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GENERAL INTRODUCTION

Smart materials are materials that are capable of responding in a programmable
and predictive manner. Such materials respond to a broad variety of internal
and external triggers and modulate one or more material properties
accordingly. Common material responses are controlled release, color changes,
morphological changes or changing the mechanical properties of the bulk
material. Well known examples of smart materials in our life are chromoactive
materials in sunglasses or windows that change color or transparency when
subjected to (sun)light, self-healing concrete and plastics or shape memory
materials being responsive to heat. 2 Smart materials often reside in a
stationary phase, where built-in molecular functionality can respond
autonomously to a changing environment. A material’s response can be
triggered by many different stimuli having a chemical nature (e.g. pH, salts and
metals), biochemical nature (e.g. peptides, nucleic acids, metabolites and
polysaccharides) or a physical nature (e.g. temperature, light, magnetic field and
pressure). Materials constructed from polymers, particles or gels can be used
for applications such as self-healing, sensing, tissue engineering and drug
delivery. Smart materials described in this thesis are designed to respond to
signaling molecules, UV light, y-radiation or mechanical force. In the following

subsections these triggers will be discussed in detail.



1.1 CHEMICAL SIGNALLING ENABLES CONTROL OVER CATALYTIC ACTIVITY

Living systems are regulated by the capability of responding to external stimuli that
induce a signaling cascade which changes specific physicochemical properties.
Cellular signaling networks are complex and rely on ligands binding non-covalently
to a specific receptor, resulting in a programmed response. Therefore, ligand
receptor binding is an important component in natural signal transduction relying
on non-covalent interactions.® An interesting approach to translate natural signal
transduction into synthetic signal transduction, is the use of host guest chemistry.
In host-guest chemistry the host can be seen as the ligands’ binding site and the
guest as the ligand, binding non-covalently to the host. Binding of the guest to the
host can be used to control the chemical properties of encapsulated guests, such as
their fluorescence, solubility or catalytic activity. Upon competitive binding of a
signal molecule, the first encapsulated guest is released, restoring the initial

chemical properties of the guest. A widely applied host for encapsulation is the
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Figure 1. A) Synthesis of cucurbit[n]urils by the condensation of glycoluril and formaldehyde under
acidic conditions. B) Electrostatic map showing the charge distribution of CB[7]. Negatively
charged carbonyl portal area is shown in red and hydrophobic cavity in yellow and green. Figure
1B is taken from ref. [4].
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cucurbituril family, having a macrocyclic structure containing 5, 6, 7, 8 or 10

glycoluril units (Figure 1A). The structure of cucurbiturils is characterized by their

apolar interior and polar electronegative portal regions (Figure 1B). Cucurbiturils’
electrostatic dipole can play a crucial role in molecular recognition and enables
(strong) binding to neutral and positively charged guest molecules. # > An example
of a synthetic chemical signaling cascade relying on cucurbiturils host-guest
chemistry is given in figure 2. This research demonstrates how the cucurbit[n]uril
family (CB[6], CB[7] and CB[8]) non-covalently binds two competing guest molecules
with different binding affinities, resulting in the regulation of the folding behavior
of pseudo-rotaxane foldamers.®
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Figure 2. Synthetic signaling cascade based on host guest chemistry between cucurbit[n]urils (n =
6, 7 or 8) and signaling molecules (DAHCI, green rod) and (ADACI blue cube), resulting in control
over the folding behavior of a pseudo-rotaxane foldamer. Figure is taken from ref. [6].
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A prime example of synthetic chemical signaling in cells is demonstrated by Rotello
et al., here gold nanozymes are decorated with polyethylene glycol chains that are
capped with a positively charged quaternary amine having strong affinity for CB[7],
resulting in a sterically blocking corona in which the catalyst is separated from its
substrate (Figure 3). Adding a chemical signal with a very high affinity for CB[7]
results in the displacement of CB[7] and liberates the ruthenium catalyst that
subsequently converts a non-fluorescent substrate to a fluorescent molecule.” A
similar approach was employed to sterically retain fluorescent molecules inside the
nanopores of mesoporous silica nanoparticles that are responsive to light irradiation
and pH changes.® ® In previous examples, control of the catalytic activity is achieved

by steric seclusion of the catalysts.
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Figure 3. Schematic representation of gold nanoparticles equipped with polyethylene quaternary

amine moieties (blue ellipse) that bind strongly to CB[7], forming a sterically blocking corona that
shields the catalyst (red square) from its substrate (green ellipse). When a stronger binding guest
(orange ellipse) is added and binds to CB[7], the blocking corona is removed and the catalyst free
to diffuse resulting in the onset of catalysis. Figure taken from ref. [7].
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Alternatively, by encapsulating a catalyst inside the cucurbituril cavity, catalyst
activity can be upregulated, downregulated or completely inhibited. By applying this
host-guest complexation approach, CB[7] is employed for upregulating the catalytic
activity of radical initiator TEMPO, accelerating the Fenton reaction and
upregulation of H, generation.’®'3 In contrast, downregulating catalytic activity is
achieved by encapsulating viologen dimers with CB[8] that prevents the electron
transfer from viologen dimers to the platinum catalyst and thereby downregulates
H, generation.'*

Recently, our lab has developed a generic method to control the catalytic activity of
several organocatalysts such as: aniline, benzimidazole, prolinol, DABCO and
nornicotine.’® Here, we encapsulate various catalysts resulting in the
downregulation of the catalytic activity except for benzimidazole of which the
catalytic activity is upregulated upon CB[7] complexation. Restoring catalytic activity

to its initial catalytic rate was achieved by replacing the catalyst from CB[7] by the
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Figure 4. Schematic representation showing the general concept were catalyst encapsulation is

Cucurbit[7]uril (CB[7))

employed to control the catalytic activity of several organocatalysts. A) catalyst encapsulation by
CB[7] hinders the catalytic activity. After the addition of a stronger binding signal molecule the
catalyst is liberated and the catalytic activity is restored. B) schematic representation of CB[7]. C)
The catalytic activity of organocatalysts €1 — C5 is modulated upon binding with CB[7]. Figure is
taken from ref. [15].




addition of chemical signaling molecules having a higher affinity for CB[7] compared
to the corresponding catalyst (Figure 4A). Catalyst encapsulation by cucurbiturils is
thus a powerful strategy to modulate catalytic activity and can be controlled using

chemical signal molecules. Moreover, cucurbiturils are employed to modulate

16-20 25-27

fluorescence intensity, control drug delivery,?-?* interact with proteins orto
act as catalyst itself.?8 2°

In chapter 2 of this thesis, we present a molecular inclusion complex of a copper
carbene catalyst and CB[7]. The copper carbene catalyst is an efficient catalyst for
the copper catalyzed azide-alkyne cycloaddition (CuAAC). By encapsulating the

catalyst, using CB[7], we demonstrate direct control over CUAAC.

1.2 LIGHT SENSITIVE PHENACYL CROSSLINKED HYDROGELS FOR CONTROLLED
RELEASE

Hydrogels are three-dimensional structures having a hydrophilic polymeric network
that can absorb large amounts of water or biological fluid and are thereby capable
of storing (bio) molecules. Hydrogels are being used in many different (commercial)
applications, for example in contact lenses, wound dressings, drug delivery devices,
tissue engineering and hygiene products.?® 3! Hydrogels having built-in functionality
responding to external stimuli are of particular interest, as the pre-programmed
functions can be triggered on demand. A broad variety of external triggers is applied
in academic and clinical settings including, heat, magnetism, (UV) light, ultrasound,
radiation and chemical signals.3? Light is an interesting trigger as it can be applied
spatio-temporally and its intensity and wavelength can be precisely controlled. Light
as external stimulus is enabled to control the chemical structure of the hydrogels’
polymer backbone or its side groups. By altering the chemical integrity of the
hydrogels chemical structure using for example light, controlled cargo release can
be achieved. A limitation of using light as an external trigger is the short penetration

depth through skin and tissue. UV light has a penetration depth of just 1-2 mm and
6
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visible light penetrates tissue a maximal 10 mm, depending on the wavelength.
Therefore, it is important when designing light triggered applications that the
spectral window to which the application is responsive, matches with the
applicability of the light source. Using external light sources, clinical application can
be modulated in near-surface tissues such as the skin, the ear, transdermal delivery
or the back of the eye. An internal light source, such as optical fibers can partly
overcome issues arising from limiting light penetration in tissue. Optical fibers are
being used to transmit (external) light deep into diseased tissue and initiate photo
dynamic therapy (PDT) or photoactivated chemotherapy (PACT).3> 34 Alternatively,
generating light in vivo could circumvent the limited penetration depth of external
light sources and could be achieved using chemiluminescent compounds,
bioluminescent compounds or the process known as Cerenkov luminescence.3> 36
Cerenkov luminescence is generated when a charged particle travels faster than the
speed of light through a medium such as water, resulting in the polarization of water
molecules, which emit light when relaxing back to the ground state (Figure 5).37 In
chapter 3 of this thesis we describe a light sensitive hydrogel that is designed to be

responsive to Cerenkov light.
b c

[ | . Charged 5 > Cerenkov light
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Figure 5. Schematic representation of the Cerenkov mechanism generating blue light. A) A charged
particle (red dot) travels faster than light in a particular medium, polarizing the medium. Blue light
(blue arrows) is emitted when the polarized medium returns to its ground state. B) charged particle
produces coherent waves, leading to a photonic wave front (top). When the charged particle is
moving forward the photonic wave front propagates forward at angle 6 (bottom). C) A
radionuclide emits a beta-particle with an energy greater than the Cerenkov threshold (261 KeV in
water), resulting in the emission of blue Cerenkov light. Figure is taken from ref. [37].
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There are many examples known of micellar carriers, (micro/nano) hydrogel carriers
and liposomal structures that retain the loaded cargo inside the polymer matrix and
either burst release or slowly release upon (UV) light irradiation. Photochemical
control is achieved using mechanisms including photoisomerization leading to leaky
membranes,3® photosensitization-induced reactive oxygen species (ROS) damaging
lipid bilayers,?® photothermal induced carrier rupture,®® *' photochemical
hydrophobicity switch to disintegrate micellar structures*” and light induced
polymer backbone cleavage or light induced de-crosslinking.* 44

In this thesis we focus on photosensitive hydrogels, that through light irradiation de-
crosslink and release their cargo. The ultimate goal in such applications is having a
high photo-responsiveness of the photocleavable group that ideally absorbs light in
a non-invasive photo spectral window and leaves no toxic or strongly absorbing
photoproducts. By controlling the intensity of the light source, the release rate can
be controlled based on the specific requirements of the application. The most
commonly used photolabile moiety incorporated in the backbone or in crosslinks of
photosensitive hydrogels is the ortho-nitrobenzyl (oNB) group.*> 46 Hydrogels
having oNB photo reactivity are employed in various ways, for example to provide
for an artificial 3D matrix to culture cells in, to create 3D micropatterns in
macroscopic hydrogel patches*” and for controlled release of proteins or drugs.*® 4
Anseth et al. prepared an oNB crosslinked hydrogel matrix hosting human
mesenchymal stem cells (hMSCs). By irradiating the macroscopic hydrogel with
light, the crosslink density decreases resulting in a reduced hydrogel stiffness. The
light sensitivity is used to alter the morphology of the embedded hMSCs and study
cell behaviour.*® Moreover, Kloxin et al. prepared polyethylene glycol (PEG) based
hydrogels that are crosslinked with either non photosensitive crosslinkers (Figure
6B), light sensitive oNB moieties (Figure 6C) or with light sensitive coumarin
moieties (Figure 6D) and demonstrated that the hydrogels can retain antibodies in

the hydrogel matrix. Upon light irradiation both light sensitive crosslinkers break
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leading to disintegration of the hydrogel matrix and release of the antibody (Figure

6A).%
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Figure 6 A) Schematic reaction scheme for the formation of a light cleavable hydrogel, capable of
retaining antibodies in its polymer network. Irradiation with UV-light (365 nm) triggers cleavage
of oNB based crosslinker and irradiation with blue (400-500 nm) light triggers cleavage of
coumarin based crosslinkers. B) light insensitive crosslinks. C) oNB based light sensitive crosslinks.
D) coumarin based light sensitive crosslinks. Figure taken from ref. [49]

In chapter 3 of this thesis we describe a light cleavable crosslinker strategy where
we use the phenacyl scaffold as photosensitive moiety. Para-hydroxyphenacyl (pHp)
is commonly used as a photo protective group (PPG) for a variety of functional
groups and is mostly cleaved using UV-C light (254 nm). We selected the pHp
photosensitive moiety as it is absorbing in the Cerenkov emission window and has
higher quantum yields compared to oNB moieties. Until now, no light sensitive
hydrogels crosslinked by phenacyl functionality are reported. In chapter 3, dextran-
based hydrogels crosslinked by two different phenacyl groups absorbing in the UV-

C and UV-Aregion are presented. The synthesis, photochemical properties and light

triggered protein release studies are discussed.




1.3 y-RADIATION SENSITIVE HYDROGELS

An interesting physical stimulus to control the behavior of smart materials is y-
radiation. y-radiation can be emitted by radionuclides following radioactive decay,
having enough energy to penetrate many materials including human tissue. In
general, there are two classes of radiation; non-ionizing radiation and ionizing
radiation. y-radiation belongs to the ionizing class of radiation, which makes it
capable of generating free negatively charged electrons, positively charged ionized
atoms and radicals.>® y-irradiation can lead to the generation of solvent radicals,
which subsequently can react with molecular functionalities, such as hydroxyls,
unsaturated C-C bonds and carboxyl’s forming new chemical bonds.5>3 Therefore,
using y-radiation as radical initiator is an attractive method for the preparation of
hydrogels, rubbers, plastics and nanocomposites. y-radiation synthesized materials
are sterile directly after preparation of the materials, making them very suitable for
clinical applications such as wound dressings and drug delivery devices.>*

The penetration depth of y-radiation through tissue is, compared for example with
visible light, very high. However, when employing y-rays as stimulus for smart
materials in a clinical setting the applied dose has to be minimized. Severe health
issues arise even from low doses of radiation,> although in some cases patients are
exposed to an accumulated dose of 40-60 Gy given in daily fractionated doses of 1.8
Gy.>® An example of y-radiation triggered drug release is shown in figure 7. In this
research an ABA block copolymer is synthesized from hydrophilic PEG (block A) and
a diselenide hydrophobic core (block B), forming micelles in water that are capable
of retaining the drug doxorubicin. The Se-Se bonds in the hydrophobic core are
prone to cleavage upon reacting with radicals generated by radiolysis of H,0, due

to their reductive nature, resulting in the release of doxorubicin.®’

10



General introduction

o o [¢] o
,OMO%HﬁHJLO/\N;\SeSeW\OJLﬂ&&O%O\

PEG-PUSeSe-PEG
Self-assembly y-radiation

in water /\f\J
-7 T d

y-radiation
@ Se-Se Group
¢ Doxorubicin

Figure 7. Schematic representation of the self-assembly of radiation sensitive micelles,
loaded with doxorubicin. Upon y-radiation the Se-Se bonds in PEG-PUSeSe-PEG block
copolymers are cleaved, resulting in the disassembly of micelles and the release of

doxorubicin. Figure is taken from ref. [57].

Moreover, also X-rays are employed to trigger the cleavage of Se-Se bond, resulting
in the subsequent release of doxorubicin from micelles.’® The release efficiency of
doxorubicin in aforementioned applications after a radiation dose of 5 Gy is 40%
and 30%, respectively, indicating the high reactivity of the diselenides towards
radicals generated by the radiolysis of water. Alternatively, X-rays were employed
indirectly to trigger pulsatile behavior of self-assembled nanocapsules, resulting in
the controlled release of doxorubicin (Figure 8). The X-rays are converted in vivo to
UV-light as a result of the scintillation of zinc sulfide nanoparticles that are
embedded in the membrane of the nanocapsules. The locally emitted UV-light
initiates the isomerization of azo-benzene moieties in the nanocapsules membrane
altering the diameter of the nanocapsules allowing controlled diffusion of
doxorubicin. The reversible isomerization of the azo-benzene moieties enables

reversibility of the nanocapsules size and the stepwise release of doxorubicin.>® The

11




benefit of virtually unlimited penetration depth of radiation in tissue is clearly
demonstrated here as X-rays reach deep tissue and generate locally UV light to
control drug release, that would not be possible with externally applied UV light.
Moreover, a similar drug release strategy was employed for a liposomal drug
delivery system bearing gold nanoparticles in the bilayer that produce reactive
oxygen species (ROS) upon X-ray radiation. The ROS generated destabilizes the

membrane resulting in the release of anticancer drugs and overcoming the issues of

penetration depth limitation.®°
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Figure 8. Schematic overview of X-ray triggered doxorubicin release through reversible
nanocapsule size increments. Nanocapsules are obtained after self-assembly of a poly(ethylene
glycol)-b-polythymine-b-polyazobenzene ABC block copolymer (top left), which are then decorated
with zinc sulfide nanoparticles via hydrogen bonding with the B-block. Scintillation by X-ray
irradiation of the zinc sulfide nanoparticles, results in the emission of UV-light and the subsequent
isomerization of the azo-benzene moieties in the C-block. The UV-light triggered isomerization to
the cis-azo-benzene species lowers - stacking between azo-benzene groups, increasing the
nanocapsules diameter and enables diffusion of doxorubicin out of the nanocapsules. Figure is
taken from ref. [59].
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Gamma- and x-ray triggers typically lead to material disintegration, which is ideal
for release applications such as drug delivery devices. In contrast bond formation
induced by gamma radiation can be desirable in for example a self-healing process
or when morphological changes of a material are desired. In chapter 4 of this thesis
we present a secondary alkyne-alkyne crosslink strategy for dextran-based
hydrogels, which allows for controlled contraction of the macroscopic 3D hydrogel

structure.

1.4 MECHANICAL FORCE INDUCED MOLECULAR SIGNALLING

Mechanochemical activation is the result of mechanical forces such as shearing,
scratching, impact, compression or ultrasound, causing chemical bonds to break or
to rearrange. When applying mechanical force as physical trigger in smart materials
it can be valuable in for example personal protection gear, sensing and indicating
damage or initiate self-healing. Alternatively, mechanical force can trigger biological
processes and initiate a signaling cascade. An early example of a force triggered
biological process established in the laboratory is enzyme activation controlled by

macroscopic stretching of fibers to which the enzymes are covalently attached

(Figure 9). By covalently binding the enzyme to the fiber, the enzyme and its active
ACTIVE

FIBER
STRETCHING

FIBER
RELAXATION

fiber causes enzyme deformation resulting in an inactive enzyme. After relaxation of the fiber the
enzyme returns to the original active conformation. Figure is taken from ref. [61].
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side is deformed when mechanical force is applied to the fiber resulting in an
inactive enzyme, the enzymatic activity is restored when the fiber relaxes and the
enzyme returns to the active conformational state.®* Mechanical force is often used
as physical trigger to break one specific bond in mechanophores. One such
mechanophore is the spiropyran scaffold which has a yellow appearance, and when
force is applied the C-O spiro bond ruptures and yields the purple merocyanine. This
process is reversible as the C-O spiro bond can be restored by irradiating 6 hours
with light.5? Using this strategy polymeric materials are prepared that change their
color when experiencing mechanical force. Such materials are employed as force

sensor providing for visual detection and mapping of mechanical stresses in bulk

a
b
».é: ;:_, ﬁ,ﬁo P Jf:v‘/ :S"
x‘lz "ﬂE ?‘: N e 2
PR 2, \‘Jnfﬂg ’
B-CyD-crosslinked alginate (CCAL) B-CyD-grafted alginate (CGAL)

Figure 10. Schematic representation of alginate-based hydrogel having f-cyclodextrin covalently
crosslinked in its polymer network. A) In the initial state the S-cyclodextrin macrocycles efficiently
bind a guest molecule. When the hydrogel is compressed the polymer chains are stretched,
resulting in the deformation of f-cyclodextrin in which substrate binding is unfavorable leading to
the release of the substrate. B) multi-crosslinked f-cyclodextrin, deforming after mechanical stress
is applied. C) Single-crosslinked [-cyclodextrin, showing no deformation after mechanical stress is
applied. Figure is taken from ref. [65].
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materials.52-%% Alternatively, mechanical force is employed to liberate molecules that
are covalently bound to the parent molecular structure, without breaking the
materials polymer backbone. The liberation of such molecules could be the start
signal for further ‘smart’ material behavior, such as the onset of catalyst activity
catalyzing a specific reaction. Several methods are known and can be applied to
translate mechanical force into the liberation of a chemical signal molecule or drug.
One strategy relies on host-guest chemistry where B-cyclodextrin is covalently
crosslinked to polysaccharide alginate and complexes in the uncompressed state
ondansetron, an anti-emetic drug. Applying mechanical force to the hydrogel results
in the deformation of the B-cyclodextrin, much alike enzyme deformation (Figure
9), that lowers the binding affinity to ondansetron and results in the liberation of
ondansetron (Figure 10).%° In this example, stretching the polymer backbone leads
to molecular deformation. Alternatively, polymer stretching is employed to transmit
force to relatively weak bonds that undergo cleavage to yield an expulsed molecule
and a more stable polymer backbone. Using this strategy, dichlorocyclopropanes
interconnected between long polymer chains, are stressed and release HCI that
triggers a color change or induces fluorescence.®® 67 A similar force transmitting
strategy is used to break ferrocene and release Fe ions that might be employed as
catalyst.%® % Moreover, five mechanophores are shown in figure 11, that upon force
release potentially interesting molecules for the initiation of a signaling cascade.
Example A, B and C all rely on a force induced retro-Diels Alder reaction, resulting in
the expulsion of a (signaling) molecule. The mechanophore in example A is triggered
by ultrasound after which an unstable furfuryl carbonate intermediate (end-group)
is generated, that further decomposes in polar protic media to CO; and a leaving
group of interest.”? Example B and C show mechanophores that are triggered by
applying macroscopic force (compression or strain), leading to the retro-Diels Alder
reaction generating a small molecule while retaining an intact backbone
structure.”7* The mechanophore in example D (Figure 11) is also triggered by

applying macroscopic force and releases a stable N-heterocyclic carbene (NHC), that
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Figure 11. Examples of mechanophore generating molecular entities that potentially strongly bind
to CB[7]. A) A genal approach for the release of small molecules triggered by sonication. B) A Retro
Diels-Alder reaction triggered by mechanical compression, releasing a substituted furan. C) An
anthracene based mechanophore releasing a small molecule after mechanical compression and
heating. D) The N-heterocyclic carbene-carbodiimide (NHC-CDI) mechanophore releases the NHC
after mechanical compression. E) A bis(adamantyl)-1,2-dioxetane unit incorporated between
polymer chains, being cleaved by sonication leaving adamantyl end-groups.

is particularly interesting considering the potentially strong binding to CB[7].7°
Alternatively, some polymer end groups might strongly bind to CB[7] and could act
as a signal molecule (Figure 11E). Potentially interesting mechanophores are
polymeric bis(adamantly)dioxetanes, that are triggered upon sonication and after

cleavage leave an adamantyl end-group.”®
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In chapter 2 we describe a catalyst inhibited when bound to CB[7] and the triggered
onset of catalysis when a competitive guest is added. All molecules being expelled
by the force activated mechanophores shown in figure 11 can have a strong
interaction with CB[7], making them interesting to investigate. In chapter 5 of this
thesis we present the synthesis of a mechanophore, having a signal molecule
incorporated that is proven to instantly activate a copper carbene click chemistry

catalyst.”’

