.t.
5 HS/\/C OOMe S COOH
COOEt 2) 2N NaOH COOH
reflux
8 9 3-MPAMA

Scheme 21: Water-soluble AFCT reagent 3-MPAMA was synthesized from ethyl
a-bromomethacrylate 8 and methyl 3-mercaptopropionic acid 9 in a two-step one-pot reaction.

44


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

Since the first synthetic step is very reactive, further modifications could also include the use of
bioactive thiol compounds such as N-acetylcysteine or glutathione.

3.5 Reactivity testing of water-soluble AFCT reagent 3-MIPAMA

As in the preliminary experiment, the efficacy of the newly synthesized water-soluble AFCT
reagent was first tested with 2,2'-dihydroxyethyl disulfide in acetone-ds (Figure 25). Hence, the
reaction mixture was irradiated for 5 min in an UV-oven at 50% power in presence of 5 mol%
Darocur 1173. A comparison of 'H-NMR spectra of irradiated and non-irradiated reaction mixture
revealed approximately 50% conversion of 3-MPAMA to the corresponding reaction product.
While the signal of a-methylene protons ¢ did not change, the singlet of ene-proton b splitted to
form signal d. Furthermore, changes in other overlapping signals also indicated conversion, but

could not be integrated satisfyingly.

COOH OH
s v 7S coo
+ Ho/\/S\S/\/OH + HO/\/S\S/\/ H
ab tooH ad  tooH I I
Darocur 1173 ‘ '
uv 3-MPAMA acetone-ds ‘\‘\ ‘\ " | \'
— 1 |
a db L ' | "‘\l H’
V | Lt
[ 0ol I\
|\ ‘w‘w \‘ “ V‘-J\",", " | J V IARY \‘
U o < e b A i) N [etrenlane 2/ b

11 D.5 0.6 20

1.0 1.0 20
46362 6.1 60 59 58 5.7 56 55 54 53 52 51 50 49 4.8 47 4.6 45 4.4 4.3 42 41 40 3.9 38 3.7 36 3.5 3.4 3.3 32 34 30 29 2.8 27 2.6 25 2.4
5 /ppm

Figure 25: Reaction of 3-MPAMA with 2,2'-dihydroxyethyl disulfide in acetone-ds upon irradiation in
presence of Darocur 1173. 'TH-NMR spectra before (blue) and after 5 min of UV irradiation (red). The
conversion is clearly visible as double bond signal b turns into signal d. The singlet besides signal
¢ derives from an impurity and disappears after UV treatment.

However, when the same reaction was conducted in D20 in presence of 1 equivalent of NaOD
and LiTPO (5 mol%) only marginal conversion was observed after 5 min of UV-irradiation at 50%
of power (Figure 26). While the signals of ene-protons (a,b) and the a-methylene-singlet (c) did
not change upon irradiation, only a marginal signal of the a-hydroxymethylene of the AFCT
conversion product (e) indicates some reaction taking place. Hence, again 5 mol% of LiTPO were
added and the reaction mixture was irradiated at 90% of power for 5 min. Nevertheless, signal e
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only increased slightly by this repeated irradiation. The reason for the hindered reactivity in

aqueous environment is not clear.
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Figure 26: '"H-NMR spectra of the untreated reaction mixture (blue), after 5 min of UV irradiation (red)
in presence of 5 mol% LiTPO and after additional 5 min of UV irradiation with more LiTPO being
added (violet). In comparison to acetone-ds the reaction seems to be hindered in D20.

3.6 Conclusion

Anyhow, in the course of this experimental investigation, a closely related concept was published
by the Anseth group (Scheme 22).°% In their work, AFCT cross-links were integrated into a PEG
network by strain-promoted azide-alkyne cycloaddition (SPAAC). By swelling this preformed
hydrogel in a LiTPO solution, the hydrogel could be partially degraded upon irradiation. However,
for complete reverse gelation the addition of free thiol was necessary. In contrast to conventional
ortho-nitrobenzyl ester- or coumarin-based photolabile hydrogels the light attenuation was
significantly decreased. Hence, the photodegradation of much thicker hydrogel samples became
possible and due to the amplification of degradation the velocity of erosion was significantly
increased. Moreover, cytocompatibility of the hydrogel platform was demonstrated by
encapsulating and later releasing primary human mesenchymal stem cells (hMSCs).
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Scheme 22: Amplification of photodegradation by chain transfer. Addition-fragmentation chain
transfer (AFCT) crosslinks exposed to a photogenerated monothiyl radical (red) transition from a
crosslinked state to a non-crosslinked state and also regenerate a monothiyl radical capable of
additional crosslink fragmentation reactions.®”

This approach was also used for reversible and repeatable thiol-ene bioconjugation for dynamic
patterning of biochemical ligand in hydrogels upon both one- and two-photon irradiation.®'! The
aim here was to exchange signaling proteins in hydrogels to overcome the limitation of these
proteins poor stability under cell culture conditions making them lose their bioactivity over time.
The integration of an allyl sulfide chain-transfer agent enabled a reversible, photomediated,
thiol-ene bioconjugation of signaling proteins to hydrogels. Upon addition of a thiolated protein to
the allyl sulfide moiety, a previously tethered protein was released, and the “ene” functionality was
regenerated. As this thiol-ene reaction was reversible the patterned protein could then be
released again through a subsequent thiol-ene reaction of a PEG thiol. The method was
demonstrated to be fully repeatable through multiple iterations and proceed at physiologically
relevant signaling protein concentrations in presence of encapsulated cells.®'®l

Since the concept under investigation was already extensively researched and comprehensively
demonstrated, the study was terminated at this point. As this thesis in particular focuses on two-
photon degradation of photolabile hydrogels, other concepts had higher priority.
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4. A MODULAR APPROACH TO SENSITIZED TWO-PHOTON
PATTERNING OF PHOTODEGRADABLE HYDROGELS

4.1  State of the Art

oNB ester derivatives are photolabile molecular building blocks often integrated into linkers or the
backbone of hydrogels to create elaborate dynamically tunable cell-culture platforms that can be
triggered by the use of light.®? Applications, for instance, range from spatiotemporally defined
changes of physio-chemical hydrogel properties,?* over engineering of multicellular vascularized
tissues,?’ to complex photoreversible protein-patterning for guidance of stem cell fate.2® Beyond
these applications, oNB derivatives have been utilized in several other dynamically light triggered
materials.®'

A particular drawback of the two-photon induced micropatterning of such materials is the fact that
oNB derivatives typically exhibit relatively low two-photon absorption cross sections (62) and
uncaging action cross sections (du = 82Qu2, with Qu2 being the quantum efficiency for uncaging by
two-photon excitation) both in the sub-GM range.[** %81 Hence, the reactivity of oNB derivatives
towards two-photon excitation is rather low. For that reason, relatively high laser intensities and
long irradiation times are required for photoscission, parameters at which living cells are prone to
be damaged.®¥ Moreover, since the laser power required for two-photon absorption based
processes increases with the square root of increasing scanning speed, designing more efficient
two-photon active compounds and processes is a current key challenge in the advancement of
high performance multiphoton lithography.*s! There have been several optimization efforts to
promote the efficiency of the oNB photocleavage reaction by varying the number and pattern of
substituents on the benzyl group(?30: 932 930, 951 or by including oNB derivatives into n-conjugated
molecular systems to particularly enhance §,.12%" 932 930961 Alternatively, n-conjugated compounds
have been covalently linked to photocleavable oNB or 7-nitroindolinyl derivatives in order to
sensitize the photoscission reaction by a FRET process.®”! Nevertheless, chemical modifications
of this kind are labor intensive and usually involve multistep synthesis, whereas certain photolabile
oNB based macromer precursors which are known to be cytocompatible are commercially
available.®®! Moreover, the sensitivity of such permanently modified hydrogel systems towards
two-photon excitation is an intrinsic property of the respective precursors that cannot be controlled
nor adjusted independently. For these reasons, a modular system in which a small molecule
sensitizer is added to the preformed hydrogel in order to promote the two-photon induced

photocleavage reaction would be beneficial.
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In this work, a modular system that permits the sensitization of the oNB photoscission under two-
photon excitation regime on the example of a photocleavable PEG-crosslinked HA based
hydrogel (PEG-HA-SH) is presented. It is shown that by addition of a small molecule exhibiting
large two-photon absorption the efficiency of the oNB-photoscission can be effectively promoted
in a concentration dependent manner. The efficacy of this process is demonstrated in the

presence of cells.

4.2 Design and synthesis of the photocleavable hydrogel platform

To this date, the majority of photodegradable hydrogels is based on synthetic polymers as
poly(ethylene) glycol (PEG), a material which is biocompatible but offers low cell adhesion and
therefore requires the addition of cell-binding peptide sequences such as Arg-Gly-Asp (RGD) or
others.> 22 91 Studies that describe the use of other biopolymers including gelatin!™ or
polysaccharides!'®l as backbone for photocleavable hydrogels are still rare. Among natural
biopolymers, hyaluronic acid (HA) provides a versatile platform for the synthesis of hydrogel
precursors owing to its biocompatibility, chemical modifiability and tunable properties as well as
its native biofunctionality due to respective binding receptors such as CD44.1'%? Several studies
about light-controlled postgelation modifications of HA based hydrogels by the use of thiol-ene
chemistry exist, where either hydrogel mechanics have been altered,!'® 1% or biomolecules have
been photo-patterned into the hydrogels!'® or both was performed independently.['%! However,
only few of these reports involve the use of photocleavable groups.!'® 142 The utilization of HA as
biopolymeric backbone for photodegradable hydrogels is hence an attractive design approach
and alternative to currently utilized biomaterials that should definitely be considered.

Such a photocleavable HA based material has been developed in cooperation with the group of

Dr. Dmitri Ossipov at the University of Uppsala.
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Figure 27: Hydrogel components and reactions used for formation and photo-degradation of PEG-
HA-SH hydrogel. a) Molecular structure of photocleavable linker PEG-(oNB-A). and thiol modified
hyaluronic acid HA-SH, which undergo b) crosslinking by Michael-type thiol-ene addition at
physiological conditions and c) photocleavage of o-nitrobenzyl ester functionalities induced by
either UV light or upon two-photon excitation. d) Network formation and UV-VIS-induced
degradation was monitored by oscillatory measurements of the shear storage modulus G’ (320-
500 nm, 20 mW cm2). e) Molecular structure of water-soluble two-photon sensitizer P2CK.

First, a photo-degradable hydrogel system was designed to be covalently formed and later photo-
patterned based on two orthogonal and biocompatible chemical reactions, namely Michael-type
addition of thiols to acrylates and the photo-induced cleavage of oNB esters Figure 27b and c).[%!
Hyaluronic acid (HA), a major non-sulfated glycosaminoglycan component of the ECM,['”l was
chosen as backbone and functionalized with thiol groups to provide the possibility of 3D in situ
cell encapsulation by thiol-ene “click” reaction.['%! Thiol modified hyaluronic acid (HA-SH, Figure
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27a) was synthesized as previously described with a degree of substitution (DS) estimated to be
~50% by the use of 'TH-NMR analysis (Figure 28).[1%%
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Figure 28: Synthesis route and characterization of HA-SH. a) Hyaluronic acid was reacted with 3,3'-
dithiobis(propionic hydrazide) 10 in presence of N-hydroxybenzotriazole (HOBt) and 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) and subsequently reduced to HA-SH using D,L-
dithiothreitol (DTT). b) 'H-NMR spectra for HA-SH. The corresponding groups of each peak are
shown in the plot. The degree of thiol functionalisation of HA-SH (DS) was estimated to be ~50% via
'H-NMR analysis. The integral of the methyl peak of the acetyl group c was utilized as reference for
the determination of the DS by calculating its relative ratio to that of the methylene groups in a,p-
position to the thiol group a,b.
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To form the hydrogel, a symmetrical linear poly(ethylene glycol) (PEG, Mw ~6,000 Da) based
crosslinker containing photo-labile oNB ester moieties between the PEG chain and terminal
acrylate groups was added (PEG-(oNB-A);, Figure 27a). The photocleavable linker was
synthesized following a modified version of a previously described protocol (Scheme 23).1%8

OH 0 o
O,N & O,N T()A EiN_OH O,N \(T)(\
2 2 2
cn/k/ 0 0
0 o —> 0 0 > o) o)
ot~ 0 | opomEN A o | DCM, EDC N NG
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O\ﬂ/\\‘
O,N 0
o) o)
\/\(O/\%’O\/\NJ\/\/O l
ZN\/\(O/\’)'O\/\NHQ

DCM \/U\ PEG-(oNB-A),

Scheme 23: Synthesis route towards photocleavable linker PEG-(oNB-A),. The photocleavable
linker was synthesized following a modified version of a previously described protocol.[®®! 1-
Nitrobenzyl alcohol 11 was reacted with acryloyl chloride in presence of trimethylamine to 1-
nitrobenzyl ester 12. After activation of ester 12 by conversion into the corresponding N-
hydroxysuccinimidyl ester 13 using EDC chemistry it was coupled to PEG diamine (M, = 6,000 Da)
to give the photocleavable linker PEG-(oNB-A),.

To generate a hydrogel formulation, stock solutions of both HA-SH (18 mg mL"') and
PEG-(oNB-A), (150 mg mL") in cell culture medium were combined with 1:1 stoichiometry of
functional groups at neutral pH. It is noteworthy that the Michael-type thiol-ene addition is a robust
crosslinking reaction for hydrogel formation, which can be performed at cytocompatible conditions
in complex formulations including cell culture medium at neutral pH.['"® Gelation and UV light
induced degradation of the networks was examined by irradiation of in situ formed hydrogel
samples on a rheometer coupled to a mercury arc lamp. PEG-HA-SH hydrogel reached an
equilibrium shear storage modulus G’ of 3.7 + 0.3 kPa within 90 min. Photo-induced disintegration
of the photocleavable hydrogel network was verified by irradiation with UV-VIS light (320-500 nm,
20 mW cm) for 35 min leading to a decrease of G’ in the course of illumination (Figure 27d).
However, when the light was shuttered, consistency was observed during periods when irradiation
was interrupted, confirming that the degradation is strictly related to photoirradiation (Figure 29).
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Figure 29: Rheology measurement of the shear storage modulus G’. Optically thin photocleavable
hydrogel networks (50 um) have been formed in situ between a peltier glass plate and a measuring
plate (25 mm) on a photorheometer. After constant G’ was observed (90 min) photo-induced
degradation of hydrogel networks was demonstrated by irradiation with shuttered UV-VIS light (I, I,
lll, 320-500 nm, 20 mW cm?, blue dashed line) leading to a decrease of G’ in the course of
illumination but consistency during periods when irradiation was interrupted, confirming that the
effect is strictly related to photoirradiation. In contrast, when the network was continuously
irradiated a stepless decline of G’ occurred (black dotted line).

4.3 Sensitized two-photon micropatterning of photocleavable hydrogels

Next, the degradation of the oNB based photocleavable hydrogel was investigated by means of
multiphoton processing.l'"'""! In order to improve the efficiency of the oNB ester cleavage under
two-photon excitation regime it was hypothesized that this process could be promoted by the
addition of a two-photon active compound, which absorbs light at two-photon conditions more
efficiently and then transfers the energy to the oNB functionalities acting as a two-photon
photosensitizer. To investigate this hypothesis preformed photocleavable hydrogel samples were
soaked in solutions of the previously studied water-soluble and biocompatible cyclic benzylidene
ketone-based two-photon chromophore P2CKH % 1121 (Figure 27e, 5, ~180 GM) at different

concentrations ranging from 0.05 to 0.5 mM in cell culture medium for 5 h (Figure 30).
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Figure 30: Workflow of hydrogel treatment with P2CK prior to two-photon micropatterning.
Photocleavable PEG-HA-SH hydrogels were formed by Michael-type thiol-ene reaction within
90 min. Thereafter hydrogels were swollen in solutions of P2CK for approx. 5 hours.

The hydrogel samples were then two-photon micropatterned using a fs-pulsed NIR-laser (800 nm)
at a constant writing speed of 200 mm s focused through an water immersion objective (32x,
0.85 NA). Parallel channels with rectangular cross sections (300 um x 20 um x 50 um) were
eroded from the edge into the bulk of the hydrogel at different laser powers ranging from 10—
100 mW (Figure 31a). For examination of the fabricated channels the samples were swollen in a
solution of fluorescein modified dextran (FITC—dextran, 1 mg mL") with an average molecular
weight of ~2,000 kDa (Figure 31b). Due to its size the dextran stain only infilirates the
photocleaved areas of the network, but cannot penetrate the bulk hydrogel, permitting
visualization of the photoeroded channels by LSM. By these means, a distinct relation of the
threshold power for the fabrication of an open microchannel by two-photon degradation in

dependence of the P2CK concentration was evaluated.
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Figure 31: Micro-channel fabrication by two-photon degradation of PEG-HA-SH hydrogel in
presence of two-photon sensitizer P2CK. a) Schematic illustration of the two-photon micropattering
of a preformed hydrogel network using a focused NIR-laser and (b) visualization of micro-channels
by soaking in a solution of fluorescent dextran (Mw ~2,000 kDa), which due to its size only infiltrates
the micro-channels. ¢) Confocal microscopy images displaying orthogonal cross sections (y,z-
plane) of micro-channels fabricated with varying laser powers in PEG-HA-SH hydrogels after
swelling in different solutions of P2CK ranging from 0.05-0.50 mM or pure cell culture medium
DMEM. Scale bar 50 um.
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In untreated PEG-HA-SH hydrogel bright fluorescence could be observed in channels fabricated
at laser powers of 70 mW and above. In contrast, with increasing concentration of two-photon
sensitizer P2CK the threshold power decreased accordingly and hence in presence of 0.5 mM
P2CK was reduced down to 20 mW (Figure 31c and Figure 32).

cell
culture
medium

Figure 32: Top-down views of confocal z-stacks with corresponding orthogonal projections of
channels (300 x 20 x 50 um?3) fabricated at increasing laser powers (10—100 mW) in PEG-HA-SH
hydrogel after swelling in different solutions of P2CK ranging from 0.05-0.5 mM or pure cell culture
medium. Micro-channels were visualized by soaking in a solution of fluorescent dextran (FITC2000,
Mw ~2,000 kDa). Scale bars = 50 pm.

To demonstrate the generality of the two-photon sensitization approach, another
photodegradable hydrogel platform based on a thiol-terminated four-armed PEG®? (4armPEG-
SH, Mw ~ 5 kDa) and PEG-(oNB-A), with 12.5 wt% total macromere content was formed and
then two-photon micropatterned in presence of different concentrations of P2CK as described
above. Similar results were achieved in these experiments (Figure 33).
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Figure 33: Formation and degradation of photodegradable 4armPEG-SH hydrogel. a) A
photodegradable hydrogel based on 4armPEG-SH and PEG-(oNB-A), with a total macromere
content of 12.5 wt% was formed by Michael-type thiol-ene reaction in a 1:1 ratio of functional
groups. b) Network formation and UV-VIS-induced degradation was monitored by oscillatory
measurements of the shear storage modulus G’. The photodegradable 4armPEG-SH hydrogel
reached an equilibrium G’ of 6.5 * 2.2 kPa (mean % s.d.) within 30 min. Upon irradiation with UV-VIS
light (320-500 nm, 20 mW cm?) the hydrogel degraded within 12 min. ¢) Micro-channels were
fabricated by two-photon micro-patterning at varying laser powers (10-100 mW) in 4armPEG-SH
hydrogels after swelling in PBS or solutions of P2CK (0.05-0.50 mM). Micro-channels were
visualized by confocal microscopy using FITC-dextran. Images display orthogonal cross sections
(y,z-plane). As in the case of PEG-HA-SH hydrogel the threshold laser power for two-photon erosion
decreases with increasing concentration of P2CK accordingly. While in untreated hydrogel channel
erosion occurs at 80 mW and above, when 0.5 mM P2CK is used the threshold can be reduced to
10 mW. Scale bar 50 pm.
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Figure 34: Micro-channel fabrication by two-photon degradation of 4armPEG-SH hydrogel in
presence of two-photon sensitizer P2CK. Top-down views of confocal z-stacks with corresponding
orthogonal projections of channels (300 x 20 x 50 pm?) fabricated at different laser powers (10-100
mW) in 4armPEG-SH hydrogel after swelling in solutions of P2CK in PBS (0.05-0.5 mM) or PBS only.
Micro-channels were visualized by soaking in a solution of FITC-dextran (Mw ~2,000 kDa). Scale
bars = 50 pm.

4.4 Micro-mechanical analysis of microptatterned regions by AFM

An in situ analysis of the microscale mechanical properties of irradiated sections on PEG-HA-SH
hydrogel was performed via atomic force microscopy (AFM) cantilever-based
microindentation.!''¥ These experiments were conducted together with Dr. Orestis Andreotis at
the Institute of Lightweight Design and Structural Biomechanics (E317).

For this purpose, cuboids (A = 100 x 100 um?) with a depth of more than 100 um were
micropatterned into the surface of a hydrogel sample swollen either in PBS or a 0.1 mM solution
of P2CK. Again, laser powers from 10-100 mW at a constant writing speed of 200 mm s were

used. Besides the indentation moduli, the relative heights of the irradiated regions were measured
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using AFM by referencing to a non-irradiated position close to the respective region (0 mW).
Above a certain laser power the material is eroded and a cavity is formed. The actual depth of the
cavities could not be determined by AFM. The laser power thresholds for cavity formation (PBS:
70 mW; 0.1 mM P2CK: 50 mW; Figure 35a) equal those observed in the experiments in which
channels were fabricated (Figure 31c and Figure 32). However, below the respective threshold
the material is incompletely degraded. The decreased crosslinking density results in swelling of
the material within the irradiated volume. The degree of swelling increases with the laser power.
At 10 mW no swelling is observed in the PBS-treated PEG-HA-SH hydrogel whereas distinct
swelling occurs in presence of P2CK.

The indentation modulus, Earv, of PEG-HA-SH hydrogel is 15.9 + 0.2 kPa (Figure 35b; 0 mW;
mean = s.e.m.). In presence of P2CK (0.1 mM) Earuv decreases readily upon irradiation with
increasing laser power until a cavity is formed at 50 mW. In absence of P2CK a significant
decrease of Earmis observed at 30 mW while cavity formation occurs at 70 mW.
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Figure 35: Micro-mechanical characterization of irradiated sections in PEG-HA-SH hydrogel by
AFM. a) The relative heights (mean = s.d.) of two-photon micropatterned sections in relation to non-
irradiated regions (0 mW) were analyzed by AFM. In PBS soaked hydrogel cavity formation sets in
at 70 mW (7), whereas after P2CK-treatment (0.1 mM) cavities already form at 50 mW (A). Exposure
below the respective threshold laser power leads to incomplete degradation and results in swelling
of the irradiated regions. b) The indentation modulus Esrnv (mean * s.e.m.) decreases upon
irradiation with increasing laser power until the threshold is reached and a cavity is formed.
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4.5 Biocompatibility & Cell Culture Application

As photolabile hydrogels are commonly micropatterned by two-photon irradiation the qualification
for cell culture applications of both the novel PEG-HA-SH hydrogel as well as the P2CK promoted
two-photon degradation process was examined. These experiments were conducted together
with Dr. Marica Markovic who performed cell culture and encapsulation experiments as well as
metabolic activity assays at the Institute of Materials Science and Technology (E308).

The biocompatibility of P2CK at concentrations below 0.50 mM with both GFP-labeled"' h\TERT
immortalized human adipose-derived mesenchymal stem cells (ASC/TERT1) and human
osteosarcoma cells (MG-63) was verified by metabolic activity assay (Figure 36).

a ASC/TERT13°" b MG-63
2007 2001
2 : R
2 1507 ; 1507
2 100] g 100
g S
E 501 ! & 507
L ol
Control 1.00 0.50 0.10 0.05 0.01 Control 1.00 0.50 0.10
P2CK /mM P2CK /mM

Figure 36: Effect of P2CK on human cell-lines a) ASC/TERT1 and b) MG-63. The cell viability of both
cell-lines exposed to P2CK for 3 h and 24 h was examined by PrestoBlue® metabolic activity assay.
Data are shown as mean + standard deviation (h = 8 replicates per group) and were analyzed by
one-way ANOVA followed by Dunnett's multiple comparison test. The 3 h group was compared to
the 3 h control and the 24 h group was compared to the 24 h control respectively (* P < 0.05, **** P
< 0.0001). Incubation of both cell-lines in solutions of P2CK at concentrations below 0.50 mM
revealed no significant difference to the untreated control. The cell viability decreases slightly after
24 h in contact with 0.50 mM P2CK and more significantly upon incubation in 1.00 mM P2CK
solution.

Spheroids of GFP-labeled!"'¥ hTERT immortalized human adipose-derived mesenchymal stem
cells (ASC/TERT1) were encapsulated in PEG-HA-SH hydrogel. 24 h after encapsulation the
hydrogel was first soaked in a 0.1 mM solution of P2CK for 5.5 h and then horseshoe-shaped
channels were micropatterned around spheroids at different laser powers ranging from 30—
100 mW (Figure 37 and Figure 38). Biocompatibility of both the hydrogel and the micropatterning
process was verified by propidium iodide staining after 7 d and 14 d showing excellent cell viability
(Figure 37 and Figure 38).
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Figure 37: ASC/TERT1 spreading into loops micropatterned with P2CK. a) 3D model of a horseshoe-
shaped channel (@ = 20 pm x 20 um) generated by CAD. 24 h after spheroid encapsulation the
hydrogel was soaked in a solution of P2CK (0.1 mM) for 5.5 h and then horseshoe-shaped channels
(9@ = 20 yum x 20 pm) were micropatterned from spheroids into the bulk hydrogel at different laser
powers ranging from 30-100 mW. b) Within 3 days after micropatterning, cells had entered loops
fabricated at laser powers down to 40 mW, indicating that at these conditions the network in the
irradiated areas had been sufficiently disintegrated for cells to penetrate. c) While the area irradiated
at 30 mW remained unoccupied for 7 days, d) cells filled up this loop after 14 days, most likely due
to ester hydrolysis of remaining linkages. c,d) Excellent cell viability is indicated by high GFP-
(green) and very low propidium iodide-signal (red). Scale bars 100 um.
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Figure 38: ASC/TERT1 spreading into loops micropatterned with P2CK. 3D renderings of confocal
z-stacks (Figure 37) of GFP-labeled ASCs spreading into horseshoe-shaped channels (@ = 20 um x
20 um). Loops were micropatterned in presence of P2CK (0.1 mM) at laser powers ranging from 30—
100 mW at 200 mm s™'. b,c) Excellent cell viability is indicated by high GFP- (green) and very low
propidium iodide-signal (red). Scale bars 100 um.

Within 3 d after micropatterning cell spreading was observed in loops fabricated at laser powers
down to 40 mW, indicating that at these conditions the network in the irradiated areas had been
sufficiently disintegrated for cells to penetrate. Moreover, after 14 d cells also entered the area
irradiated at 30 mW, most likely due to ester hydrolysis of remaining linkages.!'°! On the contrary,
in a control sample two-photon micropatterned without P2CK, cells only entered channels

fabricated at laser powers of 60 mW and above within 7 d (Figure 39).
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Figure 39: ASC/TERT1 spreading into loops micropatterned without P2CK. In a control experiment,
horseshoe-shaped channels were micropatterned around a spheroid at different laser powers (30—
100 mW) in the absence of P2CK. a,c) Within 3 days after two-photon micropatterning cells had only
partially entered channels fabricated at laser powers of 60 mW and above. b,d) Cells did not spread
into channels fabricated at lower laser power even after 7 days. Excellent cell viability is indicated
by high GFP- (green) and very low propidium iodide-signal (red) after 7 days. Scale bars 100 pm.
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To further demonstrate the power of the two-photon micropatterning approach two complex
spirals were produced and connected to a spheroid in presence of 0.1 mM P2CK at laser powers
of 50 mW and 100 mW (Figure 40).

Figure 40: ASC/TERT1 spreading into two-photon micropatterned spirals. a) A complex 3D-object
consisting of a spiral which is connected to a channel in another z-plane was generated by CAD.
Spirals were produced at 50 mW and 100 mW in presence of P2CK (0.10 mM) in a way that they were
connected to a spheroid via the channel. After 7 d cells filled up both spirals as visualized by b) 3D
renderings and c) orthogonal projections of confocal z-stacks. High GFP- (green) and very low
propidium iodide-signal (red) indicate excellent cell viability. Scale bars = 100 um.
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Additionally, human osteosarcoma cells (MG-63) exhibited similar spreading behavior as
ASC/TERT1 in a preliminary experiment when linear channels had been patterned (Figure 41).

b 48 h c5d

Figure 41: Spreading of human osteosarcoma cells (MG-63) into channels two-photon
micropatterned in PEG-HA-SH hydrogel. a) Light microscopy image of a MG-63 spheroid
encapsulated in PEG-HA-SH hydrogel (DS = 40%). Linear micro-channels (300 pm x 20 pm x 20 pm)
were eroded from the spheroid into the bulk hydrogel with increasing laser powers ranging from
30-100 mW in a clockwise manner, after swelling the hydrogel for 1 h in a 0.1 mM P2CK solution.
The light microscopy image was taken 24 h after the channels were produced. Micro-channels are
indicated by thin white lines. LIVE/DEAD staining was performed to investigate both the viability
and spreading of MG-63 cells into the channels after b) 48 h and c) 5 days showing high cell viability.
Green: calcein AM; Red: propidium iodide; Scale bars = 100 pm.

4.6 Mechanistic considerations

While it has been reported that the two-photon triggered decomposition of photolabile groups can
be sensitized by covalently linking two-photon chromophores to such chemical entities and
utilizing a FRET process, multiple synthetic transformations are required therefor.®”! Moreover,
the use of such tandem systems in photocleavable hydrogels would involve the covalent
integration of chromophores with unknown bioactivity to the hydrogel backbone. However, by
modularly adding a two-photon active small molecule to the respective hydrogel as solute at an
user-defined point of time the interaction between encapsulated cells and hydrogel matrix is not
interfered by chromophores permanently attached to the hydrogel backbone. Additionally, a
modular sensitizer system permits the combination of different hydrogel precursors allowing for
greater flexibility on achievable materials properties. The sensitized two-photon patterning was
performed at 800 nm, which is a common wavelength of fs-pulsed Ti:sapphire lasers. Therefore,
the developed approach can be used with commercially available multi-photon microscopes and
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turn-key low-power fs-pulsed lasers, which became available at a reasonable price in the recent

years.
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Figure 42: One-photon spectroscopy of P2CK and oNB moiety 11. The linear absorption spectrum
of oNB moiety 11 (190 uM) as well as the absorption and emission spectra of P2CK (11 uM) were
measured in PBS. The absorption spectra of P2CK (red line) and oNB moiety 11 (black line) overlap
with the UV-light source used in the photorheology experiments (320-500 nm, blue area) whereas
only P2CK is excited by the 460 nm LED. However, the emission spectrum of P2CK (red dotted line)
does not overlap with the absorption spectrum of oNB 11. Hence, a FRET-based sensitization
mechanism can be excluded.