1.5 RESEARCH AIM AND THESIS OUTLINE

The aim of the work described in this thesis is to design smart polymer materials
that through signal transduction triggered by external stimuli, such as small
molecules, (UV) light, y-radiation or mechanical force, enact a specific pre-
programmed function. Signal generation and detection in several applications is
presented and discussed in chapter 2, 3,4 and 5.

In chapter 1 we provide an overview of the state of the art of the four specific stimuli
being employed in this thesis to control materials’ behavior. In chapter 2 we focus
on the design and synthesis of a copper carbene catalyst that we designed to
strongly interact with CB[7]. Utilizing host-guest chemistry between catalyst and
CB[7], we report catalyst inhibition and we demonstrate signal transduction using a
small signaling molecule designed to competitively bind to CB[7] for the controlled
activation of our catalyst. In chapter 3 we introduce the phenacyl scaffold as
photocleavable moiety in hydrogel crosslinks enabling controlled release of cargo
from dextran-based hydrogels. Also, we discuss Cerenkov light generated in vivo as
stimulus for controlled release. In Chapter 4 we describe the phenomenon of -
radiation controlled macroscopic hydrogel contraction and discuss possible future
applications of the prepared hydrogels. Finally, in chapter 5 we present a strategy

for the generation of chemical signals, that could be employed to control the copper
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click catalysis presented in chapter 2. Furthermore, synthetic procedures for the

1 synthesis of an oxanorbornadiene mechanophore are presented and discussed.
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CONDITIONAL COPPER-CATALYZED AZIDE-
ALKYNE CYCLOADDITION BY CATALYST
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Supramolecular encapsulation is known to alter chemical properties of guest
molecules. Here we apply this strategy of molecular encapsulation to temporally
control the catalytic activity of a stable Cu(l)-carbene catalyst. Encapsulation of the
Cu(l)-carbene catalyst by supramolecular host cucurbit[7]uril (CB[7]) resulted in the
complete inactivation of a copper catalyzed alkyne-azide cycloaddition (CuAAC)
reaction. The addition of a chemical signal achieved the near instantaneous
activation of the catalyst, by releasing the catalyst from the inhibited CB[7] catalyst
complex. To broaden the scope of our on demand CuAAC reaction, we
demonstrated the protein labelling of Vinculin using the Cu(l)-carbene catalyst, to
inhibit its activity by encapsulation with CB[7], and to initiate labelling at any
moment by adding a specific signal molecule. Ultimately, this strategy allows for
temporal control over copper-catalyzed click chemistry, on small molecules as well
as protein targets.

This chapter is published as:

Brevé, T. G.; Filius, M.; Araman, C.; van der Helm, M. P.; Hagedoorn, P.-L.; Joo, C.; van
Kasteren, S. I.; Eelkema, R., conditional copper catalyzed azide-alkyne cycloaddition by
catalyst encapsulation, Angew. Chem. Int. Ed. 2020, 59 (24), 9340-9344.



2.1 INTRODUCTION

In this chapter we use an external chemical signal to control the rate of copper
catalyzed alkyne-azide cycloaddition (CuAAC) reactions. CUAAC, commonly viewed
as one of the primary click reactions?, is a robust way of ‘clicking’? a large range of
azide and terminal alkyne functionalized molecules together in biological and
material-based environments and has been used in many different settings.>® There
is, however, also an increased need for the spatiotemporal control of these click
reactions,” 8 usually instilled by light activated click chemistry, with potential
phototoxicity and side-reactions offering problems in this approach. In expanding
the CuAAC toolbox there is therefore a desire to also have a general method to
spatiotemporally control the catalytic activity of the CUAAC. Using this tool would
allow spatiotemporal control over gel formation®, polymer conjugation, material
properties, fluorescent properties and biomolecule labelling. Host-guest chemistry
is an approach that could serve to control the chemical properties of encapsulated
guests.’®1% Here, we use host-guest chemistry to switch from an inactive catalytic
state of the Cu-catalyst to an active one. A promising class of hosts for encapsulating
small molecule guests in aqueous environments is the cucurbituril family.
Cucurbituril is a versatile molecular container (Figure 1A) that is biocompatible, has
a relatively low toxicity!> and has been used in many different systems to
encapsulate drugs!®?°, fluorescent dyes?!?> and biologically active molecules?®-28, In
some specific cases, cucurbiturils can also act as catalysts themselves, for example
in the cycloaddition?® 3° of alkynes and alkyl azides or in promoting acid hydrolysis.3!
Furthermore, compartmentalized structures with a cucurbituril barrier can be used
to shield substrate from catalyst, leading to reduced turnover. There, addition of a
competitive guest removes the cucurbiturils and restores catalytic activity.3? In that
respect, Leigh and co-workers showed using rotaxane based switchable
organocatalysts, that shielding the catalytic center with a macrocycle is an effective
approach to regulate catalytic activity.33-3> In our work we want to use cucurbiturils
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to encapsulate a copper catalyst to directly modulate its catalytic activity in the
CuAAC.

There are reports of triggered CuAAC, which rely on mechanochemical processes
converting an inactive copper(l) biscarbene catalyst to an active copper(l)
monocarbene catalyst.3% 37 Besides mechano-based triggers, on demand CuAAC can

38 and light-based3®*! triggers. Another interesting

also be achieved by electro-
strategy for control over catalytic activity in the CuAAC is reported by Schmittel and

co-workers, where they prepared a molecular switch that can release a Cu(l)

catalyst.*?
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Figure 1. A) Schematic representation of cucurbit[7]uril (CB[7]), molecular structure of Cu(l)-NHC
[Cu(L1)I]l;, signal molecule 1 (3-((furylmethyl)trimethyl ammonium) bromide) and signal molecule
2 (hydroxymethyl ferrocene). B) when [Cu(L1)l]l; is encapsulated by CB[7] the catalytic activity in
the CuAAC is ‘switched off’. After the addition of the signal molecule 1 or 2, [Cu(L1)l]l; is released
which ‘switches on’ the catalytic activity.
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In this chapter, the basic switching from an ‘off’ state to an ‘on’ state relies on the
host guest chemistry between the catalyst and cucurbit[7]uril (CB[7]). The catalyst
is designed in such a way that CB[7] binds with high affinity to the N-heterocyclic
carbene (NHC) ligand coordinating to the Cu(l) center. When CB[7] is bound to the
Cu(1)-NHC, the Cu(l) center is not catalytically active, most likely because it is not
accessible for substrates or unable to form a catalytically active species. However,
when a stronger binding guest (a chemical signal) is added to the system, the
catalyst will be released from CB[7], after which the liberated catalyst can catalyze
the click reaction (Figure 1B). We selected copper carbene catalysts because of their
high stability in aqueous environments, high activity in bioconjugation settings*® and
the possibility to modify the NHC ligand in such a way that it binds to CB[7]. The
ligand can bind to CB[7] through favorable interactions between its positively
charged ammonium groups and the polar portal area of CB[7], as well as interactions
between the apolar benzene rings and the apolar cavity of CB[7]. Using this catalyst,
we demonstrate temporal control over catalytic activity in copper catalyzed azide
alkyne cycloaddition in a controlled model reaction and on a biomacromolecule,

where protein labelling is initiated on demand.

2.2 RESULTS AND DISCUSSION

The catalyst was synthesized in five steps to yield stable Cu(l)-NHC [Cu(L1)I]l,
(elaborate synthesis details in SI). The complex is soluble in a DMSO/MES buffer (100
mM, pH 6.4, 25% v/v DMSO) solution. We used the model reaction shown in Figure
2A to explore the activity of [Cu(L1)I]l,. Azide 3 and propargyl alcohol (4) were
selected based on their water solubility and low binding affinity to CB[7] (Figure
S$15). In a typical reaction, azide 3 and propargyl alcohol (4) were dissolved in MES
buffer after which the catalyst (2 mol% relative to 3) dissolved in DMSO was added.
Under these conditions at 25 °C, full conversion to triazole 5 was reached after

approximately 180 min (Figure 2B, magenta line). An estimate of the reaction rate
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Figure 2. A) Model click reaction used to investigate the catalytic activity of [Cu(L1)I]l,. B left)
formation of triazole 5 in MES buffer (100 mM, pH = 6.4, 25% (v/v) DMSO) catalyzed by [Cu(L1)]I,
(0.4 mM) ([3] = 15 mM, [4] = 57 mM,). Full conversion is reached after 180 min (magenta). Error
bars are standard deviations after n = 3 experiments. Open squares represent a pseudo-first order
model fit to experimental data. Encapsulating [Cu(L1)I]l, with CB[7] results in a catalyst CB[7]
complex that does not show any catalytic activity (blue). B right) To restore catalytic activity, signal
molecule 1 is added at t = 60 min. (dashed line) to the inhibited catalyst CB[7] complex. This results
in the immediate activation of Cu(l) catalyzed click reaction (green). Error bars are standard
deviations after n = 2 experiments. Open triangles represent a pseudo-first order model based on
signal activation of CB[7] inhibited [Cu(L1)I]l, (Figure $9).

constant gave the same order of magnitude value ((6 +2) x 10* M1 st (per M Cu), n
= 3) as with reported systems using typical Cu(l) with activating triazole ligands in
similar reaction conditions (see Sl for detailed description).* When determining the
rate constant under pseudo first order conditions (Figure $16), a rate constant of 2
x 10* M s (per M Cu) was found, confirming the model in Figure 2A.

The binding between CB[7] and [Cu(L1)I]l, was examined using 'H-NMR and

isothermal titration calorimetry (ITC) (Figure S12-14). Using the method of

33




continuous variation (Figure S12 and S13) we determined that the binding
stoichiometry between CB[7] and [Cu(L1)I]lz is 2:1, and binding constants K,; and
Ka2 are (1.21 + 0.08) x 10° M and (3.5 + 0.3) x 10° M™%, respectively (Figure $14).
When using catalyst [Cu(L1)I]l, that was pre-mixed with 4.6 equivalents of CB[7] (2:1
CB[7]c[Cu(L1)I]l; complex formation is >99.97% in these conditions), no formation
of triazole 5 was detected over the course of 7.5 h (Figure 2B, blue, data shown up
to 180 min). This result demonstrates that the 2:1 binding of CB[7] to [Cu(L1)I]l,
effectively switches off the catalytic activity of [Cu(L1)I]l,. The catalytic activity of
the 1:1 CB[7]:[Cu(L1)I]l; complex was also examined and shows conversion of azide
3 to triazole 5 (Figure S10, reaction rate constant is in the same order of magnitude
compared to the uninhibited experiment). In order to demonstrate the temporal
control in CuAAC, an experiment was conducted in which signal molecule 1 3-
(furylmethyl)trimethyl ammonium bromide (Figure 1A, compound 1) was added
(8.8 equivalents relative to CB[7], compound 1cCB[7] complex formation is
>99.99% in these conditions) to the CB[7] inhibited catalyst CB[7] complex.

Positively charged signal molecule 1 has a strong interaction (K, = (1.8 £ 0.2) x 107
M-1) to CB[7] in an aqueous environment. We therefore expect that the CB[7] bound
catalyst (inactive) can be displaced from the CB[7] cavity by adding 1, activating the
catalyst. We added the 2:1 CB[7]c[Cu(L1)I]l, complex to a mixture of 3 and 4 in
MES/DMSO, to confirm that no reaction took place over the course of 60 min. At t
= 60 min we added signal molecule 1, at which point the click reaction yielding
triazole 5 immediately started (Figure 2B, dashed line). The reaction reached
complete conversion approximately 200 min after signal addition, showing a
reaction rate after activation that is in the same order of magnitude as the free
catalyst rate (Figure 2B, green line). Combined, these results show that it is possible
to deactivate a click catalyst by supramolecular encapsulation, and that it can be

reactivated using a chemical signal. With this in hand, we were interested to find
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Figure 3. A) schematic illustration of alkyne handle modified Vinculin protein, which can be
fluorescently labelled with azide-Alexa 647, catalyzed by [Cu(L1)l]l,. The recombinant Vinculin
protein has 8 alkyne groups at various positions in its structure. B) left panel: relative fluorescence
labeling conversion over time, showing uninhibited fluorescence labeling reaching its maximum
value after approximately 60 min (magenta); CB[7] inhibited fluorescence labeling, over the course
of 120 min no significant labeling is observed (blue). Right panel: activation of fluorescence
labeling using signal molecules. After 60 min (dashed line) of reaction using CB[7]-inhibited
catalyst, signal molecule 1 was added, showing no catalyst activation (cyan). In a similarly
inhibited sample, signal molecule 2 was added after 60 min (dashed line), leading to immediate
fluorescent labeling (green). Lines are drawn to guide the eye. C) Scans of stained gels with
Coomassie (Coom.), and analyzed for fluorescent intensity (Fluor.) over time (min.). Coomassie
bands shown in the black frames indicate the 40 kDa protein marker (recombinant Vinculin MW
(453-724 amino acid sequence of wild type Vinculin) is 35.6 kDa).
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out if our method would allow temporal control over protein labelling using a
chemical trigger. To test this, we designed an assay of clicking fluorescent molecules
to a protein. We obtained recombinant Vinculin®* equipped with multiple alkyne
click handles. Vinculin is a cytoskeletal protein with a molecular weight of 116 kDa
and it has been shown to play a role in cell-matrix and cell-cell adhesions.*®
Moreover, it has been associated with anti-citrullinated protein antibody (ACPA)
positive rheumatoid arthritis as an antigen.*” Using alkyne-modified recombinant
Vinculin (35.6 kDa), we sought to attach the azide version of the Alexa 647
fluorescent probe (Figure 3A). We mixed Vinculin with Alexa 647 in MES buffer (100
mM, pH 6.4, 25% v/v DMSO) and observed that the reaction took place after
addition of the catalyst (Figure 3B, magenta line & 3C magenta square).

Furthermore, we observed that the fluorescent labeling of Vinculin reaches its
maximum relative value after 60 min, suggesting that the solvent available alkyne
moieties have been labelled. Next we evaluated if we can inhibit the catalyst with
CB[7]. Performing the labeling reaction with a mixture of CB[7] and [Cu(L1)I]l, (7.4:1
ratio) showed no conversion to the fluorescently labelled protein (Figure 3B blue
line & 3C, blue square). This result agrees with our previous findings in the small
molecule reaction forming triazole 5. To switch on the catalytic activity and allow
for a click reaction to occur, a stronger binding guest (signal molecule) for CB[7] was
added as a signal molecule. In the first instance we used signal molecule 1 (Figure
1A), as this triggered the model click reaction immediately after the addition (Figure
2B). However, we found that signal molecule 1 was not able to trigger the protein
labeling (Figure 3B and C, cyan data). We tried various high affinity guests for CB[7],
such as amantadine (K, = 4.23 x 102 M1)*8, phenylalanine (K, = 1.8 x 108 M%)?8 and
dimethylaminomethyl-ferrocene (K, = 101%)*> %, but none of these guests triggered
labeling of the protein. We hypothesized that these positively charged guests might
have a strong non-specific interaction with the protein, due to a large negatively
charged patch on the outside of the protein (Figure S11). This patch may bind the

guests, thereby preventing the guests from interacting with the inactive CB[7]
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catalyst complex. In order to test this hypothesis, we used non-charged
hydroxymethyl ferrocene 2 (K = 3.0 x 10° M1)>! (Figure 1A). The green line in figure
3B shows that, directly after the addition of signal molecule 2 the protein labeling
started. Absolute fluorescence reached its maximum value 60 min after the addition
of the signal molecule, again showing a kinetic profile similar to the uninhibited
catalyst. This result demonstrates that a competitive guest can act as a signal

molecule to activate the Cu(l) catalyst for protein labeling using click chemistry.

2.3 CONCLUSION AND OUTLOOK

To conclude, we synthesized the [Cu(L1)I]l; catalyst and demonstrated that it
effectively catalyzes the azide-alkyne click reaction. The catalyst binds to CB[7] in
aqueous environments, leading to a complete loss in catalytic activity. A competitive
guest for CB[7] can act as a chemical signal, leading to release and activation of the
catalyst, as we have demonstrated in both a small molecule model reaction and in
a protein labelling experiment. These results show that host guest chemistry is a
powerful tool to exert temporal control over catalytic activity. For future
applications it would be interesting to implement this chemically triggered CuAAC
in biological processes that are regulated by alkaloids or other small organic cations
such as choline, as these are potential signal molecules to activate the CB[7]
inhibited catalyst.”?> On that note, cucurbituril complexes are known to facilitate
delivery of a broad variety of cargos across the cell membrane.>® We envision that
the here presented chemistry could be used for ‘on demand’ labeling of
biomolecules in the cell, which could have great implications for studying a variety
of dynamic biological processes. We are currently looking into enhancing solvent
and buffer tolerance to enable these applications in living systems. Lastly, the here
presented work can be adopted to different biocompatible metal carbene catalysts

such as NHC-Pd>* and NHC-Ru®> % in order to regulate their catalytic activity.*’
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2.5 SUPPLEMENTARY INFORMATION

2.5.1 General considerations

All solvents and chemicals were purchased from Sigma Aldrich, TCl chemicals or
Apollo scientific and used without any further purification. Silica (Sigma-Aldrich,
99.8%, 175-225 m?/g) used for purification was used as received. H-NMR and *3C-
NMR were recorded on an Agilent-400 MR DD2 (*H-NMR: 399.67 MHz and 3C-NMR:
100.5 MHz) at 298 K. 'H-NMR studies to monitor CUAAC were performed using a
H,0 pre-saturation sequence. The chemical shifts are given with respect to solvent
residual signals as reported by Fulmer et al.! Mass spectra were recorded on a
Shimadzu LCMS-2010 by electrospray ionization in positive or negative mode (ESI+
or ESI-). Isothermal titration calorimetry experiments were conducted at 25 °Con a
Microcal VP-ITC titration microcalorimeter (stirring speed 459 rpm). All samples

were degassed before use.
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2.5.2 Catalyst synthesis
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Scheme S1. Synthesis of [Cu(L1)I]l, starting with the nucleophilic substitution of imidazole S1 to
bromide S2, followed by the double bromination of imidazolium salt $3 using N-bromosuccinimide
(NBS) and triphenylphosphine (PPhs). Subsequently, Imidazolium salt S4 is treated with
trimethylamine (NMes) to yield L1. Finally, L1 and Cul are reacted in the presence of NaOH to yield
Cu(l)-NHC [Cu(L1)I]I5.

3-(4-(hydroxymethyl)benzyl)-1-(4-(hydroxymethyl)phenyl)-1H-imidazol-3-ium
bromide (S3)
Imidazole S1 (2.0 g, 11 mmol) and bromide S2 (2.3 g, 11 mmol) were dissolved in

THF (20 ml) and stirred overnight at reflux. Overnight a white precipitate was
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formed. The precipitate was filtered hot, washed with acetone (2 x 10 ml) and dried
overnight in a vacuum oven (40 °C). This yielded the product as a white powder
(3.67 g, 9.78 mmol, 85%). *H-NMR (400 MHz, DMSO-ds) & = 10.01 (s, CH), 8.31 (t,
CH, ) =1.8 Hz), 8.02 (t, CH, J = 1.8 Hz), 7.76 (2H, d, CHarom, J = 8.6 Hz), 7.58 (2H, d,
CHarom, J = 8.6 Hz), 7.50 (2H, d, CHarom, J = 8.2 Hz), 7.38 (2H, d, CHarom, J = 8.1 Hz),
5.48 (s, CH>), 5,42 (t, OH, ) =5.7 Hz), 5.25 (t, OH, J = 5.7 Hz), 4.59 (d, CH;, J = 5.4 Hz),
4.51 (d, CH, J = 5.4 Hz). 3C-NMR (101 MHz, DMSO-dg) & = 144.5 (Cq), 143.4 (Cy),
133.2 (Cq), 132.7 (Cq), 128.4 (CHarom), 127.7 (CHarom), 126.9 (CHarom), 123.1
(CHimidazole), 121.7 (CHimidazole), 121.6 (CHarom), 62.4 (HOCH2benzy1), 62.0 (HOCH2benzyl),
52.3 (CHaimidazole). m/z calc.: 295.14 [M]*, found: 295.40 [M]*.

3-(4-(bromomethyl)benzyl)-1-(4-(bromomethyl)phenyl)-1H-imidazol-3-ium
bromide (S4)>

Imidazolium salt $3 (1.55 g, 4.13 mmol) and triphenylphosphine (4.36 g, 16.6 mmol)
were dissolved in DMF (60 ml) and stirred for 20 min at 0 °C (ice bath). N-
bromosuccinimide (2.85 g, 16.0 mmol) was added and the reaction was stirred
another 90 min a room temperature. H,O was added until a white precipitate
formed. The mixture was cooled to 0 °C and after 15 minutes the precipitate was
removed by filtration. The filtrated was concentrated in vacuo and purified over
silica (0% MeOH/DCM to 8% MeOH/DCM). This yielded the desired product as a
brownish oil (1.39 g, 2.77 mmol, 67%). 'H-NMR (400 MHz, DMSO-d¢) & = 10.04 (t,
CH, ) = 1.6 Hz), 8.35 (t, CH imidazole, J = 1.8 Hz), 8.06 (t, CH imidazole, J = 1.7 Hz),
7.81 (2H, d, CHarom, J = 8.6 Hz), 7.74 (2H, d, CHarom, J = 8.6 Hz), 7.51 (4H, s, CHarom),
5.51 (s, CHaimidazole), 4.81 (S, CHabenzyl), 4.72 (S, CHabenzyl). *C-NMR (101 MHz, DMSO-
ds) 0 = 139.9 (Cg), 138.4 (Cy), 135.7 (Cq), 134.5 (Cq), 130.9 (CHarom), 129.9 (CHarom),
128.8 (CHarom), 123.3 (CHimidazole), 122.3 (CHarom), 121.7 (CHimidazole), 52.0 (CHaimidazole),
33.8 (BrCHabenzyl), 32.9 (BrCHaimidazole). M/z calc.: 420.97 [M]*, found: 420.60 [M]*
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3-(4-((trimethylamine)methyl)benzyl)-1-(4-((trimethyl)methyl)phenyl)-1H-
imidazol-3-ium tris bromide (L1)

Imidazolium salt S4 (1.39 g, 2.77 mmol) was dissolved in a mixture of THF and MeOH
(1:12 20 ml). NMe3 (4.63 ml (4.2 M in EtOH), 19.5 mmol) was added and the reaction
mixture was stirred overnight at room temperature. An off-white powder was
obtained which was filtered and washed with acetone (2 x 10 ml). The powder was
recrystallized from MeOH/diethyl ether at 4 °C, which yielded the title compound
as white needles (1.21 g, 1.95 mmol, 70%). *H-NMR (400 MHz, DMSO-d¢) & = 10.33
(t, CH,)=1.6 Hz), 8.46 (t, CH imidazole, ) = 1.8 Hz), 8.13 (t, CH imidazole, J = 1.7 Hz),
8.03 (2H, d, CHarom, J = 8.5 Hz), 7.89 (2H, d, CHarom, J = 8.5 Hz), 7.72 (2H, d, CHarom, J
= 8.1 Hz), 7.66 (2H, d, CHarom, J = 8.1 Hz), 5.65 (S, CHzimidazole), 4.75 (S, CHzbenzyl), 4.64
(s, CHzbenzyl), 3.11 (s, 3x CH3), 3.06 (s, 3x CH3). 3C-NMR (101 MHz, DMSO-dg) 8 = 136.3
(Cq), 136.0 (Cy), 135.9 (Cearbene), 134.6 (CHarom), 133.4 (CHarom), 135.95 (Cg), 129.1
(CHarom), 129.0 (Cq), 123.5 (CHimidazole), 122.0 (CHarom), 121.4 (CHimidazole), 66.9
(MesNCH;), 66.4 (Me3sNCH3), 51.9 ((N(CHs)s3)2), 51.8 (CHaimidazole). Elem. Anal. calc.: C:
46.55 H: 5.70 N: 9.05 Br: 38.71. Elem. Anal. exp.: C: 45.85 H: 5.97 N: 9.26 Br: 38.19.
m/z calc.: 126.43 [M]?*, found: 126.30 [M]3*

[Cu(L1)1]13

L1 (99.9 mg, 0.161 mmol) was dissolved in MeOH (dry, Ar degassed). Nal (80.2 mg,
0.535 mmol) and NaOH (9.9 mg, 0.25 mmol) were added. The reaction mixture was
heated to 66 °C and stirred for 30 minutes. Subsequently Cul (30.7 mg, 0.161 mmol)
was added and the reaction mixture was degassed with Argon for 5 minutes after
which it was stirred for 16 hours. The desired complex precipitated as a white
powder which was filtered hot, washed with acetone (2 x 10 ml) and dried in a
vacuum oven (40 °C) (57.8 mg, 0.070 mmol, 44%). 'H-NMR (400 MHz, DMSO-d¢) 6 =
8.06 (2H, d, CHarom, J = 8.4 Hz), 7.87 (d, CHimidazole, J = 1.8 Hz), 7.70 (2H, d, CHarom, J =
8.4 Hz), 7.68 (m, CHimidazole), 7.65 (2H, d, CHarom, J = 8.1 Hz), 7.55 (2H, d, CHarom, J =
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8.1 Hz), 5.53 (s, CHzimidazole), 4.59 (S, CHzbenzy1), 4.51 (S, CHabenzyl), 3.05 (s, 3x CH3), 3.02
(s, 3x CHs). 23C-NMR (101 MHz, DMSO-ds) & = 180.2 (CCu), 141.0 (C,), 139.0 (Cy),
133.8 (CHarom), 133.1 (CHarom), 128.8 (CHarom), 128.1 (Cq), 127.8 (Cq), 123.3 (CHarom),
122.7 (CHimidazole), 120.7 (CHarom), 67.4 (Me3sNCH,), 67.0 (Me3NCH,), 53.3 (CHaimidazole),
51.8 ((N(CHs)3)2). Elem. Anal. calc. (C24H34CulsNseH,0): C: 34.28, H: 4.32, N: 6.66, I:
45.28, Cu: 7.56. Elem. Anal. exp. (C24H34CulsNseH,0): C: 34.22, H: 4.57, N: 6.71, I:
45.78, Cu: 7.66.
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Figure S1. 'H-NMR (DMSO-d6) recorded for [Cu(L1)I]l; with complete assignment of all proton
signals.
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Figure $2. 13C-NMR (DMSO-d6) recorded for [Cu(L1)I]l, with complete assignment of all carbon
signals.
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Figure $3. 'H-'H 1D ROESY NMR spectrum (DMSO-dgs, 400 MHz) recorded for [Cu(L1)l]l,. H* was
selectively irradiated in the region between 5.35 and 5.65 ppm using the following parameters:
mixing time = 200 ms, d1 = 1.0, n = 64. Through space couplings are observed between H* (5.53
ppm) and H¢ (7.63 ppm) and between H* (5.53 ppm) and H? (7.68 ppm).
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Figure $4. 1H-'H gCOSY NMR spectrum (DMSO-dg) recorded for [Cu(L1)I]l,. Through bond coupling

is observed between: H¢ (7.63 ppm) and H’ (7.55 ppm), H*? (8.06 ppm) and H3 (7.70 ppm) and
between H! (7.87 ppm) and H? (7.68 ppm). Aromatic region is shown.
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Figure $5. 1H-13C gHMBC NMR spectrum (DMSO-ds, 400 MHz) recorded for [Cu(L1)l]l,. Relevant
long-range couplings between proton and carbon atoms are shown in the aromatic region.
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cross couplings between H* and C2, C® and C* are shown.
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Figure §7. 1H-13C gHMBC NMR spectrum (DMSO-ds, 400 MHz) recorded for [Cu(L1)I]l,. Long-range
couplings between H*> and C** and C-3 and between H® and C& and C” are shown.
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2.5.3 Signal molecule synthesis

O o o

\ LiAIH, \ /) PBr3 \ //  NMe;(4.2 Min EtOH)
—_— _—— —_— >
O Et,0 (dry, Ar, 0°C) ) DCM THF:CHCl; (3:1)
HO HO Br ——N+ Br
/N
S5 S6 s7

Scheme S2. Synthetic route for the synthesis of 3-(trimethylmethanaminium)furan brom/de (signal
molecule 1), starting from 3-furoic acid (S5) which is reduced using LiAlH4 to furan-3-methanol
(S6). Alcohol S6 is then converted to bromide S7 using phosphorous tribromide (PBrs). Finally,
bromide $7 is treated with trimethylamine (NMes) to yield signal molecule 1.

Furan-3-methanol (S6)*

3-furoic acid (S5) (5.00 g, 44.6 mmol) was dissolved in dry Et,0 and cooled to 0 °C
with an ice bath. LiAlHs (55 ml, 1.0 M in Et,0) was added over the course of 5
minutes. The ice bath was removed and the reaction was stirred for 2 hours at room
temperature. The reaction mixture was cooled to 0 °C using an ice bath, after which
H,0 (140 ml) was added to reaction mixture. Subsequently 10% H;SO4 (180 ml) was
added to the reaction mixture which was left to stir for 5 minutes. The aqueous layer
was extracted with Et,0 (3x 150 ml). The combined organic layers were washed with
brine (3 x 100 ml), dried over MgSQ4, concentrated in vacuo and purified over silica
(25% EtOAc/PE). This afforded the product as a colorless oil (2.60 g, 26.5 mmol,
59%). IH-NMR (400 MHz, CDCls) & = 7.34 (m, 2H), 6.36 (s, 1H) 4.40 (s, CH.), 4.20 (s,
OH). 13C NMR (101 MHz, CDCls) & = 143.1 (CH), 139.7 (CH), 125.0 (Cy), 109.8 (CH),

55.8 (CH,). Reported values match literature values.

3-(bromomethyl)furan (S7)°

Furan-3-methanol (S6) (2.60 g, 26.5 mmol) was dissolved in anhydrous THF (26 ml)
and cooled to 0 °C, using an ice bath. Phosphorous tribromide (10 ml, 1.0 M in DCM)
was added slowly and the reaction was stirred for 2 hours at 0 °C, after which TLC

(20% EtOAc/PE) showed a single product spot (Rf = 0.8). The reaction mixture was
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concentrated in vacuo and purified over silica (5% EtOAc/PE), which afforded the
product as a brown oil (2.40 g, 14.9 mmol, 56%). *H-NMR (400 MHz, CDCl3) 6 = 7.48
(m, 1H), 7.40 (s, 1H) 6.45 (s, 1H), 4.38 (s, CHz). Reported values match reported

literature values.

3-(trimethylmethanaminium)furan bromide (1)

3-(bromomethyl)furan (S7) (2.40 g, 14.9 mmol) was dissolved in THF/DCM (3:1) and
NMe;s (10.2 ml, 4.2 M in EtOH) was added. The reaction mixture was stirred for 4
hours at room temperature after which TLC confirmed that no starting material was
left. Solvents were removed in vacuo and the brown precipitate was washed with
hexane (3 x hexane 20 ml). This afforded the title compound (3.1 g, 14.1 mmol,
94%). IH-NMR (400 MHz, CDs0D) & = 7.91 (s, 1H), 7.69 (t, J = 4 Hz, 1H), 6.69 (d, ) = 4
Hz, 1H), 4.48 (s, CHz), 3.13 (s, N(CH3s)3). 3C-NMR (101 MHz, CDs0D) & = 147.6 (CH),
146.0 (CH), 114.3 (Cy), 113.3 (CH), 61.6 (CH,), 53.0 (N(CH3)3). m/z calc.: 140.11 [M]*,
found: 139.90 [M]*

2.5.4 Triazole synthesis

2-(4-(hydroxymethyl)-1H-1,2,3-triazol-1-yl)pentanedioic acid (5)

Azide 3 (47.3 mg, 0.273 mmol), propargyl alcohol (4, 20 pl, 0.346 mmol),
CuSO,e5H,0 (6.2 mg, 0.0248 mmol) and sodium ascorbate (31.2 mg, 0.158 mmol)
were added to a mixture of H,0 and EtOH (10 ml, 1:1) and stirred overnight at 50
°C. TLC analysis confirmed that all starting azide had been consumed. The reaction
was cooled down to room temperature and filtered. The reaction mixture was
concentrated and purified over silica (30% MeOH in DCM to 100% MeOH). The
product was collected and dried under vacuum, yielding a yellow oil (25.6 mg, 0.11
mmol). H-NMR (400 MHz, CDs0D) & = 8.04 (s, CHuriazole), 5.40 (m, 1H), 4.70 (s, 2H),
2.61 (m, CHH), 2.43 (m, CHH), 2.25 (t, J = 8 Hz, CH,OH). 3C-NMR (101 MHz, CDs0D)
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8 = 175.7 (Ccarbony|1, Ccarbony|2), 143.6 (Cq), 124.3 (CHarom), 56.5 (CHZOH), 31.0 (CHZ),
28.7 (CH2). m/z calc.: 229.07 [M], found: 228.05 [M-1H]-.

2.5.5 Click chemistry monitored by 'H-NMR

The rate of conversion of the model click reaction shown in Scheme S3 was
measured by 'H-NMR. A typical experiment was performed as described here. Azide
3 was dissolved in 0.9 ml buffer stock solution (solution A). The buffer solution (MES
(100 mM, pH 6.4) or HEPES buffer (100mM, pH 7.4)) contained 5.4 mM isopropyl
alcohol (IPA) as internal standard to assess conversion. A 1.3 mM stock solution of
[Cu(L1)I]l; was prepared in DMSO-ds of which 0.3 ml was added to solution A. To
this solution propargyl alcohol (4) (3.3 ul, 57 mmol) was added. After mixing, 0.6 ml
of this solution was directly transferred to an NMR tube. 'H-NMR spectra were
recorded by automation at fixed time points (T = 25 °C). At these specific time
points, conversion to triazole 5 (red and black stars in figure S8, S9 and $10) was
calculated relative to the internal standard. Figure S8 shows the formation of
triazole 5 without inhibition by CB[7]. Figure S9 shows the ‘off’ state of catalyst
[Cu(L1)I]l; caused by the binding to two CB[7] molecules and the subsequent
activation after the addition of 3-(trimethylmethanaminium)furan bromide 1, acting
here as a chemical signal. Figure S10 shows the catalytic activity of the 1:1
CB[7]:[Cu(L1)I]l, complex. In this experiment the catalyst was mixed with 1 molar
equivalent of CB[7]. This solution was sonicated (1 min.) and incubated for 2 hours,
after which propargyl alcohol 4 was added and the progress of the cycloaddition

was monitored by 'H-NMR.

53




0 9 o] wj\
H
H OWOH [Cu(L1)i _ HO OH

+ » N

N3 | | MES buffer (100 mM, pH = 6.4, N Sk

25% viv DMSO) N l
OH

3 4 5

Scheme S$3. Azide 3 and alkyne 4 were reacted in the presence of [Cu(L1)l]I; to yield triazole 5. The
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Figure S8. Stacked 'H-NMR spectra showing formation of triazole 5 (black and red stars) (Scheme
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resonances are observed at 1.01 ppm (doublet).
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Figure S9. Stacked 'H-NMR spectra showing the ‘switched off’ state of [Cu(L1)I]I, (entry 1 and 2).
After 60 min chemical signal (CS) 3-(trimethylmethanaminium)furan bromide 1 is added which
activates the catalyst and subsequent conversion of triazole 5 is started (black and red stars). Time
(t) is in min. Conversion is relative to the theoretical maximum amount of triazole 5. Solvent system
is MES (100 mM, pH = 6.4):DMSO-ds (3:1). All spectra were measured at 298 K. MES resonances
are observed at 3.70 ppm, 3.07 ppm and 2.92 ppm. Propargy! alcohol (4) resonances are observed
at 4.05 ppm (doublet) and 2.76 ppm (triplet). Isopropyl alcohol resonances are observed at 1.01
ppm (doublet).
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Figure $10. Stacked 'H-NMR spectra showing the catalytic activity of the 1:1 CB[7]:[Cu(L1)l]l;
complex. Conversion to triazole 5 (black and red stars) starts directly after the addition of propargyl!
alcohol (4) at t = 0. Time (t) is in min. Conversion is relative to the theoretical maximum amount of
triazole 5. Solvent system is MES (100 mM, pH = 6.4):DMSO-de (3:1). All spectra were measured at
298 K. MES resonances are observed at 3.70 ppm, 3.07 ppm and 2.92 ppm. Propargyl! alcohol (4)
resonances are observed at 4.05 ppm (doublet), 2.76 ppm (triplet). Isopropyl! alcohol resonances
are observed at 1.01 ppm (doublet).

2.5.6 Protein labelling experiments

Labelling experiment

In a typical labelling experiment, a DMSO:MES buffer (100 mM pH 6.4, KCl 400 mM)
(1:1) stock solution of [Cu(L1)I]l; (0.3 mM) was prepared. 5 ul of this solution was
mixed with 6 ul MES buffer (100 mM pH 6.4, KCl 400 mM), 1.25 ul Vinculin® protein
stock solution (220 uM in 10 mM NaHCO3 buffer, pH 8.0) and 0.25 ul of Alexa 647
fluorophore (5.23 mM in DMSO). After mixing, 12.5 pl aliquots were collected at
specific time points and mixed with 10 ul EDTA solution (0.5 M in H,0) to directly

guench the catalytic activity of [Cu(L1)I]l,. The degree of labelling was determined
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with SDS-PAGE gel analysis as well as through gel fluorescence analysis (Typhoon,
GE Healthcare). Both densitometry (for initial protein concentration) and

fluorescence intensity were used as a measure for reaction completion.

Inhibition of labelling

To assess the catalyst inhibition by CB[7] an identical experiment as the labelling
experiment was conducted, except for the addition of CB[7] to the catalyst stock
solution. CB[7] (1.75 mM in stock solution) was added to the [Cu(L1)I]l> stock

solution prepared in the labelling experiment, followed by approx. 1 min sonication.

Click on demand

The catalytic activity of [Cu(L1)I]l, was restored by the addition of hydroxymethyl-
ferrocene 2. The setup of this experiment was identical to the inhibition experiment
described above, except for the addition of hydroxymethyl-ferrocene (20 times

excess, relative to CB[7]) after 60 min of inhibition.