Interestingly, as there is no overlap between the P2CK emission and the oNB absorption (Figure
42), a FRET-based mechanism can clearly be excluded. Besides, the photosensitizing effect of
P2CK on the oNB ester cleavage reaction was not observed under UV-VIS light irradiation in
respective rheological studies, neither when only P2CK (460 nm), nor when both oNB and P2CK
(320-500 nm) were excited (Figure 43 and Figure 44). Hence, the interaction between P2CK and
oNB is not trivial and advanced spectroscopic investigations are required to gain an in-depth

understanding of the mechanism.
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Figure 43: Irradiation of PEG-HA-SH hydrogel in presence of P2CK at 460 nm. Optically thin
hydrogels (50 pm) were in situ formed on the measuring platform of a photorheometer in presence
of P2CK (0.1 mM). The hydrogel was irradiated at 460 nm using an LED (~17 mW cm2, 35 min). While
P2CK is specifically excited at 460 nm, this wavelength lies outside the absorption range of oNB.
No decrease of G’ could be observed. A slight increase of G’ in the course of irradiation can be
attributed to polymerization of unreacted pending groups due to weak initiation properties of typical
two-photon initiators./"""
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Figure 44: UV-VIS degradation of PEG-HA-SH hydrogel in presence of P2CK and without. Optically
thin hydrogels (50 um) were in situ formed on the measuring platform of a photorheometer either in
presence of P2CK (0.1 mM) or without. No pronounced effect of P2CK on the one-photon induced
degradation (320-500 nm, ~20 mW cm) of the photocleavable hydrogel networks could be
observed.
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4.7 Conclusion

In summary, a modular photosensitizing approach for the two-photon induced degradation of a
hydrogel based on the new combination of a thiol modified hyaluronic acid and an established
PEG-linker containing photocleavable oNB ester groups was developed. By addition of the two-
photon active molecule P2CK to the preformed hydrogel the threshold power for two-photon
induced photoerosion could be successfully decreased. The presented modular system is
biocompatible and can be operated in the presence of encapsulated cells. Due to its modularity,
this platform is a useful tool for fundamental studies of cell matrix interactions in 3D culture where
spatiotemporal control over the cell surrounding matrix by two-photon micropatterning of
photocleavable hydrogels at moderate laser powers is needed. Moreover, this platform also has
great potential in the field of microfluidics, as open channels can easily be produced at high writing

speeds without the need of repeated scanning.2%!

This work has recently been published as Communication in the journal Angewandte Chemie

International Edition.['®!
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5. SIMPLIFYING THE SYSTEM - TWO-PHOTON CLEAVAGE OF
DISULFIDE BONDS

5.1 State of the Art

While the sensitized two-photon cleavage of oNB ester-based photodegradable hydrogels
improves the micro-structuring process,!''® it still relies on a photolabile chromophore (oNB),
which requires multi-step synthesis.[®® Another drawback of photolabile chromophores is their
inherent UV-light sensitivity making handling under light-protection necessary. In contrast,
Fairbanks et al. described the degradation of a disulfide-crosslinked network through the radical-
mediated disulfide fragmentation as alternative photo-triggered bond-scission (Ch. 3.1 and
Scheme 24).1%d Here, in the presence of a photoinitiator, light exposure generates chemical
radicals that propagate and cause multiple crosslink degradation.!'®®! Hence, in the absence of a
photoinitiator the disulfide network is stable. Moreover, while common photocleavable groups
undergo irreversible scission, disulfide cleavage can be reversible. Thus, materials containing
disulfide linkages also exhibit self-healing behavior.[2%¢ 86l

Scheme 24: (a) Upon excitation a radical initiator fragment attacks a disulfide bond within the
network, transferring an electron to one of the two sulfurs generating a thiyl radical and a terminated
network-chain. (b) A thiyl radical transfers to another sulfur by fragmentation and degradative chain
transfer. The radical disulfide exchange minimizes the free energy of the system, allowing it to
accommodate an applied stress on the network. (c) Reversible termination occurs by thiyl radical
recombination, re-forming the disulfide bond.[?%

Surprisingly, this radical-mediated cleavage reaction has only been examined in one-photon
excitation regime so far. Reasonably, the two-photon induced cleavage of disulfide-based
networks in presence of two-photon active compounds such as P2CK %! or DASH %! (Figure 45)
should also be explored as missing link in the techniques for disulfide network degradation,

especially for spatially targeted cleavage.
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Figure 45: Molecular structures of water-soluble two-photon active chromophores P2CK[**! and
DAS.[#9al

On the contrary, Barner-Kowollik and co-workers developed a photoresist based on thiol-
terminated macromers and a phenacyl sulfide linker for the direct formation of disulfide networks
upon two-photon irradiation at 700 nm (Figure 46).'"""1 Here, the phenacyl sulfide releases a

photo-caged thioaldehyde species, which reacts with a thiol to form a disulfide bond.

Figure 46: Direct writing of disulfide networks was demonstrated by irradiating a photoresist based
on thiol-terminated macromers and a phenacyl sulfide linker at 700 nm. Upon two-photon excitation,
the penacyl sulfide releases a photo-caged thioaldehyde species, which reacts with thiol to a
disulfide.[”]

Hence, the two-photon induced cleavage of disulfide networks would bridge the gap towards
photo-orthogonal formation and degradation of disulfide networks by means of two-photon

irradiation.
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5.2 Two-photon degradation of 4arm-PEG5k-SH hydrogel in presence of two-
photon sensitizers

To examine the applicability of two-photon sensitizers for the cleavage of disulfide-crosslinked
polymer networks, a hydrogel was prepared from thiol-terminated four-armed polyethylene glycol
with a molecular weight of 5 kDa (4armPEG5k-SH) as described in literature.®>¥ Thus, to a 10%
solution of 4arm-PEG5k-SH in deionized water was added 30% H:0-to a final concentration of
1% and sodium iodide (10 mM) to a final concentration of 1 mM. Hydrogel samples were formed
in molds on methacrylated glass-bottom p-dishes (ibidi) and allowed to gel for 1 h, before the
samples were swollen in deionized water in the fridge for two days.

One sample was cut and microchannels (300 um x 20 um x 50 um) were structured in the
absence of a sensitizer at 800 nm (10-100 mW, 200 mm s, 0.1 pm hatch, 0.5 um dz). In order
to visualize these channels, they were swollen in fluorescein modified dextran (FITC2000, My ~
2000 kDa), which due to its size can only enter open pore channels. Indeed, diffuse channels
scanned at laser powers >50 mW were visible via light microscopy but these channels were not
filled with FITC2000 (1 mg mL™) indicating incomplete network degradation. However, the
hydrogel sample was later treated with P2CK (0.1 mM) and hence channels formed in the
absence of the chromophore could also be visualized indirectly as dark areas at high LSM settings
utilizing the fluorescence signal of P2CK (Figure 47).
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Figure 47: Untreated 4armPEG5k-SH hydrogel was micro-structured at laser powers from 10-
100 mW and a writing speed of 200 mm s™'. Channels could be visualized by light microscopy (left)
or indirectly via LSM utilizing the fluorescence signal of P2CK (right). Scale bars 20 pm.
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In contrast, when the hydrogel sample was two-photon structured using the same scanning
parameters after 90 min of swelling in a 0.1 mM P2CK solution,?® channels fabricated at all laser
powers used were visible by light microscopy (Figure 48). Moreover, after staining with FITC2000,
cavities scanned at laser powers >50 mW could be visualized by LSM. However, even after
prolonged treatment with FITC2000 some channels were not fully filled, which may be caused by

local irregularities in the gel.

1scan Xx-y

Figure 48: When the hydrogel sample was structured in presence of 0.1 mM P2CK, channels
fabricated at all laser powers were visible by light microscopy (left). After staining with FITC2000,
cavities scanned at laser powers >50 mW could be visualized by LSM. Some channels were not fully
filled, which may be due to local irregularities in the gel (right). Scale bars 20 um.

Nevertheless, to increase hydrogel degradation x,y-planes were irradiated in two consecutive
scans. This way, cavities produced at laser powers of 20 mW and above became visible and
channels fabricated at >20 mW were completely filled with FITC2000 (Figure 49). However,
channels produced at 10 mW still appeared diffuse in light microscopy indicating insufficient

degradation.

3 In contrast, when the swelling time in P2CK was significantly reduced (~15 min) only incomplete

erosion of microchannels could be achieved and channels could not be examined by LSM.
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Figure 49: A set of channels was fabricated by scanning the hydrogel twice in presence of 0.1 mM
P2CK. After washing with PBS and swelling in FITC2000, channels fabricated at 20 mW and above
showed fluorescence. Scale bars 20 pm.

A further hydrogel sample was cut and swollen (>120 min) in a 1 mM solution of water-soluble
cleavable two-photon initiator DAS.!%a In contrast to P2CK, the two-photon absorption spectrum
of DAS is shifted to lower wavelengths and hence it was scanned at 720 nm. However, to
compensate for the lower two-photon cross section compared to P2CK at 800 nm, DAS was used
at a concentration of 1 mM. Interestingly, while channels were visible in light microscopy, they
appeared to be deformed and were not properly filled with FITC2000 (Figure 50).
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Figure 50: Channels fabricated in presence of 1 mM DAS were obviously deformed. Scale bars
20 pm.
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To exclude improper degradation as cause for incompletely filled channels, the experiment was
repeated by scanning x,y-planes in two consecutive scans (Figure 51). Consequently, channels
fabricated at laser powers of 30 mW and above exhibited fluorescence, but all channels seemed
to be collapsed. It is not clear if this is a result of the cleavage process or caused by irregularities

in the hydrogel.
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Figure 51: Microchannels produced in 4armPEG5k-SH hydrogel in presence of 1 mM DAS by double
scanning collapsed. Scale bars 20 pm.

With this experimental series it could be demonstrated that open micro-channels in disulfide-
crosslinked 4armPEG5k-SH hydrogel can be produced by two-photon patterning in presence of
P2CK (0.1 mM) or DAS (1 mM). In absence of these two-photon active chromophores, areas
scanned at higher laser powers become visible but are not fully cleaved at the scanning conditions
used. A reason for the appearance of these microstructures in absence of two-photon active
compounds might be due to thermal effects. In general, the process of hydrogel formation by the
use of hydrogen peroxide is not convenient, as the formulation quickly reaches it’s gel point and

is difficult to handle, which might be the cause for inhomogeneities in thus formed hydrogels.

5.3 One-photon irradiation of 4armPEG5k-SH hydrogel in presence of P2CK

To examine if P2CK also acts as a sensitizer for disulfide-cleavage upon one-photon irradiation,
a 10% 4arm-PEGB5k-SH hydrogel was irradiated in presence of 0.5 mM P2CK with 460 nm LED-
light, which is close to the compound’s absorption maximum (Figure 42). Hence, 4arm-PEG5k-
SH hydrogel was prepared as described above and swollen in 0.5 mM P2CK solution at room
temperature overnight. It was then shaded half ways with aluminum foil and placed under the
focus of a 460 nm LED for 15 min. The distance from the LED was 5 cm corresponding to a light
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intensity of 6 mW cm. After irradiation, no alteration of the irradiated area could be observed,
neither with blank eye, nor by light microscopy (2.5x). The irradiated hydrogel was also scanned
by LSM at 20x magnification (488 nm, z-stack) revealing no alteration of the irradiated area.

5.4 Two-photon microchannel fabrication in organogels

Since water-soluble two-photon sensitizers are rare, further experiments were conducted in
organogels to extend the scope of the study and test the feasibility with additional two-photon
sensitizers known from literature, namely M2CMK“8a and R8!''8 (Figure 52).

M2CMK

Figure 52: Molecular structures of two-photon sensitizers M2CMK![''°l and R8[18],

Hence, an organogel from a 10% solution of 4arm-PEG5k-SH in acetonitrile (MeCN) was
prepared by oxidation via H2O./Nal following the protocol used before.?5 After swelling in 2-
propanol overnight, organogels were either submersed in solutions of M2CMK or R8 in MeCN
(0.5 mM) for at least 3 h and then cut with a scalpel. Microchannels were fabricated at 800 nm
and laser powers from 10-100 mW at a scanning speed of 200 mm s using the parameters
applied earlier. Additionally, also a sample swollen in pure MeCN was tested. After two-photon
scanning, the organogels were analysed by light microscopy (Figure 53).
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Figure 53: Channels were microstructured in 4armPEG5k-SH organogel using 800 nm irradiation at
10-100 mW. /eft: 0.5 mM M2CMK, center: 0.5 mM R8, right: MeCN only. Scale bars 20 pm.

75


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

Channels produced in the absence of two-photon sensitizers were hardly visible and only
appeared at laser powers above 80 mW. In contrast, when organogels were scanned in presence
of two-photon sensitizers distinct channels formed at all laser powers used, demonstrating the
positive effect of utilizing two-photon sensitizers for two-photon micro-patterning of disulfide-

based gels.

5.5 Two-photon induced cleavage of a disulfide-based hyaluron network

In a further experiment, a hydrogel was produced from thiol-modified hyaluronic acid with a DS of
8% (HA-SH 8%, Figure 54) by oxidative crosslinking to investigate the effect of two-photon
sensitization on a different substrate. HA-SH 8% was synthesized by Dr. Davide Ret in the course
of his dissertation at the Institute of Applied Synthetic Chemistry.[120

Figure 54: Molecular structure of the repetition unit of hyaluronic acid modified with cysteamine.
The material used in the experiment had a degree of substitution of 8%.

From a precursor formulation containing 3% of HA-SH dissolved in DMEM a network was formed
by drop casting. Gelation was induced oxidatively by adding a droplet (10 pL) of a 3% solution of
H20: atop of a drop (70 pL) of the HA-SH precursor solution (Figure 55). The formulation was
maintained at room temperature for 30 min, before formation of a solid gel was verified by tilting.
Here, H20: diffuses into the precursor solution. In contrast, direct mixing of H>O> into the precursor
solution resulted in the instantaneously formation of a stable hydrogel foam. The hydrogel
hemisphere was cut in half using a scalpel and soaked in a 0.1 mM solution of P2CK for 45 min.
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2P-structuring
LSM analysis

3% HA-SH solution gelation swell and cut
3% H,0; “initiator” 0.1 mM P2CK

Figure 55: Schematic steps from hydrogel formation to two-photon erosion of the HA-SH based
hydrogel in presence of 0.1 mM P2CK.

Then micro-channels (300 pm x 20 um x 20 um) were eroded into the hydrogel at 800 nm using
laser powers from 10-100 mW and a writing speed of 200 mm/s. For evaluation of the scanned
channels, the hydrogels were swollen in a solution of FITC2000 in PBS (5 mg mL"), permitting
visualization of the microchannels by LSM. As depicted in Figure 56, microchannels fabricated at
laser powers of 40 mW and above show bright fluorescence. Contrary, in an additional experiment

in the absence of P2CK no open channels formed.

Laser power / mW >
10 20 30 40 50 60 70 80 90 100

Y Xz

0.1 mMP2CK

1R
TRRREA

Figure 56: HA-SH 8% hydrogel was micro-patterned after swelling in 0.1 mW P2CK by irradiation at
800 nm. Microchannels were visualized with FITC2000 by LSM. Scale bar 20 pm.
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5.6 Conclusion

This simple study successfully demonstrates the feasibility of two-photon sensitized disulfide-
cleavage (Figure 57). Moreover, it shows that two-photon degradable hydrogels can be produced
directly from a thiol-containing precursor without the use of any additional linkers containing
photolabile chromophores as oNB, significantly simplifying precursor preparation. However, the
formation of disulfide-crosslinked hydrogels by direct oxidation of thiols to disulfides is unpractical
since it is hard to control and mediated by harmful compounds as hydrogen peroxide. Hence, it
might be advantageous to introduce disulfide linkages via simple linkers into networks.
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Figure 57: Schematic illustration of the sensitized two-photon cleavage of disulfide linkages.
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6. INTRODUCING DISULFIDE LINKAGES BY THE USE OF LIGHT

6.1  State of the art

Photoresponsive hydrogel platforms have great potential for targeted drug delivery and 4D cell
culture applications, as they permit spatiotemporal tunability of the materials properties.!'%!
Moreover, this material class is also highly useful and convenient for the fabrication of microfluidic
devices by simply casting of the bulk material and degradation of microchannels by the use of
multiphoton-irradiation techniques.”®! Common photodegradable hydrogels are based on
photocleavable chromophores as oNB,??! coumarinl'2! or Ru-complexes,?9 which all require
rather complex multistep syntheses. Besides, these photolabile chromophores are inherently
photosensitive and hence require handling under light protection. A structurally simpler alternative
to these chromophores are disulfides, which can be degraded through a radical-mediated
disulfide fragmentation reaction.?®d However, this reaction requires the presence of a
photoinitiator, which upon irradiation generates the required radicals and initiates degradation.
Hence, in the absence of a photoinitiator disulfide-linked networks are light stable. Disulfide-based
networks have been reported to be directly formed from thiol-terminated macromers by oxidative
coupling of thiols to disulfides mediated by oxygen,!'%! in presence of hydrogen peroxide, ¢ 22
or enzymatically using horseradish peroxidase (HRP).['>3) However, reactions mediated by
oxygen are difficult to control. In the case of hydrogen peroxide the concentration used has to be
adjusted accordingly for every different formulation to avoid polymerization occurring too
quickly.d Besides, H.O. is cell affecting and cytotoxic. In contrast, the HRP-mediated
crosslinking proceeds rather slowly.l'23l Other approaches include the application of disulfide-
containing linkers with acrylate terminals.l’®: 241 These linkers were either incorporated into
networks by thiol-Michael addition with thiol-terminated macromers® or free radical
copolymerization with acrylates using thermal initiator systems!'?¥l or even a photoinitiator.[2
Nevertheless, crosslinking formulations based on Michael-type thiol-ene additions have to be
handled very skilled and quickly as the gelation reaction sets in fast upon combination of the
reactive components,''® which can be challenging especially when it comes to cell encapsulation
or molding of complex geometries. Besides, acrylates are considered cytotoxic.['28]

For the ease of handling, an externally triggered gelation-reaction would hence be highly
advantageous, as for example photo-induced step growth polymerization. However, since
disulfides can be cleaved by higher concentrations of radicals,’®> a highly reactive coupling
reaction is required. Besides being an ideal step-growth polymerization, the thiol-norbornene

addition is extremely reactive and well tolerated in cell encapsulation.['?”!
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Hence, a water-soluble disulfide-containing linker with norbornene terminals Nor-SS-Nor from
cheap and readily available starting materials should be developed, which allows fast and
complete crosslinking of thiol-terminated precursors to form disulfide-based hydrogels.

6.2 Development of disulfide-based crosslinkers

6.2.1 A Nor-SS-Nor crosslinker from cheap starting materials

The most simple approach to such a disulfide-containing photo-crosslinker is based on the readily
available chemicals 2-hydroxyethyl disulfide and carbic anhydride leading to the simple symmetric
target molecule Nor-O-SS. The straightforward synthesis was conducted in dry THF in presence
of TEA (Scheme 25). Purification from remaining starting materials was performed by means of
column chromatography. A part of the resulting Nor-O-SS was further converted into the

corresponding sodium salt by reaction with sodium bicarbonate (1 M, 2 eq) to provide water-

solubility.
0
0 Ol-b 0
TEA, abs. TH
@io + HO/\/S‘-S/\/OH B, 1 F— I/\S’S\)
0 Ox-© OH
0
Nor-0-SS

Scheme 25: Synthesis of the 2-hydroxyethyl disulfide based linker Nor-O-SS.

However, Nor-O-SS could not be completely purified from starting materials. In fact, the
compound proved to be instable in DMSO-d6 solution. 'H -NMR experiments revealed that >50%
of the linker decomposed in the course of one week (Figure 58). Since DMSO-ds is an aprotic
solvent, hydrolysis can be excluded. In contrast, as the signals of the starting materials
reappeared again, a reaction appears to take place, in which carbic anhydride is eliminated.
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Figure 58: Comparison of 'H-NMR spectra of starting materials (a) hydroxyethyl disulfide, (b) carbic
anhydride and product Nor-O-SS (c) after column chromatography and (d) after 7 days in DMSO-ds
solution. The linker obviously decomposes back into its starting materials, as signals of both

compounds reappear over time.

Additionally for comparison reasons, the non-cleavable crosslinker analogue Nor-O-CC based on

1,6-hexanediol and carbic anhydride was synthesized following the same procedure (Scheme

26). It was subsequently converted into its sodium salt by addition of 2 eq of NaHCO:s.

0

o+ HO/\/\/\/OH

0

i) TEA, abs. THF

0]
g
(\/\)

- ONa

(8]
Nor-0-CC salt

Scheme 26: Synthesis of non-cleavable linker Nor-O-CC based on 1,6-hexanediol and subsequent

conversion into its sodium salt.
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Interestingly, no elimination of carbic anhydride was observed for the corresponding aliphatic
linker Nor-O-CC, which remained stable in DMSO-d6 for 7 days (Figure 59).

0
: i b.28
08 ;
I3 il

S ’{/:\5/?\_3/"‘\__:/';\_,/'5\0/:'\::/;‘\\2:

o Ho_\/\//Uv
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T i — Pl T
1.9 0238 40 39 3.9 4280
b
b.28
327
_'.I:I
after 7 days in DMSO-d6 \Jh
b 2 i it T T
1.9 0.2 3.9 4.0 4.2 40 418.1
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5/ ppm

Figure 59: Comparison of 'H-NMR spectra of non-cleavable linker Nor-O-CC (a) after column
chromatography and (b) after 7 days in DMSO-dg solution. This linker proved to be stable against
elimination in DMSO-d6.

These results indicate that the presence of the disulfide is triggering the elimination reaction,
which occurs most probably due to a neighboring group effect of the disulfide in combination with
the free carboxylic acid in close proximity to the ester.['?®] Thioethers in B—postion to reactive sites
are known to participate in elimination reactions via the formation of an intermediate cyclic
sulfonium ion.!"2% Most likely the elimination of carbic anhydride from linker Nor-O-SS (Figure 58)

occurs via the formation of a cyclic sulfonium ion (Scheme 27).['2%
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Scheme 27: Assumed elimination mechanism of carbic anhydride from Nor-O-SS triggered by the
neighbouring group effect of the B-positioned sulfur atom via formation of an intermediate cyclic
sulfonium ion. This elimination does not occur in the analogue disulfide-free linker Nor-O-CC.

Hence, the simple disulfide-based linker Nor-O-SS is not expected to withstand prolonged
incubations of a hydrogel made thereof. Moreover, the purity and hence the crosslinking
properties could not be guaranteed.

Nevertheless, one might expect the corresponding amide based on cystamine Nor-N-SS to give
a more stable cross-linker. However, recent literature demonstrates that amide X synthesized
from carbic anhydride completely hydrolyzes in aqueous puffer solution within 24 h (Scheme
28).1130]

instable in buffer

Scheme 28: Alcock and al. demonstrated that amide X readily hydrolyses in aqueous buffer solution
by 'H-NMR and LC-MS. Interestingly, a '"H-NMR of the amide X in D-O without hydrolysis product
(t = 0 s) could not be obtained as the hydrolysis appears to occur rapidly under these conditions.
However, a '"H-NMR of amide X in DMSO-ds could be measured.!30

83


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

Besides stability issues, the synthesis of the corresponding amide from cystamine can be
troublesome, due to solubility issues, the formation of mixed carboxylate-ammonium salts and

intramolecular imide formation.

6.2.2 Formal translocation of the carboxylic acid

Consequently, it seemed reasonable to change the molecular design by moving the carboxylic
acid away from the B-position to the amide. A formal translocation of the carboxylic acid groups
leads to a cystine-based core, again a readily available starting material. However, due to the
translocation the stereochemistry of the linker becomes more complex, as an asymmetric carbon
is introduced at each branch of the core. L-Cystine is the cheaper option as it is the dimer of the
essential amino acid L-cysteine. In contrast the D,L-derivative is much more expansive (factor 25
at Sigma-Aldrich). In this case, 5-norbornenecarboxylic acid chloride can be used as norbornyl-

reactant, again introducing stereocenters.

Cystine
(@) b O] COOH
5 m * )\/S . H
. i i Q N
H 0 " COO
COOH
Nor-N-SS Nor-Cys

Scheme 29: A formal translocation of the carboxylic acid from the norbornyl moiety of Nor-N-SS to
the a-position of the amino group leads to a cystine-based core structure. The resulting linker
contains 4 stereocenters.

6.2.2.1 Synthesis of Nor-L-Cys

The L-cystine-based linker with norbornene terminals Nor-L-Cys was synthesized in a Schotten-
Baumann-type reaction.l'>*a Norbornene carboxylic acid chloride NorCOCI was coupled to the
amino-groups of L-cystine in methanol, due to the limited solubility of cystine in most solvents.
NorCOCI can be obtained via two synthetic routes in good yield. In both cases, the product can
be easily purified by distillation. Variant A is the Diels-Alder reaction between acryloyl chloride
and cyclopentadiene (Scheme 30A).'3! Due to the nature of the Diels-Alder reaction both the
exo- and the endo-product are formed with the endo-product being predominant. Variant A
requires a preliminairy distillation step, as cyclopentadiene has to be obtained from its dimer
dicyclopentadiene in a retro-Diels-Alder reaction.

Variant B is the synthesis from commercial available 5-norbornenecarboxylic acid NorCOOH by

reaction with phosphoryl chloride in presence of a catalytic amount of DMF (Scheme 30 B).l'*2
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Variant A

Cl Ar
@ g W A @/m
O ab. CH,Cl, ) 77%

mixture of exo and endo
Variant B

POCI5 / DMF
oH ab. CH20|2 ¢l
(@]

O 97% crude

Scheme 30: Synthesis of 5-norbornenecarboxylic acid chloride NorCOCI via a Diels-Alder reaction
between cyclopentadiene and acryloyl chloride (Variant A) or via conversion of 5-norbornene-
carboxylic acid NorCOOH to the corresponding acid chloride by the use of phosphoryl chloride
(Variant B).

NorCOCI (2 eq) was then linked to L-cystine in presence of finely ground NaOH (4 eq) in absolute
MeOH (Scheme 31).

0
@)LCI I: NaOH, MeOH
: NaOH, Me =
ll: HCI S B ;‘a §
£ . & A "
LQGH lll: NaHCO3 N S
T slelele
* Na 76%

COOCH
Nor-L-Cys salt

Scheme 31: Two-step synthesis of Nor-L-Cys from L-cystine and NorCOCI in a Schotten-Baumann
reaction and subsequent conversion into the corresponding sodium salt.

Due to the weak solubility of NaOH and L-cystine in MeOH rather large volumes of solvent were
required for complete dissolution, which impacts the reaction velocity. Methanol can also react
with the acid chloride to form the corresponding ester NorCOOMe, which is further converted to
the target product by aminolysis (Scheme 32). For these reasons, the reaction mixture was stirred
at room temperature for several days for complete conversion of the starting material. Reaction
control was performed by 'H-NMR.
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COOH
@WCI + HZN“‘k/S\S/\"‘NHz

O COCH

HO-CHg I: MeOH, NaOH

- HCI

NorCOOMe O
COOH

O
Aminolysis . s. ‘HTK@

COOK Nor-L-Cys

Scheme 32: Mechanism of the Schotten-Baumann reaction towards Nor-L-Cys. Intermediately,
5-norbornenecarboxylic acid methyl ester NorCOOMe is formed, which can react with the amine in
an aminolysis reaction.

The product was precipitated by acidification of the reaction mixture with HCI. After extraction, the
raw product contained the side product norbornyl carboxylic acid methyl ester NorCOOMe, which
was removed by washing with organic solvents yielding 76% of the target molecule. Nor-L-Cys
was then converted into the corresponding sodium salt by reaction with sodium bicarbonate (2

eq) to facilitate water-solubility (Scheme 31).

6.2.3 Reactivity estimation on the molecular level by '"H-NMR
The disulfide-based linker is expected to efficiently react with thiols in an thiol-ene “click”-
reaction.® 1278l However, thiyl-radicals could attack either the norbornene in a thiol-ene addition

or the disulfide in a disulfide-metathesis reaction (Scheme 33).[87

2T M, Nor-SS-linker
ne UL

S
thiyl radical \—/ ‘U
ii core

Scheme 33: Thiyl radicals potentially can attack both (i) norbornenes in a thiol-ene coupling
addition and (ii) disulfides in a thiol-disulfide metathesis.

To examine the reactivity of the linkers towards thiol-ene coupling, a 'H-NMR study on the
molecular level was performed (Scheme 34). Therefore, the respective linker (15 mM) was
combined with 2-mercaptoethanol (30 mM) in an equimolar thiol-ene ratio and irradiated in
presence of LITPO in D2O for different time periods. A low concentration of LiTPO (0.6 mM,
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2 mol% of SH) was chosen to reduce interaction of initiator fragments with disulfide bonds, as
described in literature.? Moreover, to avoid possible UV-mediated disulfide metathesis, samples
were irradiated in the visible light region (400-500 nm, 20 mW cm2).8% The consumption of the
double bond signals (~6.0-6.4 ppm, HC=CH, 4H at t =0 s) in dependence of the irradiation
duration was analyzed. Irradiation periods of up to 10 min were investigated since longer
irradiation is unpractically for cell encapsulation. The signal of the proton at the a-carbon (~4.2-
4.5 ppm, CH-NH, 2H) served as internal reference. Both the instable Nor-O-SS as well as the
Nor-L-Cys linker were tested.

OH
(‘ LITPO (‘
o™~ s -
D,0O
hv
30 mM 15 mM 3. =400-500 nm HO

Scheme 34: 2-Mercaptoethanol served as molecular probe to estimate the reactivity of the thiol-ene
coupling reaction in a 'TH-NMR study. LiTPO (0.6 mM) was used as photoinitiator at A = 400-500 nm
(20 mW cm-?) in D,0.

Unexpectedly, the "H-NMR study revealed that double bond conversion was incomplete for the
Nor-L-Cys linker (~37%) upon photoirradiation for 10 min, whereas the double bond signals of
Nor-O-SS fully disappeared within 5 min of irradiation (Figure 60). Here, ~50% consumption was
already observed after 1 min of irradiation. The phenomenon of incomplete ene-consumption was
even observed in an additional experiment when Nor-L-Cys (15 mM) was reacted with two
equivalents of thiols (60 mM, SH:ene = 2:1). Again, ene-conversion remained incomplete (78%)

after 10 min of irradiation.
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Figure 60: Evaluation of linker reactivity towards thiol-ene addition was performed in an 'H-NMR
study. Linkers (15 mM) were reacted with 2-mercaptoethanol (30 mM) in presence of LiTPO (0.6 mM)
upon irradiation with VIS-light (400-500 nm, 20 mW cm-2). While the double bonds of Nor-O-SS (blue
dots) were readily consumed within 5 min of irradiation, full conversion of Nor-L-Cys (red dots)
seemed to be retarded. Even with a SH:ene ration of 2:1 full conversion of Nor-L-Cys (white dots)
could not be achieved within 10 min. Solid lines are only intended to guide the eye.

These results suggest that the instable linker Nor-O-SS is highly reactive, while the thiol-ene
reaction of Nor-L-Cys appears to be hindered. Consequently, Nor-L-Cys might not react
sufficiently efficient with thiols for proper hydrogel formation.

Although the radical-mediated thiol-ene reaction is often considered an archetype of “click”-
reactions,’®% in recent literature also retarded or hindered thiole-ene coupling reactions have
been reported.['*3 Nevertheless, the retardation of the highly reactive thiol-norbornene addition
has not been discussed to this date.

Colak et al. investigated the molecular parameters controlling photoinitiated thiol-ene chemistry
under biologically relevant conditions.l'*3 Hence, a series of alkenes and thiols, including
peptides, were reacted in buffered conditions. '"H-NMR and HPLC were used to quantify the
efficiency of couplings and the impact of the pH of the buffer, as well as the molecular structure
and local microenvironment close to alkenes and thiols to be coupled. An important finding was
that the pKa of thiols (and its variation upon changes in molecular structure) have a striking impact
on coupling efficiencies. Moreover, positively charged as well as aromatic amino acids were found
to have some impact on thiol-ene couplings.