Charge density map
To better understand possible interactions of positively charged guest molecules, a
charge density map of recombinant Vinculin was created, using Pymol (APBS

electrostatics plugin) (Figure S11).
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Figure S11. Charge density map of recombinant Vinculin.® Red areas are negatively charged, blue
areas are positively charged and white areas are neutrally charged at pH 7.0. PBD code: 6fuy.

2.5.7 Host-guest binding experiments

The binding between CB[7] and [Cu(L1)I]l; was characterized using the method of

continuous variation (Job’s plot) and by isothermal titration calorimetry (ITC).

Job’s plot analysis

CB[7] (10.26 mg, 0.00602 mmol) was dissolved in MES buffer (4.5 ml, 120 mM, D,0)
to which DMSO-ds (1.5 ml) was added (final concentration CB[7] = 1.005 mM).
[Cu(L1)I]I; (4.96 mg, 0.00603 mmol) was dissolved in DMSO-d¢ (1.5 ml) to which MES
buffer (4.5 ml, 120 mM, pH 6.4, D20) was added (final concentration [Cu(L1)I]l> =
1.006 mM). 7 solutions were prepared with varying ratios of [Cu(L1)I]l, and CB[7]
(table S1) and were allowed to equilibrate for 2h at room temperature. 'H-NMR
spectra of all 7 samples were recorded and analyzed using Mestrenova (Figure S12).
The CH; (proton 4, Figure S1) resonance at 5.45 ppm of [Cu(L1)I]l; was monitored
(black dashed line), showing a shift upfield to 4.93 ppm upon the addition of CB[7].

When the molar fraction equals a 1:1 ratio the peak shifts slightly back downfield to
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5.27 ppm, indicating that the first binding site on [Cu(L1)I]l, is saturated and the
second binding site starts to interact with CB[7]. Figure S13 shows the Job’s plot
derived from these 'H-NMR data, which shows a change above X, = 0.35, this
suggests a 2:1 binding event” which was subsequently confirmed in ITC experiments

(Figure S14)

"‘JLJM{L Cat

JJ“L_JLJ“U“L * j*\ Cat: CB[7] = 4:1 I‘;““"I |\ ‘I‘\ l,L____g
w_/\.* J"L..J"-,-‘IL“J"J \ x j Cat: CB[7] = 3:1 | l\\l“w't
* * ‘.\

_AU"'JE\L,/“W\ Cat: CB[7] = 2:1

Cat: CB[7] = 1:1

Cat: CB[7] = 1:2

*
* Cat: CB[7] = 1:3
*

1

8.0 7.5 7.0 6.5 6.0 55 5.0 4.5
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Figure $12. Stacked 1H-NMR spectra showing the chemical shift upon the addition of CB[7]. The
black dashed line indicates the CH, signal (proton 4 in [Cu(L1)I]l;, Figure S1)) shifts after the
addition of CB[7]. Black stars mark signals belonging to the 1:1 complex and the orange stars mark
signals belonging to the 2:1 complex. Resonances at 5.3 ppm and 5.7 ppm belong to CB[7].




Table S1. Stock solutions of [Cu(L1)!]l; and CB[7] were mixed in the given volume ratios.
* molar fraction of CB[7].
** observed chemical shift (dashed black line in Figure $12) of proton 4 in [Cu(L1)I]l, (Figure S1).

Entry pl[Cu(L1)]l; wlCB[7] Xa© A8 of CH,™

1 400 100 0.20 0.52
2 375 125 0.25 0.52
3 333 167 0.34 0.52
4 250 250 0.50 0.34
5 167 333 0.67 0.31
6 125 375 0.75 0.3
7 100 400 0.80 0.3
0.6
05 - ¢
04 -
&
7 * .
€ 0.3 - o °
o
o
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Figure $13. Job’s plot for the 1:2 binding of [Cu(L1)I]l; and CB[7] in MES buffer (100 mM, pH 6.4,
D,0) and DMSO-ds (3:1 v/v).

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) experiments were conducted to obtain

binding constants (K, and Kgz) of the 1:1 binding complex and the 2:1 binding
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complex (2 CB[7] : 1 [Cu(L1)I]l,). Initially the binding between L1 and CB[7] was
investigated as the ligand is the chemical motif responsible for binding to CB[7]. In
this experiment a L1 stock solution (0.690 mM in H,0) was placed in the titration
syringe and a CB[7] stock solution (0.0411 mM in H,0) was placed in the sample cell.
36 consecutive titrations of 8 pl where titrated in the sample cell. The pattern of the
binding isotherm shown in Figure S14A indicates a 2:1 binding event between CB[7]
and L1. Integrated heat effects were analyzed by non-linear regression in terms of a
sequential two-site binding model using the Microcal Origin software package. The
parameters obtained by this method are given in table S2 entry 1.

Binding between CB[7] and [Cu(L1)I]l; was also investigated. Due to the low
solubility of [Cu(L1)I]l; in H,0, these experiments were conducted in a DMSO/MES
buffer mixture (1:1). The reference cell was loaded with the same solvent mixture
to obtain accurate data. In this experiment a [Cu(L1)l]I> stock solution (0.511 mM in
DMSO/MES buffer (1:1)) was placed in the titration syringe and a CB[7] stock
solution (0.0455 mM in DMSO/MES buffer (1:1)) was placed in the sample cell. 36
consecutive titrations of 8 pl were titrated in the sample cell. The pattern of the
binding isotherm shown in Figure S14B indicates a 2:1 binding event between CB[7]
and [Cu(L1)I]l;. The parameters obtained are given in Table S2 entry 2.

The binding of signal molecule 1 to CB[7] was investigated in H,O. For unknown
reasons we were not able to obtain accurate data for the binding of 1 to CB[7] in the
MES/DMSO (25% v/v) solvent system. Therefore, we conducted an experiment in
H.0. In this experiment a stock solution (0.34 mM in H,0) of CB[7] was placed in the
sample cell and a stock solution (1.57 mM in H,0) of signal molecule 1 was loaded
in the titration syringe. 28 consecutive injection of 10 pl where titrated in the sample
cell. The pattern of the binding isotherm shown in Figure S14C indicates a 1:1
binding event between signal molecule 1 and CB[7]. The parameters obtained are

given in Table S2 entry 3.
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Thermodynamic parameters for the binding of azide 3, propargyl alcohol (4) and
triazole 5 with CB[7] were determined by ITC binding experiments. The binding
parameters of all three compounds were determined at 25 °C in a MES/DMSO

solvent mixture (100 mM, pH 6.4, 25% (v/v) DMSO). It was found that none of the

three compounds has significant affinity to CB[7] in these conditions (Figure S15).

Table S2. Thermodynamic parameters for binding of CB[7] with: ligand L1, catalyst [Cu(L1)I]I; and
signal molecule 1 at 25 °C derived by fitting experimental ITC data to a two-site sequential binding
model or a one site binding model.

“solvent is H,0.

**solvent is DMSO/MES buffer (100 mM, pH 6.4) (1:1).

“*oredetermined in the sequential two-sites binding model.

Complex Kaz (M) Kaz (M) AH1 (cal mol?) AH; (kcal mol?) N
L1cCB[7]” (9.3 +0.19)*10° (4.2+0.6)*107 (-3.1£0.6)*10* (-3.5+£0.6)*10° 2"
[Cu(t)ill.ceBl71”™ | (1.21 +0.08)*10° (3.5 +0.3)*10¢ -42.2+534 -459.6 + 6.01 2
. (-1.09 + 0.75 +
1cCB[7] (1.8 £0.2)*107 - -
0.05)*10* 0.002
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Figure S14. ITC data showing the characteristic biphasic binding behavior of A) L1 and CB[7] and
B) [Cu(L1)I]l; and CB[7]. C) ITC data showing the 1:1 binding between compound 1 and CB[7]. The
differential binding curves (solid lines, lower panels) fit consistently to a sequential two-site binding
model for CB[7]c[Cu(L1)I]l; and CB[7]cL1. ITC data presented in C were fitted to a one-site binding
model. Thermodynamic parameters are given in Table S2.

63




A Time (min) B Time (min)
0 0 20 30 40 50 60 70 80 90 100 110 0 10 20 30 40 50 60 70 80 90 100 110

W T ‘Q HWHH T
-0.05 . -0.05 ”‘ I” 4
(&) o 1
& 0104 R & 010+ .
© @
(&) o 41
=N =N
-0.154 g -0.15 4
-0.20 T T T T T T -0.00 T T T T T T T T T T
-
] -0.054 - LI LY
L]
s - [T ] L
E -0.10 4 E 0104 l...ll-.l. - i
S ) 9 015 4
=3 =
= 0204 g = -0.204 p
S - . [}
- u gEESEgm 1 T -0.254 B
5 o bl LLLL L PR 5 0%
E L0304 41 E 030 i
:g m
£ 1 2 0354 ]
-0.40 T T T T T T -0.40 T T T T T T T T T T
00 05 1.0 15 20 25 00 05 1.0 15 20 25 30 35 40 45
Molar Ratio Molar Ratio
C Time (min)
0 10 20 30 40 50 60 70 80 90 100 110
0.00 I'v‘ T . I‘V/A - - N ‘I.. P M
-0.05 VWWW YWWWW 4
3
& 0104 -
T
o
=
-0.154 g
-0.00 . .
0.05 ]
€ 010 ]
g ]
8 015 4
'E | | -
- [ L}
= -0.20 . L L
G [] - .I'l..- 4
— -025- a  gu" Ta® i
2 . ]
£ 0304 w " 1
3 . 1
S 0354 4
-0.40 T T T
00 05 1.0
Molar Ratio

Figure S15. ITC data showing no affinity of azide 3 (A), propargyl alcohol (4) (B) and triazole 5 (C)
to CB[7].
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2.5.8 Kinetic data

The model click reaction is assumed to be a second-order reaction (first order in
both reactants). In order to obtain the kinetic rate constant, the cycloaddition
reaction was performed at pseudo-first order conditions by using alkyne 4 in excess
compared to azide 3. Unless stated otherwise, concentrations used in the click

reaction were 15 mM azide 3, 451 mM propargyl alcohol (4) and 0.4 mM [Cu(L1)l]l,.

O O
o 0 OH

[Cu(L)I]l, HOWOH
HOWOH + ( .~ 1
Ns l MES (100 mM, pH = 6.4) N] {
N
OH

3 4 5

Scheme S4. Model click reaction. Azide 3 and alkyne 4 were reacted in the presence of [Cu(L1)l]I,
to yield triazole 5.

Initial t=0 [4]o [A]o 0
t=t [A]; = [A]o — [C]; [B]: = [B]o — [C]; [Cl:

[A4] is the concentration of propargyl alcohol 4, [B] the concentration of azide 3 and
[C] the concentration of triazole product 5. The second order rate equation,
assuming first-order in both A and B, can be expressed as:

rate = —k[A][B]

For [A4]g # [B]o, the second-order rate equation after integration can be expressed

as:

Ale _ 4 [Ble _ _
ln[A]0 ln[B]0 k([A]l, — [Blo)t
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Because propargyl alcohol 4 ([4]) was used in excess, it can be assumed that:

A
[4], > [Blo then% ~ 1 and[A], — [Bls ~ [4]o

Therefore, the rate equation can be written as:

—

Bl

— o—klAlot
[Blo

where [4], is the initial propargyl alcohol (4) concentration, [B], the initial azide 3
concentration, [C]; the triazole 5 concentration at time t and k the rate constant.
Hence, by following the triazole product 5 concentration over time with 'H-NMR the
rate constants of the pseudo-first order reactions can be determined by fitting this

equation to a linear line (y = mx).
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Figure $16. Stacked 1H-NMR spectra showing formation of triazole 5 (black and red stars) (Scheme
$3). Time (t) is in min. Conversion is relative to the theoretical maximum conversion of triazole 5.
Solvent system is MES (100 mM, pH = 6.4):DMSO-ds (3:1). All spectra were measured at 298 K.
MES resonances are observed at 3.70 ppm, 3.07 ppm and 2.92 ppm. Propargy! alcohol 4
resonances are observed at 4.05 ppm (doublet) and 2.76 ppm (triplet). Isopropyl alcohol

resonances are observed at 1.01 ppm (doublet).

2.5.9 Equilibrium concentration of [Cu(L1)I]I.cCB[7] and complex 1cCB[7]

The calculation here is shown for the [Cu(L1)I]I.cCB[7] complex, but also applies for

the compound 1cCB[7] complex. The equilibrium concentrations can be calculated

as follows:
[CB[7]] [Cat] [CatcCB[7]]
Initial [CB[7]o]l = a [Cat]lo = b 0
Change —X —X X
Equilibrium a—x b—x X
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[CB[7]p]and [Cat,] are the CB[7] and catalyst concentrations that are added to
the reaction mixture and x is the [Cu(L1)I]I.cCB[7] complex concentration. From

this, the association constant can be defined as:

_ lcatecB[7]] _ x
@ [cB[7][cat]  (a—x)(b—x)

axKa+b+K,+1—+Ja?+K,2 —2a+b*K,>+b2xK,>+2%axK, +2+b+K, + 1

[cat=CB[7]] = PV

[CB[7]]oKq + [cat]oK, +1 — J[CB[7]]02Ka2 — 2[CB[7]]o[cat]oKa? + [cat]o®K,? + 2[CB[7]]oK, + 2[cat] K, + 1
- 2K,

From this, the free CB[7] and catalyst concentrations in solution are calculated as

follows:

[CB[7]] = [CB[7]]o — [Cat=CB[7]]

[Cat] = [Cat], — [Cat=CB[7]]

[CB[7]] is the uncomplexed (free) CB[7] concentration and [Cat] is the

uncomplexed (free) catalyst concentration.
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LIGHT SENSITIVE PHENACYL CROSSLINKED
DEXTRAN HYDROGELS FOR CONTROLLED
DELIVERY

b v high QY
V Cerenkov window

Stimuli-responsive soft materials enable controlled release of loaded drug molecules
and biomolecules. Controlled release of potent chemotherapeutic or
immunotherapeutic agent is crucial to reduce unwanted side effects. In an effort to
develop controlled release strategies that can be triggered using Cerenkov
luminescence, we have developed polymer hydrogels that can release doxorubicin,
bovine serum albumin and immunoglobulin G using light (254 nm — 375 nm) as a trigger.
We describe the synthesis and photochemical characterization of two light sensitive
phenacyl bis-azide crosslinkers that are used to prepare transparent self-supporting
hydrogel patches. One crosslinker was designed to optimize the overlap with the
Cerenkov luminescence emission window, bearing an m-extended phenacyl core,
resulting in a high quantum yield (14%) of photocleavage when irradiated with 375 nm
light. We used the extended phenacyl crosslinker for the preparation of protein-loaded
dextran hydrogel patches, which showed efficient and selective dosed release of bovine
serum albumin or immunoglobulin G after irradiation with 375 nm light. Based on the
high quantum yield, efficient release and large overlap with the Cerenkov window, we
envision application of these photosensitive soft materials in radiation targeted drug
release.

This chapter is published as:

T. G. Brevé, M. Filius, S. Weerdenburg, S. J. van der Griend, T. P. Groeneveld, A. G.
Denkova, R. Eelkema, Light-sensitive phenacyl crosslinked dextran hydrogels for
controlled delivery. Chem. Eur. J. 2022, 28, e202103523.



3.1 INTRODUCTION

Stimuli responsive drug carrier systems have emerged as important devices in the
field of biomedical applications and targeted drug delivery. General challenges for
controlled release of drugs are timed or prolonged release, targeted or local release,
and overcoming physicochemical barriers in the body. In order to release the cargo
a phase transition or macroscopic change of the hydrogel network has to be
triggered. Several triggers have been successfully applied, such as: pH, ionic
strength, mechanical stress, redox potential and light. Light is of particular interest
since it is spatio-temporally controlled and can be harmless when clinically applied,
depending on wavelength and intensity.! However, human tissue limits the use of
light as the penetration depth is just a few centimeters depending on the applied
wavelength, which inherently limits the use of external light sources for triggered
release.? To overcome these limitations, we were excited to investigate the
potential of in situ generated light, known as Cerenkov luminescence (CL), and
employ it as a drug release trigger. CL is generated when a charged particle,
generated by the decay of radionuclides or external radiation, travels faster than
the speed of light in a dielectric medium such as water or tissue. CL has a broad
emission spectrum with a maximum emission around 380 nm (UV-A), and is usually
generated with low intensity.? CL has been employed as a light source in anticancer
therapies, where nanoparticles passively target solid tumors and generate reactive
oxygen species (ROS).*1° Moreover, CL is found an effective trigger for decaging
doxorubicin!! and is employed to generate reactive singlet nitrene species, that
subsequently react with extracellular proteins or lipids and ‘tag’ solid tumors with a
drug or dye.'? For future application with CL triggers, we aimed at developing
hydrogels with light sensitive groups with an absorption maximum in the Cerenkov
emission window and high quantum yield of photodegradation.

Light sensitive hydrogels have been employed in a broad variety of settings and rely

on light sensitive functionalities incorporated into the hydrogel network.'® Two
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Figure 1. A) Schematic representation of dextran based photosensitive hydrogels. Alkyne modified
dextran is crosslinked with a bis-azide crosslinker using standard Cu-click conditions (CuSO,,
sodium ascorbate and activating ligand: Tris(3-hydroxypropyltriazolylmethyl)amine (THTPA)). UV-
A light (including Cerenkov luminescence) triggers the photocleavage of the crosslinker resulting
in free diffusion of the loaded cargo. B) Photograph of centimeter sized transparent self-supporting
dextran hydrogel. C) Bis-azide crosslinkers C1 and C2, synthesized and investigated in this research.
D) Bis-azide phenacyl crosslinked dextran structure.

well-known light sensitive moieties are the ortho-nitrobenzyl group (oNB) and its
ortho-nitroveratryl analog.'*8 Although ortho-nitrobenzyl and ortho-nitroveratryl
groups have been employed successfully many times in a variety of studies, they
have low to very low quantum yields and during photocleavage toxic nitroso adducts
are formed.’ 20 Therefore we are curious to employ phenacyl based photo
cleavable hydrogel crosslinkers (Figure 1C and 1D), as these have a significantly
higher quantum yield.?! Photo responsive phenacyl moieties have been applied to
photocage thiols,?> 23 control the degree of swelling in polymer coatings,?* induced
light triggered folding of polymers chains®®> and to photocage a drug such as
chlorambucil.®

Chemotherapy is one of the most important strategies to treat cancer. However,
the administered dose of any particular drug is often low due to its toxicity and
accompanying side effects. To mitigate these limiting factors and improve the
efficacy of chemotherapeutic drugs, smart drug delivery systems are employed.

Responsive hydrogel networks can be used for controlled delivery. Hydrogels are
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able to covalently or non-covalently store a variety of anticancer drugs and show
triggered release in the human body.?” Alternatively, monoclonal antibodies or
antibody-drug conjugates (ADC) are employed to selectively target malignant tumor
cells and induce cell death.?® Controlled antibody release can improve therapy as
the total administered dose is low, on target drug concentrations are high and
systemic drug exposure is low which helps to reduce side effects.?® Release
mechanisms rely on a variety of internal and external triggers, including hydrolysis,3°
temperature,3V 32 ultrasound,3 (UV) light3* or enzymatic activity.>> Also, passive
release mechanisms are employed to deliver antibodies from hydrogels, where the
degree of hydrogel branching and crosslink density determine the release profile of
the loaded proteins.3538 Here, we present light cleavable dextran based hydrogels
loaded with either doxorubicin, bovine serum albumin (BSA) or human
Immunoglobulin G (1gG), which release their cargo when triggered by (UV-A/C) light.
Photosensitivity in the Cerenkov irradiation window is introduced by crosslinking
alkyne modified dextran with bis-azide phenacyl C1 or C2 using standard Cu-click

conditions (Figure 1).

3.2 RESULTS AND DISCUSSION

We synthesized bis-azide crosslinker C1 starting with the protection of commercially
available para-hydroxyphenacyl 1 (pHp) using tert-butyldiphenyl(chloro)silane
(TBDPS-CI), affording silyl ether 2 (Scheme 1). Next, bromination of compound 2,
using benzyltrimethylammonium tribromide (BTMABTr3), afforded compound 3. In
reaction step 3, using alkaline conditions, 3-chloro propane thiol was coupled to
bromine 3. The combination of prolonged reaction time and alkaline conditions also
resulted in the deprotection of the slightly acid hydroxyl in bromine 3, affording
deprotected pHp 4.3% “° Treating pHp 4 with NaNs afforded azide 5, and in the final
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Scheme 1. Synthetic pathway for the 6-step synthesis of bis-azide crosslinker C1, starting from

parahydroxy phenacyl! (pHp) 1.

reaction step azide 5 was coupled to mesylated polyethylene glycol (PEG) 7
affording bis-azide crosslinker C1 (Figure S1). C1 has an absorption maximum at 283
nm, which is not ideal for CL triggering. To gain insight in the photodegradation
process of crosslinker C1, we performed an irradiation experiment in which one
sample was irradiated with UV-C light (254 nm, 1.02 mW/cm?) and one sample was
kept in the dark as a control. We found that the absorption (283 nm) of the light
irradiated sample decreases and shifts with increasing irradiation time, indicating
photocleavage of C1 (Figure 2A and 2B (green data)), while the non-irradiated
sample remained stable over time (black data, Figure 2B). Using standard Cu-click
conditions (CuSO4 (0.47 mM), sodium ascorbate (3.0 mM), activating ligand: Tris(3-
hydroxypropyltriazolylmethyl)amine (THTPA) (0.24 mM)), crosslinker C1 and alkyne
modified dextran (500 kDa, DS = 36%, Figure S3) were reacted to prepare
transparent self-supporting dextran hydrogels (Figure 2C), having a storage modulus
(G’) of 4.3 x 102 Pa and tan 5(G”/G’) of 6.7 x 1073 (Figure S11). These hydrogels were
loaded with doxorubicin (Figure 2D) and the washed hydrogels were then placed in
fresh H,0 (25 ml) and irradiated with UV-C light (254 nm, 1.02 mW/cm?) (Figure 2F).
Aliquots were collected at selected timepoints over a period of 24 hours (Figure S8B)
and UV/Vis analysis showed a linear increase of absorbance at 480 nm, which is

doxorubicin’s absorption maximum. Unfortunately, the observed increase in
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Figure 2. A) UV/Vis data recorded during 254 nm light (1.02 mW/cm?) irradiation experiment of
crosslinker €1 (40 uM in H,0). B) Absorbance at 283 nm over time. Black data is a non-irradiated
control sample, green data is irradiated sample. C)-H) series of photographs taken during
doxorubicin load and release process. C) H,O washed and swollen gel. D) Hydrogel submerged in
doxorubicin loading solution (0.18 mM in H,0 after 148 hours incubation. E) Doxorubicin loaded
hydrogel taken out from the doxorubicin loading solution. F) Doxorubicin loaded gel during 254
nm light irradiation. G) After irradiation, the hydrogel object has fully disintegrated. H) Non-
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irradiated control hydrogel after 24 h in H,0.
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absorbance was very small, which is likely caused by the simultaneous photo
degradation of doxorubicin. In the same experiment, a 5-fold increase in absorbance
at 283 nm was observed which is contributed to degradation products of
doxorubicin (Figure S8A). Although the photodegradation of doxorubicin is
undesirable, the experiment does demonstrate that C1 phenacyl works as a
photolabile crosslinker as the hydrogels completely disintegrated upon UV-C
irradiation (Figure 2G), in contrast with the control hydrogels that remained intact
and retained the loaded doxorubicin within the hydrogel matrix (Figure 2H).

In this stage of the research we opted to develop a m-extended analogue of
crosslinker €1, which would absorb light in the UV-A region to trigger its
photocleavage. This would enable the release of proteins using our hydrogels. Since
many proteins often do not absorb light above 300 nm, we expected no interference
during light irradiation experiments. Also, the emission maximum of CL is centered
around 380 nm light, and the increased overlap of the CL window with the
absorbance spectrum of the new crosslinker would increase the efficiency of our
system.? We synthesized crosslinker C2 which has an extended conjugated mt-system
compared to crosslinker C1 and has a maximum absorbance at 383 nm, instead of
283 nm. The synthesis of bis-azide crosslinker C2 was started with the mesylation of
3-azido-propanol and the subsequent coupling with 4-ethynyl-aniline afforded

alkyne 10 (Scheme 2). Next, reacting 3-chloro-propane thiol with bromine 11
HS._~_Cl NN S e
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Scheme 2. Synthetic pathway for the 5-step synthesis of bis-azide crosslinker C2.
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yielded bromine 12. The Sonogashira coupling of alkyne 10 and bromine 12,
catalyzed by [Pdx(dba)s] and [Pd(P(t-Bu)s).] afforded the n-extended pHp 13, which
in the final reaction step was treated with NaNs to yield bis-azide crosslinker C2 as
a yellow powder.

To examine the photochemical properties of C2 a solution was prepared and
irradiated with 375 nm light (1240 mW, incident intensity = 2.93 + 0.08 x 10%
determined by ferrioxalate actinometry*" #? (details in Sl)). During a period of 60
minutes, aliquots were collected and analyzed using UV/Vis spectroscopy (Figure
3B). We observed a linear decrease of absorbance (383 nm), indicating
photodegradation of C2 (Figure 3C, blue data), while the absorbance data collected
for the non-irradiated control sample remained stable over time (Figure 3C, black
data). Photodegradation was confirmed by ESI-MS analysis were we found m/z =
319.12 ([M+H*]) (Figure S4), corresponding with the mass of the ketone
photoproduct generated in the photodegradation process of C2 (Figure 3A).*>%* The
photodegradation rate of C2 was calculated (€2 extinction coefficient = €333 27210
M ecm™ (Figure S6)) according the collected UV/Vis (Figure 3B and 3C) data and

equals 6.8 x 10'1° mol s1. Alternatively, the photodegradation process of C2 was
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Figure 3 A) Reaction scheme showing the 375 nm light triggered photocleavage of crosslinker C2,
generating the ketone photoproduct of €2 and 3-azido-propanethiol. B) UV/Vis data recorded
during the 375 nm light (photon flux = 2.93 + 0.08 x 10'> * s'1) jrradiation experiment of crosslinker
C2 (40 uM in DMSO). C) Absorbance at 383 nm over time. Black data is non-irradiated control
sample, blue data is irradiated sample.
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monitored by 'H-NMR analyses. Here we observed a linear decrease of the
resonance at 4.03 ppm (in DMSO-d6) belonging to the a-carbon in C2 (indicated
with asterisk, Figure 3A and S5), indicating the photocleavage of the thioether.
Additionally, the photodegradation rate was determined according the collected
'H-NMR data (Figure S5) and equals 6.5 x 10™%° mol s, which is in line with the
degradation rate determined according the UV/Vis data. The quantum yield (¢) of
photodegradation for crosslinker C2 equals ¢ = 0.14 calculated using UV/Vis data or
¢ = 0.13 calculated using *H-NMR data, which is in line with reported values of
comparable thioether phenacyl structures,** 4> and is higher than typical o-
nitrobenzyl or o-nitroveratryl cages.?*

Next, we prepared hydrogel patches (4 x 4 cm, thickness ~ 2 mm) loaded with BSA
as a model protein (Figure 4A). First, a BSA stock solution (60 pl, 0.63 mg/ml,
phosphate buffer (PB) (100 mM, pH 7.4)) was prepared and mixed with a dextran-
alkyne solution (10 wt% in DMSO), which subsequently was mixed with a crosslinker
C2 solution (400 pl, 4.61 uM, DMSO) containing Cu-click reactants (Cul 3.2 uM,
DIPEA 8.6 uM,) and transferred to a quartz cuvette (4 x 4 x 4 cm) to gel overnight.
After washing the hydrogel patches (details in SlI), one hydrogel was irradiated with
375 nm light in order to degrade the hydrogel matrix and release the loaded BSA
(66.5 kDa). Another hydrogel was kept in the dark as a control. During irradiation,
aliquots were collected and subsequently analyzed for their protein content by SDS-
page gel analyses (sample mixture fluorescently labelled with NHS-Cy5, details in Sl)
(Figure 4B, right lanes). Here, we observed an increasing trend in fluorescence
intensity as irradiation time increases, indicating the release of BSA protein, while
barely any fluorescent signal is observed in the non-irradiated control hydrogel after
24 hours (Figure 4B, left lanes). The fluorescent protein band is located high
(approximately at 500 kDa range) in the SDS-page gel, which is likely the result of
resolubilized dextran polymer (500 kDa) during light irradiation, resulting in clogging

of the SDS-page gel which prevents BSA to migrate freely through the SDS-page gel
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Figure 4 A) Schematic representation of a dextran-based protein loaded hydrogel, which shows
light triggered protein release. B) Fluorescent SDS-page gel analysis of aliquots collected during
375 nm light irradiation experiments of BSA loaded C2 crosslinked hydrogel patches. The collected
aliquots where incubated with NHS-Cy5 fluorophore prior to SDS-page gel analysis. Fluorescent
intensity of the entire lane was analyzed. Control samples show no fluorescent signal except the
24-hour timepoint which shows low intensity fluorescence. An increase in fluorescence is observed
over a time span of 24 hours. C) 375 nm light triggered release of BSA from C2 crosslinked hydrogel
patches. BSA concentration was determined by UV/Vis analysis (NanoDrop). Initial BSA hydrogel
loading = 1.8 ug/ml, maximal detected BSA concentration after 24 hours of light irradiation = 0.8
Hg/ml (45% release efficiency). SD determined by n = 2 experiments. D) 375 nm light triggered
release of IgG from €2 crosslinked hydrogel patches. IgG concentration was determined by a
Bradford assay. Initial IgG hydrogel loading = 0.5 mg/ml, maximal detected IgG concentration after
9 hours of light irradiation = 0.48 mg/ml (96% release efficiency). SD determined by n = 2
experiments.

material.*¢ Since NHS-fluorescent labelling is specific towards protein amines, we
are confident that we are observing the light triggered release of BSA protein from
the dextran hydrogel matrix. This is supported by accompanying UV/Vis (NanoDrop)
data we collected, which shows a linear increase of protein release reaching a 45%
release efficiency after 24 hours of 375 nm light irradiation (Figure 4C). Encouraged
by these results we decided to load human IgG in our hydrogel patches. Human IgG
is an interesting model protein as antibodies and antibody drug conjugates (ADC)
are potent anticancer agents.*” The molecular weight of human IgG is approximately

150 kDa which is 2.3 times heavier than BSA (66.5 kDa). Larger molecules typically
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diffuse slower from a hydrogel matrix.3” This allowed us to reduce the crosslinker
C2 loading (25% lower initial C2 concentration) in our hydrogels while still
hampering protein diffusion from the hydrogel matrix. To test antibody release, we
prepared hydrogel patches as described before, and loaded human 1gG (0.5 mg/ml).
After gelation was complete, 375 nm light irradiation was started and the IgG
release was quantified according a Bradford assay. We found a linear increase in IgG
concentration with increasing irradiation time, reaching a release efficiency of 96%
after 9 hours of 375 nm light irradiation (Figure 4D).

Encouraged by our obtained results on light triggered protein release, we were
curious if we could photodegrade our hydrogel using real CL, which would result in
protein release. To test this, we prepared protein containing hydrogel patches of
which one was placed in a ®Co-source and one was kept aside as a control. The y-
radiation emitted by a ®°Co source (0.6 kGy/h) generates low intensity light due to
the Cerenkov effect, which could potentially trigger the photocleavage of crosslinker
C2, resulting in the triggered release of the loaded proteins. However, we did not
detect a significant amount of protein in the hydrogel’s supernatant agueous
solution compared to the control hydrogel, indicating that the triggered release had
failed. When visually inspecting the v-irradiated hydrogels we observed a
remarkable contraction effect where the hydrogels consistently showed a
macroscopic contraction of the hydrogel volume. Inspired by these results we
started to investigate this contraction effect and found that the residual, unreacted
alkyne moieties after initial Cu-click mediated crosslinking, form new alkyne-alkyne
crosslinks. These secondary y-irradiation induced crosslinks result in an increased
hydrogel stiffness and a significantly reduced hydrogel volume.*® Moreover, the
diffusivity of the hydrogel loaded proteins is thus further restrained due to the
increased crosslink density, which explains why no protein release was observed. All
together, we were not able to perform proper CL triggered release experiments, due

to the inference caused by the residual alkyne groups. For future hydrogel design
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we will have to carefully design the polymer backbone structure and avoid residual
reactive groups that potentially could interfere with y-radiation. At present, CL-

triggered release using phenacyl crosslinkers remains inconclusive.

3.3 CONCLUSION

In conclusion, we have synthesized two phenacyl bis-azide crosslinkers, which have
been incorporated in dextran-based hydrogels to enable photosensitivity in the
Cerenkov emission window. Crosslinker C1 photodegrades upon 254 nm light
irradiation resulting in the complete dissolution of C1 crosslinked dextran hydrogels
releasing loaded doxorubicin. However, the absorption spectrum of C1 has a too
small overlap with the CL spectrum, and UV-A irradiation leads to drug
disintegration. A redesign led to extended crosslinker C2. C2 crosslinked dextran
hydrogels were loaded with BSA protein or human IgG antibody which was released
upon 375 nm light irradiation. The release efficiency for BSA was 45% after 24 hours
irradiation, and 96% for the IgG antibody after 9 hours of 375 nm light irradiation.
With a quantum yield of photodegradation of 0.14 and an absorption maximum at
380 nm, crosslinker C2 is more suited for application with CL triggers. Although we
show promising photosensitivity of our protein loaded hydrogels we could not yet
demonstrate protein release triggered by Cerenkov light. Development of CL

triggered drug release materials is currently being pursued in our lab.

3.4 OUTLOOK

The C2 crosslinked hydrogels discussed in this chapter show promising photo
responsiveness in the Cerenkov emission window, having a relatively high quantum
yield and quantitively release loaded IgG antibodies triggered by 375 nm light.
However, when trying to release the loaded protein triggered by Cerenkov light we
were unsuccessful. In the current polymer design, residual alkyne sidechains remain

unreacted after the preparation of hydrogels, which crosslink when the hydrogel is
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irradiated with y-rays leading to hydrogel contraction and decreasing diffusivity of
the loaded protein. To prevent hydrogel contraction or any other unwanted
reactivity after gelation induced by y-radiation, the ratio of alkyne sidechains and
bis-azide crosslinker should be 2:1 to ensure all alkyne moieties have reacted during
gelation. A small excess of bis-azide crosslinker relative to the alkyne would also be
an option, although thorough washing steps after gelation are then required to
remove unreacted bis-azide crosslinker.

The reported hydrogels could be further improved when considering the
photosensitivity. Currently, the quantum yield of crosslinker C2 is 0.14 which is
relatively high. Since the intensity of Cerenkov luminesce is weak, the quantum yield
of the used crosslinker should be as high as possible in order to achieve a rapid
photo triggered release. Improving the quantum vyield of crosslinker C2 can be
achieved by using other leaving groups than the current thiol. In general, the lower
the pK, of a leaving group the higher the quantum yield of dissociation is.'® An alkyl
thiol is in the range of pK; = 10 — 11. When we select a phosphate leaving group, a
significant improvement in sensitivity can be made, as the pK; is in the range 0.5 —
1 and reported quantum yields are in the range 0.35 — 0.4. Scheme 3 shows a short-
hand synthesis route to a potentially interesting crosslinker based on the m-

extended phenacyl scaffold and a phosphate leaving group.*® *°
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3.6 SUPPLEMENTARY INFORMATION

3.6.1 General considerations

All solvents and chemicals were purchased from Sigma Aldrich or Apollo scientific
and used without further purification. 'H-NMR and 3C-NMR were recorded on an
Agilent-400 MR DD2 (399.67 MHz for 'H and 100.5 MHz for 3C) at 298 K. The
chemical shifts are given with respect to solvent residual signals as reported by
Fulmer et al.! The rheological measurements were performed using a rheometer
(AR G2, TA instruments) equipped with a steel plate-and-plate geometry of 40 mm
in diameter and equipped with hexadecane trap. UV-Vis spectroscopic
measurements were recorded on an Analytik Jena Specord 250 photo spectrometer,
using quartz cuvettes (pathlength = 1 cm) at RT. Osram Puritec HNS 8W G5 OFR UV-
C lamps (2 units) were used for all 254 nm light irradiation experiments. The
irradiance at 254 nm was determined using a UVC-254SD meter (Lutron). All y-

irradiation experiments were conducted using a Nordion GC220 %°Co source.

3.6.2 Synthesis of phenacyl photo-labile crosslinker C1
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Scheme 1. Synthetic pathway for the synthesis of bis-azide crosslinker C1.
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1-(4-((tert-butyldiphenylsilyl)oxy)phenyl)ethan-1-one (2)

4'-hydroxy-acetophenone (1) (6.0 g, 44 mmol) and imidazole (7.52 g, 110 mmol)
were dissolved in DMF (30 ml) and cooled to 0 °C using an ice bath. Tert-
butyl(chloro)diphenylsilane (17.4 ml, 66.9 mmol) was slowly added and the reaction
mixture was stirred for 2 hours at RT. The reaction was quenched by the addition of
H,0 (100 ml) and the product was extracted to EtOAc (3 x 100 ml). The combined
organic layers were dried over MgSO,, filtered, concentrated in vacuo and purified
over silica (EtOAc/PE 5% - 25%). This afforded the product pure as a white powder
(13.4 g, 35.7 mmol, 81%). 1H-NMR (400 MHz, CDCls) & = 7.75 — 7.69 (M, CHarom, 6H),
7.46 — 7.36 (M, CHarom, 6H), 6.80 (d, J = 8.60 Hz, CHarom, 2H), 2.48 (s, CHs, 3H), 1.11
(s, CHs, 9H). 13C-NMR (100 MHz, CDCls) 6§ = 197.05, 160.16, 135.53, 134.95, 132.28,
130.80, 130.46, 130.30, 129.75, 128.07, 127.84, 119.77, 26.54, 19.5. H- and 3C-

NMR data match reported values.?

2-bromo-1-(4-((tert-butyldiphenylsilyl)oxy)phenyl)ethan-1-one (3)

Compound 2 (8.47 g, 22.6 mmol) was dissolved in MeOH/DCM (2:5, 28 ml).
Benzyltrimethylammonnium tribromide (BTMABr3) (9.15 g, 39.8 mmol) was slowly
added and the reaction mixture was stirred 4 hours at RT. TLC analysis (EtOAc/PE,
2:8) showed a single product spot (Rs: 0.66) and subsequently H,0 (50 ml) was added
to the reaction mixture. The aqueous layer was extracted with Et;0 (3 x 50 ml) and
the combined organic layers were dried over MgSQ,, concentrated in vacuo and
purified over silica (EtOAc/PE 5% - 25%). This afforded the product pure as a white
powder (yield: 8.26 g, 18.2 mmol, 81%). 'H-NMR (400 MHz, CDCl3), 6 = 7.78 (d, J =
8.84 Hz, CHarom, 2H), 7.69 (M, CHarom, 4H), 7.47 — 7.37 (M, CHarom, 6H), 6.82 (d, J =
8.88 Hz, CHarom, 2H), 4.33 (s, J = 8 Hz, CH,, 2H), 1.11 (s, CHs, 9H). 'H-NMR data match

reported values.?

93



2-((3-chloropropyl)thio)-1-(4-hydroxyphenyl)ethan-1-one (4)

Compound 3 (1.70 g, 3.76 mmol) and KOH (211 mg, 3.76 mmol) were dissolved in
MeOH (20 mL). Then 3-chloro-1-propanethiol (403 pl, 4.14 mmol) was added and
the reaction mixture was left to stir overnight at RT. Subsequently H,O (100 ml) was
added to reaction mixture and the aqueous layer was extracted with EtOAc (3 x 50
ml). The combined organic layers were washed with brine (20 ml), dried over
MgSQ4, concentrated in vacuo and purified over silica (EtOAc/PE 10% to 25%). This
afforded the product as a colorless oil. (427 mg, 1.75 mmol, 47%). *H-NMR (400
MHz, CDCls), & = 7.92 (d, J = 8.76 Hz, CHarom, 2H), 6.96 (d, J = 8.76 Hz, CHarom, 2H),
3.79 (s, CHz, 2H), 3.58 (t, J = 6.32, CH2, 2H), 2.72 (t, J = 7.00, CHz, 2H), 2.03 (q, J =
6.80, CH, 2H).