Bowman and coworkers presented the effect of amines on the kinetics and efficacy of radical-
mediated thiol-ene coupling reactions of allyl ethers in organic medium.['3%! |t was shown that by
varying the thiol reactant and amine additive, amines retard thiyl radical-mediated reactions, when
the amine is adequately basic enough to deprotonate the thiol affording the thiolate anion. For
example, by adding the weakly basic amine tetramethylethylenediamine to the reaction between
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butyl 2-mercaptoacetate and an allyl ether at 5 mol%, the final conversion was reduced from
quantitative to <40%. Conversely, no effect was observed when the less acidic thiol butyl 3-
mercaptopropionate was employed. The thiolate anion was established as the retarding species
and the formation of a metastable two-sulfur three-electron bonded disulfide radical anion species
by the reaction of a thiyl radical with a thiolate anion was determined as the cause for the reduction
in catalytic radicals and the conversion rate. The degree of retardation increases with the ratio of
thiyl to carbon radicals present, thiolate anion concentration, and the stability of the resulting
disulfide radical anion.

Both studies demonstrate that the molecular design should be carefully optimized in order to
achieve high conversion levels or promote the efficient formation of hydrogels by thiol-ene
addition.

6.2.4 Optimization strategies of the linker on the molecular level

6.2.4.1 General Considerations

The final application of the Nor-SS linker includes complex reaction conditions involving the photo-
induced crosslinking of thiol-terminated macromers in cell culture media at constant pH for
hydrogel formation in presence of cells. Hence, the linkers must be optimized on the molecular
level to avoid any retardation but achieve quantitative conversion of the thiol-ene coupling
reaction. Therefore, finding a target molecule that gives quick and quantitative conversion in the
molecular test system is essential, since reactivity can be lowered in the macromolecular case of
hydrogel formation due to reduced mobility of pending functionalities upon progressing gelation.
Nevertheless, for practical and economic reasons a racemic mixture of 5-norbornenecarboxylic
acid is used in the synthesis of target molecules. As a result, the linkers are obtained as mixtures
of diastereomers, which should be applicable as received without complex purification protocols.
Reasonable molecular optimization strategies include both the (I) norbornene group as well as
the (Il) disulfide-based core unit, since the reduced reactivity could be based on either the
configuration of the norbornene or the core subunit.

(I) Although the norbornene group is considered the most rapidly reacting ene in a radical-
mediated thiol-ene process,%¥ the ene might be sterically blocked in the spatially crowded Nor-
L-Cys. As endo-norbornene is the favored product of the Diels-Alder reaction between acryl-
derivatives and cyclopentadiene, commercial 5-norbornenecarboxylic acid usually consist of a
mixture of exo- and predominantly endo-species. However, since the ene in exo-5-
norbornenecarboxylic acid faces away from the carboxylic group, the exo-derivative might be
sterically less hindered than the corresponding endo-based analogue (Figure 61).
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exo-Nor-L-Cys endo-Nor-L-Cys

Figure 61: Strategy I: Variation of the norbornene configuration. Molecular structures of exo-Nor-
L-Cys and endo-Nor-L-Cys, with the latter being the predominant component of Nor-L-Cys.
Changing the stereochemistry of the norbornene might influence the reactivity of the linker towards
thiol-ene addition.

Interestingly, no information about any different reactivity between exo- and endo-norbornene in
thiol-ene additions could be found in literature. Nevertheless, it should be noted that a thiyl radical
can add to the exo- or endo-face of the double bond of a norbornene. Thereby, the exo-attack of
a thiyl radical to norbornene was estimated to be thermodynamically favored over the endo attack
by computational methods.['34

Thus, to test the influence of the stereoisomerism of the norbornene functionality, the exo-only
linker exo-Nor-L-Cys should be synthesized from L-cystine and commercially available exo-5-
norbornene-carboxylic acid (CAS: 934-30-5).

(I In contrast to 2-hydroxyethyl disulfide, cystine is a chiral compound possessing two
stereocenters. Due to the close proximity of the functional groups, the relative orientation of the
functionalities might affect the reactivity of the norbornenes by intramolecular non-covalent
interactions. Additionally, disulfide dihedral angles are usually in the range of 90°,['%% adding up
to the overall sterical interactions based on the configuration of functional groups.

Nevertheless, the core unit can be simply modified by changing the stereochemistry of cystine
from the enantiopure L-cystine to the racemic D,L-cystine giving the linker Nor-D,L-Cys (Figure
62). DL-Cystine (CAS: 923-32-0) is a racemic mixture of the proteinogenic amino acids L-cystine

and the non-proteinogenic D-cystine.
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Figure 62: Variation of the core unit i. Molecular structures of Nor-L-Cys and Nor-D,L-Cys. The

relative orientation of the norbornene side groups depends on the stereochemistry of the cystine
core element.

Furthermore, an approach to reduce the steric hindrance between the two branches of the
molecule is the elongation of the linker by exchanging cystine for homocystine, an S-
demethylation product of methionine containing an additional methylene group per subunit
(Scheme 35).

j(&/ Elongation

Oz NH O
of core 8 8
/\gjx — T LM W\S, \/E)LOH
z 8] OZ ;NH
Nor-L-Cys Nor-L-HCys

Nor-D,L-Cys Nor-D,L-HCys

Scheme 35: Variation of the core unit ii. Nor-Cys is a relatively crowded molecule. By exchanging
the cystine core to homocysteine the linker is elongated, potentially reducing non-covalent
intramolecular interactions between opposed side groups, which might impede norbornene
conversion.

Finally, the reactivity of the linker in aprotic medium should be tested as well. As the water-
solubility of the linker is facilitated by carboxylate anions, also hydratization effects could impact
the reactivity of the ene. Since L-cystine dimethyl ester dihydrochloride (CAS: 32854-09-4) is
readily available, the dimethylated linker Nor-L-CysMe is easily accessible (Figure 63). A benefit

of this linker is that it allows forming hydrogels without ionic groups.
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Figure 63: Molecular structure of non-ionic organosoluble dimethylated linker Nor-L-CysMe.

6.2.4.2 Synthesis of modified linkers

The modified linkers were synthesized following the preliminary established Schotten-Baumann
protocol. However, due to experience the work-up and purification procedure was improved.
Hence, syntheses have been optimized and even performed at multi-gram scale (Nor-D,L-HCys:
yield: 6.7 g, 59%).

6.2.4.2.1 Synthesis of exo-Nor-L-Cys and its Na salt

exo-NorCOCI was synthesized from exo-5-norbornenecarboxylic acid (CAS: 934-30-5) as
described above by variant B (Ch. 6.2.2.1) and obtained in 91% yield after distillation (Scheme
36).

Variant B
POCIy / DMF
OH b CH,Cl, -
O 0
exo-NorCOCI

Scheme 36: Synthesis of exo-5-norbornenecarboxylic acid chloride exo-NorCOCI via conversion of
exo-5-norbornenecarboxylic acid using phosphoryl chloride (Variant B).

exo-Nor-L-Cys was synthesized analog to Nor-L-Cys (Scheme 37) by linking exo-NorCOCI
(2 eq) to L-cystine in presence of finely ground NaOH (4 eq) in dry MeOH yielding 72% of exo-
Nor-L-Cys. The product was subsequently converted to the corresponding sodium salt in quant.
yield by reaction with NaHCOg3 (2 eq).
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COCH
L-cystine exo-Nor-L-Cys salt

Scheme 37: Synthesis of exo-Nor-L-Cys from L-cystine and exo-NorCOCI in a Schotten-Baumann
reaction and subsequent conversion into the corresponding sodium salit.

6.2.4.2.2 Synthesis of Nor-D,L-Cys and its Na salt
Following the same protocol, Nor-D,L-Cys was synthesized from D,L-cystine (CAS: 923-32-0)
and NorCOCI in 55% yield and subsequently converted into the Na salt (Scheme 38).

0
(D)LCI I: NaOH, MeOH
: NaOH, Me =
ll: HCI s COO:a H
+ W ~
CKOSH lll: NaHCO; N o Lol
HNS g s ik =
COOH
D,L-cystine Nor-D,L-Cys salt

Scheme 38: Synthesis of Nor-D,L-Cys from D,L-cystine and NorCOCI according to the general
procedure and subsequent conversion into the corresponding sodium salt.

6.2.4.2.3 Synthesis of Nor-L-HCys and Nor-D,L-HCys and corresponding Na salts
The elongated homocysteine-based linkers Nor-L-HCys and Nor-D,L-HCys were synthesized
according to the general procedure. Nor-L-HCys was synthesized from L-homocystine (900 mg,
CAS: 626-72-2) yielding 77%, whereas Nor-D,L-HCys was synthesized in multigram scale from
D,L-homocystine (6 g, CAS: 870-93-9) in 59% yield. The linkers were subsequently converted
into the corresponding sodium salts.
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Scheme 39: Nor-D,L-HCys was synthesized from D,L-homocystine and NorCOCI according to the
general procedure and subsequently converted into the sodium salt.

6.2.4.2.4 Synthesis of Nor-L-CysMe

Nor-L-CysMe, the dimethyl ester of Nor-L-Cys, was synthesized from L-cystine dimetylester,
hydrochloride (CAS: 32854-09-4) and NorCOCI in presence of trimethylamine (4.2 eq) in DCM
(Scheme 40). After purification by column chromatography two fractions were received (total yield:
85%) of which one exclusively contained the endo-norbornene based product (yield: 56%).
Identification was possible via 'H-NMR by comparison with the double bond signals of exo-Nor-

L-Cys, which were absent in this fraction.

O

|
cl J\@ 0. O
9 b
abs. DCM L
¥ — T . S. AN
_ N S ;
= COOMe cl TEA H 8
+
? o)

5 S NH
e
HaN® G i
COOMe
L-cystine dimethyl ester, Nor-L-CysMe
hydrochloride

Scheme 40: Nor-L-CysMe was synthesized from L-cystine dimethyl ester, hydrochloride and
NorCOCI in presence of TEA.
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6.2.5 List of synthesized Nor-SS Linkers

(@}

COONa NaOOC
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S COONa

Oy _-NH
Nor-L-Cys

CooHogNaNa;06S;
524 .56

HN™ ~O

NaOOC -8
S COONa

Q NH
exoNor-L-Cys

CaoHagNoNay 068,
524.56

O COONa
i ’ .S *
(@] ON%

Nor-L-HCys
C24H30N2Na;0gS;
552.61

NaQOC

Nor-O-CC

Ca4HagNa;0g
490.46

HN" 0
NaoOC._~. .8

O.__NH

COONa

Nor-D,L-Cys
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0 HNé Zo
\O/LH/\ S/S\/H(o\
Os_NH (0]
Nor-L-CysMe

C24H3N,068;
508.65

O COONa

6] ON%

Nor-D,L-HCys
Ca4HagN2Naz0gS;
552.61

L
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6.3 Development of the Disulfide-based Hydrogel Platform

6.3.1 Extended reactivity estimation on the molecular level by '"H-NMR

To investigate the effect of the molecular design on the reactivity of thiol-norbornene coupling,
the synthesized linkers were reacted with 2-mercaptoethanol as described above and the
evolution of the ene-signal was monitored by 'H-NMR (Figure 64).

-0O-Nor-O-CC -0O-Nor-L-HCys -O-Nor-D,L-HCys
-@-Nor-L-Cys -O-Nor-D,L-Cys -0O-exo-Nor-L-Cys

0O
5 /O/
g |/l ©
§ 404%)
[&]
5 8
1o
20 / : . - i
b N ot Z/
0 ’Q' I v | " | v 1 ! 1
0 2 4 6 8 10

Irradiation time / min

Figure 64: Evolution of the ene-signals of linkers upon reaction with 2-mercaptoethanol in D-0.
Linkers (15 mM) were reacted with 2-mercaptoethanol (30 mM) in presence of LiTPO (0.6 mM) by
irradiation with VIS-light (400-500 nm, 20 mW cm?) and subsequently analyzed by 'H-NMR. Solid
lines are only intended to guide the eye.

Interestingly, the exo-norbornene-based linker exo-Nor-L-Cys showed the lowest reactivity with
only ~15% ene-conversion after 10 min of irradiation. Evidently, the combination of exo-
norbornene and L-cystine has a negative effect on thiol-ene reactivity, as the overall molecular
configuration seems to impede the reaction. On the other hand, changing the configuration of the
cystine-core from enantiopure L-cystine to racemic D,L-cystine does not significantly impact the
reactivity of the thiol-ene coupling reaction, since both Nor-L-Cys as well as Nor-D,L-Cys show
relative equal reactivity with an ene-conversion of ~37% and ~34% respectively upon 10 min of

irradiation.
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On the contrary, elongating the linker by changing the core to homocystine drastically improves
the reactivity towards full consumption of ene. Here, the configuration of the homocysteine core
does influence the reactivity of the norbornene, since the Nor-L-HCys linker is reacting much
faster than the Nor-D,L-HCys derivative and shows full consumption of ene within 2.5 min of
irradiation. In contrast, with Nor-D,L-HCys high (~94%) but not quantitative consumption of
norbornene is achieved within 10 min of irradiation. Hence, the thiol-ene reaction of Nor-D,L-
HCys seems to be retarded when compared to Nor-L-HCys.

To study the cause for the observed retardation, also the non-cleavable reference linker Nor-O-
CC was reacted with 2-mercaptoethanol. As in the case of Nor-L-HCys, full consumption was
achieved within 2.5 min of irradiation. Since this molecule contains a non-rigid hexamethylene-
spacer without a distinct configuration of side groups, minimal intramolecular interactions can be
assumed. Due to the fact, that Nor-L-HCys shows equal reactivity and thus no retardation,
minimal intramolecular interactions and hence a non-retarded thiol-ene reaction are expected for
this linker as well. Based on these results, the reactivity of the linkers regarding thiol-ene addition

can be graded in the following order:

Nor-O-CC ~ Nor-L-HCys > Nor-D,L-HCys >> Nor-L-Cys ~ Nor-D,L-Cys > exo-Nor-L-Cys

Furthermore, also organosoluble linkers (15 mM) were reacted with 2-mercaptoethanol (30 mM,
SH:ene = 1:1) in DMSO-ds using TPO-L (0.6 mM) as photoinitiator. While the free acid of Nor-L-
Cys showed low norbornene conversion (~44%) within 10 min of irradiation, as already observed
in D20, its methylated derivative Nor-L-CysMe was much more reactive with a final conversion
of ~88% being reached after 10 min (Figure 65). Nevertheless, both compounds do not reach
quantitative ene-conversion. However, the significant higher reactivity of Nor-L-CysMe indicates
that the free carboxylate of Nor-L-Cys might be involved in intramolecular interaction causing
retardation. On the other hand, as Nor-L-Cys shows comparable reactivity in both solvents,

hydratization effects become unlikely as cause of retardation.
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Figure 65: Evolution of the ene-signals of linkers upon reaction with 2-mercaptoethanol in DMSO-de.
Linkers (15 mM) were reacted with 2-mercaptoethanol (30 mM) in presence of TPO-L (0.6 mM) by
irradiation with VIS-light (400-500 nm, 20 mW cm) and subsequently analyzed by 'H-NMR. The
methylated derivative Nor-L-CysMe shows much higher reactivity than Nor-L-Cys free acid. Solid
lines are only intended to guide the eye.

This simple 'H-NMR study strikingly demonstrates the significant differences in reactivity
depending on the molecular design of the respective linkers, as already suggested by Colak et
al.l'*3a QObviously, both the length of the spacer as well as the configuration of the side groups
affect ene-conversion. Hence, intramolecular interactions are expected to influence the reactivity.
As the length of the spacer is critical, these interactions probably occur between functionalities of
opposing linker-subunits. Nevertheless, as the linkers were synthesized from racemic starting
materials (especially NorCOCI), for reasons of economy and convenience, they are mixtures of
different diastereomers. Since the synthesized linkers are relatively complex molecules and
molecular rotations might be hindered due to steric reasons, computational calculations of the
preferred conformations in solution is required to gain further inside in the cause of the observed
thiol-ene retardation and further evaluate a structure-property relationship.

6.3.2 Hydrogel optimization

This chapter describes the characterization and optimization of hydrogel formulations by means
of photorheology. This iterative process was conducted simultaneously to swelling tests of
hydrogel samples produced in the course of rheological experiments.

Hydrogel formation was investigated with selected linkers of the series by means of
photorheology. Hence, linkers were reacted with 10 wt% of a thiol-terminated 8-armed PEG
(8armPEG20k-SH, M, ~20 kDa, tripentaerythritol core, Figure 66) using Li-TPO as photoinitiator
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by irradiation with an LED (385 nm, ~6 mW cm). The rheological analysis was performed with a
plate-plate geometry using a tool diameter of 8 mm and a gap size of 0.8 mm.* Thus, the formed
hydrogel disks could be utilized for subsequent swelling tests. All measurements were performed
at least in triplicates, except for experiments in which a high amount of photoinitiator was used or
the thermal or mechanical stability of the hydrogel was investigated. Error bars are illustrating the
standard deviation in graphs.

In order to investigate their swelling behavior and long-term stability, hydrogel samples were
weighted and then swollen in PBS in tared petri dishes. To determine the weight, the solution was
frequently removed from the petri dishes and the dishes and hydrogels were carefully patted dry
using paper towels before weighting. If not otherwise stated, samples were measured until
progressed degradation became apparent and a reliable measurement was not possible

anymore.

HS/\L OJJ\O K o/i\/O{W\/SH
o

o

SH

Figure 66: Molecular structure of 8arm-PEG20k-SH with a tripentaerythritol core

6.3.2.1 Optimization of the photoinitiator concentration

At first, the lowest required concentration of highly water-soluble photoinitiator LITPO!"'*¢! was
established, as an excess of photoinitiator is known to induce degradation of disulfide cross-linked
hydrogels and can even lead to reverse gelation.®¥ Moreover, a minimal concentration of
photoinitiator should be used to reduce the impact on encapsulated cells.

Stock solutions of 8armPEG20k-SH, linker Nor-D,L-HCys (190 mM) and LiTPO (18 mM) were
prepared in PBS. The stock solutions were combined to give sample solutions with final

4 Preliminary tests revealed, that using a tool diameter of 25 mm and a low gap size (50 um, 100 um) leads
to artefacts (delamination). Besides a high amount of sample is required. Moreover, only hydrogel films are
created, which inappropriate for swelling tests.
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concentrations of 10 wt% 8armPEG20k-SH, 22 mM Nor-D,L-HCys (SH:ene = 1:1) and a variable
LITPO concentration (0.2 mM, 0.4 mM, 0.6 mM, 15 mM). After 1 min of equilibration time, the
prepolymer formulations were exposed to 385 nm light (~6 mW cm?) for 5 min. Figure 67 displays
the averaged storage moduli G’ of hydrogels created with different concentrations of LiTPO. At
low photoinitiator concentrations (0.2 mM, 0.4 mM, 0.6 mM), the delay of polymerization is
decreasing with increasing amounts of photoinitiator, while the final storage modulus is increasing
from 17.6 £1.7 kPa for 0.2 mM, over 20.2 + 2.2 kPa for 0.4 mM to 22.9 + 3.9 kPa for 0.6 mM
LITPO. Here, G’ is unaffected by further irradiation after a plateau is reached. This behavior
indicates that the crosslinking reaction occurs quicker than the degradation of disulfide bonds and
photoinitiator concentrations of 0.6 mM and below are sufficient for crosslinking without provoking

degradation of the network.
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Figure 67: In situ oscillatory photorheology of hydrogel formulations containing 10 wt%
8armPEG20k-SH, Nor-D,L-HCys (22.2 mM, SH:ene = 1:1) and variable concentrations of Li-TPO. The
prepolymer solutions were exposed to 385 nm light (~6 mW cm) for 5 min after a normalization
phase of 1 min. Alternatively, light was shuttered with 5 s on-time and 15 s off-time. Measurements
were performed at least in triplicates, except for the shuttered measurement which was only
performed once.

On the contrary, when a high amount of photoinitiator (15 mM) is used, G’ rises very rapidly within
5 s to a maximal value of 21.5 £ 0.3 kPa, before it decreasing again. This result indicates initial
very rapid polymerization followed by cleavage of disulfide crosslinks by excess photoinitator,
demonstrating that the thiol-norbornen addition is preferred over radical-mediated disulfide-

cleavage. Additionally, also the loss modulus G” is significantly increasing during irradiation in
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this case. Such a large increase in G” upon irradiation indicates a significant shift in the
viscoelastic properties of the network from an almost purely elastic to a more fluid behavior,®%
which is typically observed for networks crosslinked by dynamic linkages.['*”! Nevertheless,
15 mM LiTPO is not sufficient for complete reverse gelation of the hydrogel based on 22 mM
Nor-D,L-HCys linker. Hence, after 5 min of irradiation G’ reaches a plateau indicating the
presence of intact disulfide-crosslinks.

Besides, when the light is dynamically shuttered (5 s on-time, 15 s off-time, 15 mM, Figure 67)
the partial reversibility of the disulfide cleavage induced by radical photoinitiator fragments
becomes apparent.®”! While during periods of irradiation G’ decreases and G” increases, the
inverse behavior is observed when irradiation is interrupted, indicating reformation of disulfide
bonds by thiyl-radical recombination. Nevertheless, with every irradiation circle G’ is gradually
reduced, as thiyl-radicals are consumed by photoinitiator fragments, impeding full restauration of
the initial crosslinking density and G’max.[>4

As the final storage moduli G’ for hydrogels produced with 0.4 mM (20.2 £ 2.2 kPa) and 0.6 mM
LITPO (22.9 + 3.9 kPa) were in the same range and it was decided to conduct all further
experiments with the lower photoinitiator concentration of 0.4 mM to reduce the later impact on
encapsulated cells to a minimum. Hence, most of the following characterization experiments were
performed with a hydrogel created from 10 wt% 8armPEG20k-SH, Nor-D,L-HCys (SH:ene = 1:1)
and 0.4 mM Li-TPO, which will be referred to as 8arm-D,L-HCys (1:1) hydrogel in the following

chapters.

6.3.2.2 Thermostability of disulfide-crosslinked PEG hydrogel

Since for cell-culture applications prolonged incubation of the hydrogels at cell-culture conditions
(87°C, 5% COy) is an essential requirement, the thermal stability of the disulfide-based hydrogel
was investigated. Therefore, a sample of 8arm-D,L-HCys (1:1) hydrogel was in situ
photopolymerized at 20 °C as described above, before the temperature was continuously
increased up to 90 °C at a heating rate of 1 °C/min. To prevent evaporation of water, the hydrogel
sample was sealed with a ring of paraffin. Only at temperatures above 60 °C a significant
degrease of G’ could be observed, demonstrating thermal stability of the hydrogel at cell-culture

conditions.
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Figure 68: The temperature sensitivity of 8arm-D,L-HCys (1:1) hydrogel was investigated by
oscillatory photorheology. After in situ photopolymerization at 20 °C the temperature was increased
up to 90 °C at a heating rate of 1° C/ min. Only at temperatures above 60 °C G’ significantly changes
revealing stability of the hydrogel at cell-culture conditions.

6.3.2.3 Mechanostability of disulfide-crosslinked PEG hydrogel

Disulfide bonds can undergo thiol-disulfide metathesis reaction. In 1,2-dithiolane-containing
polymer networks crosslinked by dithiols, this even leads to dynamic shear-thinning behavior
(Scheme 41).'38 In this special case, a free thiol in very close proximity to a crosslinking disulfide
bond is present, leading to reversible gelation by ring closure to 1,2-dithiolane.

[ i rapid 5 “—R—. 3
ring-opening

ring-closing

| a:>— AR ( R o D—

Scheme 41: Pendant thiol groups in close proximity to crosslinking disulfide linkages lead to
structurally dynamic hydrogels exhibiting shear thinning behavior.['38 If a high amount of unreacted
thiols were present in the investigated photo-crosslinked disulfide-based hydrogels as well,
reversible shear-thinning behavior would be observable.
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However, such high concentration of unreacted thiols in close proximity to disulfide-linkages is
unlikely in the photocrosslinked disulfide-based hydrogels under investigation. Nevertheless, the
shear-thinning behavior of 8arm-D,L-HCys (1:1) hydrogel was investigated, to exclude instability
due to reversible bond formation. For this reason, first an amplitude sweep was performed. After
in situ photo-polymerization, the amplitude of the applied strain was logarithmically increased from
0.1% to 1000% at a constant frequency of 1 Hz. Up until a strain of 100% the hydrogel behaves
like an elastic solid (linear viscoelastic regime) with the value of the storage modulus G’ being two
magnitudes above that of the loss modulus G” (Figure 69). Starting at a strain of ~300%, the loss
modulus G” surpasses the storage modulus G’, indicating that the gel behaves like a liquid
suggesting reverse gelation. However, inspection of the sample revealed rupture of the hydrogel.
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Figure 69: Frequency sweep of 8arm-D,L-HCys (1:1) hydrogel. The amplitude was logarithmically
increased from 0.1% to 1000% at a constant frequency of 1 Hz. Below strains of 100% the hydrogels
is within its linear viscoelastic region.

Nevertheless, since G” surpasses G’ at strains above 100% a dynamic strain amplitude cycling
experiment was performed to test shear-thinning behavior. Hence, after in situ polymerization of
8arm-D,L-HCys (1:1) hydrogel, a series of four strain cycles was applied varying strains between
350% and 1% in 60 s periods (Figure 70). In phases of high strain G’ was lower than G”, while
when strain was released G’ increased again. Nevertheless, no full recovery of G’ but gradual
reduction was observed with every cycle, after an initial peak when the strain was released.
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Hence, it can be deduced that 8arm-D,L-HCys (1:1) hydrogel is not reversibly shear-thinning but
damaged at high strains.
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- 400
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Figure 70: Dynamic strain amplitude cycling, displaying storage- and loss-modulus (G’, G™") over
time of 8arm D,L-HCys (1:1) hydrogel at alternating strains of 1% and 350%. After every high strain
phase G’ is gradually reduced, excluding reversible shear-thinning behavior.

6.3.3 Stabilization of 8arm-D,L-HCys (1:1) hydrogel

When immersed in PBS at room temperature, 8arm-D,L-HCys (1:1) hydrogel started swelling
heavily leading to first deformation and finally dissolution within a few days, with the first of the
three samples already dissolving within 24 Figure 71. In an alternative experiment triplicates of
8arm-D,L-HCys (1:1) hydrogel were immersed in 10x PBS for the first 20 h. Due to the increased
ion concentration in the swelling medium, the samples were losing mass due to osmosis in this
initial period. After the swelling medium was changed to normal PBS, samples began swelling
and gained in mass, but interestingly remained their shape and did not dissolve. These samples
were monitored for more than a month, but were stable much longer. Most probably, this behavior
can be explained by formation of additional crosslinks by reaction between unreacted thiols upon
condensing of the hydrogel due to initial negative swelling. Nevertheless, the ion concentration in
10x PBS is many times higher than the physiological concentration and hence this approach is
impractical for stabilization of 8arm-D,L-HCys (1:1) hydrogel.

104


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

T --8arm-D,L-HCys (1:1)
500 ~¢-8arm-D,L-HCys (1:1) 10x PBS

Mass increase / %

. : . T . r .
0 5 10 15 20 25 30
Time/d

Figure 71: When immersed in PBS, 8arm-D,L-HCys (1:1) hydrogel was deforming and swelling
heavily leading finally to disintegration within a few days. On the contrary, when 8arm-D,L-HCys
(1:1) hydrogel was immersed in 10x PBS in the initial 20 h, samples were first losing mass due to
osmosis. After changing to normal PBS, samples were swelling as well, but remained their shape
and did not dissolve anymore. These samples were monitored for more than a month but were
stable much longer.

In the course of macroscopical deformation of 8arm-D,L-HCys (1:1) hydrogel by swelling, the
sample loses its cylindrical shape by turning into a spherical cap (Figure 72).

o Swelling
—_—

Figure 72: In the course of swelling in PBS at room temperature 8arm-D,L-HCys (1:1) hydrogel
samples lose their cylindrical shape by turning into a spherical caps.

This behavior indicates relaxation of surface tension, most likely occurring via thiol-disulfide
metathesis involving unreacted thiol groups (Scheme 42). This is expectable, as the 'H-NMR
reactivity estimation revealed incomplete ene-conversion of Nor-D,L-HCys (Figure 64).
Moreover, this behavior is in accordance with the observation that partly degraded disulfide
networks adapted to an applied strain to minimize the free energy of the system (self-healing
behavior) as described by Fairbanks et al’”¥ Upon swelling and relaxation by thiol-disulfide
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metathesis, the hydrogel expands. Since the linkers contain carboxylate anions to facilitate
solubility, further swelling of water into the hydrogel volume is provoked due to the increased ion
concentration, finally leading to dissolution of the hydrogel. To proof this hypothesis a series of
experiments was conducted, which will be discussed in the following sub-chapters.

C thiol-disulfid ( pa“s‘o
) metathesis &._/ ) expansron
of nework

Scheme 42: Unreacted thiols can undergo thiol-disulfide metathesis with crosslinks leading to
relaxation of internal stress and resulting in expansion of the network. Because of the increased
ion concentration within the hydrogel due to the carboxylate groups of the linkers, further diffusion
of water into the hydrogel is promoted as well.

6.3.3.1 Stabilization by a non-cleavable background network

The first stabilization strategy involves the introduction of non-cleavable aliphatic crosslinks to
prevent shape-relaxation by addition of the reference linker Nor-O-CC (Scheme 43). Whereas
this background network prevents complete degradation of the hydrogel network, the hydrogel
can still be softened by cleavage of disulfide bonds. In order to stabilize the network consisting of
8armPEG20k-SH, at least two arms of the macromere must be connected by the non-cleavable
linker to meet the percolation threshold. Hence, 25% of difunctional Nor-D,L-HCys must be
substituted by Nor-O-CC to form a continuous non-cleavable network, in which every macromere
is theoretically connected to two molecules of Nor-O-CC. If the ratio of Nor-O-CC to Nor-D,L-
HCys is lower, the percolation threshold is not met, which is expected to not stabilize the network.

thiol-disulfid '
metathesis prevention of

expansion by
covalent stabilization

Scheme 43: The introduction of a non-cleavable background network should inhibit detrimental
swelling. Thus, thiol-disulfide metathesis can still occur, whereas excessive swelling of the
hydrogel is prevented.

106


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

In order to proof this hypothesis, hydrogel formulations consisting of 10 wt% 8armPEG20k-SH,
22.2 mM linkers (SH:ene = 1:1) and LiTPO (0.4 mM) were in situ polymerized on the photo-
rheometer (Figure 73). The linker compositions were varied from 100% Nor-O-CC (8arm-CC) to
a combination including 75% Nor-D,L-HCys and 25% Nor-O-CC (8arm-SS-CC (3:1)) as well as
a mixture of 87.5% Nor-D,L-HCys and 12.5% Nor-O-CC (8arm-SS-CC (7:1)). Whereas 8arm-
CC (23.8 + 0.7 kPa) exhibits a higher storage modulus than exclusively disulfide-linked 8arm-
D,L-HCys (1:1) hydrogel (20.2 + 2.2 kPa), interestingly combinations of both linker types result in
lower storage moduli. Here, 8arm-SS-CC (3:1) (19.2 + 4.3 kPa) containing a larger fraction of
Nor-O-CC exhibits a higher G’ than 8arm-SS-CC (7:1) (17.4 + 1.5 kPa).