2-((3-azidopropyl)thio)-1-(4-hydroxyphenyl)ethan-1-one (5)

Compound 4 (20.4 g, 83.4 mmol) and NaNs (54.2 g, 833 mmol) were dissolved in
DMF (200 ml) and stirred overnight at 80 °C. H,0 was added to the reaction mixture
and extracted with EtOAc (3 x 150 ml). The combined organic layer was dried over
MgS0., filtered and concentrated in vacuo. Residual DMF was removed using a high
vacuum oil pump connected to the rotavap (40 °C). This afforded the product as a
colorless oil (20.9 g, 83 mmol, quantitative). *H-NMR (400 MHz, CDCl3), § = 7.93 (d,
J =8.80 Hz, CHarom, 2H), 6.93 (d, J = 8.76 Hz, CHarom, 2H), 3.76 (s, CH;, 2H), 3.37 (t,J =
6.60 Hz, CH>, 2H), 2.65 (t, J = 7.16, CH,, 2H), 1.85 (q, J = 6.92 Hz, CH;, 2H). 3C-NMR
(100 MHz, CDCl3) 6 = 194.09, 161.03, 131.69, 127.99, 115.75, 50.08, 37.02, 29.46,
28.29. Mass calc.: 251.07 [M], mass found: 273.90 [M+Na]*.
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1-(4-((1-azido-nonadeca-ethylene glycol)phenyl)-2-((3-azidopropyl)thio)ethan-1-
one (C1)

Compound 5 (175.8 mg, 0.696 mmol), mesylated PEG 7 (540 mg, 0.539 mmol) and
K2CO3 (164.4 mg, 1.19 mmol) were dissolved in DMF (10 ml) and stirred overnight
at 50 °C. TLC analysis (1% MeOH in DCM) was used to determine the progress of the
reaction and revealed a single UV (254 nm) active product spot (Rs: 0.3). Water (50
ml) was added to the reaction mixture and was then extracted with EtOAc (3 x 50
ml). The combined organic layers were dried over MgS04 and concentrated in vacuo
(residual DMF traces were removed using a high vacuum oil pump). The concentrate
was then re-dissolved in DCM (2-4 ml) and purified over silica (0% MeOH to 5%
MeOH in DCM) which afforded the title compound as a white paste (383 mg, 0.331
mmol, 61%). 'H-NMR (400 MHz, CDCls), & = 7.92 (d, J = 8.40 Hz, CHarom, 2H), 7.92 (d,
J =8.44 Hz, CHarom, 2H), 4.17 (t, ) = 4.44 Hz, O-CH2, 2H), 3.85 (t, J = 4.60 Hz, O-CH2,
2H), 3.72 - 3.68 (m, 4H), 3.61 (m, -(OCH,CH,0)19-, 74H), 3.37 —3.34 (m, 4H), 2.62 (t,
) =7.26 Hz, N3-CH2, 2H), 1.84 (q, J = 6.84 Hz, CH2CH2CH,, 2H). 1*C-NMR (100 MHz,
CDCl3) 6=193.16, 163.01, 131.07, 128.09, 114.45, 70.88, 70.55, 70.03, 69.47, 67.65,
50.67, 49.94, 36.79, 29.21, 28.11. Mass calc.: 1156.60 [M], mass found: 1157.42
[M+H]*.
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Figure S1. 1H-NMR spectrum recorded for crosslinker C1 in CDCl3.

1-azido-nonadeca-ethylene glycol methanesulfonate (7)*

0O-(2-Azidoethyl)nonadeca-ethylene glycol (6) (250 mg, 0.258 mmol) and Et3N (57
ul, 0.409 mmol) were dissolved in DCM (2 ml) and cooled using an ice bath. MsCl
(23 pl, 0.295 mmol) was dissolved in DCM (2 ml) and added to the reaction mixture
over the course of 1 hour using a syringe pump. The ice batch was removed and the
reaction mixture was allowed to stir an additional 2 hours. Subsequently HCI (3%,
10 ml) was added to the reaction mixture and stirred for 5 minutes. The aqueous
layer was extracted with DCM (3 x 25 ml). The combined organic layers were dried
over MgS0, and concentrated in vacuo. This afforded the product as a white paste
(vield: 230.2 mg, 85%). 'H-NMR (400 MHz, CDCl3) 8 = 4.32 (t, J = 2.84 Hz, CH,, 2H),
3.71 (t, ) = 2.88 Hz, CHa, 2H), 3.58 (M, -(OCH2CH20)10-, 76H), 3.33 (t, J = 4.28 Hz, CHa,
2H), 3.03 (s, CHs, 3H). 3C-NMR (100 MHz, CDCl3) 6 = 70.53, 69.99, 69.30, 68.98,
50.64, 37.69. Mass calc.: 1001.52 [M], mass found: 1040.90 [M+K]".
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3.6.3 Synthesis of t-extended phenacyl photo-labile crosslinker C2
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Scheme 2. Synthetic pathway for the synthesis of crosslinker C2
3-azido-1-mesyl propane (9)

3-azido-propanol (8) (2.64 ml, 28.7 mmol) and EtsN (4.8 ml, 34.4 mmol) were
dissolved in DCM (5 ml) and cooled using an ice bath. MsCl (2.66 ml, 34.4 mmol) was
dissolved in DCM (4 ml) and added to the reaction mixture over the course of 1 hour
using a syringe pump. The ice batch was removed and the reaction mixture was
allowed to stir an additional 2 hours. Subsequently, water (30 ml) was added to the
reaction mixture and stirred for 5 minutes. The aqueous layer was extracted with
Et;0 (3 x 50 ml). The combined organic layers were dried over MgSO, and
concentrated in vacuo. This afforded the product as a transparent oil (yield: 5.01 g,
28.4 mmol, 99%). *H-NMR (400 MHz, CDCl3) & = 4.29 (t, J = 6.04 Hz, OCH,, 2H), 3.46
(t, ) = 6.48 Hz, N3CHa, 2H), 3.01 (s, CHs, 3H), 1.98 (q, J = 6.44 Hz, CH2CHCHa, 2H). 3C-
NMR (100 MHz, CDCls) 8 = 66.50, 47.22, 37.19, 28.55. H- and 3C-NMR data match

reported values.’

N-(3-azidopropyl)-4-ethynylaniline (10)

4-ethynylaniline (3.3 g, 28 mmol), K,CO5 (11.8 g, 85.2 mmol) and KI (0.94 g, 5.68

mmol) were dissolved in DMF and stirred at 90 °C for 5 minutes. After all reactants
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dissolved, 3-azido-1-mesyl propane (9) (5.01 g, 28.4 mmol) was added and the
reaction mixtures was stirred overnight. The reaction progress was evaluated using
TLC analysis (25% EtOAc in PE) and showed the product spot (Rs 0.66).
Subsequently, the reaction was quenched by the addition of NH4Cl (sat.) (100 ml)
and the product was extracted to EtOAc (3 x 50 ml). The combined organic layers
were washed with H,0 (3 x 50 ml), dried over MgS04, concentrated in vacuo and
purified over silica (10% EtOAc to 20% EtOAc in PE). This afforded the title
compound as a red oil (yield: 1.08 g, 5.41 mmol, 19%). *H-NMR (400 MHz, CDCls) &
=7.32 (d, J = 8.32 Hz, CH2grom, 2H), 6.52 (d, J = 8.36 Hz, CHz2grom, 2H), 3.91 (s (broad),
NH, 1H), 3.43 (t, J = 6.48 Hz, N3CH., 2H), 3.25 (t, J = 6.4 Hz, NHCH,, 2H), 2.96 (s, CCH,
1H), 1.88 (q, J = 6.6 Hz, CH2CHCHa, 2H). 3C-NMR (100 MHz, CDCl3) & = 148.21 (Carom),
133.49 (CHarom), 112.22 (CHarom), 110.17 (Carom), 84.57 (Calkyne), 74.79 (CHaikyne), 49.23
(N3CH,), 40.85 (NHCH), 28.51 (CH,CH2CH,). Mass calc.: 200.11 [M], mass found:
201.05 [M+H]".

4-bromophenacyl-3-chloropropyl-thio-1-ethanone (12)

4-bromophenacyl bromide (2.0 g, 7.2 mmol) and K>COs (1.0 g, 7.2 mmol) were
dissolved in MeOH (80 ml) and stirred at room temperature for 5 minutes. Then 3-
chloropropanethiol (840 pul, 863 mmol) was added and the reaction mixture stirred
2 hours at room temperature. TLC analysis (5% EtOAc in PE) showed all starting
compound had reacted and revealed a single product spot (Rf = 0.3). MeOH was
removed in vacuo and the residue was re-dissolved in EtOAc (100 mL) and washed
with H,0 (3 x 100 mL). The organic layer was dried over MgSQ,, filtered and
concentrated in vacuo. This afforded the title compound as a yellowish oil (yield: 2.1
g, 6.8 mmol, 95%). 'H-NMR (400 MHz, CDCls) 8 = 7.84 (d, J = 8.56 Hz, CHzarom, 2H),
7.61 (d, J = 8.60 Hz, CHaarom, 2H), 3.75 (s, CHz, 2H), 3.60 (t, J = 6.32 Hz, CH2, 2H), 2.69
(t, ) = 7.00 Hz, CH2, 2H), 2.05 (q, J = 6.64 Hz, CH, 2H). 33C-NMR (100 MHz, CDCl3) § =
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193.46 (Cearbonyl), 133.86 (Carom), 132.18 (CHarom), 130.44 (CHarom), 128.85 (Carom),
43.32 (CHy), 36.98 (CHa), 31.52 (CH,), 29.36 (CHo).

1-(4-((4-((3-azidopropyl)amino)phenyl)ethynyl)phenyl)-2-((3-
chloropropyl)thio)ethan-1-one (13)

Compound 10 (1.0 g, 5.0 mmol), compound 12 (1.5 g, 4.9 mmol), [Pd2(dba)s] (34.3
mg, 0.037 mmol), and [Pd(P(t-Bu)s):] (38.3 mg, 0.075 mmol) were charged in a
round bottom flask which was evacuated and purged with Argon (3 cycles). Next,
using standard Slenck techniques, triethylamine (4 ml, anhydrous) and THF (2 ml,
anhydrous) were added and the reaction was stirred overnight at room
temperature. TLC analysis (25% EtOAc in PE) revealed a 366 nm UV active product
spot (Rf = 0.1). The reaction mixture was filtered over a Whatman (0.45 um) filter
and the residue was washed with EtOAc (3 x 5 ml). The filtrate was concentrated in
vacuo and purified over silica (10% EtOAc to 30% EtOAc in PE), which afforded the
product as a yellow powder (yield: 928.8 mg, 2.19 mmol, 44%). *H-NMR (400 MHz,
CDCls) 8 = 7.93 (d, J = 8.52 Hz, CHzarom, 2H), 7.56 (d, J = 8.48 Hz, CHzarom, 2H), 7.36 (d,
J = 8.68 Hz, CHz4r0m, 2H), 6.56 (d, J = 8.72 Hz, CHzarom, 2H), 3.78 (s, CH,, 2H), 3.63 (t,
J=6.32 Hz, CH;, 2H), 3.45 (t, J = 6.44 Hz, CH;, 2H), 3.30 (t, ) = 6.76 Hz, CH,, 2H), 2.74
(t, J = 7.00 Hz, CH;, 2H), 2.06 (q, J = 6.76 Hz, CH>, 2H), 1.90 (q, J = 6.60 Hz, CH, 2H).
13C-NMR (100 MHz, CDCl3) & = 193.61 (Cearbonyl), 133.30 (CHarom), 131.32 (CHarom),
128.70 (CHarom), 112.35 (CHarom), 49.25 (CHa), 43.22 (CH.), 40.85 (CH.), 36.97 (CHa),
31.48 (CHy), 29.28 (CH,), 28.52 (CH,). Mass calc.: 426.13 [M], mass found: 427.20
[M+H]*.
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1-(4-((4-((3-azidopropyl)amino)phenyl)ethynyl)phenyl)-2-((3-
azidopropyl)thio)ethan-1-one (C2)

Compound 13 (928.8 mg, 2.19 mmol) and NaNs3 (1.5 g, 25 mmol) were dissolved in
DMF (50 ml) and stirred overnight at 70 °C. Subsequently, H,O (150 ml) was added
and the product extracted to EtOAc (3 x 100 ml). The combined organic layers were
dried over MgSQ,, filtered, concentrated in vacuo and purified over silica (10%
EtOAc to 30% EtOAc in PE). This afforded photo cleavable crosslinker C2 as a
yellow/orange powder (yield: 777.9 mg, 1.794 mmol, 70%). *H-NMR (400 MHz,
CDCl3) & = 7.93 (d, J = 8.48 Hz, CHzarom, 2H), 7.56 (d, J = 8.48 Hz, CHzarom, 2H), 7.39 (d,
J =8.68 Hz, CH24rom, 2H), 6.59 (d, J = 8.68 Hz, CH24rom, 2H), 4.22 (Sbroad, NH, 1H), 3.78
(s, CHz, 2H), 3.43 (t, J = 6.44 Hz, CHz, 2H), 3.39 (t, J = 6.68 Hz, CH;, 2H), 3.30 (t, J =
6.72 Hz, CHa, 2H), 2.67 (t, J = 7.08 Hz, CH2, 2H), 1.94 — 1.84 (m, CHa, 4H). 3C-NMR
(100 MHz, CDCl3) & = 193.70 (Cearbonyl), 148.54 (Carom), 133.57 (Carom), 133.47 (CHarom),
131.48 (CHarom), 129.71 (Carom), 128.86 (CHarom), 112.52 (CHarom), 110.77 (Carom),
94.82 (Calkyne), 87.11 (Caikyne), 50.10 (CH,), 49.41 (CH,), 41.01 (CH,), 37.11 (CH,), 29.39
(CH3), 28.68 (CH3), 28.27 (CH;). Mass calc.: 433.17 [M], mass found: 434.14 [M+H]*.

100



Light sensitive phenacyl crosslinked dextran hydrogels for controlled delivery

3000

~7.57
7.55

N7

~7.39
—7.26
6.60
423
3.78
_3.44
~3.39
~3.31
—2.67
—1.94
-1.84

+2800
+2600
o} 2400

O S~ Ns L2200

2000

0 11800
N. /\/\N

=
+1600

A\

+1400
r1200
+1000
800
r600

400

r200

1.98
1,95

L
il
195—].3;_

+-200

1 2.00-

82 78 74 70 66 62 58 54 50 46
1 (ppm)

Figure S2. 1H-NMR spectrum recorded for crosslinker €2 in CDCl3.

3.6.4 Dextran-alkyne synthesis

Dextran (500 kDa, 3.4 g, 0.0068 mmol) was dissolved in a NaOH solution (30 ml, 0.1
M) and heated to 35 °C. Glycidyl propargyl ether (5 ml, 0.046 mmol) was added and
the solution was stirred overnight. After cooling the reaction mixture to RT, the
solution was poured in isopropyl alcohol (IPA) (500 ml) to precipitate alkyne
modified dextran. The IPA was decantated and the precipitate re-dissolved in
demineralized water and dialyzed (MWCO = 3.5 kDa) against demineralized water
for 72 hours (4 x 2 L), after which it was freeze dried to obtain pure alkyne modified
dextran as a white fluffy powder. The degree of substitution determined by *H-NMR
is 36% (figure $3).° Yield: 3.1 g. 'H-NMR (400 MHz, D;0) & = 5.36, 5.19, 5.03, 4.85
(anomeric CH, 1H), 4.14 (O-CH,, HO-CH, 3H, s) 3.88-3.30 (9H, m), 2.82 (alkyne CCH,
1H, s). 3C-NMR (101 MHz, D,0) 8 = 97.66, 79.50, 76.13, 73.33, 71.34, 70.70, 70.11,
69.44, 68.80, 65.45, 58.24
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Figure $3. 1H-NMR spectrum recorded for alkyne modified dextran (500 kDa) in D,0. 5.03 ppm
resonance belonging to anomeric proton of alkyne modified glucose units, 4.85 ppm resonance
belonging to anomeric proton of unmodified glucose units and 2.82 ppm resonance belonging to
alkyne proton. Degree of substitution (DS) = 36% (ratio between alkyne resonance (2.82 ppm) and
the sum of anomeric proton resonances (5.36 to 4.85 ppm)).

3.6.5 Dextran hydrogel preparation

Dextran hydrogel preparation using bis-azide crosslinker C1

A 10 wt% dex-alkyne solution was prepared by dissolving dex-alkyne in H,0 (300 pl),
this solution was shaken for 1 hour. Crosslinker C1 (4.0 mg, 0.004 mmol) was
dissolved in a Cu-click stock solution (200 pl, (CuSO4 (0.59 mM), sodium ascorbate
(3.79 mM) and THTPA (0.29 mM))), which was shortly shaken to dissolve and mix all
components. Next, the dex-alkyne and the crosslinker C1 solution were mixed and
shortly shaken, after which the solution was transferred in a cubic mold and left

overnight to gel. After gelation was complete, the hydrogel was removed from the
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mold and placed in a phosphate buffer (PB) (25 ml, 100 mM, pH 7.4) solution or
demineralized water to remove Cu-click components, unreacted dex-alkyne and
crosslinker C1. This washing step was repeated 3 times and afforded transparent

self-supporting cubic hydrogels.

Dextran hydrogel preparation using bis-azide crosslinker C2

A 10 wt% dex-alkyne solution was prepared by dissolving dex-alkyne in H,0 (300 pl),
this solution was shaken for 1 hour. Crosslinker C2 was dissolved in a Cul stock
solution (200 pl, 3.15 mM Cul and 8.6 uM DIPEA in DMSO), which was shortly shaken
to dissolve and mix all components. Next, the dex-alkyne and crosslinker C2 solution
were mixed and shortly shaken, after which the solution was transferred in a cubic
quartz cuvette (4 x 4 x 4 cm) and left overnight to gel. After gelation was complete,
phosphate buffer (PB) (25 ml, 100 mM, pH 7.4) solution was carefully placed on the
hydrogel patch to remove Cu-click components, unreacted dex-alkyne and
crosslinker C2. This washing step was repeated 3 times and afforded yellow

transparent self-supporting hydrogel patches.

3.6.6 Photochemical characteristics of bis-azide crosslinker C1 and C2

Photocleavage reaction of bis-azide crosslinker C1

Crosslinker C1 was dissolved in demineralized H,0 (40 uM) and 0.5 ml was added to
a quartz cuvette. The crosslinker C1 solution was then irradiated with a UVC lamp
(17 cm distance to sample) under continuous stirring and protected from other light
sources. UV/Vis spectra were recorded at selected timepoints (Figure 2A) and the

absorbance at 283 nm was plotted against time (Figure 2B).
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Photocleavage reaction of bis-azide crosslinker C2 monitored by UV/Vis analysis

Crosslinker C2 was dissolved in DMSO (40 uM) and 20 ml was added toa 4 x 4 x 4
cm quartz cuvette. The crosslinker C2 solution was then irradiated with a 375 nm
LED lamp (M375L4 (Thorlabs), 1.2 A, maximal power setting, distance to cuvette 4
cm, photon flux = 2.93 + 0.08 x 10% s!) under continuous stirring and protected
from other light sources. UV/Vis spectra were recorded at selected timepoints

(Figure 3B) and the absorbance at 383 nm was plotted against time (Figure 3C).
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Figure S4. ESI-MS spectrum recorded at t = 5 minutes during 375 nm light irradiation experiment.

The mass of crosslinker C2 ([M+H*]) and the mass of the ketone photoproduct ([M+H?*]) is detected,
indicating photocleavage of C2.
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Photocleavage reaction of bis-azide crosslinker C2 monitored by 'H-NMR
spectroscopy

Crosslinker C2 (2.99 mg, 6.9 umol) was placed in a quartz cuvette (4 x 4 x 4 cm) and
dissolved in DMSO-d6 (6 ml). Isopropyl alcohol (IPA, 1 ul, 13 umol) was added as
internal standard. The solution was irradiated with 375 nm light (M375L4 (Thorlabs),
1.2 A, maximal power setting, distance to cuvette 4 cm, photon flux (¢) =2.93 + 0.08
x 10%° s1) under continuous stirring and protected from other light sources. During

irradiation aliquots were collected at selected timepoints and analyzed by 'H-NMR

(Figure S5).
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Figure S5. Stacked 'H-NMR spectra recorded during the 375 nm light irradiation of crosslinker C2

(13.8 uM). CH; resonance at 4.03 ppm (indicated with asterisk) was monitored to determine the

C2 concentration over time relative to internal standard isopropyl alcohol (IPA). Spectra were

recorded in DMSO-d6.
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Molar extinction coefficient determination of bis-azide crosslinker C2

A stock solution of crosslinker C2 (6.42 mg in 50 ml DMSQO) was prepared in DMSO
using volumetric glassware. Subsequently a dilution series (DMSO) ranging from 21
pM to 59 pM was prepared and its absorbance was spectrophotometrically
determined (Figure S6A). The absorbance at 383 nm was plotted against the
concentration from which the molar extinction coefficient was determined (Figure

S6B). £ = 27210 Mt cm'.,
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Figure S6. A) UV/Vis absorbance spectra recorded for crosslinker C2 (concentration range = 21 uM
to 59 uM). B) absorbance (383 nm) plotted vs crosslinker C2 concentration. Molar extinction
coefficient (&3g3) = 27210 M1 cm™L,

Photon flux determination of 375 nm LED using ferrioxalate actinometry

The incident photon flux (lo) of a 375 nm LED light (Thorlabs ML375) driven by
Thorlabs T-cube LED driver (1.2 A and maximum current) was determined by

irradiation of the potassium ferrioxalate actinometer. In brief, the potassium
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ferrioxalate solution (0.006 M in H,SO4 (0.05 M)) was placed ina 4 x 4 x 4 cm quartz
cuvette which was irradiated with the 375 nm LED lamp (distance to cuvette 4 cm).
At fixed timepoints, aliquots (100 pl) were taken and 1,10-phenanthroline (140 ul,
5 mM), acetic acid (sodium salt, 1.15 ml, 1.0 M) and sulfuric acid (750 pl, 0.5 M)
were added and kept in the dark for 30 minutes. The collected aliquots were
spectrophotometrically analyzed for their absorbance at 510 nm and plotted against
time. The experiment was repeated three times yielding an average slope of
absorbance change of 3.41 + 0.09 x 103 s, The incident photon flux (l) of the 375

nm LED lamp is: 2.93 +0.08 x 10*° s calculated using equation 1.7

dA510) Na*V (1)

incident photon flux = (
p dt /J dzes*€s10*l

Where,

dAs;p=3.41*103s?