25000 - e I ———— o
f’ il — -l
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5000 + -u- G' 8arm-D,L-HCys
G' 8arm-SS-CC (3:1)
‘u-G' 8arm-SS-CC (7:1)
0 T ! T ' T D
0 3 4 5 6
Time / min

Figure 73: Photopolymerization of hydrogel formulations based on 10 wt% 8armPEG20k-SH,
variable combinations of Nor-D,L-HCys and Nor-O-CC at equimolar thiol-ene ratio (22.2 mM) and
0.4 mM Li-TPO was monitored by oscillatory photorheology. The hydrogel solely crosslinked by
non-cleavable Nor-O-CC (8arm-CC) exhibits a higher storage modulus G’ than the hydrogel
connected by disulfide-linkages only (8arm-D,L-HCys). Interestingly, combinations of both linker
types result in lower storage moduli (8arm-SS-CC (3:1) and 8arm-SS-CC (7:1)).

Nevertheless, hydrogels consisting of a non-cleavable background network cannot be fully
degraded, but softened. The latter fact was demonstrated by forming 8arm-SS-CC (3:1) hydrogel
in presence of a high LiTPO concentration of 15 mM (Figure 74). When 8arm-SS-CC (3:1) 15 mM
hydrogel was continuously irradiated G’ decreased until a plateau was reached demonstrating
cleavage of disulfide bonds. However, as in the case of 8arm-D,L-HCys (1:1) hydrogel
polymerized in presence of 15 mM LiTPO (Figure 67), the photoinitiator concentration applied
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was not sufficient for complete cleavage of all disulfide bonds (16.5 mM). When the light was
dynamically shuttered (5 s on-time, 15 s off-time, SS-CC (3:1) 15 mM shut), gradual reformation
of disulfide bonds during off-times could be indirectly observed by the limited recovery of G’.

G SS-CC (3.1) 0.4 mM = G SS-CC (3.1) 15 mM
25000 - -=- G' SS-CC (3:1) 15 mM shut e G"SS-CC (3:11) 15 mM
| @ G" SS-CC (3:1) 15 mM shut
20000
& 15000 -
O
10000
5000
0 b

Time / min

Figure 74: Hydrogels consisting of disulfide bonds and a non-cleavable background network (8arm-
SS-CC (3:1)) can be softened by irradiation in presence of a high concentration of photoinitiator
(15 mM LiTPO). This leads to softening of the hydrogel, whereas no complete reverse gelation is
expected.

The swelling behavior of the hydrogel samples confirmed the hypothesis of stabilization by
formation of a non-cleavable background network (Figure 75). Both the non-stabilized 8arm-D,L-
HCys hydrogel as well as the hydrogel containing 12.5% Nor-O-CC (8arm-SS-CC (7:1))
dissolved within a few days. In contrast, with 25% of Nor-D,L-HCys being substituted by Nor-O-
SS ( ) the percolation threshold was met and the hydrogel was
stabilized. Hence, the respective samples were monitored for more than 3 months. Samples
partially degraded by irradiation in presence of 15 mM LiTPO ( ) were
also stable for this period.® Nevertheless, due to the decreased crosslinking density, these
samples were swelling much more (~factor 2). The hydrogel crosslinked by the non-cleavable
aliphatic linker (8arm-CC) showed the lowest mass increase of below 100%. Samples of this

5 One sample dissolved within 9 days.
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hydrogel were monitored for more than 90 days. After 70 days mass increase occurred, which
might be due to incipient ester hydrolysis.

- -#-8arm-SS-CC (7:1) 0.4 mM

--8arm-D,L-HCys

-#-8arm-SS-CC (3:1) 15 mM
8arm-SS-CC (3:1) 0.4 mM

° -#-8arm-CC
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Figure 75: Swelling behavior of hydrogels containing different ratios of Nor-D,L-HCys and Nor-O-SS.
Both non-stabilized 8arm-D,L-HCys and 8arm-SS-CC (7:1) are disintegrating within a few days. With
25% of Nor-D,L-HCys being substituted by Nor-O-SS the percolation threshold is met and the
hydrogel is stabilized.

Hence it could be demonstrated, that unrestricted expansion of the hydrogel is the cause for final
dissolution of the network. The most probable cause for this unrestricted expansion is the dynamic
reformation of linkages, which is expected to occur via thiol-disulfide metathesis. Besides
impeding the hydrogel from expanding by forcing it into its shape, an alternative solution is
preventing the presence of free thiols.

6.3.3.2 Capping of free thiols by maleimide

In order to proof the hypothesis, that relaxation and unrestricted swelling of the hydrogel network
is based on thiol-disulfide metathesis, the occurrence of pendant thiols needs to be verified. This
can be achieved indirectly by capping free thiols and hence disabling their participation in thiol-
disulfide metathesis. Since free thiols readily react with Michael-acceptors in a thiol-Michael
addition reaction,%3 preformed hydrogel samples can be simply immersed in a solution of a non-
crosslinking small molecule Michael-acceptor in order to consume unreacted thiols (Scheme 44),
as recently demonstrated by Waymouth and co-workers.['38l
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Scheme 44: Small molecule Michael-acceptors as maleimide can be used to irreversibly bind free
thiols and thus prevent thiol-disulfide metathesis.

Hence, after polymerization samples of 8arm-D,L-HCys (1:1) hydrogel were immersed in a
solution of maleimide (4 mM) in PBS for 1 h. Thereafter the maleimide-treated samples were
swollen in PBS and their mass increased was observed (Figure 76). Indeed this treatment
stabilized the hydrogel and samples were monitored for a period of more than 2 months, except

for one of the samples, which only existed for 21 d.

- - 8arm-D,L-HCys (1:1)
500 -+ - Maleimide
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Figure 76: Unstable 8arm-D,L-HCys (1:1) hydrogel can be stabilized via treatment with maleimide
(4 mM) by soaking the sample for 1 h prior to swelling in PBS. Hence, free thiols are consumed and
cannot interact with disulfide crosslinks.

This crucial experiment illustrates both (i) the presence of unreacted thiols as well as (ii) their
involvement in the instability of the hydrogel. Furthermore, it demonstrates the possibility of post-
gelation modification of this hydrogel type. Nevertheless, maleimide is toxic and hence this

strategy is not practicable for biological applications and was hence not further explored.
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6.3.3.3 Consumption of free thiols by an excess of linker

Another simple yet convenient method to prevent the presence of free thiols is crosslinking with
an excess of linker. However, the ene-excess has to be optimized precisely, since using an
excess of crosslinker also reduces the overall connectivity of the network, leading to pending
norbornenes. Hence, three formulations based on 10 wt% 8armPEG20k-SH with increasing ene-
excess including 15 mol%, 20 mol% and 23.5 mol% were tested by photorheology (Figure 77).
While an ene-excess of 15 mol% (20.4 £ 0.4 kPa) doesn't significantly alter G’ when compared
to 8arm-D,L-HCys (1:1) hydrogel (20.2 + 2.2 kPa) with equimolar thiol:ene ratio, higher ene-
concentrations lead to increases in G’ (20 mol%: 27.4 + 1.3 kPa, 23.5 mol%: 26.7 + 2.5 kPa).
This result is of particular interest, since it demonstrates again, that Nor-D,L-HCys does not fully
react when applied at an 1:1 thiol-ene ration. Consequently, an excess of ene is required to both

consume all thiols and consequently even maximize the crosslinking density.
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Figure 77: Photopolymerization of hydrogels based on 10 wt% 8armPEG20k-SH and an excess of
Nor-D,L-HCys was monitored by photorheology. Whereas G’ of 8arm-D,L-HCys (1:1.15) hydrogel
prepared with a low ene-excess of 15% was in the same range as that of the equimolar 8arm-D,L-
HCys (1:1) hydrogel, an increased excess of ene (1:1.20, 1:1.24) lead to higher stiffness.

Monitoring the swelling behavior confirmed successful stabilization of the hydrogel by using an
ene-excess of 20% (8arm-D,L-HCys (1:1.20)). The resulting hydrogel samples were examined
for a period of 2 months (Figure 78).6 While an ene-excess of 15% appeared not to be sufficient

6 One sample was lost 18 days, as the petri dish broke.
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to stabilize the hydrogel ( ), interestingly when an excess of 23.5% was
used (8arm-D,L-HCys (1:1.24)) the hydrogel dissolved as well. Hence, an ene-excess of 20%

seems to be the optimum for this formulation.
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Figure 78: Swelling behavior of hydrogels based on 10 wt% 8armPEG20k-SH and an excess of Nor-
D,L-HCys. Whereas formulations with an ene-excess of and 24 mol% were not stabilized,
using 20 mol% excess of ene seems to be the optimum for prolonged stabilization.

\These experiments could well demonstrate, that (i) with Nor-D,L-HCys ene-conversion is
incomplete when reacted at an 1:1 ratio of functional groups. Moreover, (ii) the crosslinking
density and stiffness can even be increased by using an excess of ene, whereby an optimum
excess of ene could be established at 20 mol%.

Although it might seem reasonable at first glance, to use the introduced pending norbornenes for
further postgelation modification by first swelling and then binding thiol-containing bioactive
molecules into the network. However, such modifications can lead to partial degradation of the
network by thiol-disulfide metathesis as well, as again the concentration of free thiols within the
network is difficult to control.

Nevertheless, for cell culture applications bioinert PEG-based hydrogels need to be modified with
peptide sequences such as RGD to allow for cellular attachment.['??) RGDC containing cysteine
is commercial available and can be readily copolymerized in a thiol-ene reaction. To investigate
this copolymerization, two formulations based on 10 wt% 8armPEG20k-SH, 1 mM RGDC and
different amounts of Nor-D,L-HCys were analyzed by photorheology (Figure 79). The addition of
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1 mM RGDC results in an increase in thiols of 2.3 mol% when copolymerized with 10 wt%
8armPEG20k-SH. Hence, in one formulation this additional amount of thiol (22.3 mol% ene-
excess) was compensated, while the second formulation contained 20 mol% excess of ene
besides 1 MM RGDC. Interestingly, the latter formulation based on 20 mol% excess of ene plus
RGDC (29.5 + 1.7 kPa) exhibited a higher storage modulus than both the reference formulation
with 20 mol% excess of ene but no RGDC (27.4 + 1.3 kPa) and the formulation based on an
increased excess of 22.3 mol% ene plus RGDC (23.5 + 1.3 kPa). Noteworthy, in the formulation
containing 20 mol% excess of ene plus RGDC the peptide was first combined with the linker
before PEG was added, while in the formulation based on 22.3 mol% ene plus RGDC it was
added last.
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Figure 79: Formation of hydrogels based on 10 wt% 8armPEG20k-SH and an excess of Nor-D,L-
HCys in presence of 1ImM RGDC was monitored by photorheology. Interstingly, a 20 mol% excess
of ene resulted in higher G’ values than an ene-excess of 22.3 mol%, compensating for the excess
thiols introduced by RGDC. G’ of the latter was even below that of the reference formulation with a
20 mol% excess of ene but no RGDC.

The swelling behavior of the investigated hydrogels corresponds to the rheological observations.
Samples with an ene-excess of 20 mol% plus RGDC, which exhibited the highest G’, showed
lower swelling (~factor 2) than the reference samples without RGDC added (8arm-D,L-HCys
(1:1.20)) and were monitored for a period of more than 2 months. In contrast, the samples based
on an increased excess of 22.3 mol% ene plus RGDC were not stabilized and disintegrated
within a few days. It is not clear, if this is a consequence of the applied thiol-ene ratio or the fact
that RGDC was not premixed with the linker but added last to this formulation.
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Figure 80: Swelling behavior of hydrogels based on 10 wt% 8armPEG20k-SH and an excess of
Nor-D,L-HCys, which were copolymerized with 1mM RGDC.

Nevertheless, successful copolymerization of stable hydrogels with RGDC could be
demonstrated, allowing for cell encapsulation and culturing in this hydrogel type.

6.3.4 Stabilization of 8armPEG-based hydrogels by the use of Nor-L-HCys

Opposed to Nor-D,L-HCys, the isomeric linker Nor-L-HCys based on an enantiopure
L-homocystine core showed the highest reactivity of the linker series and quantitative conversion
of ene in the model reaction study with 2-mercaptoethanol (Figure 64). The effect of complete
ene-conversion leads to remarkable behavior in corresponding rheological and swelling
experiments, when comparing hydrogel formulations based on 10 wt% 8armPEG20k-SH and
either Nor-L-HCys or Nor-D,L-HCys. While formulations with Nor-L-HCys react slightly slower,
they reach higher G’ values than their Nor-D,L-HCys based counterparts (Figure 81). More
importantly, whereas in the case of Nor-D,L-HCys a 20 mol% excess of ene leads to a maximum
storage modulus (8arm-D,L-HCys 1:1.2, 27.4 + 1.3 kPa), with Nor-L-HCys the equimolar
formulation exhibits the highest G’ of the series (8arm-L-HCys 1:1, 32.4 + 0.3 kPa). On the other
hand, the stiffness of hydrogel (21.3 = 1.7 kPa) is within the range of 8arm-
D,L-HCys (1:1) hydrogel (20.2 + 2.2 kPa).
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Figure 81: Effect of changing the homocysteine-based linkers. Comparison of the
photopolymerization of hydrogel formulations based on 10 wt% 8armPEG20k-SH, 0.4 mM LiTPO
and either Nor-L-HCys or Nor-D,L-HCys. While Nor-L-HCys based formulations react slightly slower,
they reach higher G’ values than their Nor-D,L-HCys based counterparts. While in the case of Nor-
D,L-HCys a 20 mol% excess of ene (8arm-D,L-HCys 1:1.2) leads to a higher storage modulus, with
Nor-L-HCys the equimolar formulation (8arm-L-HCys 1:1) exhibits the highest G’ of the series.

These results evidence very high to quantitative ene-conversion. Apparently, the equimolar
formulation of Nor-L-HCys reaches an increased crosslinking density, since here the storage
modulus was higher than when a 20 mol% excess of ene was used. Conversely, by applying an
excess of ene the network connectivity is decreased with Nor-L-HCys. Furthermore, the swelling
behavior also confirms very high to quantitative thiol-consumption when Nor-L-HCys is used,
since hydrogels of both formulations remain stable (Figure 82). Interestingly, the equimolar
formulation with Nor-L-HCys even exhibits the lowest swelling of the whole series.

While with Nor-D,L-HCys ene-conversion is incomplete when reacted at an equimolare thiol-ene
ratio and hence an excess of ene is required to increase stiffness, the opposite behavior was
observed for Nor-L-HCys. Here the equimolar formulation reaches higher G’ values than when
an excess is used. Moreover, since with an equimolar thiol-ene ratio the network connectivity is
maximized, Nor-L-HCys based formulations surpass those based on Nor-D,L-HCys in maximal
achievable stiffness.

Furthermore, the swelling behavior also evidences very high to quantitative thiol-consumption
when Nor-L-HCys is used, since hydrogels of both formulations remain stable (Figure 82).
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Interestingly, in this case the equimolar formulation not only exhibits lower swelling than the
excess-formulation, but the lowest swelling of the whole series.
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Figure 82: Swelling behavior of hydrogels made from 10 wt% 8armPEG20k-SH and linkers based on
a homocysteine core

These results particularly confirm the findings of the "H-NMR reactivity estimation, which revealed
that Nor-L-HCys reaches full ene-conversion. They further highlight the importance of complete
ene-conversion with regard to hydrogel stability and demonstrate that complete conversion is less
a matter of decreasing functional group mobility in the course of proceeding gelation, but rather
based on linker reactivity.

6.3.5 Crosslinking 4armPEG-based hydrogels

In principle, thiol-terminated 8-armed PEG (8armPEG20k-SH, My ~20 kDa) is the dimer of the
corresponding 4-armed PEG (4armPEG10k-SH, M. ~10 kDa, Figure 83). Hence, 10 wt%
solutions of both compounds should contain the same amount of thiols and react analogue.
However, due to the additional connection in 8armPEG20k-SH the crosslinking density and the

network geometry as well as the network stability differ.
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Figure 83: Molecular structure of 4arm-PEG10k-SH with a pentaerythritol core.

This becomes obvious when examining the rheological behavior of hydrogels made from
4armPEG10k-SH and homocystine-based linkers (Figure 84). Due to the lower crosslinking
density and different network geometry, the observed storage moduli are lower than when
8armPEG20k-SH was used (Figure 81), albeit the order of stiffness with respect to the

formulations does not change.
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Figure 84: Crosslinking of 4armPEG10k-SH with homocysteine-based linkers. Photopolymerization
of hydrogel formulations based on 10 wt% 4armPEG10k-SH, 0.4 mM LiTPO and either Nor-L-HCys
or Nor-D,L-HCys was monitored by photorheology. Again Nor-L-HCys based formulations react
slower but reach higher G’ values than their Nor-D,L-HCys based counterparts. Opposed to the case
of Nor-D,L-HCys, with Nor-L-HCys the equimolar formulation exhibits a higher G’ than when an
excess of ene is used.

Again, Nor-L-HCys based formulations achieve higher storage moduli than those based on Nor-
D,L-HCys and with Nor-L-HCys the equimolar formulation exhibits better mechanical properties,
whereas for Nor-D,L-HCys an excess of ene is required for this purpose. Nevertheless,
4armPEG-hydrogels crosslinked by Nor-D,L-HCys were swelling heavily and dissolved after a

few days, even when an excess of ene was used. In contrast, Nor-L-HCys-based 4armPEG-
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hydrogels reached equilibrium swelling within a day and remained stable. As in the case of
8armPEG20k-SH, with Nor-L-HCys the equimolar formulation was swelling less, indicating higher

crosslinking density.
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Figure 85: Swelling behavior of hydrogels made from 10 wt% 4armPEG10k-SH and linkers based on
a homocysteine core. While Nor-D,L-HCys does not give stable hydrogels, Nor-L-HCys does.

Hydrogels from 4armPEG10k-SH are interesting for cell encapsulation, due to their lower stiffness
compared to 8armPEG-based hydrogels. However, 4armPEG-based hydrogels can only be
formed with Nor-L-HCys.

6.4 Two-photon micropatterning of disulfide-crosslinked hydrogels in presence

of DAS

As demonstrated before, disulfide crosslinked networks can be cleaved by irradiation with light in
presence of a photoinitiator.2¥ This concept also works under two-photon irradiation regime. The
application of water-soluble two-photon chromophore P2CK bears the disadvantages of limited
cytocompatibility at concentrations above 0.1 mM, interference with LIVE/DEAD viability assay in
fluorescence microscopy and potential crosslinking of thiol terminated PEG due to the presence
of two double bonds.[''2 1161 On the contrary, water-soluble diazosulfonate-based two-photon
initiator DAS is the better option, as it is cleavable and hence produces less cytotoxic radical
oxygen species (ROS) and does not interfere with stainings and due to its single double bond it

cannot act as a crosslinker for thiols.[4%a. 139
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Figure 86: Molecular structures of two-photon active chromophores P2CK and DAS.

The two-photon mircopatterning in presence of DAS was tested on samples of 8arm-D,L-
HCys (1:1.2) hydrogel and 8arm-L-HCys (1:1) hydrogel, since these hydrogels exhibited the
highest G’ values of the investigated series and hence had the highest network connectivity.
Hydrogel samples were formed in molds (& = 6 mm, d = 0.8 mm) on methacrylated ibidi p-dishes
by irradiating in a Boekel-UV-oven (365 nm, 2 J). The hydrogels were first swollen for 3 d in PBS
to reach equilibrium swelling. Subsequently, the hydrogels were submersed in solutions of DAS
in PBS at different concentrations (0.5 mM, 1.0 mM, 2.0 mM) for at least 5 h to allow diffusion of
the chromophore into the network (Figure 87). Thereafter, the hydrogel samples were cut with a
scalpel and then two-photon micropatterned using a fs-pulsed NIR-laser at 720 nm focused
through a water immersion objective (32x, 0.85 NA) and a constant writing speed of 200 mm s™.
Parallel channels with quadratic cross sections (300 um x 20 um x 20 um) were eroded from the
edge into the bulk of the hydrogel at different laser powers ranging from 10—120 mW and scanning
along the x-axis. Individual x,y-planes were either scanned once or twice. For examination of the
photoeroded channels by LSM, the samples were swollen in a solution of fluorescein modified
dextran (1 mg mL™) with an average molecular weight of ~2,000 kDa (FITC2000) for at least 4 h.
Due to its size FITC2000 only infiltrates open micro-channels but not the bulk hydrogel.

1) PBS
2) DAS solution

3dinPBS

s ~5hin DAS
solution

Pregel formulation Hydrogel DAS solution
in mold

Figure 87: Workflow of hydrogel formation and treatment with DAS prior to two-photon
micropatterning. Disulfide-crosslinked PEG hydrogels were formed by photoinduced thiol-ene
addition upon irradiation with UV-light. Thereafter, hydrogels were swollen in PBS before they were
soaked in solutions of DAS for approx. 5 hours.
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When 8arm-D,L-HCys (1:1.2) hydrogel was micropatterned in presence of 2.0 mM DAS, open
microchannels formed after a single scan at laser powers starting from 20 mW (Figure 88). At
lower concentrations it was necessary to scan each xy-plane twice to produce open
microchannels with 8arm-D,L-HCys (1:1.2) hydrogel. At a concentration of 1 mM DAS bright
fluorescence was as well visible at 30 mW, while at 0.5 mM DAS at least 40 mM were necessary
to give a bright fluorescence signal (Figure 88 and Figure 89). However, when no DAS was
present, no fluorescence could be observed at all.

The scanning parameters for complete hydrogel degradation can be optimized in many ways. In
the present experiment, a hatch distance of 0.1 um and a z-layer distance of 0.5 um was used.
At DAS concentrations below 2mM x,y-planes had to be scanned twice. In contrast, to ensure
complete photodegradation of an oNB-based hydrogel 5-7 frame repeat scans using 1.9 W laser
power with a pixel dwell time of 2 us were reported to be required in recent literature.?%®!

Laser power / mW >
10 20 30 40 50 60 70 80 90 100 110 120

A 2.0mm BFEEN R EEEEEREREBE

2.0mM

1.0mM
0.5mM

DAS conc.

Figure 88: Micro-channel were fabricated by two-photon degradation of 8arm-D,L-HCys (1:1.2)
hydrogel in presence of two-photon initiator DAS (0.5-2.0 mM). Individual x,y-planes were either
scanned once or twice along the x-axis. Thereafter, the hydrogels were soaked in a solution
FITC2000 and analyzed by confocal microscopy. Images display orthogonal cross sections (y,z-
plane) of micro-channels. Scale bar 20 pm.
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Figure 89: Top-down views of confocal z-stacks with corresponding orthogonal projections of
channels (300 x 20 x 20 um?®) fabricated at increasing laser powers (10-120 mW) in 8arm-D,L-
HCys (1:1.2) in presence of different concentrations of DAS ranging from 0.5-2.0 mM. Micro-
channels were visualized by soaking in a solution of FITC2000. Scale bars = 20 pm.

Compared to 8arm-D,L-HCys (1:1.2) hydrogel (27.4 + 1.3 kPa) 8arm-L-HCys (1:1) hydrogel
(32.4 + 0.3 kPa) is much stiffer indicating a higher crosslinking density. Consequently, when using
the same scanning parameters, double scanning in presence of 2.0 mM DAS was required to
produce open micro-channels at laser powers of 40 mW and above, which could be penetrated
by FITC2000 (Figure 90). With lower molecular weight fluorescent dextran (Mw ~500 kDa,
FITC500) channels fabricated at 30 mW were visible as well (Figure 91). In contrast, micro-
channels produced in presence of 1.0 mM DAS by double scanning at laser powers of 50 mW
and above in 8arm-L-HCys (1:1) hydrogel required swelling in FITC500 for visualization,
indicating incomplete degradation at the scanning parameters used.
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Figure 90: Two-photon induced micro-channel fabrication in 8arm-L-HCys (1:1) hydrogel required
double scanning in presence of 2.0 mM DAS for complete erosion. Thus, microchannels could be
visualized with FITC2000 by confocal microscopy. When 1 mM DAS was used channels could only
be visualized using lower molecular weight fluorescent dextran (Mw ~500 kDa, FITC500). Images
display orthogonal cross sections (y,z-plane) of micro-channels. Scale bar 20 um.
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Figure 91: Top-down views of confocal z-stacks with corresponding orthogonal projections of
channels (300 x 20 x 20 um?) fabricated at increasing laser powers (10-120 mW) in 8arm-L-
HCys (1:1) in presence of of 1.0 or 2.0 mM DAS. Micro-channels were visualized by soaking in
solutions of either FITC2000 (2 mM DAS) or FITC500 (1.0 mM DAS). Scale bars = 20 pm.

Nevertheless, two-photon degradation of disulfide-crosslinked PEG-based hydrogels in presence
of DAS was successfully demonstrated by this experiment series. However, optimization of
scanning parameters and scanning modes is required for each individual hydrogel formulation in

order to achieve either complete degradation or localized softening of the material.
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6.5 Cell encapsulation and micro-channel formation

To test the compatibility of the developed hydrogel platform as well as the two-photon induced
cleavage process for cell culture applications cell encapsulation experiments were performed.
These experiments were conducted together with Dr. Marica Markovic who performed cell culture
and encapsulation experiments as well as LIVE/DEAD viability assays at the Institute of Materials
Science and Technology (E308).

Spheroids (J~200 um) of mCherry-labled human umbilical vein endothelial cell (HUVECSs)
together with single human adipose-derived stromal cells (ASCs) were encapsulated into 8arm-
D,L-HCys (1:1.2) hydrogel, 8arm-L-HCys (1:1) hydrogel and 4arm-L-HCys (1:1) hydrogel in
presence of 1 mM RGDC. Hence, cells were carefully suspended in the respective prepolymer
solutions by pipetting before the formulations were molded and crosslinked by irradiation in a
Boekel-UV-oven (365 nm, 1 J). Thereafter, molds were carefully removed and hydrogels were
submersed in adequate cell culture medium and maintained in cell culture conditions (5% COx,
37 °C). 4 d after encapsulation laser scanning microscopy revealed that spheroids had not been
properly transferred into the hydrogels. Instead, smaller cell clusters of approx. 100 um diameter
were present in 8arm-L-HCys (1:1) hydrogel and 4arm-L-HCys (1:1) hydrogel (Figure 92). In
contrast, in 8arm-D,L-HCys (1:1.2) hydrogel not sufficient cell clusters for further experiments

were present. Nevertheless, cell encapsulation protocols require some optimization.

4arm-L-HCys (1:1) hydrogel 8arm-L-HCys (1:1) hydrogel

Figure 92: Clusters of encapsulated HUVECs (mCherry) 4 d after encapsulation in 4arm-L-HCys
hydrogel (/eft) and 8arm-L-HCys hydrogel (right). Scale bar 100 pm.

Anyhow, to test the disulfide cleavage reaction in presence of encapsulated cells, the 4arm-L-
HCys hydrogel sample was swollen in a 1 mM solution of DAS in ECM-2 cell culture medium for

at least 4 h. Then round micro-channels with a diameter of 20 um were formed between cell
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clusters by two-photon irradiation at 720 nm at a constant laser power of 60 mW. All other
parameters were equal to those applied in previous micropatterning experiments and channels
were only scanned once. During the scanning process, free movement of small particles could be
observed in irradiated areas by LIVE-microscopy, demonstrating complete hydrogel degradation.
Thereafter, the DAS solution was exchanged for media and cells were cultured for 2 d. Light
microscopy revealed that cells started starching into channels (Figure 93).

Figure 93: Light microscopy image of cells and micro-channels in 4arm-L-HCys hydrogel 2 d after
two-photon micropatterning. Channels were marked for better contrast. Scale bar 200 um.

5 days after micropatterning cells had filled up the entire micro-channel (Figure 94). Interestingly
not HUVECS but ASCs seemed to spread in the channels, since cells in the channels could not
be visualized by scanning for mCherry. However, HUVECS were still present.

so?ﬂ .
.

Figure 94: left: Light microscopy image of cells and micro-channels in 4arm-L-HCys hydrogel 5 d
after two-photon micropatterning. Cells had almost filled up the entire microchannel. Scale bar
500 um. right: 3D rendering of confocal z-stack of ASCs after applying LIVE/DEAD viability assay.
Green: calcein; red: propidium iodide.
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Hence, LIVE/DEAD viability assay was applied to visualize ASCs revealing ASCs spreading along
the several mm long microchannel. Herewith the cytocompatibility of both the hydrogel as well as
the encapsulation process and the two-photon micropatterning technique could be demonstrated.
However, for further cell culture studies the encapsulation protocol has to be optimized to

maximize the number of encapsulated spheroids.

6.6 Conclusion

A water-soluble disulfide-containing crosslinker for the photochemical formation of cleavable
hydrogels by thiol-ene chemistry in presence of disulfide-bonds was developed. Hence, the
molecular design was thoroughly optimized to maximize the double bond conversion.
Interestingly, linkers based on homocysteine were highly reactive, whereas those based on
cystine exhibited relatively hindered thiol-norbornene addition. With the optimized linker
configuration, thiol-terminated macromers were crosslinked to form hydrogels, which were stable
for several weeks in PBS. Two-photon induced cleavage of disulfide-based hydrogels in presence
of DAS was demonstrated by microchannel fabrication. This approach could as well be applied in
the presence of encapsulated stem cells, revealing the great potential of this hydrogel platform
and cleavage methodology for both cell culture studies mimicking dynamic cell environment as

well as fabrication of microfluidic devices.

126


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

Experimental Part

1. SYNTHESIS AND EVALUATION OF YNE-MODIFIED TRIAZINES AS TWO-
PHOTON ACTIVE CHROMOPHORES

1.2 Synthesis of 1,3,5-triazine-based chromophores

1.2.1 Synthesis of the alkyne-substituent 4-(ethynyl)-N,N-dibutylbenzeneamine, 3

The alkyne-precursor N,N-dibutyl-4-ethynyl-benzenamine 3 was synthesized starting from N,N-
dibutyl-4-iodo-aniline 1 via 4-[4-(N,N-dibutylamino)phenyl]-2-methyl-3-butyn-2-ol 2 in two steps

according to literature.*8

}<OH
(PPh3),PdCl,

’ N(Et)s, Cul ”
Ci4H22IN CigH2gNO
331.24 287.45

N,N-Dibutyl-4-iodo-aniline 1 (4.636 g, 14.0 mmol, 1.0 eq) was dissolved in abs. trimethylamine
(135 mL) and degassed using argon. 2-Methyl-3-butyne-2-ol (1.648 g, 19.6 mmol, 1.4 eq),
bis(triphenylphosphine)palladium (ll) dichloride (0.197 g, 0.3 mmol, 2 mol%) and copper(l)iodide
(0.053 g, 0.3 mmol, 2 mol%) were added sequentially under a counter flow of argon. The reaction
mixture was stirred at 40°C overnight. The progress of the reaction was monitored by TLC. After
full conversion, the reaction mixture was filtered over a pad of silica to remove catalyst remains.
The solid residue was washed with DCM (300 mL). The combined organic layers were washed
with water (3x 100 mL) and brine (100 mL), dried over sodium sulfate and the volatile compounds
were removed under reduced pressure. The product was purified by column chromatography
(silica, PE:EE = 0-10%) twice yielding 3.292 g (11.5 mmol, 82%) of 2 as an orange liquid.

'H-NMR (400 MHz, CDCls): 6 = 7.24 (d, J = 9.0 Hz, 2H, Ar-H), 6.52 (d, J = 9.0 Hz, 2H, Ar-H), 3.25
(t, J = 7.7 Hz, 4H, -N-CH,-), 2.02 (s, 1H, -OH), 1.60 (s, 6H, -C-CHs), 1.55 (m, 4H, -N-CH-CH,-),
1.34 (m, 4H, -CH2-CHa), 0.95 (t, J = 7.3 Hz, 6H, -CHz-CHs) ppm.
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BUZNO = <OH KOH > BUZNQE

toluene
2 3
C4gHagNO CigHasN
287 .45 229.37

4-[4-(N,N-Dibutylamino)phenyl]-2-methyl-3-butyn-2-ol 2 (3.29g, 11.5mmol, 1.0eq) was
dissolved in abs. toluene (150 mL) and freshly powdered KOH (0.90 g, 16.0 mmol, 1.4 mmol) was
added. The reaction mixture was degassed with argon and heated to reflux. The progress of the
reaction was monitored by GC-MS. After full conversion the yellow reaction mixture was filtered
through a pad of silica. The solid remains were washed with toluene. The solvents were removed
in vacuum yielding 2.52 g (11 mmol, 96%) of a dark yellow liquid.

'H-NMR (400 MHz, CDCl): § = 7.21 (d, J = 9.0 Hz, 2H, Ar-H), 6.53 (d, J = 9.0 Hz, 2H, Ar-H), 3.27
(t, J = 7.5 Hz, 4H, -N-CHz-), 2.96 (s, 1H, yne-H), 1.56 (m, 4H, -N-CH2-CHz-), 1.34 (m, 4H, -CHo-
CHs), 0.96 (t, J = 7.5 Hz, 6H, -CH2-CHs) ppm.

1.2.2 Synthesis of tris-4-[2-(4,6-dichloro-1,3,5-triazin-2-yl)ethynyl]-N,N-dibutyl-aniline,

3arm-Tri

Octupolar triazine 3armTri was synthesized in two consecutive steps according to a modified

procedure from literature.[5'62

NBU2
VA
7\ 1) abs. THF, n-BuLi, ZnCl, N=—
BUZNO = > BuZNO%(\ N
NTSN W
3 (PPhs)PA®) I I 4 3arm-Tri
Cl N Cl 47%
CigHasN C3ClI3Ng Cs1HeeNs
229.37 184.40 763.13 NBu,
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Chloro-[2-[4-(N,N-dibutylamino)phenyl]ethynyl]zinc

4-Ethynyl-N,N-dimethyl-aniline (413 mg, 1.80 mmol, 1.0 eq) was dissolved in 10 mL of dry THF
in a Schlenck tube under argon atmosphere and cooled down to -78°C in an acetone-dry ice bath.
Subsequently, n-BuLi (0.76 mL, 1.89 mmol, 1.05 eq) was added to the reaction mixture, followed
by a solution of anhydrous ZnClz (294 mg, 2.16 mmol, 1.2 eq) in dry THF (8 mL). The solid ZnCl:
was pre-dried by melting in high vacuum using a heat gun. The mixture was allowed to react for
1 hour under constant stirring. The obtained product was directly used for the next step assuming
100% yield (1.0 eq).

Tris-4-[2-(4,6-dichloro-1,3,5-triazin-2-yl)ethynyl]-N, N-dibutyl-aniline, 3armTri

2,4,6-Trichloro-1,3,5-triazine (66 mg, 0.36 mmol, 0.2 eq) was dissolved in 1 mL of dry THF in a
three-neck-flask in argon atmosphere. Tetrakis(triphenylphosphine)palladium(0) (21 mg,
0.02 mmol, 1 mol%) was subsequently added in a counter flow of argon. To the reaction mixture
the solution obtained in the previous step was added at room temperature and under argon
atmosphere, which resulted in an instantaneous color change to red. The reaction was refluxed
until full conversion was shown by TLC (PE:DEE = 15%).

After the reaction mixture was cooled to room temperature 0.1 M HCI (10 mL) was added and it
was extracted with diethyl ether (3 x 20 mL). The organic phase was washed with brine (40 mL)
and dried over sodium sulfate. The solvent was evaporated and the raw product was purified by
column chromatography (silica, PE:DEE = 0-50%) and subsequent extraction of residual
impurities by stirring in boiling n-hexane yielding 129 mg (0.2 mmol, 47%) of 3arm-Tri as an

orange solid.

"H-NMR (600 MHz, CDCls): & = 7.53 (d, J = 9.0 Hz, 6H, Ar-H), 6.57 (d, J = 9.0 Hz, 6H, Ar-H), 3.30
(t, J = 7.8 Hz, 12H, -N-CHa-), 1.60 (m, 12H, -N-CHz-CH-), 1.36 (m, 12H, -CH2-CHa), 0.97 (t, J =
7.4 Hz, 18H, -CH2-CHs) ppm.

3C-NMR (150 MHz, CDCls): 6 = 160.5 (s, triazine), 149.7 (s, C-N), 135.3 (d, -C-C-C=C), 111.2
(d, C-C-N), 105.5 (s, C-C=C-triazine), 97.2 (s, -C=C-triazine), 87.3 (d, -C=C-triazine), 50.9 (t, -N-
CHz>-), 29.4 (t, -N-CH2-CH>-), 20.4 (t, -CH>-CHj3), 14.1 (q, -CH2-CHs) ppm.

HRMS (ESI): [M + H]* m/z calcd. for CsiHesNs* 763.5422; found 763.5412.
HRMS (ESI): [M + 2HJ?* m/z calcd. for Cs1HesNe2* 382.2747; found 382.2743.

Rs (PE:DEE = 40%) = 0.64 Tm =141 °C
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1.2.3 Synthesis of 4-[2-(4,6-Dichloro-1,3,5-triazin-2-yl)ethynyl]-N,N-dibutyl-aniline, 1arm-Tri

Dipolar triazine 1armTri was synthesized in two consecutive steps according to a protocol

described in literature.l57- 140!

7\ 1) abs. THF, n-BuLl, ZnCl, N=(
e - =L
— 2) Cl N—4

/L Cl

NN

3 (PPhg);Pd(0) | )\ 4 1arm-Tri
ol N7 el 5
CygHasN C5ClI5N3 C1gH22CbNy
229.37 184.40 377.31

Chloro-[2-[4-(N,N-dibutylamino)phenyl]ethynyl]zinc

N,N-Dibutyl-4-ethynyl-benzenamine 3 (275 mg, 1.20 mmol, 1.0 eq) was dissolved in 6 mL of abs.
THF in a Schlenck tube under argon atmosphere and cooled to -78°C in an acetone-dry ice bath.
Subsequently, n-BuLi (0.50 mL, 1.26 mmol, 1.05 eq) was added to the reaction mixture, followed
by a solution of anhydrous ZnCl, (196 mg, 1.44 mmol, 1.2 eq) in dry THF (4 mL). The solid ZnCl.
was pre-dried by melting in high vacuum using a heat gun. The mixture was allowed to react for
1 hour under constant stirring. The obtained product was directly used for the next step.

4-[2-(4,6-Dichloro-1,3,5-triazin-2-yl)ethynyl]-N,N-dibutyl-aniline, 1TarmTri

To the reaction mixture obtained in the previous step and stirred at room temperature and under
argon atmosphere, 2,4,6-trichloro-1,3,5-triazine 4 (221 mg, 1.2 mmol, 1 eq assuming 100% yield
on the step 1) was added. Tetrakis(triphenylphosphine)palladium(0) (69 mg, 0.06 mmol, 5 mol%)
was subsequently added to the reaction mixture resulting in an instantaneous color change to
red. The reaction was allowed to proceed for 1 hour at room temperature under constant stirring,
until TLC showed full consumption of starting materials. The reaction mixture was flashed over a
pad of silica using PE and DEE as eluent. The raw product was purified by column
chromatography (silica, PE:DEE = 0-10%) giving 316 mg (0.8 mmol, 70%) of 1arm-Tri as a dark

red solid after drying in high vacuum.
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"H-NMR (600 MHz, CD2Clo): 6 = 7.52 (d, J = 9.1 Hz, 2H, Ar-H), 6.63 (d, J = 9.1 Hz, 2H, Ar-H),
3.34 (t,d = 7.8 Hz, 4H, -N-CH>-), 1.59 (m, 4H, -N-CH>-CH>-), 1.37 (m, 4H, -CH2-CHs), 0.97 (t, J =
7.4 Hz, 6H, -CH>-CHs) ppm.

3C-NMR (150 MHz, CD2Cl,): 8 = 171.5 (s, triazine), 162.3 (s, triazine), 151.1 (s, C-N), 136.2 (d, -
C-C-C=C), 111.8 (d, C-C-N), 104.0 (s, C-C=C-triazine), 103.6 (s, -C=C-triazine), 87.8 (d, -C=C-
triazine), 51.1 (1, -N-CH2-), 29.6 (t, -N-CH2-CH>-), 20.6 (t, -CH2-CHj3), 14.1 (g, -CH2-CHs) ppm.

HRMS (ESI): [M + H]* m/z calcd. for C1sH2sCloNs* 377.1294; found 377.1291.

R¢ (PE:DEE = 40%) = 0.84 Tm=281°C

1.3 Testing of 1,3,5-triazine-based dyes as two-photon initiators

Sample solutions of the two-photon dyes in a 1:1 (w/w) mixture of acrylate monomers
trimethylolpropane triacrylate (TTA, Sartomer) and ethoxylated-(20/3)-trimethylolpropane
triacrylate (ETA, Sartomer SR415) at a concentration of 1 ymol g™ were prepared. Acetone was
used as co-solvent and the dyes were dissolved via ultrasonication (30 min). Thereafter, acetone
was evaporated using high vacuum. Sample solutions were drop casted onto a methacrylate
functionalized (3-(trimethoxysilyl)propyl methacrylate, Sigma-Aldrich) glass-bottom p-dishes
(85 mm, Ibidi GmbH, Germany) and two-photon polymerized. Details of the experimental two-
photon lithography setup have been reported previously.l''? 11 The setup is based on a tunable
femtosecond laser (MaiTai DeepSee, Spectra Physics) with a pulse length of 70 fs after the
objective (UPlanSApo 10x / 0.40 NA, Olympus). Arrays of p-cubes (100 x 100 x 100 um?3) at
different writing speeds and laser powers were fabricated at 720 nm and 780 nm. The laser power
was increased from 10-100 mW (A 10 mW), while the writing speed was varied from 100-
900 mm s (A 200 mm s™). The hatch and dz were maintained constant at 0.4 um and 0.5 um
respectively. After two-photon polymerization the arrays were examined my light microscopy first,
and via laser scanning microscopy (LSM 700, ZEISS) after development with 2-propanol
overnight. In the latter case, the fluorescence emission signal of the two-photon chromophores
embedded in the polymer network was exploited (488 nm excitation).
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2. RADICAL FRAGMENTATION INDUCED BY HYDROGEN ATOM ABSTRACTION
2.2 Molecular Design and Synthesis — Symmetric Approach

2.2.1 Synthesis of meso-0,0’-diBoc-hydrobenzoin, HBDB

HBDB was synthesized following two protocols by Basel and Hassner. !

Variant A:

CioH1g05
Mol Wt: 218.25

| toluene

HBDB

1 | ©
_N CouH3006 \]<
C14H140;

Mol Wt: 414.50
Mol Wt: 214.26 DMAP
C7H10N
Mol Wt: 122.17

In a flat bottom flask 1 (429 mg, 2.0 mmol, 1.0 eq), Boc2O (1091 mg, 5.0 mmol, 2.5 eq) and DMAP
(24 mg, 0.2 mmol, 0.1 eq.) were dissolved in 20 mL of dry toluene and stirred at room temperature.
A white suspension formed during the reaction. After 15 min GCMS indicated total consumption
of starting material (2 peaks + broad peak) and after 60 min slight conversion from one peak to
the other. As there was no significant further conversion after 18 h, 30 mL of dry toluene were
added to dissolve the solid. Finally after altogether 9 days the reaction mixture was diluted with
CHCIs (60 mL) and then washed with 5% aqueous HCI (55 mL) before it was dried over NaxSOa,
filtered and the solvent was evaporated in vacuo yielding 792 mg (96%) of HBDB as white solid.

'"H-NMR (200 MHz, CDCls, FID LUM016/20): 6 = 7.28 (m, 10H, Ar-H), 5.89 (s, 2H, -O-CH-), 1.36
(s, 18H, -C(CHa)s) ppm.

3C-NMR (50 MHz, CDCls, FID LUM016/23): § = 152.6 (s, -O-C=0-0-), 135.9 (s, Ar-C"), 128.5 (d,
Ar-C), 128.2 (d, Ar-C), 127.9 (d, Ar-C), 82.5 (s, -C(CHj3)3), 79.2 (d, -O-CH-), 27.8 (q, -C(CHs3)s)
ppm.

HRMS (ESI): [M + NH.]* m/z calcd. for CasHasNOs* 432.2381; found 432.2403.

Tm =187-191 °C (decomposition)
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Variant B:

Boc,O
CioH1g05
Mol Wt: 218.25
N/\N_ Toluol = \f
== HBDB @)
1 Melm C24H300g \]<
C14H120; CaHeN, Mol Wt: 414.50
Mol Wt: 214.26 iy

In a flat bottom flask 1 (214 mg, 1.0 mmol, 1.0 eq) and Boc20 (641 mg, 2.9 mmol, 2.9 eq) were
almost dissolved in 20 mL of dry toluene at room temperature before Melm (0.08 mL, 1.0 mmol,
1.0 eq) was added and the mixture was stirred at room temperature. After altogether 9 days the
reaction mixture was diluted with CHCIs (30 mL) and then washed with 5% aqueous HCI (25 mL)
before it was dried over Na>SOs, filtered and the solvent was evaporated in vacuo yielding 402 mg
(97%) of HBDB as white solid.

"H-NMR (200 MHz, CDCls, FID LUM017/10): 8 = 7.28 (m, 10H, Ar-H), 5.89 (s, 2H, -O-CH-), 1.36
(s, 18H, -C(CHs)3) ppm.

2.2.2 Synthesis of meso-hydrobenzoin dipivalinate, HBDP

*LC,

2

CsHgCIO e
12058 O
- Pyridin, CH,Cl, O £ .y
1 HBDP I

C44H120; C24H3004

214.26 382.50

To a solution of 1 (536 mg, 2.5 mmol, 1.0 eq) in 14 mL of dry DCM in a round bottom flask (25 mL)
was added a solution of pyridine (0.8 mL, 10.0 mmol, 4.0 eq.) and pivaloy! chloride 2 (0.8 mL,
6.3 mmol, 2.5 eq.) in 2.5 mL of dry DCM at room temperature. 2.5 mL of dry DCM were
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additionally used to purge the flask. The reaction was stirred at room temperature overnight.
Formation of both monoester and diester was monitored via GCMS. As the conversion to the
diester did not proceed quickly, the reaction mixture was heated to reflux in argon atmosphere on
the following day. Since refluxing of the reaction mixture for 6 h did not boost the conversion,
more pivaloyl chloride (0.3 mL, 2.5 mmol, 1.0 eq) was added and stirring was continued at room
temperature overnight. Finally, after overall 6 days a white precipitate had formed and GCMS
showed full conversion. The reaction mixture was poured into water. After phase separation the
aqueous phase was extracted twice with DCM. The combined organic layers were washed with
sat. NaHCOs solution before being dried over Na>COs, filtered and dried in vacuum giving 0.989 g
(103%) of a white solid. The raw product was recrystallized from EtOH and washed with PE
yielding 485.7 mg (51%) of HBDP as white fluffy solid.

'H-NMR (200 MHz, CDCls, FID LUM013/30): & = 7.28 — 7.25 (m, 6H, Ar-H), 7.22 — 7.18 (m, 4H,
Ar-H), 6.02 (s, 2H, -O-CH-) 1.09 (s, 18H, -C(CHz)s) ppm.

3G-NMR (50 MHz, CDCls, FID LUM013/33): & = 176.9 (s, -O-C=0-), 136.8 (s, Ar-C'), 128.4 (d,
Ar-C), 128.2 (d, Ar-C), 127.6 (d, Ar-C), 76.6 (d, -O-CH-), 38.9 (s, -C(CHa)s), 27.1 (g, -C(CHs)a)
ppm.

HRMS (ESI): [M + Na]* m/z calcd. for C24H3004Na* 405.2036; found 405.2036.
Tm=157-160 °C
2.2.3 Reactivity testing of target compounds via 'H-NMR-experiments

Formulations of target compounds and reactants in benzene-ds solution were prepared in GCMS
vials, degassed with argon and then irradiated for 10 min using either an lvoclar Vivadent
irradiation apparatus with program P2 (lvocerin®) or a Lumen Dynamics OmniCure® S2000 UV-
curing system at an intensity of 1 W cm? (320-500 nm, benzophenone). Samples were then
transferred into an NMR-tube and 'H-NMR was measured using a Bruker Avance DRX-400

spectrometer (400 MHz).
2.2.4 '"H-NMR-experiments of symmetric test molecules HBDB and HBDP

Test formulations either consisted of symmetric test molecules (30 mM), monomer (120 mM) and
Ilvocerin® (1 mM) or symmetric test molecules (12.5 mM) and benzophenone (12.5 mM) in
benzene-ds. Thiols were used at a concentration of 120 mM. Experiments were conducted as

described in section 2.2.3.
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2.3 Molecular design and synthesis — asymmetric approach
2.3.1 Synthesis of meso-O-mono-Boc-hydrobenzoin, HBMB

HBMB was synthesised following a procedure from Basel and Hassner. (!

Y w<j\

BOCgO
C10H180s5
Mol Wt: 218.25 O o
| Toluol
N
. * | = HBMB
=N C19H2504
C14H140; Mol Wt: 314.38
Mol Wt: 214.26 DMAP
C7H1oN
Mol Wt: 122.17

In a flat bottom flask meso-hydrobenzoin 1 (321 mg, 1.5 mmol, 1.0 eq), Boc2O (330 mg, 1.5 mmol,
1.01 eq) and DMAP (25 mg, 0.2 mmol, 0.13 eq) were dissolved in 20 mL of dry toluene and stirred
at room temperature. After 2 h TLC (PE/EE) indicated full consumption of starting material. The
reaction mixture was diluted with CHCI3 (25 mL) and then washed with 5% aqueous HCI (20 mL)
before it was dried over Na>SOs, filtered and the solvent was evaporated in vacuo yielding 554
mg (118%) of a white solid. Crude NMR revealed that the solid consisted of starting material 1
(16%), desired product HBMB (66%) and difunctionalized product HBDB (16%, 1:4:1).
Separation was performed by column chromatography (42 g silica, PE/EE = 15 %, liquid
application in DCM) yielding 262 mg (56%) of HBMB as white solid.

'H-NMR (200 MHz, CDCls, FID LUM019/30): § = 7.36-7.31 (m, 10H, Ar-H), 5.72 (d, J = 5.8 Hz,
1H, BOC-O-C-H), 5.06 (d, J = 5.8 Hz, 1H, HO-C-H), 2.23 (s, 1H, -OH) 1.39 (s, 9H, -C(CHs)s) ppm.

NMR-Reference: 1f[142]

Tm=127-129 °C
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2.3.2 Synthesis of meso-hydrobenzoin monopivalinate, HBMP

(@]

K

2
CsHyCIO
Mol Wt: 120.58

Pyridin, CH,Cl»

1 HBMP
Ci4H41405 C1gH2204
Mol Wt: 214.26 Mol Wt; 298.38

To a stirred solution of 1 (536 mg, 2.5 mmol, 1.0 eq) in 19 mL of dry DCM in a round bottom flask
(25 mL) was added pyridine (0.8 mL, 10.0 mmol, 4.0 eq) and pivaloyl chloride 2 (0.6 mL, 5.0 mmol,
2.0 eq) at room temperature. Reaction control was performed by GCMS (1.5 h,3 h,5 h, 7 h, 24 h).
Formation of both mono- and diester was confirmed after 24 h. The reaction mixture was poured
into 5% HCI (10 mL). After phase separation the aqueous phase was extracted twice with DCM
(2x 15 mL). The combined organic layers were washed with sat. NaHCO3 solution (15 mL) before
it was dried over Na2CQOsg, filtered and dried in vacuum giving 791 mg (106%) of a white solid. The
raw product was purified by column chromatography (42 g silica, PE/EE = 5-10%, solid
application, 3 g silica) yielding 456 mg (61%) of HBMP as white solid.

Rr: 0.56 (15% EE), 0.22 (5% EE), UV-Signal is rather weak, use Cerium Ammonium Molybdate
(CAM)-Stain

'"H-NMR (400 MHz, CDCls, FID LUMO035/2): 6 = 7.37-7.27 (m, 10H, Ar-H), 5.87 (d, J = 6.8 Hz,
1H, CO-O-C-H), 4.93 (d, Jd = 6.8 Hz, 1H, HO-C-H), 2.17 (s, 1H, -OH) 1.07 (s, 9H, -C(CHzs)3) ppm.

13C-NMR (100 MHz, CDCls, FID LUMO035/3): § = 177.2 (s, -O-C=0-), 139.9 (s, Ar-C'), 137.4 (s,
Ar-C"), 128.5 (d, Ar-C), 128.2 (d, Ar-C), 128.2 (d, Ar-C), 127.5 (d, Ar-C), 127.3 (d, Ar-C), 78.6 (d,
-O-CH-), 77.0 (d, -O-CH-), 38.8 (s, -C(CHs)s), 27.6 (g, -C(CHs)s) ppm.

HRMS (ESI): [M + Na]* m/z calcd. for C1gH2203Na* 321.1461; found 321.1424.

Tm=112-114°C
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2.3.3 'H-NMR test-experiments of asymmetric test molecule HBMB

Test formulations either consisted of HBMB (30 mM), monomer (120 mM) and Ivocerin® (1 mM)
or HBMB (12.5 mM) and hydrogen abstractors (12.5 mM) in benzene-ds. Experiments were
performed as described in section 2.2.3.

2.3.4 'H-NMR-experiments of meso-hydrobenzoin monopivalinate HBMP

Test formulations consisted of HBMP (12.5 mM) and hydrogen abstractors (12.5 mM) in
benzene-ds. Experiments were conducted as described in section 2.2.3.

2.4 EWG-conjugation Approach
2.4.1 Synthesis of 2-Phenyl-1-(phenylsulfonyl)propan-2-ol, PPSP

Compound PPSP was synthesized according to Lu et al.”?

6
CgHgO,S LTh /©
Mol Wt: 14217 O)(,S\b
I: pyridine, Air,
5 s PPSP

CHCls5, 45°C, 80 min
CoHig II: triphenylphosphine, Ci5H1603S
Mol Wt: 118.18 45 °C, 80 min Mol Wt: 276.35

Benzensulfinic acid was derived by neutralization of an almost saturated aqueous solution of the
Na salt of benzensulfinic acid with 6N HCI (pH = 1), filtration of the white precipitate and drying in
a vacuum desiccator over CaCl..

To an oven-dried Schlenk tube equipped with a stir bar was added chloroform (30 mL) and it was
heated to an oil bath temperature of 45 °C, before benzene sulfinic acid 6 (995 mg, 7.0 mmol,
2.0 eq) was added. A balloon filled with dry air was attached to the Schlenk tube through the side
arm. Then, CHCIz (40.0 mL) was added, before pyridine (0.25 mL, 3.2 mmol, 0.9 eq) and
a-methylstyrene 5 (0.45 mL, 3.5 mmol, 1.0 eq) were sequentially injected into the reaction tube.
The reaction mixture was allowed to stir at 45 °C (oil bath temperature) for approx. 3.5 h, then the
oil bath temperature was risen to 50 °C and it was stirred overnight. GCMS confirmed that almost

no conversion of a-methylstyrene took place. Therefore, the reaction mixture was heated for
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another night. A decrease of a-methylstyrene and an increase of a peak with a mass signal of
261.11 m/z was monitored by GCMS. This mass signal was assigned to demethylated product.

.-OH

y

s
A®

Chemical Formula: C14H13033.
Exact Mass: 261.06

Finally, after a reaction time of 2 days triphenyl phosphine (918 mg, 3.5 mmol, 1.0 eq) was added
and it was stirred for 75 min. Subsequently the reaction mixture was dried in vacuo (raw yield:
2.880 g). The raw product was dissolved again and evaporated onto silica (5 g). Purification was
performed on a silica gel column with gradient elution using petrol ether and ethyl acetate (2-5%)
giving 606 mg (63%) of PPSP as white solid.

R 0.35 (PE/EE=20%)

'H-NMR (200 MHz, CDCls, FID LUMO040/4): 6 = 7.62-7.16 (m, 10H, Ar-H), 4.62 (s, 1H, O-H), 3.74
(d,d =7.8Hz, 1H, C-HH), 3.62 (d, J = 7.8 Hz, 1H, C-HH), 1.71 (s, 3H, CHs) ppm.

NMR-Reference: 3aal’™!

Tm=107-109 °C
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2.4.2 Synthesis of O-Boc-2-Phenyl-1-(phenylsulfonyl)propan-2-ol, BPPSP

Compound BPPSP was synthesised according to an adopted protocol from Basel and Hassner.[6¢!

0.0 0
SRER

o
Boc,0 >L
HO Q\/© C1oH1505 O/lLO Q\Q
©)</S\\ Mol Wt: 218.25 ©)<,S
0 - o)
| Toluol

N
PPSP Y BPPSP
C15H1g038 =N CooH24055
Mol Wt: 276.35 RS Mol Wt; 376.47
C7H1oN;
Mol Wi: 12217

In a round bottom flask sulfone PPSP (276 mg, 1.0 mmol, 1.0 eq), Boc20 (273 mg, 1.25 mmol,
1.25 eq) and DMAP (12 mg, 0.1 mmol, 0.1 eq) were dissolved and stirred in 10 mL of dry toluene
at room temperature overnight until full conversion of starting material was confirmed by GCMS
and TLC (silica, PE/EE = 20%). The reaction mixture was diluted with CHCI3 (60 mL) and then
washed with 5% aqueous HCI (40 mL) before it was dried over Na>SOsy, filtered and the solvent
was evaporated in vacuo. Following this procedure, 365 mg (97%) of BPPSP as off-white solid

could be obtained.

Rr: 0.54 (PE/EE=20%)

'H-NMR (400 MHz, CDCls, FID LUM041/1): § = 7.82-7.79 (m, 2H, Ar-H), 7.61-7.56 (m, 1H, Ar-H),
7.49-7.45 (m, 2H, Ar-H), 7.30-7.21 (m, 5H, Ar-H), 4.19 (d, 1H, -CHH-), 3.86 (d, 1H, -CHH-), 2.11
(s, 3H, - CHs), 1.38 (s, 9H, -C(CHs)s) ppm.

13C-NMR (50 MHz, CDCls, FID LUMO016/23): 5 = 151.2 (s, -O-C=0-O-), 142.9 (s, Ar-C-C), 141.0
(s, Ar-C-S), 133.5 (d, Ar-C), 129.1 (d, Ar-C), 128.7 (d, Ar-C), 128.1 (d, Ar-C), 128.0 (d, Ar-C),
124.3 (d, Ar-C), 82.5 (s, -C(CHs)s), 81.0 (s, -O-C-CHs), 64.0 (t, -CH2-), 27.8 (q, -C(CHa)3), 26.6 (q,
-CHs) ppm.

HRMS (ESI): [M + Na]* m/z calcd. for C2oH240sSNa* 399.1237; found 399.1237.

Tm = 134-135 °C (decomposition)
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2.4.3 'H-NMR-test-experiments of BPPSP

Test formulations either consisted of BPPSP (30 mM), monomer (120 mM) and Ivocerin® (1 mM)
or BPPSP (12.5 mM) and hydrogen abstractors (12.5 mM) in benzene-ds. Experiments were

conducted as described in section 2.2.3.

3. WATER-SOLUBLE AFCT REAGENTS FOR CLEAVAGE OF DISULFIDE
NETWORKS

3.3 Preliminary reactivity testing

Ethyl 2-((n-dodecylthio)methyl)acrylate ADTE®®! (0.17 M), 2,2'-dihydroxyethyl disulfide (0.17 M)
and Darocur 1173 (3 mol%) were dissolved in acetone-ds (1.2 mL). Half of the formulation was
transferred to a brown NMR tube, whereas the rest of the solution was irradiated in an UV-oven
(Intelli-Ray 600) for 5 min at 50% power. The samples were then analyzed by'H-NMR using a
Bruker Avance DRX-400 spectrometer (400 MHz).

3.4 Synthesis of water-soluble AFCT reagent [(2-carboxyethyl)thiomethyl]acryclic acid,
3-MPAMA

1) N(Et)s
Br THF, Ar, r.t. §-C;H4CO0H
+ HS-C,H,;COO0Me
COOEt 2) 2N NaOH COOH
reflux 3-MPAMA
CgHgBro, C4Hg05S C7H1p04S
193.04 12017 190.21

In a three neck flask (250 mL), methyl 3-mercaptopropanoate (4.45 g, 37.0 mmol, 1.0 eq) and
triethylamine (5.24 g, 51.8 mmol, 1.4 eq) were dissolved in degassed dry THF (90 mL). Ethyl 2-
(bromomethyl)acrylate (6.95 g, 36.0 mmol, 1.0 eq) was added dropwise to the stirred reaction
mixture in argon atmosphere. During the addition of the acrylate instantaneously a fine white
precipitation formed. TLC (and GCMS) after 30 min confirmed full conversion (PE:EE = 12:1).2 N
aqueous NaOH (100 mL) were added to the reaction mixture and it was refluxed for 2.25 h. TLC
(EE + 2 drops of AcOH) showed full conversion, but a slight spot above the product spot was
present (both UV and I2). The pH of the reaction mixture was adjusted to 1 using 6 N HCI and it
was then extracted with EE (4x). The combined organic layers were washed with brine, dried with

NazSOy, filtered and dried in vacuum giving 6.92 g (quant.) of an off-white solid. The raw product
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(6.73 g) was recrystallized from water giving 5.03 g (74%) of a white solid. However, a marginal

impurity remained after recrystallization.

'H-NMR (400 MHz, (CDs)2CO, FID LUMO008/50): 5 = 10.67 (bs, 2H, -COOH), 6.18 (d, J = 1.56 Hz,
1H, H-C=C), 5.79 — 5.78 (m, 1H, H-C=C), 3.43 (m, 2H, =C-CH2-S-), 2.74 —2.70 (m, 2H, -S-CH,-
CHy-), 2.63 —2.59 (m, 2H, -S-CH,-CHa-) ppm.

3C-NMR (100 MHz, (CD3)2CO, FID LUMO008/53): & = 173.3 (s, -COOH), 167.5 (s, -COOH), 138.6
(s, =C-COOH), 126.1 (t, H2C=C), 34.8 (t, -CH2-S-), 32.9 (1, -S-CH2-CH>-), 26.9 (t, -S-CH2-CH>-)
ppm.

NMR-Reference: 3!'4%!
Tm=146-150 °C
3.5 Reactivity testing of water-soluble AFCT reagent 3-MPAMA

3-MPAMA (125 mM), 2,2'-dihydroxyethyl disulfide (125 mM) and Darocur 1173 (5 mol%) were
dissolved in acetone-ds (1.0 mL). For the aqueous formulation, 3-MPAMA (125 mM), 2,2'-
dihydroxyethyl disulfide (125 mM) and LiTPO (5 mol%) was suspended in D20 (1.0 mL) before
40% NaOD in D20 (12.8 mg) was added. Half of each formulation was transferred to a brown
NMR tube, whereas the rest was irradiated in an UV-oven (Intelli-Ray 600) for 5 min at 50%
power. To the aqueous formulation more LiTPO (1.8 mg) was added and it was irradiated again
for 5 min at 90% power. The samples were analyzed by'H-NMR using a Bruker Avance DRX-400
spectrometer (400 MHz).