Na =6.02214 * 10% mol™?

V =0.002 dm?3

€365 =1.26

€510 = 11.1 *10% molt dm3 cm?

| =1.000 cm
Quantum yield determination of the photodegradation of crosslinker C2

The quantum yield (¢) of the 375 nm light driven photodegradation process of
crosslinker C2 was determined using equation 2. The photodegradation process
follows a linear trend and equals 6.2 x 103 s (first 30 minutes UV/Vis data) (Figure
3B). Number of photons absorbed is 2.93 x 10% s%. By substituting these values in

equation 2 the ¢ of photo degradation is calculated and equals: 0.14 (14%).
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d) __ number of molecules C2 degraded

(2)

number of photons absorbed

dAzgz *V * Ny

= 41%10%s1
€3g3 * |

number of molecules C2 degraded =

Where,

dAss3 =6.2 * 103

Na =6.02214 * 10?3 mol?

V =0.003 dm?

€3g3 = 27.2 ¥103* mol'* dm3 cm?

| =1.000 cm
3.6.7 Light triggered release studies

Dextran hydrogels were prepared according the protocol described in section 3.5.5,

with minor modifications in order to load doxorubicin, BSA or human IgG antibody.

Light triggered doxorubicin release

A set of cubic transparent self-supporting hydrogels were prepared and washed
according the protocol described in section 3.5.5 (Figure S7A). A doxorubicin stock
solution was prepared in DMSO (100 mg/ml) which was diluted in demineralized
water (30 pl doxorubicin stock in 30 ml H,0). Then 25 ml of the diluted aqueous
doxorubicin solution was added to the dextran hydrogels (Figure S7B) which were
stored in the dark for 148 hours (Figure S7C). The doxorubicin loaded hydrogels
were removed from the doxorubicin loading solution (Figure S7D) and placed in H,0
(25 ml) for 24 hours to remove excess doxorubicin (Figure S7E). The washed
doxorubicin loaded hydrogels were then placed in fresh H,0 (25 ml) of which one
was irradiated with UVC light (1.02 mW/cm?, irradiance determined at the gel

location) for 24 hours (Figure S7F) while the other was kept in the dark as a control.

108



Light sensitive phenacyl crosslinked dextran hydrogels for controlled delivery

Figure S7. A)-H) Series of photographs taken during the doxorubicin load and release process.

The UVC irradiated hydrogel completely degraded (Figure S7G) in contrast to the
non-irradiated hydrogels which stayed intact and retained the loaded doxorubicin
inside the hydrogel matrix (Figure S7H). Aliquots of the surrounding solution of both
samples were collected at fixed timepoints and analyzed by UV/Vis
spectrophotometry. The absorbance at 283 nm and 480 nm (absorption maximum
of doxorubicin) was plotted against time and shows that the absorbance at both
wavelengths increased over time, in contrast to the control sample were the
absorbances remain constant over time (Figure S8A and S8B). The measured
absorbance characteristic for doxorubicin (480 nm) is low (0.05 to 0.07), while the
absorbance at 283 nm is approximately 5-fold higher. Therefore, we conclude that
the majority of the loaded and released doxorubicin is degraded as a result of the
UV-C light dose. The light degradation process of doxorubicin in the hydrogels
aqueous supernatant was confirmed by fluorescence analysis (excitation: 470 nm)
(Figure S9). At t = 15 minutes (orange data) the characteristic emission spectrum of
doxorubicin is detected (emission max 595 nm). However, when light irradiation is
prolonged the emission spectrum significantly changes (blue and green data) and

reduces in intensity, indication doxorubicin’s degradation.
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Figure S9. Fluorescence spectra recorded during light irradiation experiments of doxorubicin
loaded dextran hydrogels.

Light triggered protein release

Hydrogel patches were prepared according the procedure described in section 3.5.5

and were loaded with bovine serum albumin (BSA) or immunoglobulin G (IgG) from

110



Light sensitive phenacyl crosslinked dextran hydrogels for controlled delivery

human serum. In case of BSA loading, 60 ul of a BSA stock solution (0.63 mg/ml in
phosphate buffer (PB) (100 mM, pH 7.4)) was added to the liquid dextran (540 pl)
phase prior to gelation. In case of 1gG loading, 100 pl of an IgG stock solution (50
mg/ml in phosphate buffer (100 mM, pH 7.4)) was added to the liquid dextran (500
ul) phase prior to gelation. After gelation and washing, the protein loaded hydrogel
patches were irradiated with 375 nm light and aliquots (40 pl) were collected at
selected timepoints. Each of the released protein fractions was labeled with 20x
excess of NHS-Cy5 in PBS at room temperature for 4 hours. The BSA protein content
was determined with SDS-PAGE gel analysis and fluorescence analysis (Typhoon, GE
Healthcare). The IgG protein content was determined by the Bradford assay (n = 4
experiments for irradiation samples, n = 2 experiments for non-irradiation
samples).® A concentration plot (0 mg/ml to 1.00 mg/ml) was prepared with n = 3

experiments (Figure S10).
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Figure $10. Concentration plot for IgG (0 mg/ml to 1.00 mg/ml) determined according the Bradford
assay.

Cerenkov luminescence triggered protein release

Cubic hydrogels were prepared as described in section 3.5.5 with one minor
modification for loading the protein solution. 30 ul of a BSA stock solution (0.63
mg/ml in phosphate buffer (PB) (100 mM, pH 7.4)) was added to the liquid dextran
(270 pl) phase prior to gelation. The hydrogels were then placed in glass vials and

irradiated with y-rays (0.6 kGy/h) delivered by a ®°Co-source. At selected timepoints
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the aliquots (30 pl) were taken and analyzed for their protein content using UV/Vis

(Nanodrop) analysis and standard SDS-Page gel analysis.

3.6.8 Rheology analysis
Rheological measurements of C1 crosslinked hydrogels

Hydrogels were prepared as described in section 3.5.5. After mixing, 0.5 ml gel
solution was placed on the rheometer plate (40 mm diameter steel plate-and-plate
geometry, equipped with a hexadecane trap). After 90 minutes the gel point is
reached, as the storage modulus surpasses the loss modulus, indicating a hydrogel
has formed (Figure S11A). Time sweep measurements were performed at a fixed
strain (y = 1%) and frequency (o =6.28 rad/s = 1 Hz). The frequency sweep
measurements were performed from 0.1 to 100 rad/s at a fixed strain (y = 1%), using

a 40 mm steel plate-and-plate geometry (Figure S11B).
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Figure S11. A) Time sweep measurement of the gelation process of alkyne modified dextran

hydrogel (10 wt%) using crosslinker €1 (y = 1%, w = 1 Hz, 25 °C). The gel point is reached after
approximately 90 minutes. B) Frequency sweep measurements of C1 crosslinked dextran-based

hydrogels.
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GAMMA RADIATION INDUCED CONTRACTION
OF ALKYNE MODIFIED POLYMER HYDROGELS
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Gamma radiation triggered secondary crosslinking of dextran hydrogels leads to

y-rays

macroscopic hydrogel contraction. We use stable polymer hydrogels, prepared
through azide-alkyne crosslinking, containing surplus alkyne groups. v-
irradiation of these gels leads to more alkyne crosslinking, enabling controlled
increase of crosslink density, which in turn leads to an increase of hydrogel
stiffness and macroscopic hydrogel contraction. Gel contraction scales linearly
with applied radiation dose. The same mechanism is applied to achieve -
radiation triggered release of small molecule cargo, akin to wringing out a
sponge. y-irradiation of touching hydrogel objects leads to gel fusion and the
formation of a self-supporting gel connection, demonstrating the reactivity of
the excess alkyne groups. We envision applications in gel gluing and the
construction of complex gel architectures, as well as in responsive materials for

controlled release.

This chapter is published as:

Brevé, T. G.; Liu, H.; Denkova, A. G.; Eelkema, R., Gamma Radiation Induced
Contraction of Alkyne Modified Polymer Hydrogels. 2022. Macromol. Mater. Eng. DOI:
202100623



4.1 INTRODUCTION

Polymer hydrogels are formed by physically or chemically crosslinking hydrophilic
polymers, with the degree of crosslinking having a large impact on the mechanical
and chemical properties of the hydrogel. A wide range of methods exists to make
chemical crosslinks, including photo polymerization, radical induced crosslinking,
and click chemistry approaches such as copper catalyzed alkyne azide coupling and
Michael additions.! Having control over the crosslink density enables control over
the release of (bio) molecules, hydrogel stiffness, cellular signaling?#, and eventually
over the internal water volume. Crosslink density can be controlled by degradative
or constructive molecular events, which depend on the desired application and can
be controlled by triggers such as (UV) light, pH, enzymatic activity or reactive oxygen
species (ROS). Degradative processes such as triggered crosslinker cleavage®, are
typically employed to release (bio) molecules from the hydrogel matrix. In contrast,
in constructive molecular events the crosslink density is increased, through
sequential or stepwise crosslink strategies such as secondary radical-mediated
crosslinking® or by sequential photo-induced crosslinking?®. Crosslink density
increase is typically employed for increasing mechanical properties such as stiffness
or yield stress, or to heal damage. Here, we present a y-radiation triggered
secondary crosslink strategy that enables us to have direct control over the crosslink
density and eventually the macroscopic contraction of dextran hydrogels (Figure
1A). With this finding we demonstrate that a molecular event, such as secondary
crosslinking, can be translated into macroscopic motion (hydrogel contraction).
Most strategies for hydrogel contraction in literature rely on physical transitions. A
well-known physical strategy for hydrogel contraction is the temperature triggered
phase transition of poly(N-iso-propylacrylamide) (PNIPAM) based hydrogels. When
such hydrogels are heated above 32 °C, a sharp decrease in material volume is
observed which is caused by the polymer switching from a hydrophilic phase to a

hydrophobic phase.®1° Alternatively, photoredox responsive hydrogels can undergo
118



Gamma radiation induced contraction of alkyne modified polymer hydrogels

A

FTTTTT T mmmmmmmm e H

' N
' —_ = bis-azide-PEG !
loading & ! — = alkyne functionality E
—_— ! ™=~ =dextran backbone !
y-radiation ' !
H ]

induced
‘'squeeze’ | || "ot oTTomoomoooooooooo-oood

R
Ho'
2 om y-radiation

e

Cu-click

{
— fo O H
H,0 or buffer oH o HO o 9
¥ ? o ¥ O H
! 4 o
OH
H0g> 0N 1 on ‘_‘:R
xz y
on 4 on
o o, ((’
DEX-BB,
'Q’NN f(u "ﬂ{ Dgxraatu \(J,N"
N N a | N -
ol o DEX-BB N ©
L_oyrolyy ol o

Figure 1. A) Schematic representation of cargo-loaded dextran hydrogels, which upon y-irradiation
contract and expel cargo from the hydrogel network. B) Hydrogel synthesis by crosslinking the
dextran backbone (DEX-BB) and bis-azide-PEG19 using standard Cu-click conditions (CuSQOg4, sodium
ascorbate, activating ligand: tris(benzyltriazolylmethyl)amine (THTPA)). Residual alkynes are
further crosslinked by y-irradiation, resulting in contraction.

macroscopic contraction as a result of polymer chain folding. Blue light, via an
excited ruthenium photocatalyst, triggers the folding of polyviologen chains in the
hydrogel network resulting in a reduction of the hydrogel volume.!! Mechanical
entanglement can also be used for material contraction using a UV light driven
molecular motor to entangle a polymer network.'> 13 Finally, enzymatic activity is
employed to trigger a secondary crosslinker strategy leading to hydrogel contraction
accompanied by an increased hydrogel stiffness.’* Hydrogels find many different
applications where they provide a protective environment to a loaded cargo. These
loaded hydrogels enable controlled release of the cargo, through either an active or
a passive release mechanism. Passive release is typically described by the standard
Fickian diffusion model, where the hydrogel structure remains intact. On the
contrary, active release can be controlled using external triggers such as (UV) light,
temperature, pH, biological molecules or oxidative stress and changes the integrity
of the hydrogel network or the hydrogel completely disintegrates. A less common
trigger is ionizing radiation. A few examples exist where y-radiation induces scissions
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in dendrimer structures!®, generates reactive oxygen species (ROS) which damage
the bilayer of liposomes and promote cargo release'® or the cleavage of doxorubicin
from nanoparticle drug carriers.'” y-radiation is a powerful tool to generate radicals
on unsaturated polymer chains, leading to crosslink formation, which is widely
applied.’® 1° Crosslinking by gamma radiation is an efficient technique to form
hydrogels as no monomers, initiators or catalysts are used, which are potentially
harmful or toxic and are thus problematic when these hydrogels find a biological
application. In general, the crosslink density can be controlled by varying the
radiation dose, this enables control over the degree of swelling and material
properties such as stiffness.?> 2! When prolonged irradiation is used, the formed
material continues to form crosslinks which eventually results in material
contraction. This effect was observed by Angelini et al., who reported material
contraction when 3% gelatin solutions were exposed to y-irradiation dose higher
than 50 kGy.?? In our research we demonstrate contraction of stable pre-crosslinked
hydrogels, where y-irradiation leads to immediate contraction, indicating high

sensitivity.

4.2 RESULTS AND DISCUSSION

Here, we present a method to contract dextran hydrogels using a covalent
secondary crosslink strategy using y-irradiation as an external stimulus. We use
chemically crosslinked dextran-based hydrogels that are modified with extra alkyne
functionalities on the dextran backbone. We started from dextran (MW = 500 kDa)
that is randomly modified with terminal alkyne side chain groups (degree of
substitution = 36%, Figure S1) using propargyl glycidyl ether chemistry. We then
formed a hydrogel by chemically crosslinking a fraction of the alkyne moieties
(theoretical maximum is 8%) via copper catalyzed azide alkyne cycloaddition with a
bis-azide-PEG19 crosslinker (Figure 1B). This procedure afforded transparent, self-

supporting hydrogels with a storage modulus (G’) of 1.6 x 103 Pa and tan §(G”/G’)
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Figure 2. A) Rheology data showing an increased hydrogel stiffness after y-irradiation. Blue data
PB swollen gels. Black data H,0 swollen gels. B) Relative contraction rate, control: non-irradiated
samples, blue: PB swollen hydrogels, black: H,0 swollen hydrogels. C) Weight change of hydrogel
cubes (H;0 swollen: 1.9 cm3? and PB swollen: 0.6 cm? typical size) upon y-irradiation (69Co 0.6
kGy/h). Orange data: non-irradiated samples, blue data: phosphate buffer (100 mM, pH 7.4)
swollen hydrogels, black data: water swollen hydrogels. Blue and black data fitted by standard
linear regression model. D) inverted vial test. 14.4 kGy y-irradiation resulted in gelation of alkyne
modified dextran (left) but did not gel unmodified dextran (500 kDa, right). E) Water swollen,
fluorescein colored centimeter scale dextran hydrogel. F) PB swollen hydrogels. Photographs taken
before (left) and after 24 hours irradiation (right). G) H,O swollen hydrogels. Photographs taken
before (left) and after 24 hours irradiation (right). H) SEM image taken before irradiation. 1) SEM
image taken after 24 hours irradiation.

of 8.0 x 10°3 (Figure 2E). Next, we exposed centimeter-sized gel cubes to y-irradiation
from a ®9Co source, at doses up to 14.4 kGy. We observed that the gel cubes would
shrink considerably from the start of the experiment with increasing dose, and that
these contracted gels had an increased stiffness (Figure 2A and S$3). Control
hydrogels remained virtually unchanged during the course of the 24-hour
experiment, whereas the irradiated hydrogels linearly reduced in weight (Figure 2C).
The contraction rate of hydrogels swollen in PB is lower (Figure 2B, blue data)
compared to the contraction rate of hydrogels swollen in demineralized water
(Figure 2B, black data). After 24 hours irradiation (14.4 kGy) the weight reduction of

the PB swollen gels and the demineralized water swollen gels is 39% and 74%,
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respectively. Figure 2F and 2G show a set of photographs that illustrate the volume
reduction. Figure 2G shows a transparent water swollen hydrogel at the start of the
y-irradiation experiment (left) and the contracted hydrogel after 24 hours of vy-
irradiation (right). During hydrogel contraction, the gels remain transparent and
contract in all three dimensions equally, holding their cubic shape. A similar but less
pronounced effect is observed for the PB swollen hydrogel (Figure 2F, left the
hydrogel at t = 0 and right at t = 24 hours y-irradiation). We then conducted a
frequency sweep experiment on the rheometer to determine the rheological
properties of the hydrogel before and after y-irradiation. The storage modulus (G’)
increased a factor 3-fold (PB swollen) or 2-fold (H20 swollen) after 24 hours of
irradiation, indicating a more elastic material which is probably a result of additional
crosslink formation (Figure 2B and S2). Additionally, the hydrogels were analyzed by
scanning electron microscopy (SEM) before and after y-irradiation. SEM analysis
revealed that the hydrogels have multiple morphologies which have different pore
sizes (Figure S3). To demonstrate the effect of y-irradiation on the micro-scale sized
pores, a similar area in a non-irradiated hydrogel and an y-irradiated hydrogel are
shown in Figure 2H, L. In the non-irradiated control hydrogel, the pore structure has
a more open character compared to the y-irradiated hydrogel. This implies that
additional crosslinks are formed induced by y-irradiation which is in agreement with
the increased hydrogel stiffness (Figure 2A and S2). To get more insight in the
mechanism of y-irradiation induced contraction, a control experiment was
conducted in which solutions of unmodified dextran (500 kDa, 10 wt% in H,0) and
alkyne modified dextran were subjected to y-irradiation (®°Co source, 0.6 kGy/h)
(Figure 2D). No changes could be observed for the unmodified dextran solution. In
contrast, we found that the alkyne modified dextran solution gels overnight (14.4
kGy), which implies that the alkyne functionalities are crucial for hydrogel
formation, and thus likely play a role in the observed contraction and increased

stiffness. Crosslink formation may occur via the formation of reactive terminal
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alkyne radicals, which could be generated directly by y-irradiation or indirectly via
the reaction products which emerge from water radiolysis. The main products of
water radiolysis are hydrated electrons, HOe (hydroxyl radical), Hz, H,0, and the
H,0e (hydroperoxyl radical). The HOe is the most abundant radical which can
further react and create alkyne radicals.?® Subsequently, these alkyne radicals can
form crosslinks with adjacent alkyne groups resulting in the observed hydrogel
contraction. Propagation can occur via an attack on the radical C1 carbon or to the
cationic C2 carbon of adjacent alkyne moieties forming new C-C bonds.?* Another
possible secondary crosslink mechanism is by an attack of a radical C1 carbon on
carbon C3, C4 or C5.2° Additionally, phosphate buffer is found to act as a radical
scavenger, which might explain the lower degree of hydrogel contraction we have
observed in our y-irradiation experiments (Figure 2B and 2C).2° The reactivity of the
residual alkyne groups suggested that it should be possible to glue?” 28 or fuse
hydrogel objects using y-irradiation (Figure 3A). We designed an experiment in
which two hydrogel cubes were placed on top of each other inside a closed glass
vial. Prior to initial gelation, a pipet tip was placed in the liquid dextran solution to
provide for an easy grip handle used for lifting the hydrogels and assessing the -
irradiation induced fusion (Figure 3B). One set of hydrogel gel cubes was then placed
in a 8°Co source for 24 hours and one set was kept aside as a control experiment.
We found that the hydrogel cubes in the control experiment did not fuse together.
When lifting the top hydrogel, the bottom hydrogel immediately detached
indicating that capillary forces do not play any significant role (Figure 3B-2). In
contrast, the y-irradiated set of hydrogels had fused together and could be lifted
with the top hydrogel cube holding the weight of the bottom hydrogel cube (Figure
3B-3). Finally, we were curious if we could release a loaded cargo from the hydrogel
matrix, as a result of y-irradiation triggered hydrogel contraction (Figure 3C). In this
experiment, we used hydrogels loaded with model compound 1,4-phthalic acid. The

hydrogel cubes were isolated from the surrounding water volume by placing them
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Figure 3. A) Fusion of separate dextran hydrogel cubes using y-irradiation. B) Two gel blocks
pressed together (B-1) do not adhere in the control setting ((B-2), 24 hours no irradiation). When
irradiated for 24 hours, the top gel can lift the bottom gel, demonstrating gel fusion (B-3). C) Cargo
expulsion upon irradiation-induced contraction. UV-Vis data show expelled 1,4-phthalic acid
(monitored at 240 nm) upon prolonged y-irradiation (0.6 kGy/h). Orange data: non-irradiated
control hydrogel. Blue data: irradiated hydrogel. Lines are to guide the eye. Orange data show a
constant but non-zero absorbance due to an initial single leakage of cargo solution.