4. A MODULAR APPROACH TO SENSITIZED TWO-PHOTON
PATTERNING OF PHOTODEGRADABLE HYDROGELS

4.2 Design and synthesis of the photocleavable hydrogel platform

4.2.1 Synthesis

Thiol-modified hyaluronic acid (HA-SH) was synthesized following a previously described
procedure.['% The photocleavable linker PEG-(oNB-A). was synthesized according to a modified
protocol.®® The water soluble two-photon dye P2CK was synthesized as described previously.[4%]
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4.2.1.1 Synthesis of thiol-modified hyaluronic acid, HA-SH
The synthesis of HA-SH was conducted by Dr. Liyang Shi at Uppsala University.['6l

H 0 o) ]
N 8., _NH \>—\_
N S Tk HN,  \—SH -
10 H |
0 _ DT NH OH o il
HA e 0 OH NH
HOBt, EDC ~—— 0 OHOO O go Ho(zw i
HR NH|[ o ™ o
o OH OH
- X M1x
HA-SH

Hyaluronic acid (200 mg, My 150 kDa, Lifecore Biomedical, HA) was dissolved in deionized water
at a concentration of 8 mg mL™". Dihydrazide linker 10 was added to the HA solution at a reagent
to HA disaccharide molar ratio of 0.3:1. N-hydroxybenzotriazole (HOBt) was separately dissolved
in a 1:1 (v/v) mixture of acetonitrile-water at a concentration of 0.2 M and added to the solution of
HA at a molar ratio of HOBt to HA disaccharide of 1:1. The pH of the resultant solution was
adjusted to 4.7 after which the coupling reaction was initiated by addition of 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC, 0.5 molar equivalents per HA disaccharide units) to the
reaction mixture. The mixture was stirred overnight and then basified to pH 8.5 using 1 M NaOH.
DL-Dithiothreitol (DTT) was added to the solution in a 5-fold molar excess relative to the estimated
amount of disulfide linkages in the HA derivative to ensure the cleavage of disulfide bonds by the
reagent. The mixture was stirred overnight. Thereafter the solution was transferred to a dialysis
tube (Mw cutoff = 3500 Da) and dialyzed against dilute HCI (pH 3.5) containing 0.1 M NaCl,
followed by two dialysis steps against dilute HCI (pH 3.5). After lyophilization of the dialyzed
solution thiol-modified HA (181 mg, 80% yield) was obtained as a white solid. HA-SH was
estimated to have ~50% of its repetition units functionalized with thiol groups using 'H-NMR
analysis (D20) by comparing the integrals of the -CH-CH2SH side chain methylene peaks at 2.58
and 2.73 ppm with the N-acetyl moiety of HA at 1.97 ppm (Figure 28).

4.2.1.2 Synthesis of 3,3'-Dithiobis(propionic hydrazide), 10

3,3"-Dithiobis(propionic hydrazide) 10 was synthesized as previously described.!'%
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4.2.1.3 Synthesis of 4-(4-(1-(acryloyloxy)ethyl)-2-methoxy-5-nitrophenoxy)butanoic acid,

13
-
CH
NO, ka
NO
o o \Vji DCM 2
+ + . > N
0 I\L Cl  stirred overnight 0
atr.t. O
@]
1 12a
0~ “OH 0 O,ﬂ\§¢9
CiaHi7NO;  CgHisN CH4CIO C1gHa1NOg
299.28 101.19 90.51 407.38

4-(4-(1-Hydroxyethyl)-2-methoxy-5-nitrophenoxy)butanoic acid 11 (488 mg, 1.63 mmol, 1 eq,
CAS: 175281-76-2) and anhydrous DCM (3 mL) were added to a 25 mL round-bottom flask.
Triethylamine (661 mg, 6.53 mmol, 4.0 eq) was added to the round-bottom flask under an argon

atmosphere. To the ice cooled solution of starting materials a solution of acryloyl chloride (470 pL,

5.77 mmol, 3.5 eq) in anhydrous dichloromethane (DCM, 1 mL) was added drop-wise and the

combined mixture was stirred overnight. On the next day the reaction had turned yellow/brown

containing white triethylamine*HCI crystals. The reaction mixture was filtered and the organic

phase was washed with sodium bicarbonate, 0.1 M aqueous HCI, and concentrated brine. After

washing, the solvent was removed by rotary evaporation giving the mixed anhydride 12a.

o]
0
NO,

C1gH21NOg

o)

(@]
NO,

Acetone:Water (1:1)

stirred for two days b+

0
12a N~ 13
CHE 07 ~oH
C1gH1gNOg
353.33

407.38
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An acetone-water mixture (50 mL, 1:1 v/v) was added to the residue 12a and the resulting mixture
was stirred overnight. The next day, acetone was removed by rotary evaporation and the
remaining water layer was washed four times with DCM. The organic phase was thereafter
washed with 0.1 M HCL and brine. DCM was finally evaporated and the product was dried under
vacuum overnight, yielding 75% of product 13 (430 mg, 1.22 mmol) as a waxy solid.

'H-NMR (400 MHz, CDsCl, 8): 7.59 (s, 1H, aromatic-H), 7.00 (s, 1H, aromatic-H), 6.54 (q, J =
6.4 Hz, 1H,-CH(CH3)O-), 6.44 (dd, Jvic= 17.3 Hz, Jgem= 1.3 Hz, 1H, -CH=CHH), 6.17 (dd, Jiic =
17.3, 10.4 Hz, 1H, -CH=CHH), 5.87 (dd, Jvic = 10.4 Hz, Jgem= 1.3 Hz, 1H, -CH=CHH), 4.12 (t, J=
6.1 Hz, 2H, 4-CH> of butanoate), 3.92 (s, 3H, CHs0O-), 2.61 (t, J= 7.1 Hz, 2H, 2-CH. of butanoate),
2.19 (quint, J = 6.6 Hz, 2H, 3-CH: of butanoate), 1.66 (d, J = 6.4 Hz, 3H, -CH(CH3)O-).

4.2.1.4 Synthesis of 4-(4-(1-(acryloyloxy)ethyl)-2-methoxy-5-nitrophenoxy)butanoic acid
N-hydroxysuccinimide ester, 14

o) L ¥

OH
NO, 115.09 -
+
ey N stirred overmght
0 c atr.t.

13
0% "OH HCI N
o] 0
N_
; U

C1gH1gNOg CgH1gCIN3 CapH22N201g
353.33 191.70 450.40

4-(4-(1-(Acryloyloxy)ethyl)-2-methoxy-5-nitrophenoxy)butanoic acid 13 (79.6 mg, 0.225 mmol,
1.0 eq), N-hydroxysuccinimide (29.4 mg, 0.27 mmol, 1.2 eq) and 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimid hydrochloride (EDCI, 43.4 mg, 0.28 mmol, 1.2 eq) were added to a 25 mL round
bottom flask and it was purged with argon. Anhydrous DCM (4 mL) was then added and the
reaction mixture was stirred overnight at room temperature. It was then washed three times with
concentrated brine and dried with magnesium sulfate. The solvent was evaporated and the
obtained residue was dried under vacuum overnight, yielding 68% of product 14 (69 mg,

0.153 mmol) as highly viscous liquid.
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'"H-NMR (400 MHz, CDsCl, 8): 7.60 (s, 1H, aromatic-H), 7.01 (s, 1H, aromatic-H), 6.54 (q, J =
6.2 Hz, 1H, -CH(CH3)O-), 6.43 (dd, Jiic= 17.3 Hz, Jgem= 1.8 Hz, 1H, -CH=CHH), 6.17 (dd, Jvic =
17.3, 10.5 Hz, 1H, -CH=CHH,), 5.87 (dd, Jvic= 10.5 Hz, Jgem= 1.3 Hz, 1H, -CH=CHH), 4.16 (t, J =
6.0 Hz, 2H, 4-CH. of butanoate), 3.93 (s, 3H, CHs0-), 2.90-2.82 (m, 6H, NHS and 2-CH. of
butanoate), 2.28 (quint, J= 6.7 Hz, 2H, 3-CH> of butanoate), 1.66 (d, J= 6.4 Hz, 3H, -CH(CH3)O-).

4.2.1.5 Coupling of 4-(4-(1-(acryloyloxy)ethyl)-2-methoxy-5-nitrophenoxy)butanoic acid N-
hydroxysuccinimide to PEG diamine, PEG-(oNB-A)

NO,
2y
O% O>_/—/ —0 O—<:
a HN
NO, s
NH, DCM 0
0 . ’g cat. EtN \&
I O g stirred for two NH
\_>/136 days 0
HoN
0" 0 14 PEG-(oNB-A),
|
N 0
0 &)
\
7 o NO,
CooH2oN204p  Ca7aHssoN20O13e 2 . -

0

6707.91
I\

450.40 6037.28

4-(4-(1-(Acryloyloxy)ethyl)-2-methoxy-5-nitrophenoxy)butanoic acid N-hydroxysuccinimide ester
14 (117 mg, 0.26 mmol, 2.6 eq) and PEG diamine (600 mg, 0.10 mmol, M, ~ 6,000 Da, 1 eq,
ABCR GmbH) were added to a 50 mL round bottom flask. The flask was purged with argon and
13 mL of anhydrous DCM was added to the flask. Triethylamine (2 pL, 0.02 mmol, 2 mol%) was
added to the reaction mixture and it was stirred overnight. After 24 h it was precipitated in cold
diethyl ether. The precipitate was centrifuged (1400 rcf, 4 °C, 20 min), washed again and then
dried in vacuum finally yielding 93% (624 mg, 0.93 mmol) of PEG-(oNB-A); as a white powder.

'H-NMR (400 MHz, CDsCl, 3): 7.58 (s, 2H, aromatic-H), 7.00 (s, 2H, aromatic-H), 6.52 (q, J = 6.4
Hz, 2H, -CH(CHs)O-), 6.42 (dd, Juc= 17.3 Hz, Jgem= 1.2 Hz, 2H, -CH=CHH), 6.25 (bs, 2H, NH),
6.16 (dd, Juc = 17.3, 10.5Hz, 2H, -CH=CHH), 5.86 (dd, Juc = 10.5 Hz, Jeem = 1.2 Hz,
2H, -CH=CHH), 4.10 (, J = 6.2 Hz, 4H, 4-CH. of butanamide), 3.93 (s, 6H, CHsO-), 3.82-3.44 (m,
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~616H, PEG diamine), 2.40 (t, J = 7.3 Hz, 4H, 2-CH> of butanamide), 2.19 (quint, J = 6.6 Hz, 4H,
3-CH: of butanamide), 1.65 (d, J = 6.4 Hz, 6H, -CH(CH3)O-).

4.2.2 Gel formation of PEG-HA-SH hydrogel via Michael thiol-ene reaction

HA-SH was dissolved in Dulbecco's modified Eagle's medium (DMEM) or endothelial cell growth
medium (EGM-2, Lonza) and neutralized with agueous NaOH (0.1 M) to form an 18 mg mL"'
solution. PEG-(oNB-A). was dissolved in PBS giving a solution of 150 mg mL". The solutions
were combined with 1:1 stoichiometry of functional groups at 6.7 wt% total macromer
concentration and used immediately. Hydrogels based on HA-SH with different DS were prepared
analog but resulting in a different total macromer concentration (HA-SH DS = 40%: 5.5 wt%).

4.2.3 Gel formation of 4armPEG-SH hydrogel via Michael thiol-ene reaction

A photodegradable hydrogel based on PEG-(oNB-A). and thiol-terminated four-armed
poly(ethylene glycol) (4armPEG-SH) was fabricated as previously reported by Tibbitt et al.®
4armPEG-SH (My ~5,000 kDa, Sigma-Aldrich) and PEG-(oNB-A). were separately dissolved in
deionized water to form 20 wt% stock solutions. The solutions were combined with 1:1
stoichiometry of functional groups at 12.5 wt% total macromer concentration. In a typical example,
7.8 pL of 4armPEG-SH solution, 20.9 pL of PEG-(oNB-A)2 solution and 10.3 pL of PBS were
combined. To accelerated hydrogel formation, 1 yL of NaOH (0.1 mM) was added and the
hydrogel precursor solution was immediately used.

4.2.4 Photo-rheology measurement of photodegradable hydrogels

The time required for network formation was estimated by measuring the shear storage modulus
G’ using a MCR-302 WESP rheometer with a P-PTD 200/GL peltier glass plate and a PP25
measuring system (Anton-Paar). Hydrogel samples were prepared as described in the above
sections. For control experiments involving P2CK the linker PEG-(oNB-A). was dissolved in an
adequate amount of P2CK solution (1.0 mM) and PBS so that the resulting hydrogel formulation
contained 0.1 mM P2CK. Immediately after mixing of the components 55 pl of the solution were
placed at the center of the glass plate. The measurements were conducted at 20 °C using a plate-
plate measuring system (& = 25 mm, gap size = 50 um). The formulations were sheered with a
strain of 1% and a frequency of 1 Hz. Gelation was assumed to be complete when G’ reached a
plateau. Photo-degradation of hydrogel samples was induced by UV-irradiation projected via a
waveguide (35 min, 320-500 nm, ~20 mW cm at the measuring platform) from the underside of
the glass plate using an OmniCure® S2000 Spot UV Light Curing System (Excelitas

Technologies).[44
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4.3 Sensitized two-photon micropatterning of photocleavable hydrogels

4.3.1 Preparation of P2CK solutions

Solutions of P2CK at concentrations ranging from 1.00 to 0.01 mM were freshly prepared before
each experiment by dilution of a stock solution in PBS (10 mM) with either adequate cell culture
medium or PBS.

4.3.2 Two-photon micropatterning of channels in photocleavable hydrogels

Aliquots (40 pl) of the mixed PEG-HA-SH hydrogel precursor solutions were drop casted onto
methacrylized (see Materials, Methods and Instrumentation) glass-bottom p-dishes (35 mm, Ibidi
GmbH, Germany) and allowed to gel at room temperature for 90 min in accordance to the gelation
duration observed by rheological measurements. The solidified hydrogel droplets were immersed
in either DMEM or solutions of P2CK and swollen for ~5 h at room temperature before one half
of each sample was cut away using a scalpel to generate a sharp edge. Aliquots (27 pl) of the
mixed 4armPEG-SH hydrogel precursor solutions were formed in cylindrical silicon molds (d =
6 mm, h = 0.7 mm) between glass-bottom p-dishes and hydrophobized cover glass. After 40 min
the molds were carefully removed and the 4armPEG-SH hydrogels were swollen in PBS overnight
before they were treated with P2CK as described above.

Microfabrication was performed by means of two-photon degradation. Details of the experimental
setup have been reported previously.[''? Briefly, the setup is based on a femtosecond laser
(MaiTai DeepSee, Spectra Physics) operating at 800 nm, with a pulse length of 70 fs after the
objective (C-Achroplan 32x/0.85 W, ZEISS). Parallel channels with rectangular cross sections
(=300 um, A =20 um x 50 um) were fabricated starting from the edge into the bulk of the
hydrogel at a height of ~60 um (~200 um in case of 4armPEG-SH hydrogels) above the glass
plate with varied mean laser power per channel (10—100 mW, 10 mW steps) and a constant
scanning speed of 200 mm/s (hatch distance: 0.1 um, z-layer distance: 0.5 ym). The samples
were washed with PBS twice and then soaked in a solution of FITC—dextran (1 mg mL™,
Mw ~2,000 kDa, TdB Consultancy AB, Sweden) in PBS at room temperature overnight. Channels
were visualized by laser scanning microscopy (LSM 700, ZEISS).

4.4 Micro-mechanical analysis of microptatterned regions by AFM

Atomic force microscopy (AFM) indentation testing of two-photon micropatterned cuboids
in PEG-HA-SH hydrogel

A droplet (10 uL) of PEG-HA-SH hydrogel was prepared in a cylindrical mold (d = 6 mm,

h = 0.2 mm) on methacrylized glass bottom p-dishes. To ensure a smooth surface no lid was used
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for molding. After 90 min the mold was removed and the hydrogel sample was swollen in PBS for
2.5 h. Cuboids (A = 100 x 100 pm?) with an approximate depth of 100—-150 um were two-photon
micropatterned from the upper surface into the hydrogel starting above the surface. The mean
laser power was varied per cuboid (10—100 mW, 10 mW steps) and a constant scanning speed
of 200 mm/s (hatch distance: 0.1 um, z-layer distance: 0.5 um) was used. Subsequently, PBS
was exchanged for a 0.1 mM solution of P2CK in PBS and the sample was maintained at room
temperature for 1 h. Again, cuboids were micropatterned into the hydrogel at the same
parameters as before. Thereafter, the hydrogel was swollen in PBS overnight. A NanoWizard®
ULTRA SpeedA AFM system (JPK Instruments AG, Germany) equipped with an inverted optical
microscope (Axio Observer.D1, ZEISS) was used for AFM experiments. The micromechanical
assessment was performed via AFM cantilever-based microindentation experiments using a
silicon nitride rectangular cantilever (0.0196 N m" measured spring constant; MSNL, Bruker)
equipped with a colloidal probe of 4.75 pum in radius. The thermal noise method!'#%! was used to
calibrate the cantilever spring constant. The deflection sensitivity was obtained by performing 16
force measurements on the glass surface next to the sample.!''3 After calibration, the cantilever
was fabricated with the colloidal probe!'*¢! and its diameter was measured as previously
described.l'"® In total, 50-60 force curves were recorded at 1 nN maximum load and 2 um s™' of
z-displacement speed per irradiated section. The Oliver-Pharr method was used to analyze the
force curves and estimate the indentation modulus, as previously described, in a custom MATLAB
script (v R2015b, MathWorks, USA).''®! For the analysis, the Poisson’s ratio of the hydrogel was
taken as 0.5. The relative height measurement results are presented as mean + standard

deviation. The indentation modulus results are presented as mean + standard error of the mean.

4.5 Biocompatibility & Cell Culture Application

4.5.1 Cell culture and encapsulation spheroids

hTERT immortalized human adipose-derived mesenchymal stem cell line ASC/TERT1 (Evercyte
GmbH, Austria) was retrovirally transfected with green fluorescent protein (GFP) to obtain stably
transfected green labeled cells following a previously established protocol.'"'¥ ASC/TERT1 were
cultured in EGM-2 media supplemented with 10% fetal bovine serum (Lonza). MG-63 cells
(Sigma-Aldrich) were cultured in DMEM supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin (Lonza).

Cells were maintained in an incubator (5% COz, 37 °C) and the medium was exchanged every

second day. Cell spheroids were formed in 2% agarose molds (MicroTissues® 3D Petri Dish®,
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Sigma-Aldrich) according to the manufacturer’s instructions. In order to generate spheroids with
a diameter of 200 um 81,000 cells were seeded per micromold corresponding to 1000 cells per
spheroid. Cells were incubated for 24 to 48 h. For ASC/TERT1 encapsulation 0.90 mM
tetrapeptide Arg-Gly-Asp-Cys (RGDC, Bachem AG, Switzerland) was added to the PEG-(o0NB-A)2
stock solution and reacted for 10 min. Spheroids of two molds were combined and collected
before they were resuspended in 100 ul of premixed PEG-HA-SH hydrogel precursor solution
(ASC/TERT1: with RGDC (0.29 mM); MG-63s: HA-SH with DS = 40%) by cautious pipetting
(~5x). Aliquots of the suspension (30 ul) were drop casted onto methacrylized glass bottom
p-dishes. After short reaction time (~10 min) the samples were maintained in the incubator for
90 min to allow hydrogel formation to complete before cell culture media was added (2.5 mL).

4.5.2 Evaluation of P2CK cytocompatibility

The cytocompatibility of two-photon sensitizer P2CK was evaluated using PrestoBlue® cell
viability reagent (Thermo Fisher Scientific). Two 96-well plates were seeded with 5,000 cells per
well and maintained in the incubator overnight to allow cells to attach. Next day, cells were
incubated with 100 uL of different dilutions of P2CK (1.00, 0.50, 0.10, 0.05 and 0.01 mM) for 3 h
and 24 h respectively. Both plates contained wells with non-treated cells as control samples. After
the respective incubation period, the cell culture medium was exchanged twice to remove
residues of P2CK and cell viability was evaluated. Resazurin-based reagent PrestoBlue® was
diluted 1:10 with medium and 100 pL were applied per well and incubated for 60 min. Because of
the reducing environment of viable cells, this reagent is transformed and turns red, becoming
highly fluorescent. The fluorescence was measured with a plate reader (Synergy BioTek,
excitation 560 nm, emission 590 nm). After correction for background fluorescence, the signals
of the cells exposed to different concentrations of P2CK were compared to each other and to the
controls (non-stimulated cells) by one-way ANOVA and Dunnett's multiple comparisons test. The
metabolic activity of the 3 h control was assumed to be 100%. Statistical data evaluation was
performed using the software package GraphPad Prism 5 (GraphPad Software, USA) and Excel
2016 (MS Office, Microsoft).

4.5.3 Two-photon micropatterning, cell viability and spreading

PEG-HA-SH hydrogel with encapsulated spheroids was soaked in a solution of P2CK (0.1 mM in
adequate medium) for 5.5 h (MG-63s: 1 h). Thereafter, channels were eroded with varying laser
intensities around spheroids in a star-shaped manner into the bulk hydrogel at constant writing
speed of 200 mm s (hatch distance: 0.1 um, z-layer distance: 0.5 pm). The laser power was
increased clockwise (30—-100 mW, 10 mW steps). All other parameters were kept identical as
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described above. The samples were washed with medium twice and then incubated (5% COx,
37 °C) in cell culture medium overnight. LIVE/DEAD viability assay (Life Technology) was used
to monitor MG-63 viability and spreading. Samples were stained for 20 min at 37 °C with a
solution of calcein AM (0.2 uM) and propidium iodide (0.6 uM, Pl) in PBS and thereafter imaged
by the use of LSM. For better evaluation of ASC/TERT1 viability additional PI staining was applied
on day 7 and 14.

4.6 Mechanistic considerations

For absorption and emission measurements solutions of oNB 11 (190 puM) and P2CK (11 uM) in
PBS were prepared. Rheological experiments were conducted as described in section 4.2.4.
Alternatively, an OmniCure® LX400 LED UV Spot Curing System with a 460 nm LED head
(Excelitas Technologies) was used for irradiation with a specific power of ~17 mW cm? at the
measuring platform. PEG-HA-SH hydrogel formulations were prepared containing 0.1 mM P2CK.

5. SIMPLIFYING THE SYSTEM — TWO-PHOTON CLEAVAGE OF DISULFIDE BONDS

5.2 Two-photon degradation of 4arm-PEG5k-SH hydrogel in presence of two-
photon sensitizers
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The disulfide-crosslinked 4arm-PEG5k-SH hydrogel was prepared from thiol-terminated four-
armed polyethylene glycol with a molecular weight of 5 kDa (4armPEG5k-SH) according to
literature. 25

In a typical experiment, 4armPEG5k-SH (24.13 mg) was dissolved in deionized water (188.2 pL).
Subsequently, 21.7 uL of a 10 mM Nal solution in deionized water and 7.2 pL of 30% hydrogen
peroxide were added. The final PEG concentration was 10 wt%. After vortexing aliquots of the
hydrogel precursor solution (27 uL) were placed in two molds on three methacrylated ibidi dishes
each and an cover glass was placed atop. Gelling occurred almost too quickly and the solution
was hardly pipettable in the end. Nevertheless, the samples were pressed into the molds and
fused together. After one hour, the mold was removed and the samples were swollen in deionized
water at room temperature for an hour. Then the water was exchanged and the samples were
maintained in the fridge for one to two days.

Thereafter, the hydrogel samples were swollen in solutions of either P2CK (0.1 mM) or DAS
(1 mM) in PBS for more than 90 min and then cut using a scalpel. Microchannels (300 um x 20 ym
x 50 um) were structured (10-100 mW, 200 mm s, 0.1 ym hatch, 0.5 um dz) either at 800 nm
(pure gel or P2CK) or 720 nm (DAS) using the setup described in section 4.3.3. Visualization was
performed by light microscopy and LSM (Zeiss, LSM 700) after swelling in FITC2000 (2000 kDa,
1 mg/mL) overnight.

5.3 One-photon irradiation of 4armPEG5k-SH hydrogel in presence of P2CK

A 10% 4arm-PEG5k-SH hydrogel was prepared as described above and swollen in 0.5 mM P2CK
solution at room temperature overnight and irradiated for 15 min (5 cm distance, 6 mW cm?) in
presence of 0.5 mM P2CK using an OmniCure® LX400 LED UV Spot Curing System with a
460 nm LED head (Excelitas Technologies).

5.4 Two-photon microchannel fabrication in organogels

Organogels were prepared by the following procedure. 4armPEG5k-SH (11.0 mg) was dissolved
in MeCN (85.8 L), which took long (45 min). 9.9 uL of a 10 mM Nal solution in deionized water
was added. Thereafter, 30% hydrogen peroxide (3.3 uL) was added and the solution was
vortexed. After vortexing the hydrogel precursor solution (27 uL) were placed in 3 silicon molds
on three methacrylated ibidi p-dishes and a cover glass was placed atop. The samples were
allowed to gel for 90 min and then submersed in 2-Propanol overnight. This was necessary, as
MeCN would have affected the ibidi p-dishes. Large silicon molds (1 cm?) were stuck to high
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precision glass slides (ibidi) using silicon dentist glue. The hydrogels were transferred to these
reservoirs and submersed in MeCN for 1 h, causing swelling. Thereafter, organogels submersed
in MeCN solutions of either M2CMK or R8 in MeCN (both 0.5 mM) for at least 3 h and then cut
with a scalpel. Microchannels were fabricated at 800 nm using laser powers from 10-100 mW at
a scanning speed of 200 mm s (0.1 um hatch, 0.5 ym dz). Additionally, also a sample swollen in

only MeCN was tested. The samples were analyzed by light microscopy.

5.5 Two-photon induced cleavage of a disulfide-based hyaluron network

HA-SH 8% (25.9 mg) was dissolved in DMEM (807.4 pL) and neutralized with 1M NaOH (30 pL).
The pink solution was drop-casted onto methacrylate-functionalized ibidi p-dishes. To induce
network formation, a droplet of 3% hydrogen peroxide (10 uL) was pipetted onto the HA-SH drop
and it was maintained at room temperature for 30 min. Solid gel formation was verified by tilting.
The hydrogel was then cut and swollen for 45 min in a 0.1 mM solution of P2CK. Microchannels

(300 ym x 20 pm x 20 uym) were produced and analyzed as described in section 5.2.
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6. INTRODUCING DISULFIDE LINKAGES BY THE USE OF LIGHT
6.2 Development of disulfide-based crosslinkers

6.2.1 A Nor-SS-Nor crosslinker from cheap starting materials

6.2.1.1 Synthesis of 3,3'-(((disulfanediylbis(ethane-2,1-diyl))bis(oxy))bis(carbonyl))-
bis(bicyclo[2.2.1]hept-5-ene-2-carboxylic acid), Nor-O-SS

The synthesis of Nor-O-SS was conducted according to a modified procedure.['4”]

(@]
OH
(@)
bs. THF O
O/\/S S/\/OH & Ot@ abs. THE ?
P N s Nor-0-S8S
C4H1p05S8; CgHgO3 CgHysN Cs5H608S5
154.24 164.16 101.19 482.56

2-Hydroxyethyl disulfide (573 mg, 3.7 mmol, 1eq) was dissolved in dry THF (5mL) in Ar
atmosphere. A solution of carbic anhydride (1220 mg, 7.4 mmol, 2 eq) in dry THF (15 mL) was
added to the stirred solution. Thereafter, trimethylamine (1.55 mL, 11.1 mmol, 3 eq) was added
slowly and the reaction was stirred at room temperature overnight. After 14 h 'H-NMR showed
80% consumption of starting materials. Hence, the reaction mixture was refluxed for 3 h to
increase the conversion. Then the reaction mixture was dried in vacuum before it was dissolved
in sat. agq. NaHCOs solution (50 mL) to give a “clear” solution. The product was precipitated using
conc. HCI giving a sticky white solid. Ethyl acetate (100 mL) was added to dissolve the product.
After phase separation the aqueous layer was extracted with more ethyl acetate (3x 50 mL) and
the combined organic layers were washed with brine, dried over Na>SO4 and the solvent was
removed in vacuum yielding a whitish oil (1.907 g, 106%). The raw product contained traces of
solvent and both starting materials. Hence, the raw product was purified by column
chromatography (110 g silica) using PE:EE (1% glacial acetic acid) = 20%-55% as eluent. After
drying in high vacuum while heating to 50 °C a colourless liquid was received still containing
starting material due to the decomposition of Nor-O-SS (1.678 g, 94%).
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A further attempt of purification included dissolution of the product in diethyl ether (10 mL) and
addition of light petrol (80 mL) to precipitate the product as white sticky solid. After centrifugation
at 5000 rpm (6 °C, 20 min), the supernatant was decanted off and the white precipitate was
dissolved in DCM and transferred to a round bottom flask. After drying in vacuum 1.274 g (71%)
of a viscose white liquid were received, still containing carbic anhydride and 2-hydroxyethyl
disulfide.

'H-NMR (400 MHz, DMSO-ds, FID LUMO071/10): 6 = 11.94 (s, 2H, -COOH), 6.19-6.17 (dd, J = 3.0
Hz, 2.9 Hz, 2H, CH=CH), 6.07-6.05 (dd, J = 3.0 Hz, 2.9 Hz, 2H, CH=CH), 4.21-4.06 (m, 4H, CH»-
CH2S), 3.32-3.23 (m, 4H, aliphatic), 3.05-3.02 (m, 4H, aliphatic), 2.91-2.88 (m, 4H, S-CH), 1.36-
1.26 (m, 4H, CH-CH2-CH) ppm.

13C-NMR (100 MHz, DMSO-ds, FID LUM071/11): § = 173.1 (s, COOH), 171.9 (s, COOCH5), 135.2
(d, CH=CH), 134.3 (d, CH=CH), 61.5 (t, COOCHb), 48.0 (t, CH-CH>-CH), 47.9 (d, CHCOOCH,),
47.1 (d, CHCOOH), 46.0 (d, CHCH-ester), 45.5 (d, CHCH-acid), 36.3 (t, S-CHz) ppm.

HRMS (ESI): [M + H]* m/z calcd. for C22H2708S2* 483.1142; found 481.1145.

6.2.1.2 Synthesis of sodium 3,3'-(((disulfanediylbis(ethane-2,1-diyl))bis(oxy))-
bis(carbonyl))bis(bicyclo[2.2.1]hept-5-ene-2-carboxylate), Nor-O-SS Na salt

O (e}
OHO o ONS o
O (@] B (@) O o
OH SNy \) MeOH ONaYY s
0 ag. NaHCO3;
Nor-O-SS Na salt
C22H2608S; C2oH24Na;05S,
482.56 526.53

Nor-O-SS (117 mg, 0.24 mmol, 1 eq) was dissolved in dry MeOH (1 mL) and added dropwise to
a stirred aqueous solution of NaHCOs (0.1 M, 4.86 mL, 0.49 mmol, 2 eq). Formation of gas and
a solid film which rapidly dissolved again was observed. After complete addition, MeOH (1 mL)
was used to transfer remaining Nor-O-SS to the aqueous solution. The solution was stirred for
15 min and then dried in high vacuum yielding a transparent glass with crystalline sites (127 mg,
quant.). The product still contained decomposition products.
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'H-NMR (400 MHz, DO, FID LUMO075/1): § = 6.31-6.29 (dd, J = 2.9 Hz, 2.7 Hz, 2H, CH=CH),
6.20-6.18 (dd, J = 2.9 Hz, 2.7 Hz, 2H, CH=CH), 4.41-4.35 (m, 2H, O-CHH-CHz), 4.25-4.19 (m,
2H, O-CHH-CH), 3.36-3.25 (m, 4H, aliphatic), 3.11 (m, 4H, aliphatic), 3.05-2.98 (m, 4H, S-CH>),
1.43-1.36 (m, 4H, CH-CH>-CH) ppm.

6.2.1.3 Synthesis of 2,2'-(1,6-hexanediyl)bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic acid
ester, Nor-O-CC

The synthesis of bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic acid, 2,2'-(1,6-hexanediyl) ester Nor-
0O-CC was conducted according to a modified procedure.[4”]

(®)
OH
o (@]
Vg AN 1) THE, Bl
HO 2HCT
0 Nor-0-CC
CgH140; CgHgO3 C24H3008
118.18 164.16 446.50

1,6-Hexanediol (1.43 g, 12 mmol, 1 eq) was dissolved in dry THF (20 mL) in Ar atmosphere. A
solution of carbic anhydride (3.97 g, 24 mmol, 2 eq) in dry THF (25 mL) was added to the stirred
solution. Thereafter, trimethylamine (6.25 mL, 48 mmol, 4 eq) was added slowly and the reaction
was stirred at room temperature. After 14 h of stirring, 'H-NMR showed 80% consumption of
starting materials. Hence, the reaction mixture was refluxed for 3 h to increase the conversion.
The solvent was removed in vacuum and the white residue was dissolved in sat. ag. NaHCOs
solution (50 mL) to give a “clear” solution. The product was precipitated using conc. HCI giving a
sticky white solid. The aqueous phase was extracted with diethyl ether (3 x 200 mL) and the
combined organic layers were washed with brine. The organic phase was dried over Na.SO4 and
the solvent was removed in vacuum yielding a whitish oil. The raw product was purified by column
chromatography (110 g silica) using DE:EE = 50% as eluent. To remove residual monosubstituted

derivative, it was recrystallized from toluene twice yielding a white solid (4.23 g, 79%).

'"H-NMR (400 MHz, DMSO-ds, FID SIL03/12): 8 = 11.89 (s, 2H, -COQOH), 6.15-6.13 (dd, J = 2.9
Hz, 2.9 Hz, 2H, CH=CH), 6.10-6.06 (dd, J = 2.9 Hz, 2.9 Hz, 2H, CH=CH), 3.94-3.79 (m, 4H, O-
CH»>-CH>), 3.29-3.21 (m, 4H, aliphatic), 3.03-3.00 (m, 4H, aliphatic), 1.52-1.49 (m, 4H, aliphatic),
1.34-1.25 (m, 8H, aliphatic) ppm.
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13C-NMR (100 MHz, DMSO-dg, FID SIL03/13): 6 = 173.2 (s, COOH), 172.0 (s, COOCH), 135.0
(d, CH=CH), 134.3 (d, CH=CH), 63.5 (t, COOCHz>), 47.8 (t, CH-CH>-CH), 47.3 (d, CHCOOCH:),
471 (d, CHCOOH), 45.9 (d, CHCH-ester), 45.6 (d, CHCH-acid), 27.9 (t, aliphatic), 25.1 (t,
aliphatic) ppm.

HRMS (ESI): [M + Na]* m/z calcd. for C24H300sNa* 469.1833; found 469.1844.

6.2.1.4 Synthesis of sodium 2,2'-(1,6-hexanediyl) bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic
acid ester, Nor-O-CC Na salt

(@] @]
OH O
0 Yo Ng~o
O O\/\/\) o O\/\/\)
OH MeOH ONa
—_———
) ag. NaHCO;
Nor-O-CC Na salt
C24H3008 Ca4Hz8Na50g
446.50 490.46

Nor-O-CC (4.1 g, 9.2 mmol, 1 eq) was dissolved in MeOH (20 mL) and an aqueous solution of
NaHCOs (1 M, 18.4 mL, 18.4 mmol, 2 eq) was added dropwise to a stirred solution. Formation of
gas was observed. The solution was stirred for 15 min, the solvent was evaporated and the solid
residue was then dried in high vacuum for two days yielding a transparent glass (4.5 g, quant.).

"H-NMR (400 MHz, D20, FID SIL03/9): § = 6.29-6.27 (dd, J = 2.9 Hz, 2.6 Hz, 2H, CH=CH), 6.22-
6.20 (dd, J = 2.9 Hz, 2.6 Hz, 2H, CH=CH), 4.10-4.05 (m, 2H, O-CHH-CH.), 4.00-3.94 (m, 2H, O-
CHH-CH>), 3.38-3.13 (m, 8H, aliphatic), 1.63-1.62 (m, 4H, aliphatic), 1.45-1.38 (m, 8H, aliphatic)
ppm.

6.2.2 Formal translocation of the carboxylic acid

6.2.2.1 Synthesis of Nor-L-Cys Na salt

6.2.2.1.1 Synthesis of bicyclo[2.2.1]hept-5-ene-2-carbonyl chloride, NorCOCI
Variant A: Diels-Alder reaction of acryloyl chloride and cyclopentadiene to NorCOCI

The synthesis was conducted according to a modified protocol from Mukhina et al.l'3"
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/\H/Cl abs. CH,Cl, i
@ °C* ri

o}

NorCOCI

CsHe C3H5CIO CgHoCIO
66.10 90.51 156.61

Freshly distilled cyclopentadiene (4.6 g, 69 mmol, 3 eq) was dissolved in dry CH>Cl> and cooled
with an ice bath. To the stirred solution acryloyl chloride (2.1 g, 23 mmol, 1 eq) was added
dropwise. The mixture was stirred overnight before the solvent was evaporated and the crude
product was purified from dicyclopentadien (64 °C, 15 mbar) by distillation (76 °C, 15 mbar)
yielding NorCOCI (2.8 g, 77%, mixture of exo-/endo, mostly endo) as a colorless liquid.

Variant B: Conversion of 5-norbornenecarboxylic acid to the acid chloride NorCOCI

The synthesis was conducted according to a protocol by Chae et al.['3?

(COCl), / DMF
OH ™ bs CHCly o

0 0
NorCOCI
CgH1505 CgHgCIO
138.17 156.61

NorCOOH (14 g, 101 mmol, 1 eq, CAS: 120-74-1, mixture of exo-/endo, predominantly endo) was
dissolved in dry DCM (112 mL) in Ar atmosphere and a small droplet of DMF was added. Oxalyl
chloride (51 g, 405 mmol, 4 eq) was added to a one-neck flask with a dropping funnel attached
and the apparatus was purged with Ar for 5 min. The NorCOOH solution was added dropwise via
the dropping funnel to the stirred oxalyl chloride (gas formation). After the reaction was completed
("H-NMR), remaining oxalyl chloride and DCM were removed under reduced pressure. The
product NorCOCI was obtained as brownish liquid (15.3 g, 98 mmol, 97%). Since the 'H-NMR

revealed high purity the product was used without further purification.

'H-NMR (400 MHz, CDCls, FID ST04/3): § = 6.27-6.20 (m, 1H, CH=CH), 6.13-6.02 (m, 1H,
CH=CH), 3.47-2.72 (m, 3H), 2.04-1.91 (m, 1H), 1.54-1.41 (m, 1H), 1.34-1.32 (m, 1H) ppm.
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6.2.2.1.2 Synthesis of disodium N,N’-bis(bicyclo[2.2.1]hept-5-ene-2-ylcarbonyl)-L-cystine,
Nor-L-Cys Na salt

The synthesis of Nor-L-Cys is roughly based on a modified protocol described previously.['24a

COOH
v 8. «NH
COOH
CeH12N204S;

240.29 I: NaOH, MeOH o Ox,/ONa
Il: HC 13 ‘
* N\" \S A%
Ill: NaHCO5 4 I
ci NaO™ Y0

(0] Nor-L-Cys Na salt
CgHyCIO Ca2H26NaNap06S;
156.61 524.56

Powdered NaOH (640 mg, 16.0 mmol, 2.5 eq) was first dissolved in dry MeOH (200 mL) before
L-cystine (1538 mg, 6.4 mmol, 1 eq) was added in argon atmosphere. To the cooled solution (ice
bath) NorCOCI (2506 mg, 16.0 mmol, 2.5 eq) was added dropwise. After 20 h of reaction time,
the solvent was removed under reduced pressure. The yellow residue was first washed with
diethyl ether (3 x 100 mL) to remove NorCOMe. Subsequently, it was dissolved in deionized water
(100 mL) and acidified with 1 N HCI. The aqueous phase was extracted with diethyl ether (5 x
200 mL). The combined organic layers were washed with brine, dried over sodium sulfate and
the solvent was removed in vacuum yielding Nor-L-Cys (2338 mg, 76%).

For conversion into the Na salt, Nor-L-Cys (1425 mg, 3.0 mmol, 1 eq) was dissolved in MeOH
(20 mL) and aqueous NaHCOs solution (1 M, 6.0 mL, 6.0 mmol, 2 eq) was added. The mixture
was stirred for 15 min and then dried in vacuum yielding 1555 mg (quant.) of a beige powder.

Nor-L-Cys:

'"H-NMR (400 MHz, DMSO-ds, FID SIL10/10): = 12.79 (bs, 2H, COOH), 8.31-7.96 (m, 2H, NH),
6.13-5.81 (m, 4H, HC=CH), 4.48-4.37 (m, 2H, CH-NH), 3.21-3.08 (m, 4H, aliphatic), 2.98-2.80
(m, 6H, aliphatic), 1.81-1.25 (m, 8H, aliphatic) ppm.

HRMS (ESI): [M + H]* m/z calcd. for C22H2oN206S2* 481.1462; found 481.1472.
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Nor-L-Cys Na salt:

'H-NMR (400 MHz, D20, FID SIL10/5): & = 6.28-5.98 (m, 4H, HC=CH), 4.55-4.42 (m, 2H, CH-
NH), 3.33-3.19 (m, 4H, aliphatic), 3.09-2.95 (m, 6H, aliphatic), 2.01-1.75 (m, 2H, aliphatic), 1.60-
1.24 (m, 6H, aliphatic) ppm.

6.2.3 Reactivity estimation on the molecular level by 'H-NMR

NMR-experiments with Nor-linkers and 2-mercaptoethanol

For reactivity testing, the Nor-linkers were reacted with 2-mercaptoethanol at a functional group
ratio of 1:1 in DO or DMSQO-ds by irradiation at 400-500 nm (20 mW cm?) in presence of 0.6 mM
LITPO (D20) or TPO-L (DMSO-ds). Stock solutions of the respective linker (150 mM), 2-
mercaptoethanol (300 mM) and photoinitiator (6 mM) in the respective deuterated solvent were
prepared. In a typical experiment, to 420 pL of solvent 60 pL of each stock solution were added
to give final concentrations of 15 mM linker, 30 mM 2-mercaptoethanol and 0.6 mM photoinitiator
(2 mol% of ene) in a total volume of 600 pL. The samples were prepared in GC-MS vials, vortexed
and then irradiated on the measuring platform of a photorheometer for various irradiation periods.
The photorheometer (MCR-302 WESP, Anton-Paar) was coupled to an OmniCure®S2000 Spot
UV Light Curing System (Excelitas Technologies) from the underside of the glass plate via a
waveguide. The total irradiation intensity was measured through the glass bottom of a GC-MS
vial at the measuring platform using an Ocean Optics USB 2000+ spectrometer. After irradiation,
the sample solutions were transferred to brown NMR-tubes and measured by 'H-NMR (Bruker
Avance DRX-400 spectrometer). For estimation of norbornene-consumption, the integral of the
norbornene protons (HC=CH, 4H att = 0 s) was monitored. In experiments conducted in D20, the
signal of the proton at the a-carbon (CH-NH, 2H) served as internal reference for calibration,
whereas in DMSO-ds the amide-proton (NH, 2H) was used.

6.2.4 Optimization strategies of the linker on the molecular level

6.2.4.2 Synthesis of modified linkers

General procedure for the preparation of (homo)cystine-based linkers

The general procedure is roughly based on a modified method described previously.[243

Cys or HCys (1 eq) and finely ground NaOH (4 eq) were added to a one-neck flask and purged
with Ar. Dry MeOH was added while stirring until a clear solution was obtained. Thereafter, the
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stirred reaction mixture was cooled with an ice bath and freshly distilled norbornene acid chloride
(2 eq) was slowly added. After 1 h the ice bath was removed and stirring was continued at room
temperature until complete conversion was observed by 'H-NMR reaction monitoring. MeOH was
removed under reduced pressure. The obtained solid typically smelled heavily of NorCOOMe.
The solid was washed three times with DCM, DEE or EE to remove most of NorCOOMe. The
product was dissolved in deionized H.O and 1 M HCI was added until pH 1 was obtained. The
protonated product precipitated as white to yellow solid and was obtained by dissolving the
precipitate with DEE or EE and extraction of the remaining aqueous phase.

The combined organic layers where washed with brine, dried with sodium sulfate and filtered
before the solvent was removed under reduced pressure. The obtained solid was washed with
DCM twice to remove remaining NorCOOMe and then dried in HV. For removing of remaining
solvent traces the product can be carefully heated with warm air while on HV.

General procedure for the conversion of (homo)cystine-based linkers into the salt form

For the transformation into its water-soluble Na salt, the respective linker was dissolved in MeOH
until a clear solution was obtained. A solution of NaHCOs in water (1 M, 2 eq.) was slowly added
to the stirred linker solution causing bubble formation. After 15 min of stirring, solvents were
removed under reduced pressure. The obtained solid was further dried under HV for several

hours.
6.2.4.2.1 Synthesis of exo-Nor-L-Cys and its Na salt
6.2.4.2.1.1 Synthesis of exo-5-norbornenecarboxylic acid chloride, exo-NorCOCI

Exo-NorOCI was synthesized analog to NorCOCI by variant B.['32

(COCl), / DMF
OH abs. CH,Cl, - =

0] @]
exo-NorCOCI
138.17 156.61

exo-NorCOOH (1.00 g, 7.2 mmol, 1 eq, CAS: 934-30-5) was reacted with oxalyl chloride (3.67 g,
29.0 mmol, 4 eq) in presence of a droplet of DMF in dry DCM (8.0 mL) in Ar atmosphere until full

conversion was achieved. Remaining oxalyl chloride and DCM were removed under reduced
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pressure. The obtained brown liquid was purified by distillation at 15 mbar, T = 70-75 °C). exo-
NorCOCI was obtained as a clear translucent liquid (0.96 g, 85%).

'H-NMR (400 MHz, CDCls, FID ST07/2): 6 = 6.22-6.20 (m, 1H, CH=CH), 6.13-6.11 (m, 1H,
CH=CH), 3.28 (m, 1H, =CH-CH-CH-COCI), 2.99 (m, 1H, =CH-CH), 2.75-2.72 (m, 1H, CH-COCI),
2.05-2.00 (m, 1H, aliphatic), 1.55-1.41 (m, 3H, aliphatic) ppm.

6.2.4.2.1.2 Synthesis of disodium N,N’-bis-(exo-bicyclo[2.2.1]hept-5-ene-2-ylcarbonyl)-L-

cystine, exo-Nor-L-Cys Na salt

COOH
* S. NH
H2N“\/ g
COOH
CeH12N204S;

240.29 I: NaOH, MeOH o Oy _-ONa
Il: HC H
+ > N\‘. S\s A\N

lll: NaHCO3 H l T
cl \Eloige)

(0] exo-Nor-L-Cys Na salt
CgHgCIO C22H26NoNa;0gS;
156.61 524.56

exo-Nor-L-Cys was prepared according to the general procedure from L-cystine (705 mg,
3 mmol, 1 eq), exo-NorCOCI (918 mg, 6 mmol, 2 eq), NaOH (465 mg, 12 mmol, 4 eq) and dry
MeOH (43 mL). After 17 h of reaction time 1038 mg (72%) of crude exo-Nor-L-Cys were received
as white to yellow powder. 227 mg (0.43 mmol) of crude exo-Nor-L-Cys were converted into the
Na salt by dissolving in 25 mL MeOH and adding to NaHCOs solution (1 M, 945 L) yielding
248 mg (quant.) of a beige powder after drying in high vaccum. The remaining exo-Nor-L-Cys
was purified via reversed phase chromatography (Sepacore® C18 80 g) using MeOH:H>0O = 1:1
as eluent yielding a white to slightly beige powder (65% recovery).

exo-Nor-L-Cys:

"H-NMR (400 MHz, DMSO-ds, FID ST08/11): & = 12.90 (bs, 2H, COOH), 8.31-8.22 (m, 2H, NH),
6.13 (m, 4H, HC=CH), 4.56-4.44 (m, 2H, CH-NH), 3.20-3.12 (m, 2H, =CH-CH-CH-CON), 2.94-
2.88 (m, 2H, =CH-CH), 2.83 (m, 4H, S-CH?), 2.11-2.10 (m, 2H, CH-CON), 1.80-1.77 (m, 2H,
aliphatic), 1.58-1.56 (m, 2H, aliphatic), 1.16-1.15 (m, 4H, aliphatic) ppm.

HRMS (ESI): [M + Na]* m/z calcd. for C22H2sN20sS2Nat 503.1281; found 503.1287.
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exo-Nor-L-Cys Na salt:

'H-NMR (400 MHz, D-O, FID ST19/1): 8 = 6.22 (m, 4H, HC=CH), 4.57-4.50 (m, 2H, CH-NH),
3.32-3.19 (m, 2H, =CH-CH-CH-CO), 3.01-2.95 (m, 6H, aliphatic), 2.26 (m, 2H, aliphatic), 1.84-
1.75 (m, 2H, aliphatic), 1.54-1.52 (m, 2H, aliphatic), 1.46-1.34 (m, 4H, aliphatic) ppm.

6.2.4.2.2 Synthesis of disodium N,N-bis(bicyclo[2.2.1]hept-5-ene-2-ylcarbonyl)-D,L-
cystine, Nor-D,L-Cys Na salt

(@)

@*a

CgHoCIO , .
156.61 :i:r\:{ag TR COONa

0 o0 .
+ et . S\ N
COOH lll: NaHCO; M” s /qj
I NH, CO00
N

H,N® s a

COOH Nor-D,L-Cys Na salt
CGH12N204SZ CZZHZGNzNazossZ
240.29 82456

Nor-D,L-Cys was synthesized according to the general procedure from D,L-cystine (1000 mg,
4.2 mmol, 1eq, CAS: 923-32-0), NorCOCI (1304 mg, 8.3 mmol, 2 eq) and pulverized NaOH
(666 mg, 16.6 mmol, 4 eq) in dry MeOH (52 mL). After a reaction time of 20 h, MeOH was
evaporated and orange crystals were obtained. The solid was washed with DCM (3 x 20 mL) to
remove unreacted NorCOOMe. Thereafter the solid was dissolved in deionized water (50 mL)
and acidified using HCI (1 M) causing precipitation of a sticky orange solid. The solid was
dissolved in EE and the aqueous phase was extracted with EE (4 x 50 mL). The combined organic
layers were washed with brine (50 mL) and dried over Na>-SO4 before the solvent was removed
under reduced pressure. After drying in vacuum 1.093 g (55%) of Nor-D,L-Cys were received as
a beige foam.

For conversion into the Na salt, Nor-D,L-Cys (240 mg, 0.50 mmol, 1 eq) was dissolved in MeOH
(2 mL) and aqueous NaHCOs3 solution (1 M, 1.00 mL, 2 eq) was added. The mixture was stirred
for 15 min and then dried in vacuum yielding 234 mg (89%,) of a beige powder.
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Nor-D,L-Cys:

'H-NMR (400 MHz, DMSO-ds, FID LUM92/7): § = 12.78 (bs, 2H, COOH), 8.26-7.97 (m, 2H, NH),
6.13-5.82 (m, 4H, HC=CH), 4.48-4.39 (m, 2H, CH-NH), 3.19 (m, 2H, =CH-CH-CH-CON), 3.14-
3.06 (m, 2H, =CH-CH), 2.99-2.90 (m, 2H, aliphatic), 2.84-2.81 (m, 4H, aliphatic), 2.14-1.57 (m,
3H, aliphatic), 1.33-1.22 (m, 5H, aliphatic) ppm.

HRMS (ESI): [M + H]* m/z calcd. for C22H20N20sS2* 481.1462; found 481.1465.

Nor-L-Cys Na salt:
"H-NMR (400 MHz, DO, LUM92/10): & = 6.27-6.00 (m, 4H, HC=CH), 4.51-4.43 (m, 2H, CH-NH),
3.30-2.95 (m, 9H, aliphatic), 2.40-1.25 (m, 9H, aliphatic) ppm.

6.2.4.2.3 Synthesis of Nor-L-HCys and Nor-D,L-HCys and the corresponding Na salts

6.2.4.2.3.1 Preparation of disodium N,N-bis(bicyclo[2.2.1]hept-5-ene-2-ylcarbonyl)-L-
homocystine, Nor-L-HCys Na salt

0
@)LCI

2o
CetigCIO : NaOH, MeOH  HN,, _COO Na

1R [I: HCI
+ > S\S
HZN”'QC/C)OH2 1l: NBHCO3 /j

+ = .
S Na OOC™ “NH
B
/j. o;@
HRGG "NH; Nor-L-HCys Na salt
CgH17N2048;" CosHaoNaNa,06S5
269.35 552 .61

Nor-L-HCys was prepared according to the general procedure from L-homocystine (197 mg,
0.7 mmol, 1 eq, CAS: 626-72-2), powdered NaOH (117 mg, 2.9 mmol, 4 eq) and NorCOCI
(229 mg, 1.5 mmol, 2 eq) in dry MeOH (14 mL). During addition of NorCOCI a whitish turbid
suspension formed. The ice bath was removed after 40 min. and the reaction mixture was stirred
for 22 h at room temperature. MeOH was removed under reduced pressure. The obtained residue
was dissolved in deion. H20 (100 mL) and washed with DCM (2 x 50 mL). The aqueous layer was
acidified with HCI (1 M, 7.5 mL) causing precipitation of a white solid. The aqueous phase was
extracted with EE (4 x 50 mL). The organic phase was washed with brine (50 mL) and dried over
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sodium sulfate. Solvents were removed in vacuum and the residue was dissolved in MeOH,
filtered through a nylon syringe filter and transferred to a smaller flask. After drying in high vacuum,
Nor-L-HCys (225 mg, 60%) was obtained as a white foam.

For conversion into the Na salt, Nor-L-HCys (222 mg) was dissolved in MeOH (3 mL) and
aqueous NaHCOs solution (1 M, 873 uL, 2 eq) was added. It was stirred for 10 min before the

solvents were removed in vacuum yielding a white foam (243 mg, quant.).

Nor-L-HCys:

'H-NMR (400 MHz, DMSO-d, FID ST05/18): & = 12.56 (bs, 2H, COOH), 8.17-7.85 (m, 2H, NH),
6.14-5.76 (m, 4H, HC=CH), 4.29-4.23 (m, 2H, CH-NH), 3.19 (m, 2H, =CH-CH-CH-CO), 2.83-2.67
(m, 8H, aliphatic), 2.11-2.07 (m, 2H, aliphatic), 1.99-1.92 (m, 2H, aliphatic), 1.79-1.68 (m, 2H,
aliphatic), 1.59-1.15 (m, 6H, aliphatic) ppm.

HRMS (ESI): [M + H]* m/z calcd. for CasHssN206S2* 509.1775; found 509.1779.

Nor-L-HCys Na salt:

"H-NMR (400 MHz, D20, FID LUM102/5): § = 6.30-5.96 (m, 4H, HC=CH), 4.35-4.26 (m, 2H, CH-
NH), 3.21 (m, 2H, =CH-CH-CH-CO), 3.08-2.94 (m, 4H, aliphatic), 2.84-2.68 (m, 4H, aliphatic),
2.29-2.15 (m, 2H, aliphatic), 2.12-1.71 (m, 4H, aliphatic), 1.55-1.23 (m, 6H, aliphatic).

6.2.4.2.3.2 Preparation of disodium N,N-bis(bicyclo[2.2.1]hept-5-ene-2-ylcarbonyl)-D,L-
homocystine, Nor-D,L-HCys Na salt

o
Cl
0
CeHoCIO )
8 l: NaOH, MeOH  HN. _COO Na
156.61
Il HC
+ > S\S
HOOG. .NH, lll: NaHCO4

L Na 00C” “NH
S.
S
/j\ "
HoN" >COOH ;\@

Nor-D,L-HCys Na salt
CgH1gN204S; Ca4H3zpNaNa,06S;
268.35 552.61

Nor-D,L-HCys was prepared according to the general procedure from D,L-homocystine (5.99 g,
22 mmol, 1 eq, CAS: 870-93-9), NaOH (3.58 g, 90 mmol, 4 eq) and NorCOCI (7.01 g, 45 mmol,
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2 eq) in dry MeOH (460 mL). The reaction mixture was stirred for 17 h at room temperature. Due
to the large scale synthesis, the work-up differs from the general procedure. First, MeOH was
removed under reduced pressure. The obtained solid was then washed with DEE (3 x 50 mL),
dissolved in H2O and acidified with HCI (1 M) causing precipitation. The precipitate was dissolved
in MeOH and filtered to remove NaCl. The aqueous phase was extracted with DEE. The organic
phase was washed with brine and dried over sodium sulfate. After evaporation of solvents, the
obtained white solids were united and, washed with DCM to remove remaining NorCOOMe. After
drying in vacuum, 6.68 g (59%) of Nor-D,L-HCys were obtained as a white, highly viscous liquid.
3.00 g (5.9 mmol, 1 eq) of Nor-D,L-HCys were converted into the Na salt by dissolving in 400 mL
MeOH at 40°C and adding to NaHCO3 solution (1 M, 11.8 mL, 2 eq) yielding 3.27 g (quant.) of a
white powder after drying in high vaccum.

Nor-D,L-HCys:

'H-NMR (400 MHz, DMSO-de, FID ST14/6): 5 = 12.56 (bs, 2H, COOH), 8.17-7.84 (m, 2H, NH),
6.12-5.75 (m, 4H, HC=CH), 4.23 (m, 2H, CH-NH), 3.20 (m, 2H, =CH-CH-CH-CO), 2.82-2.72 (m,
8H, aliphatic), 2.11-2.07 (m, 2H, aliphatic), 1.94-1.93 (m, 2H, aliphatic), 1.74-1.68 (m, 2H,
aliphatic), 1.59-1.15 (m, 6H, aliphatic) ppm.

HRMS (ESI): [M + H]* m/z calcd. for CasHssN206S2* 509.1775; found 509.1776.

Nor-D,L-HCys, Na salt:

'H-NMR (400 MHz, DO, FID ST14/8): 8 = 6.29-5.95 (m, 4H, HC=CH), 4.34-4.26 (m, 2H, CH-NH),
3.22 (m, 2H, =CH-CH-CH-CO), 3.08-2.96 (m, 4H, aliphatic), 2.77-2.66 (m, 4H, aliphatic), 2.25-
2.15 (m, 2H, aliphatic), 2.12-1.71 (m, 4H, aliphatic), 1.58-1.21 (m, 6H, aliphatic).
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6.2.4.2.4 Synthesis of disodium 1,1'-dimethyl-N,N’-bis(bicyclo[2.2.1]hept-5-ene-2-
ylcarbonyl)-L-cystine ester, Nor-L-CysMe

The synthesis of Nor-L-CysMe was conducted according to a modified protocol.'#®!

_0._0 _0._0
+ \I bs. MeOH H \I 7
i abs.
ﬂaN S/S NH, * cl N s”s "
i I TEA, 0 ->rit. 5 H
o o

Cl 3
i o C
Nor-L-CysMe
CaH7Cl N0, 85 CgHgCIO C24H32N206S;
340.25 156.61 508.65

L-Cystine dimethyl ester dihydrochloride (1195 mg, 3.5 mmol, 1.0 eq) and triethylamine (2.0 mL,
14.7 mmol, 4.2 eq) were suspended in dry DCM (30 mL) in a round bottom flask equipped with a
septum. The mixture was cooled to 0 °C and norbornoyl chloride (1.1 mL, 7.7 mmol, 2.2 eq) was
added dropwise using a syringe. After complete addition, the ice bath was removed and the
reaction mixture was stirred at room temperature. The progress of the reaction was monitored by
'H-NMR. After 5.5 h the reaction mixture was diluted with EE (100 mL) and extracted with
saturated sodium bicarbonate solution (50 mL), water (50 mL) and brine (50 mL). The organic
phase was dried over sodium sulfate and the solvent was removed in vacuum. The raw product
(solid foam) was purified by column chromatography using PE:EE (50-60%) as eluent. Two
fractions were received of which one contained both exo- and endo-norbornene based products
(514 mg, 29%) and the other only the endo-norbornene product (1004 mg, 56%). The white liquids
were dried at HV while being carefully heated with warm air.

endo-Nor-L-CysMe:

'H-NMR (400 MHz, DMSO-ds, FID LUM97/8): & = 8.13 (t, J = 7.4 Hz, 2H, NH), 6.08 (m, 2H,
HC=CH), 5.80 (m, 2H, HC=CH), 4.47 (m, 2H, CH-NH), 3.63 (m, 6H, OCHs), 3.19 (m, 2H, =CH-
CH-CH-CO), 3.14-3.07 (m, 2H, =CH-CH), 2.97-2.91 (m, 2H, aliphatic), 2.86-2.81 (m, 4H,
aliphatic), 1.74-1.69 (m, 2H, aliphatic), 1.32-1.24 (m, 6H, aliphatic) ppm.

HRMS (ESI): [M + H]* m/z calcd. for C24H33N206S2* 509.1775; found 509.1775.
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6.3 Development of the Disulfide-based Hydrogel Platform

6.3.1 Extended reactivity estimation on the molecular level by 'H-NMR

Experiments were conducted as described in section 6.2.3. Reactivity estimation on the molecular
level by "H-NMR.

6.3.2 Hydrogel optimization
Photorheology
If not stated otherwise, the following parameters were used for photorheology experiments.

Light-induced hydrogel formation was investigated with selected linkers of the series by means of
photorheology using a MCR-302 WESP rheometer equipped with a P-PTD 200/GL peltier glass
plate, a H-PTD 200 peltier-temperature-controlled hood, and a D-CP/PP 7 measuring tool (Anton-
Paar). Hydrogel samples were prepared by reacting linkers with 10 wt% of thiol-terminated eight-
armed PEGs (4armPEG10k-SH, My, ~10 kDa or 8armPEG20k-SH, My ~20 kDa) using LiTPO as
photoinitiator. For mixing a vortex and a micro-centrifuge were used. Samples were prepared in
500 pL safe-lock tubes. The rheological analysis was performed with a plate-plate geometry
(PPO8 disposable, @ = 8 mm, gap size = 0.8 mm) at 20 °C. After mixing of the components, 45 ul
of the sample solution were pipetted into the gap (1 mm) between measuring tool and glass plate
utilizing capillary force, before the tool was lowered into the measuring position at a gap of
0.8 mm. The formulations were sheered with a strain of 1% and a frequency of 1 Hz. After 1 min
of equilibration, photocuring of the hydrogel samples was induced by UV-irradiation projected via
a waveguide from the underside of the glass plate using an OmniCure® LX400 LED UV Spot
Curing System with a 385 nm LED head (Excelitas Technologies) with a specific power of
~6 mW cm? at the measuring platform.l'* All measurements were performed at least in

triplicates. The formed hydrogels disks were utilized for subsequent swelling tests in PBS.
6.3.2.1 Optimization of the photoinitiator concentration

Stock solutions of 8armPEG20k-SH, linker Nor-D,L-HCys (190 mM) and LiTPO (18 mM) were
prepared in PBS. The stock solutions were combined to give sample solutions with final
concentrations of 10 wt% 8armPEG20k-SH, 22 mM Nor-D,L-HCys (SH:ene = 1:1) and a variable
LiTPO concentration (0.2 mM, 0.4 mM, 0.6 mM, 15 mM). For high LiTPO concentrations (15 mM),
8armPEG20k-SH was directly dissolved in the LiTPO stock solution. Aliquots of 45 pul of the
sample solutions were measured on the photorheometer at the settings described in section
6.3.2.0. After 1 min of equilibration time, the prepolymer formulations were exposed to 385 nm
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light (~6 mW cm) for 5 min. The formulation containing 15 mM LiTPO was also polymerized with
shuttered light (60 s off-time; 6 cycles of 5 s on-time and 15 s off-time, 3 min of constant

irradiation).

6.3.2.2 Thermostability of disulfide-crosslinked PEG hydrogel

An aliquot (45 pL) of 8arm-D,L-HCys (1:1) prepolymer solution (containing 0.4 mM LITPO) was
in situ photopolymerized at 20 °C on the photorheometer at the settings described in section
6.3.2.0, before the temperature was continuously increased up to 90°C at a heating rate of
1 °C/min. To prevent evaporation of water, the measuring system was sealed with a ring of

paraffin.

6.3.2.3 Mechanostability of disulfide-crosslinked PEG hydrogel

For the amplitude sweep, after in situ photo-polymerization of 8arm-D,L-HCys (1:1) prepolymer
solution, the amplitude of the applied strain was logarithmically increased from 0.1% to 1000% at
a constant frequency of 1 Hz. For the dynamic strain amplitude cycling experiment, after in situ
polymerization, a series of four strain cycles was applied varying strains between 350% and 1%

in 60 s periods.

6.3.3 Stabilization of 8arm D,L-HCys (1:1) hydrogel
6.3.3 Swelling experiments

For swelling experiments the in situ polymerized hydrogel disks were carefully removed from the
photorheometer measuring platform and placed in individual tared petri dishes. After initial
weighing of the hydrogel disks, they were swollen in PBS (~2 mL). For weighing, the liquid was
pipetted off, and the hydrogel disks were carefully patted dry with paper towel. Thereafter, the
disks were submersed in fresh PBS again. All swelling experiments were performed in triplicates.

6.3.3.1 Stabilization by a non-cleavable background network

Several prepolymer solutions were prepared from stock solutions of 8armPEG20k-SH (11.4 wt%),
Nor-D,L-HCys (190 mM), Nor-O-SS (190 mM) and LiTPO (18 mM) in PBS. Mixed linker stock
solutions were prepared at a ratio of 1:3 (CC:SS) and 1:7 (CC:SS). The stock solutions were
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combined to give sample solutions with final concentrations of 10 wt% 8armPEG20k-SH, 22 mM
total linker (SH:ene = 1:1) and 0.4 mM LiTPO. For the preparation of 8arm-SS-CC (3:1) 15 mM
formulation, 8armPEG20k-SH was directly dissolved in the LiTPO stock solution and combined
with the 1:3 (CC:SS) linker stock at a 1:1 ratio of SH:ene. The rheological experiments were

conducted as described in sections 6.3.2.0 and 6.3.2.1.

6.3.3.2 Capping of free thiols by maleimide

After in situ polymerization of 8arm-D,L-HCys (1:1) hydrogel, samples were weighted and then
swollen in a solution of maleimide (4 mM) in PBS for 1 h. Thereafter, the samples were further

swollen in PBS.

6.3.3.3 Consumption of free thiols by an excess of linker

Stock solutions of linker Nor-D,L-HCys (190 mM), LiTPO (18 mM) and RGDC (30 mM) were
prepared in PBS. 8armPEG20k-SH was dissolved in PBS and combined with the stock solutions
to give sample solutions with final concentrations of 10 wt% 8armPEG20k-SH, 0.4 mM LiTPO
and a variable concentration of Nor-D,L-HCys depending on the SH:ene ratio (1:1 = 22.2 mM,
1:1.15 =25.6 mM, 1:1.20 = 26.7 mM, 1:1.24 = 27.6 mM). Formulations containing 1 mM RGDC
had SH:ene ratios of 1:1.20 (26.7 mM) and 1:1.223 (27.2 mM).

6.3.4 Stabilization of 8armPEG-based hydrogels by the use of Nor-L-HCys

Stock solutions of linker Nor-L-HCys (190 mM) and LiTPO (18 mM) were prepared in PBS.
8armPEG20k-SH was dissolved in PBS and combined with the stock solutions to give sample
solutions with final concentrations of 10 wt% 8armPEG20k-SH, 0.4 mM LiTPO and a variable
concentration of Nor-L-HCys depending on the SH:ene ratio (1:1 =22.2 mM, 1:1.20 = 26.7 mM).

6.3.5 Crosslinking 4armPEG-based hydrogels

Stock solutions of linkers Nor-L-HCys (190 mM), Nor-D,L-HCys (190 mM) and LiTPO (18 mM)
were prepared in PBS. 4armPEG10k-SH was dissolved in PBS and combined with the stock
solutions to give sample solutions with final concentrations of 10 wt% 8armPEG20k-SH, 0.4 mM
LITPO and a variable concentration of individual linkers depending on the SH:ene ratio (1:1 =
22.2 mM, 1:1.20 = 26.7 mM).
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6.4 Two-photon micropatterning of disulfide-crosslinked hydrogels in presence of
DAS

Prepolymer formulations (25 pl) of 8arm-D,L-HCys (1:1.2) hydrogel and 8arm-L-HCys (1:1)
hydrogel were polymerized in cylindrical silicon molds (@ =6 mm, d=0.8 mm) between
methacrylate glass-bottom p-dishes (35 mm, Ibidi GmbH, Germany) and cover glass by
irradiation in a Boekel-UV-oven (365 nm, 2 J). Subsequently, the molds were removed and the
solidified hydrogel disks were swollen in PBS for 3 d to reach equilibrium swelling. Thereafter, the
hydrogels were submersed in solutions of DAS in PBS at different concentrations (0.5 mM,
1.0 mM, 2.0 mM) for at least 5 h to allow diffusion of the chromophore into the network. Then
samples were cut using a scalpel to generate a sharp edge. Micropatterning was performed by
means of two-photon degradation. Details of the experimental setup have been reported
previously.['? Briefly, the setup is based on a femtosecond laser (MaiTai DeepSee, Spectra
Physics) operating at 720 nm, with a pulse length of 70 fs after the objective (C-Achroplan
32x/0.85 W, ZEISS). Parallel micro-channels with quadratic cross sections (I =300 pum,
A =20 um x 20 um) were eroded from the edge into the bulk of the hydrogel at different laser
powers ranging from 10-120 mW and scanning along the x-axis. The scanning speed was
200 mm/s (hatch distance: 0.1 um, z-layer distance: 0.5 um). Individual x,y-planes were either
scanned once or twice. After micropatterning, the samples were washed with PBS twice and then
soaked in a solution of high molecular weight FITC—dextran (FITC2000, 1 mg mL™,
Mw ~2,000 kDa, TdB Consultancy AB, Sweden) in PBS at room temperature for more than 4 h.
Channels were visualized by laser scanning microscopy (LSM 700, ZEISS). If no channels were
visible, the hydrogels were also imaged after swelling in lower molecular weight FITC—dextran
(FITC500, 1 mg mL", My, ~500 kDa, TdB Consultancy AB, Sweden) for at least 5 h.

6.5 Cell encapsulation and micro-channel formation
6.5.1 Cell culture and cell encapsualtion

Human Umbilical Vein Endothelial Cells (HUVECs, PELOBiotech GmbH, Germany) were
transfected with red fluorescent protein (RFP)-lentiviral particles to obtain stably transfected red
labeled cells (RFP-HUVECs). HUVECs were cultured in Endothelial Cell Growth Medium 2
(EGM-2, Lonza) supplemented with 5% fetal bovine serum (FBS). hTERT immortalized human
adipose-derived mesenchymal stem cell line ASC/TERT1 (Evercyte GmbH, Austria) were
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cultured in EGM-2 supplemented with 10% fetal bovine serum. Cells were maintained in an
incubator (5% CO2, 37 °C, high humidity) and the medium was exchanged every second day.

RFP-HUVEC-spheroids were formed in 2% agarose molds (MicroTissues® 3D Petri Dish®,
Sigma-Aldrich) according to the manufacturer’s instructions. In order to generate spheroids with
a diameter of ~200 um, 81,000 cells were seeded per micromold corresponding to 1000 cells per
spheroid. Cells were incubated for 24 to 48 h in presence of methylcellulose (20 v/v% of stock
solution 12 g L") in EGM-2.

RFP-HUVEC-spheroids together with single ASCs were encapsulated into 8arm-D,L-HCys
(1:1.2) hydrogel, 8arm-L-HCys (1:1) hydrogel and 4arm-L-HCys (1:1) hydrogel in presence of
1 mM RGDC (Bachem AG, Switzerland).

The 8arm-D,L-HCys (1:1.2) prepolymer solution was prepared as follows: 8arm-PEG20k-SH
(14.83 mg) was dissolved EGM-2 (86.1 pL). Nor-D,L-HCys (6.11 mg) was dissolved in 58.2 pL
of EGM-2 to give a 190 mM stock solution. To 17.68 pL of the linker solution were added 4.2 uL
of RGDC solution (30 mM) first, before 81.3 pL of the PEG solution and finally 2.8 uL of the LITPO
solution (6 mM) were added (resulted in 0.4 mM LiTPO). Between all addition steps the mixture
was vortexed and centrifuged for homogenization. The prepolymer solution was mixed with 20 pL
of a cell-spheroid suspension by cautious pipetting (~5x).

The 8arm-L-HCys (1:1) prepolymer solution was prepared as follows: 8arm-PEG20k-SH
(15.13 mg) was dissolved EGM-2 (86.2 uL). Nor-L-HCys (6.40 mg) was dissolved in 61.0 pL of
EGM-2 to give a 190 mM stock solution. To 16.42 pL of the linker solution were added 3.9 pL of
RGDC solution (30 mM) first, before 71.1 uL of the PEG solution and finally 2.6 pL of the LiTPO
solution (6 mM) were added (resulted in 0.4 mM LiTPO). Between all addition steps the mixture
was vortexed and centrifuged for homogenization. The prepolymer solution was mixed with 20 pL
of a cell-spheroid suspension by cautious pipetting (~5Xx).

The 4arm-L-HCys (1:1) prepolymer solution was prepared as follows: 4arm-PEG10k-SH
(14.92 mg) was dissolved EGM-2 (88.0 uL). Nor-L-HCys (6.40 mg) were dissolved in 61.0 uL of
EGM-2 to give a 190 mM stock solution. To 13.83 L of the linker solution were added 3.9 pL of
RGDC solution (30 mM) first, before 76.7 uL of the PEG solution and finally 2.6 pL of the LiTPO
solution (6 mM) were added (results in 0.4 mM LiTPO). Between all addition steps the mixture
was vortexed and centrifuged for homogenization. The prepolymer solution was mixed with 20 pL
of a cell-spheroid suspension by cautious pipetting (~5Xx).
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Aliquots of these cell suspensions (25 uL) were pipetted into four molds on two methacrylized
ibidi p-dishes each and then covered with a glass plate. Hydrogels irradiated in a Boekel-UV-
Oven (365 nm) with 1 J. After photo-crosslinking the glass slides were carefully removed using a
tweezer and EGM-2 (2 mL) was added to the samples and they were incubated (37 °C, 5% COs).

6.5.2 Microchannel fabrication, cell viability and spreading

4arm-L-HCys hydrogel with encapsulated cells was soaked in a solution of DAS (1 mM in ECM-2)
for 4 h. Thereafter, round micro-channels with a diameter of 20 um were formed between cell
clusters by two-photon irradiation at 720 nm at a laser power of 60 mW and a writing speed of
200 mm s'. All other parameters were equal to those applied in previous micropatterning
experiments. Channels were only scanned once. Thereafter, the DAS solution was exchanged
for media and cells were incubated. Cells-spreading was examined by light microscopy. 5 days
after micropatterning LIVE/DEAD viability assay (Life Technology) was used to monitor ASCs
viability and spreading. Samples were stained for 20 min at 37 °C with a solution of calcein AM
(0.2 uM) and propidium iodide (0.6 uM, PI) in PBS and thereafter imaged by the use of LSM.
HUVECS were imaged via the mCherry channel of the Zeiss LSM700.
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SUMMARY

Two-photon lithography is a powerful emerging technology that permits the processing of light-
sensitive materials in the (sub)micrometre range by the use of fs-pulsed NIR-laser light. Owing to
its unique features, including free-form 3D-patterning and the non-invasiveness to areas outside
the focal volume, this method is particularly suited for micropatterning of hydrogels in presence
of cells. Besides two-photon (2P) polymerization, which allows fabrication of scaffolds-like
constructs in a bottom-up approach from a macromer solution, 2P-degradation of pre-formed
photoactive hydrogels allows for localized micro-channel formation or in-situ modification of cell
surroundings.'*®! Nevertheless, due to the high resolution two-photon lithography offers and the
resulting small feature sizes of created constructs, maximizing the achievable writing speed, with
the aim to push the feasible spatial dimensions in the cubic cm regime, is a current key
challenge.* Besides engineering of advanced multi-photon printing devices, the development of
highly efficient two-photon induced chemistries is a major optimization strategy for this purpose.
In a first approach, two yne-modified triazines were synthesised and evaluated as two-
photon active initiators. Synthetic routes towards linear 1-armTri and quatrupolar 3armTri
molecules were developed and substantially optimized starting from aryl alkyne 3 and cyanur
chloride 4 and utilizing Pd-catalyzed Negishi cross-coupling reaction. As the cross-coupling
reaction proceeds gradually, depending on the equivalents applied of alkyne 3 either target

molecule 1-armTri or 3-armTri can be received as the final product.

BUZN NBU2
Cl x _N Z
Y=N |
N ,)%@—NBUZ N
N
Cl Il
1-armTri 3-armTri
NBU2

The performance of the target molecules as two-photon initiators was evaluated at two different
wavelengths (720 nm, 780 nm) by speed power-screenings. Hence, arrays of cubes were two-
photon polymerized from ETA:TTA resin in presence of the low concentrations of the respective
chromophore (1 ymol g'). Whereas both compounds can be used as initiators for two-photon

polymerization, the octupolar 3armTri exhibited much better performance than the dipolar
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derivative, especially at high writing speeds. Moreover, it also proved to be more versatile, as
good polymerization results could be achieved at both 720 nm and 780 nm. These findings are in
accordance with observations discussed in literature demonstrating that the two-photon
absorption and performance is increasing with the number of branches when comparing a dipolar
to an octupolar molecule of the same basic structural motif.
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Photolabile hydrogels are dynamically tunable smart materials. By the integration of photo-
cleavable functional groups the chemical and mechanical properties can be altered by the use of
UV-VIS or pulsed NIR-laser light.

Nevertheless, the inherent light-sensitivity of photocleavable functionalities, can as well be
considered a drawback, since it necessitates sample handling under light protection and can
complicate light-based examination methods as microscopy.

Hence, first a potential photocleavable molecular system, in which light sensitivity is
decoupled from the cleavable functionality, was investigated. The aim was to find a molecular
core unit that can be integrated into a polymer backbone, and which upon hydrogen atom transfer
(HAT) responds with an intramolecular single electron transfer (SET) cascade, finally leading to
fragmentation and therefore disintegration of the backbone was designed. As further driving force
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conjugation was anticipated. For activation, a photoinitiator should be modularly added to trigger

HAT upon irradiation.

- L?
%
P e H R Conjugation "
R WLG £ S — s

H-Abstraction R Cleavage O
SET ",

HAT
stilbene derivative

In total five test molecules were synthesized starting either from meso-hydrobenzoin or
a-methylstyrene and phenylsulfinic acid, containing ester or carbonate functionalities to permit

decarboxylation.

R = C(CH);: HBDP R = C(CH);: HBDP BPPSP

R = OC(CH);: HBDB R = OC(CH);: HBDB
The test molecules were irradiated in presence of photoinitiator, monomers or hydrogen
abstractors and analyzed by 'H-NMR. Nevertheless, in none of these simple experiments a
desired fragmentation reaction in sufficient efficiency was observed. Reasons could be either due
to sterical hindrance of H-abstraction or due to thermodynamic barriers. As the molecular systems
did not easily cleave under the simple experimental conditions in solution, this approach was not

further investigated.

Instead, disulfide cleavage by locally triggered thiol-disulfide metathesis was researched,
since disulfide linkages are of particular interest as reversible linkages in biomaterials. Whereas
high concentrations of photoinitiator can be used to permanently cleave disulfide-based networks,
this approach would surpass the concentration acceptable for cells by far. Hence, again a modular
system was examined, in which a simple small molecule thiol-releasing water-soluble addition-
fragmentation chain transfer (AFCT) reagent is added to a disulfide-based network to promote
degradation. Upon photoinitiation reversible AFCT is triggered and a thiyl radical is released,

which can attack a disulfide linkage, again releasing a thiyl radical and resulting in an amplified
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photodegradation cycle. This system was first investigated in a preliminary model reaction in
acetone-ds involving 2-hydroxyethyl disulfide and readily available AFCT reagent ethyl 2-((n-
dodecylthio)methyl)acrylate ADTE.

OH
/—C1Has UV /—/
S S
$ HO/\/S\S/\/OH o HO/\\/S‘S/\C”HB
COOEt COOEt
Darocur 1173
ADTE acetone-dé

Proof of principle was observed by "H-NMR, showing conversion of the AFCT reagent in the range
of 50% (equilibrium state) and confirming the proposed reaction mechanism. Subsequently,
water-soluble AFCT reagent 3-MPAMA was synthesized in a straightforward two-step one-pot
reaction. While 3-MPAMA showed adequate reactivity in acetone-ds in presence of Darocur 1173,
hindered reactivity in aqueous environment in presence of LiTPO even after repeated addition of

photoinitiator was observed.

COOH OH
g uv s
B g ol O R
COOH LiTPO COOH
D,0
3-MPAMA

s, COOH
T HOT e g

Anyhow, since in the course of this experimental investigation, a closely related approach was
published by the Anseth group,®” revealing that the concept under investigation was already
extensively researched and comprehensively demonstrated, this study was not further conducted

at this point.

Furthermore, an approach for the improvement of the 2P-induced degradation of
o-nitrobenzyl ester (oNB) containing hydrogels was developed. oNB derivatives are
photocleavable groups commonly included in photosensitive materials for tissue engineering
applications and mechanobiology studies.! However, as the 2P-absorption cross-sections of
these functionalities are usually rather low, relatively high laser intensities and long irradiation
times are required for their cleavage, which can harm living cells encapsulated in the material. To
increase the reactivity towards pulsed laser light, a modular system was developed permitting the
sensitization of the 2P induced oNB photocleavage. By adding the water-soluble small molecule
2P sensitizer P2CK,“**Ithe efficiency of the oNB photo-scission could be effectively promoted in

a concentration dependent manner.
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First, a photodegradable hydrogel (PEG-HA-SH hydrogel) was designed. It was formed via thiol-
ene Michael-addition by combining stock solutions of thiol modified hyaluronic acid (HA-SH, DS
= 50%, a)l'%! and a photodegradable poly(ethylene glycol) (PEG) based cross-linker containing
acrylate terminals (b).[%®

\)'\ JK/
O,N ’\/\H’\/{/\}\(\/\ NO,

=-OH, NH

OH - i R
o] 1 HS5. .R _ 1 PR
HO o NH

The hydrogel was then 2P-micropatterned at 800 nm in presence of cyclic benzylidene ketone
P2CK.['"2 Depending on the concentration of P2CK, the threshold laser power for 2P-
micropatterning of oNB-based hydrogels could be significantly decreased. By adjusting the laser
power and the concentration of the sensitizer used, the material can be either fully eroded to form
open microchannels or partially degraded to soften the material by reducing the local density of
crosslinks. This effect was demonstrated by LSM after swelling microchannels with high molecular
weight fluorescent dextran (FITC2000) and AFM.

< X = Hyaluronic acid O = Thiol @ = Acrylate
~— = Poly(ethylene glycol) * = o-Nitrobenzyl ester  [l= Thioether
» = Nitrosobenzaldehyde  » = Carboxylic acid .. = Fluorescing dextran

Moreover, generality of the two-photon sensitization approach was demonstrated by producing
similar results with a 4armPEG-SH based hydrogel. Biocompatibility of both the promoted
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micropatterning process and the PEG-HA-SH hydrogel platform was confirmed by cell culture
studies using adipose derived stem cell spheroids (ASC/TERT1). To demonstrate the efficacy of
the modular 2P-sensitization approach, various microchannels were fabricated around spheroids
in presence of low concentrations of P2CK (0.1 mM) and evaluated by LSM at different time points.

Due to its modularity, the developed hydrogel platform is a useful tool for studies of cell matrix
interactions in 3D where spatio-temporal control over the cell surrounding matrix by 2P-
micropatterning of photolabile hydrogels at moderate laser powers is required.

In addition, the same approach was also tested on disulfides, which are much simpler
cleavable linkages as oNB, which requires multi-step synthesis. Surprisingly, the radical-mediated
cleavage of disulfide has only been examined in one-photon excitation regime so far. Reasonably,
the two-photon induced cleavage of disulfide-based networks in presence of two-photon active
compounds P2CK ! or DASI*% was explored as missing link in the techniques for disulfide
network degradation, especially allowing for localized cleavage.

KO\IS/?

P2CK DAS
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A disulfide network based on 4armPEG-SH was used as platform to demonstrate the two-photon
sensitized cleavage reaction. Preformed hydrogels were swollen in P2CK or DAS and the 2P-
micropatterned. Microchannels were again visualized with LSM after swelling in FITC2000. To
demonstrate the generality of the approach, the experiments were also performed on an
organogel platform using M2CMK™“8a and R8!''® as two-photon sensitizer.

M2CMK

Moreover, in a further experiment a hydrogel was produced from thiol-modified hyaluronic acid
with a DS of 8% (HA-SH 8%) by oxidative crosslinking as alternative substrate. After swelling in
P2CK again microchannels were successfully fabricated by two-photon irradiation, while in
contrary in the absence of P2CK no open channels formed.
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In this simple study, the feasibility of two-photon sensitized disulfide-cleavage could be
successfully demonstrated. Moreover, it was shown that two-photon degradable hydrogels can
be produced directly from thiol-containing precursors without the use of additional linkers
containing photolabile chromophores as oNB, significantly simplifying precursor preparation.
However, the formation of disulfide-crosslinked hydrogels by direct oxidation of thiols to disulfides
proved to be unpractical since it is hard to control and mediated by harmful compounds as

hydrogen peroxide.

179


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

Hence, to ease the formation of networks based on disulfide linkages, a simple disulfide
containing linker was developed that can be reacted with thiol-terminated precursors using thiol-
norbornene click chemistry. This approach significantly improves handling of precursor solutions
and simplifies cell encapsulation experiments. To keep the approach simple and practical, this
linker should have been synthesized from cheap and readily available starting materials.
Nevertheless, due to unexpected instabilities or hindered thiol-norbornene reactivity, the
molecular design of this linker had to be reconsidered and the molecular design was thoroughly
optimized to maximize the double bond conversion. As a result, a series of eight different water-

soluble linkers was synthesized in total.
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The reactivity of the linkers towards thiol-ene coupling was estimated in a '"H-NMR study using
2-mercaptoethanol as molecular probe. The respective linker was combined with the thiol in an
equimolar thiol-ene ratio and irradiated in presence of LiTPO in D20 for different time periods.

OH

0 g gy

Based on this study, the reactivity of the linkers regarding thiol-ene addition was graded in the
following order:
Nor-O-CC ~ Nor-L-HCys > Nor-D,L-HCys >> Nor-L-Cys ~ Nor-D,L-Cys > exo-Nor-L-Cys

-0-Nor-O-CC -0O-Nor-L-HCys -O-Nor-D,L-HCys
-@- Nor-L-Cys -O-Nor-D,L-Cys -O-exo-Nor-L-Cys

O,
= | &
5 O
2 60 P
8 |l ©
£ 40 /
(@] —
(&)
5 o
20 J
1ca- ’8:/:2__-‘#_;0______________._-—-—-
B LR
L] T * T x T T T X T
0 2 4 6 8 10

Irradiation time / min

Interestingly, linkers based on homocysteine were highly reactive, whereas those based on the
shorter cystine spacer exhibited relatively low thiol-norbornene reactivity. Consequently,
hydrogels made of cystine-linkers were unstable. Hydrogels based on the Nor-D,L-HCys linker
could be stabilized after an extensive examination of the hydrogel platform using photorheology
and swelling experiments. Incomplete thiol consumption was identified as cause for hydrogel
disintegration. Free thiols can undergo thiol-disulfide metathesis with disulfide linkages inducing
relaxation and finally dissolution of the network. Methods for stabilization of the hydrogel platform
included (i) the introduction of a non-cleavable background network, (ii) capping of free thiols by
maleimide and (iii) the consumption of free thiols by an excess of norbornene.

In contrast, using the Nor-L-HCys linker none of these optimization strategies were needed and
stable hydrogels could be formed from both 4armPEG10k-SH and 8armPEG20k-SH. With the
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optimized linker configuration, hydrogels were produced, which were stable for several weeks in
PBS. Two-photon induced cleavage of disulfide-based hydrogels in presence of DAS was
demonstrated by microchannel fabrication.

Laser power / mW >
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The approach could as well be applied in the presence of encapsulated stem cells. ASCs spread
along two-photon fabricated microchannels, revealing the great potential of this hydrogel platform
and cleavage methodology for both cell culture studies mimicking dynamic cell environment as

well as fabrication of microfluidic devices.
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MATERIALS, METOHDS AND INSTRUMENTATION

Materials

All photosensitive steps were performed under light protection. Unless otherwise stated,
chemicals used in the current work were purchased from either Sigma-Aldrich, TCI, Apollo or
ABCR and used without further purification. The photoinitiators Darocur 1173 from Ciba-Geigy
and Ivocerin® provided by Ivoclar Vivadent were used for photopolymerization experiments.
LITPO, P2CK and DAS were synthesized at TU Wien following literature procedures.[492. 49b.
150 TLC aluminum foils coated with silica gel 60 F254 from Merck were used. Column

chromatography was performed on Merck silica gel 60 (0.040-0.063 mm).

Instrumentation

NMR spectra were recorded at 600 MHz for 'H and 150 MHz for '3C on a Bruker Avance |ll HD
spectrometer and at 400 MHz for 'H and 100 MHz for '*C on a Bruker Avance DRX-400
spectrometer. Data for '"H NMR are reported as follows: chemical shift in units of parts per million
(ppm) from tetramethylsilane (TMS) using the residual non-deuterated solvent signal of CD2Cl
(61 =5.32 ppm), CDCl3 (dn = 7.26 ppm), D20 (dn = 4.79 ppm) or DMSO-ds (d+ = 2.50 ppm) as
internal reference. Multiplicities are reported by using the following abbreviations; bs: broad
singlet; s: singlet; d: doublet; t: triplet; q: quartet; quint: quintet, m: multiplet; J: coupling constants
in Hertz (Hz). '*C NMR data are reported in ppm from TMS using the central peak of the solvent
as reference (CD2Clz: 8¢ = 53.84 ppm, CDCls: 8¢ = 77.16 ppm, DMSO-ds: 8¢ = 39.52 ppm); the
multiplicity with respect to H (s = quaternary C, d = CH, t= CHz, q = CHs) is deduced from

attached proton test (APT) experiments.

HRESIMS spectra (m/z 50-1900) were obtained on a maXis ESI-Qg-TOF mass spectrometer
(Bruker Daltonics, Bremen, Germany) in the positive-ion mode by direct infusion. The sum
formulas of the detected ions were determined using Bruker Compass DataAnalysis 4.0 based

on the mass accuracy (Am/z <5 ppm) and isotopic pattern matching (SmartFormula algorithm).

Alternatively, HRESIMS analysis was carried out from methanol or acetonitrile solutions
(concentration: 10 ppm) using an HTC PAL system autosampler (CTC Analytics AG, Zwingen,
Switzerland), an Agilent 1100/1200 HPLC with binary pumps, degasser and column thermostat
(Agilent Technologies, Waldbronn, Germany) and Agilent 6230 AJS ESI-TOF mass spectrometer
(Agilent Technologies, Palo Alto, United States).
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UV-VIS absorption spectra were recorded using a Lambda 35 UV-Vis spectrometer
(PerkinElmer). Photoluminescence spectra were collected on a LS 50 fluorescence spectrometer
(PerkinElmer).

Melting points were obtained using an Optimelt MPA100 automated melting point apparatus.

GC-MS measurements were conducted on a Thermo Scientific GC-MS DSQ Il using a BGB 5

column (=30 m, d = 0.32 mm, 1.0 um film, achiral).

Column chromatography was performed with a Blchi MPLC-system equipped with the control
unit C-620, fraction collector C-660, and UV-photometer C-635.

Functionalization of glass surfaces (methacrylization)

Glass bottom p-dishes were pre-treated in a plasma cleaner (PDC-002, Harrick Plasma, USA) for
10 min. A methacrylization solution was prepared by combining deionated water (50% v/v),
ethanol (48% v/v), glacial acetic acid (0.3% v/v) and 3-(trimethoxysilyl)propyl methacrylate (2%
v/v). The solution was stirred for 15 min before aliquots (~1 mL) were pipetted into the p-dishes.
After 30 min of surface treatment, p-dishes were rinsed with deionated water twice and then dried
in a drying chamber (50 °C) for ~1 h. Cover glass were hydrophobized in a similar manner using

n-octadecyltrimethoxysilane (ABCR GmbH, Germany)
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ABBREVIATIONS

1PA
2PA
Boc:0
DCM
DEE
DMAP
DMF
DS
ECM
EE
FITC
G

G
GCMS
GM
HA
HRMS
HV
LITPO
LSM
MeCN
Melm
oNB
PE
PEG
PI
quant.
Ry
RGD
TLC
Tm
THF
UV-vis

one-photon absorption

two-photon absorption

di-t-butyl dicarbonate

dichloromethane

diethyl ether

4-dimethylaminopyridine
dimethylformamide

degree of substitution

extracellular matrix

ethyl acetate

fluorescein isothiocyanate modified dextran
storage modulus

loss modulus

gas chromatography—mass spectrometry
Goeppert-Mayer

hyaluronic acid

high resolution mass spectrometry

high vacuum

lithium phenyl-2,4,6-trimethylbenzoylphosphinate
laser scanning microscopy

acetonitrile

1-methyl-1H-imidazole

o-nitrobenzyl

light petrol

polyethylene glycol

photoinitiator

quantitatively

retention factor (thin layer chromatography)
tripeptide Arg-Gly-Asp

thin layer chromatography

melting point

tetrahydrofuran

ultraviolet—visible
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