on a glass plateau inside a closed glass vial (Figure S4). This experiment setup
allowed us to limit passive diffusion of 1,4-phthalic acid from the hydrogel matrix
and only observe the ‘squeezing’ effect by contraction. We found that the UV/Vis
absorbance (240 nm) of the water volume of the y-irradiated hydrogel increases
over time, indicating the release of 1,4-phthalic acid, while the absorbance of the

water volume of the control gel remained stable over time.
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4.3 CONCLUSION

In conclusion, we here demonstrate a versatile y-irradiation triggered hydrogel
crosslinking strategy that enables control over hydrogel stiffness, contraction,
release and fusion. We found a linear relationship between the y-irradiation dose
and the degree of hydrogel contraction, with a more pronounced effect in water
than in phosphate buffer. The stiffness of the hydrogels increased 2-fold for H,O
swollen hydrogel and 3-fold for PB swollen hydrogels after y-irradiation, which is the
result of the increased crosslink density. y-irradiation triggered crosslinking enables
fusion of hydrogel objects. In addition, we show that y-irradiation triggered hydrogel
contraction can be used to squeeze out a cargo. All together our finding provides
for a y-irradiation sensitive material having potential in material science and

triggered release applications.
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4.4 OUTLOOK

The y-irradiation triggered secondary crosslink strategy presented here, is efficiently
employed for the macroscopic contraction of alkyne functionalized dextran
hydrogels. To improve the application further and allow for clinical application such
as drug delivery systems, the sensitivity towards y-irradiation should be increased.
Using the current design, hydrogel contraction is achieved immediately after y-
irradiation starts and hydrogel contraction continues linearly for 24 hours up to
doses of 14.4 kGy. In order to achieve controlled drug release the rate at which the
hydrogel contraction occurs should be increased, and ideally show significant
hydrogel contraction using doses below 2 Gy. This would allow the application to be
used in patients and would prevent degradation of the drug molecule due to -
irradiation. Achieving such sensitivity requires a high density of reactive ionizable
sidechains in order to maximize the rate of contraction per unit of y-radiation. In the
current research it was attempted to increase the density of the ionizable alkyne
moieties higher than the current degree of substitution, 36%. Using 'H-NMR analysis
we determined the degree of substitution to be 51% of the newly synthesized
dextran batch. Unfortunately, dextran (500 kDa) having a degree of substitution
with an apolar alkyne moiety this high is insoluble in water and limits the use for
hydrogel preparation. Therefore, more water soluble ionizable side chains should
be considered.

Furthermore, potential application of our alkyne-alkyne secondary crosslink
strategy could be found in y-ray triggered self-healing and y-ray triggered
reinforcement of materials. Mostly, gamma- and x-ray triggered systems are
disruptive, which for release applications such as drug delivery devices is ideal.
However, here we describe a process of bond formation induced by y-radiation. In
the field of materials science, y-radiation shielding hydrogels are of interest to space

engineering and personal protective gear. Examples of these gels are abundant
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although have a limitation which is y-radiation induced bond scissions that after a
certain dose limits the use of these materials.?>3° Such materials could be improved
by incorporation of a y-irradiation triggered secondary crosslink strategy as

presented in this chapter.
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4.6 SUPPLEMENTARY INFORMATION

4.6.1 General considerations

All solvents and chemicals were purchased from Sigma Aldrich or Apollo scientific
and used without further purification. H-NMR and *C-NMR were recorded on an
Agilent-400 MR DD2 (399.67 MHz for *H and 100.5 MHz for 3C) at 298 K. The
chemical shifts are given with respect to solvent residual signals as reported by
Fulmer et al.! The rheological measurements were performed using a rheometer
(AR G2, TA instruments) equipped with a steel plate-and-plate geometry of 8 mm or
40 mm in diameter and equipped with hexadecane trap. Scanning electron
microscopy images were recorded on a Jeol JSM-6010-LA machine. All y-irradiation
experiments were conducted using a Nordion GC220 ®°Co source. The preparation

of alkyne modified dextran is described in section 3.5.4.

4.6.2 General protocol for dextran hydrogel preparation

A 10 wt% dex-alkyne solution was prepared by dissolving dex-alkyne in H,0 (300 pl),
this solution was shaken for 1 hour. Bis-azide-PEG1g solution was prepared by mixing
bis-azide-PEG19 (4.0 mg, 0.0038 mmol) with a Cu-click stock solution (200 pl, (CuSO4
(0.59 mM), sodium ascorbate (3.79 mM) and THTPA (0.29 mM))), which was shortly
shaken to dissolve and mix all components. Next, the dex-alkyne and the bis-azide-
PEGi1y solution were mixed and shortly shaken, after which the solution was
transferred in a cubic mold and left overnight to gel. After gelation was complete,
the hydrogel was removed from the mold and placed in a phosphate buffer (PB) (25
ml, 100 mM, pH 7.4) solution or demineralized water to remove Cu-click
components, unreacted dex-alkyne and bis-azide-PEGis. This washing step was

repeated 3 times and afforded transparent self-supporting cubic hydrogels.
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4.6.3 y-irradiation induced contraction

The weight of swollen hydrogels (prepared as described in section 4.6.2) was
determined and then placed in 15 ml glass vials and submerged with PB (10 ml, 100
mM, pH 7.4) or demineralized water (10 ml). Sample vials were irradiated with y-
rays delivered by a ®°Co-source and at selected timepoints the weight of the
irradiated hydrogels and control hydrogels was determined (Table S1), using an

analytical balance.

Table S1. y-irradiation (0.6 kGy/h) induced hydrogel contraction monitored by weight (g)
determination at selected timepoints.

Time (min.) 0 50 100 200 400 1440

Entry y-irradiation (kGy) 0 0.5 1 2 4 14.4
1 S1 (g) (PB) 0.639 0.635 0.634 0.628 0.581  0.399

2 S2 (g) (PB) 0.633  0.625 0607 0598 0.562 0.383
3 S3 (g) (PB) 0.632 0.630 0.632 0.621 0.578 0.379
4 s1 (g) (H20) 1.845 - 1.777 1623 1.438  0.495
5 S2 (g) (H20) 1.946 - 1.771 1.606 1.449 0.497
6 C1(g) (PB) 0633 - - 0.621 0.623  0.618
7 C2 (g) (PB) 0.585 - - 0.590 0.594 0.592
8 C3 (g) (PB) 0.624 - - 0.630 0.628 0.630

4.6.4 Rheological measurements of hydrogels

Dex-alkyne and bis-azide-PEGiy solutions were prepared as described in section
4.6.2. After mixing, 0.5 ml was placed on the rheometer plate (40mm diameter steel
plate-and-plate geometry, equipped with a hexadecane trap). After 33 minutes the
gel point is reached, as the storage modulus surpasses the loss modules, indicating
a hydrogel has formed (Figure S2). Time sweep measurements were performed at a

fixed strain (y = 1%) and frequency (» =6.28 rad/s = 1 Hz).
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Figure S1. Time sweep measurement of the gelation process of alkyne modified dextran hydrogel
(10 wt%) using a bis-azide-PEGq crosslinker (y=1%, w =1 Hz, 25 ). The gel point is reached after
approximately 33 minutes.

The influence of y-irradiation on the hydrogel stiffness was monitored using
frequency sweep measurements and were performed at t = 0 (before y-irradiation)
and at t = 24 hours (14.4 kGy of y-radiation). The storage modulus (G’) shows a 2-
fold increase after y-irradiation for the water swollen hydrogels and 3-fold increase
after y-irradiation for the PB swollen hydrogels (Figure S3A), indicating more elastic
behavior as a result of increased crosslink density. The loss modulus (G”’) increases
1.8-fold for water swollen hydrogels and 20-fold for PB swollen hydrogels after 24
hours of y-irradiation (14.4 kGy) (Figure S3B). The frequency sweep measurements

were performed from 0.1 to 100 rad/s at a fixed strain (y = 1%), using an 8 mm steel

plate-and-plate geometry.
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Figure S2. Frequency sweep measurements of dextran-based hydrogels at t = O (before -
irradiation) and at t = 24 hours (14.4 kGy of y-radiation).

4.6.5 Scanning electron microscopy analysis of hydrogels

The analyzed hydrogels were prepared following the procedure described in section
4.6.2. After hydrogel preparation the hydrogels were submerged in 5 ml H,O inside
a glass vial and placed in the %°Co source or kept aside as a control. After 24 hours
the gels were taken out and frozen by submerging the hydrogels in liquid nitrogen.
The frozen hydrogels were then placed in a 50 ml round bottom flask and freeze-

dried overnight. The freeze-dried samples were analyzed by SEM analysis.
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Figure S3. A) B) and C) SEM images taken before y-irradiation (t = 0). D) E) and F) SEM images
taken after y-irradiation (t = 24 hours, 14.4 kGy).

4.6.6 y-radiation triggered cargo release experiment

A 1,4-phthalic acid stock solution (6.02 mM, 12.2 mM NaHCOs, pH 7.34 (NaOH pallet
was used to adjust pH)) was prepared. Hydrogels were prepared according to the
protocol described in section 4.6.2, except that dex-alkyne was dissolved in a 1,4-
phthalic acid aqueous solution (300 pl) instead of demineralized water (300 pl).
After gelation was complete, the hydrogels were removed from their mold and
placed in 1,4-phthalic acid stock solution (25 ml) which was replaced by fresh 1,4-
phthalic acid stock solution (3 x 25 ml) to wash out unreacted bis-azide crosslinker,
dex-alkyne and Cu-click components. The hydrogels were then placed on a glass
plateau inside a closed vial and H,0 (5 ml) was added (Figure S$4). Subsequently, one
gel was placed in the #°Co source and irradiated for 24 hours and one gel was kept
aside as a control. During the 24-hour period, aliquots (150 pl) were taken from the
water phase below the irradiated gel and the non-irradiated control gel and

analyzed by UV/Vis analyses.
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Figure S4. Example of the experimental setup used in the 1,4-phthalic acid y-irradiation triggered
release experiments.
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MECHANICAL FORCE TRIGGERED SIGNAL
MOLECULE GENERATION

Mechanical compression of flexible materials leads to cyclo-reversion reactions
releasing small molecules. Here we present a force sensitive polyurethane
material, releasing a signaling molecule when the material is mechanically
compressed. We show synthetic procedures for the synthesis of our
oxanorbornadiene mechanophore having the signal molecule incorporated.
Further, a proof-of-concept is given where we detect the signal molecule after
the prepared polyurethane material is compressed. Finally, we provide an
outlook where we discuss the current status of the project and we introduce a

new approach for mechanical force triggered signal molecule generation.



5.1 INTRODUCTION

Mechanophores are force sensitive molecules that are activated when a directional
force is applied, resulting in bond cleavage or molecular rearrangements.™ 2 Force
can be applied in several ways including solution-phase ultrasonication, material
compression, material stretching and through shearing. In general, polymer chains
attached to the mechanophore transmit force applied to the solid polymeric
material or solution in which the polymers are dissolved.? Most mechanophores are
part of the polymeric backbone and in response to force a bond is cleaved, resulting
in a color change or increase in fluorescence. Such mechanophores find purpose as
reporter molecules that indicate for example microscopic material damage.*’ A

different class of mechanophores is designed to break bonds that after breakage
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Figure 1 A) Schematic representation of the mechanical compression of a polymeric material. Due
to mechanical compression the polymeric backbone is stressed, leading to a retro Diels-Alder
reaction and the release of a signal molecule. The released signal molecule can diffuse freely and
bind to cucurbit[7]uril (CB[7]), substituting the inhibited catalyst. B) Mechanical force induced retro
Diels-Alder reaction of the oxanorbornadiene scaffold, releasing signal molecule 4. C) Molecular
structure and schematic representation of cucurbit[7]uril (CB[7]).
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release a small molecule while the polymeric backbone remains intact. Such
mechanophores were developed by Boydston et al.,, termed ‘flex-activated’
mechanophores and are based on the oxanorbornadiene scaffold.?! Here, we aim
to use the flex-activated oxanorbornadiene to incorporate a relevant signaling
molecule (Figure 1B, positively charged furan4) and release it in a controlled fashion
using mechanical force (Figure 1A). Flex activation of oxanorbornadienes, increases
strain between the bonds of the di-ester functionality and the furan moiety and
makes the oxanorbornadiene subject to force. When compressing an
oxanorbornadiene containing material, the bond angle between the di-ester
increases and ultimately reaches the point where the stored energy surpasses the
activation energy of cyclo-reversion (Figure 1B), resulting in the release of a small
molecule. Here, the released signal molecule 4 strongly interacts with cucurbit[7]uril
(CB[7]) (Figure 1C), due to the favorable interactions between the apolar furan ring
and the apolar CB[7] interior, and the positively charged quaternary amine with the
hydrophilic portal region of CB[7]. The liberated signal molecule has a higher affinity
for CB[7] compared to the catalyst for CB[7], resulting in the substitution of the
encapsulated catalyst and subsequent onset of catalysis.'> 13 In every compression
cycle a fraction of the mechanophores is activated, allowing for stepwise generation
of the signaling molecule. Using this strategy, we aim to prepare a material capable
of sensing macroscopic force that is translated in a molecular event initiating a

simple signaling cascade.

5.2 RESULTS AND DISCUSSION

For the synthesis of mechanophore 6, we designed a three-step synthesis route,
starting with the double esterification of acetylenedicarboxylic acid (compound 1,
Scheme 1) with monobenzyl protected diethyleneglycol (compound 2, Scheme 1).
In the second synthesis step we performed a [4 + 2] cycloaddition of furan 4 and

alkyne 3, however no product formation was observed. Several attempts were
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Scheme 1. 3-step synthetic pathway for the synthesis of mechanophore 6.

made to synthesize mechanophore 5 while varying the solvent, temperature and
reaction pressure (table S1), however we did not observe the formation of
mechanophore 5. Trying to understand why the Diels-Alder reaction between
alkyne 3 and furan 4 was unsuccessful, we evaluated the role of the Breslow
hydrophobic effect!* and solvent hydrogen bonding effects on the reaction progress
of the Diels-Alder reaction between 3 and 4. The Breslow hydrophobic effect and
hydrogen bonding between diene, dienophile and protic solvents in the transition
state of the Diels-Alder cycloaddition are the two main stabilizing effects
accelerating the cycloaddition. The transition state of the Diels-Alder cycloaddition
has a negative volume of activation, meaning that the volume of the separate diene
and dienophile is larger than the two reactants in the transition state. Therefore, it
is favorable to have solvent pressure bringing diene and dienophile in close
proximity. In general, this is accounted for in the hydrophobic effect as two fairly
apolar hydrocarbons in aqueous solvent systems tend to stabilize each other and
approach each other closely, avoiding the unfavored interaction with water.'* Since
alkyne 3 and diene 4 are both water soluble the accelerating and stabilizing effect
of the hydrophobic effect might be diminished, as both molecules are easily

dissolved in polar solvents. In addition, the transition state is also stabilized by
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Scheme 2. 5-step synthetic pathway for the synthesis of mechanophore 6.

of alkyne 3 and the diene functionality of 4. However, the positively charged
guaternary amine might interfere with the stabilizing hydrogen bonding, due to a
solvation shell formed around the charged amine, possibly explaining the observed
failed reactions.' '® To overcome this synthetic hurdle, we redesigned the synthesis
route to obtain mechanophore 6 (Scheme 2). We decided to replace the charged
furan in synthesis step 2 for the non- charged 3-hydroxymethyl-furan (compound 7,
Scheme 2) and to install the positive charge in a later stage directly on the
oxanorbornadiene (Scheme 2, step 4). Now, the Diels-Alder cycloaddition between
alkyne 3 and furan 7 proceeded smoothly and afforded oxanorbornadiene 8 in
moderate yield (37%). Using N-bromosuccinimide and triphenyl phosphine the
hydroxyl moiety in 8 was reacted into a bromine, which in the next step should be
bromine 10 occurred as well (confirmed by 'H-NMR and LC-MS). Determined by H-
NMR, we easily converted into a quaternary amine. Although the desired

oxanorbornadiene bromine 9 was formed, a ring opening of the oxanorbornadiene
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Scheme 3. 3-step synthetic pathway for the synthesis of mechanophore 14 and the synthesis of the
polyurethane network, using triethylene glycol (TEG) and hexamethylenedi-isocyanate (HDI).

moiety yielding found a 7:3 molar ratio between mechanophore 9 and by-product
10 (Figure S1). Using silica column chromatography, the purification of bromine 9
was attempted unfortunately without success, which is contributed to a too small
difference in polarity between compound 9 and 10. We again decided to redesign
and simplify the synthetic route, staying close to the original design by Boydston et
al. to obtain the desired mechanophore (Scheme 3). In this approach we replaced
diethylene glycol for 1,6-hexanediol, which shortens the synthetic route with 1
deprotection step and simplifies the purification of alkyne 11. We synthesized
alkyne 11 on a multigram scale, which was then further reacted to yield 13 that
without purification was treated with trimethyl amine in THF to afford
mechanophore 14. Although 14 was not completely pure and was obtained in low
yield, we decided to continue and as a proof of concept we prepared a polyurethane
network having mechanophore 14 incorporated (Scheme 3, details in Sl). The liquid
polymerization mixture was put in cylindrical molds. After curing, the solid polymer
blocks were carefully removed and washed in chloroform to remove unreacted
species, catalyst and solvent. After washing and drying the polyurethane material

samples, we decided to test if we could mechanically activate the mechanophore
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and release the signal molecule. We took two samples, of which one was
compressed using a mechanical press, and one was kept aside as a control sample.
After compressing the samples, we submerged the samples in CD30D for 60 minutes
and analyzed the supernatant by LC-MS and *H-NMR. The mass of signal molecule 4
was found in the supernatant taken from the compressed sample and was not found
in the supernatant taken from the control sample, indicating that mechanical force
had triggered the release of our signal molecule. In addition, we recorded a tH-NMR
spectrum of the supernatant collected for the compressed sample, and here we see
small resonances matching signal molecule 4 (Figure S2). These preliminary results
show the potential of the force sensitive triggering of a signaling cascade in a
polymeric material that we have designed. Although the first results are promising,
the system as such is not ideal and needs optimization and proper control
experiments.

The current strategy for force activated signal transduction relies on mechanical
activation by means of mechanical compression of polyurethane material samples
releasing a signal molecule that in turn diffuses out of the material and
competitively binds to a CB[7]ccatalyst complex. One limitation here arises from
the poor diffusion of small molecules in the polyurethane material samples that are
dense polymeric networks. This would delay the competitive binding of the
mechanically released signal molecule to the CB[7]ccatalyst complex and the
subsequent onset of catalysis. Also, the oxanorbornadiene mechanophores are
synthesized in low yield and difficult to purify. To overcome these issues, a different
strategy for mechanical activated signal transduction is presented in the outlook

section below.
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5.3 CONCLUSION

In conclusion, synthesizing mechanophore 6 designed for the mechanical force
triggered signal transduction was unsuccessful following the synthesis route
presented in scheme 1, as the Diels-Alder reaction in synthesis step 2 failed. After
replacing the positively charged amine substituent on furan 4 with a hydroxyl group
the Diels-Alder reaction shown in scheme 2 was successful. However, in the next
synthesis step, the bromination of the hydroxyl substituent, a mixture of product 9
and by-product 10 was formed which we failed to separate. In the third and final
attempt the synthesis route was simplified and afforded the desired mechanophore,
although in low yield and low purity. As a proof of concept, we incorporated the
mechanophore in a polyurethane network and obtained a polymeric solid material.
When compressing the material samples, low quantities of signal molecule 4 were
detected by means of LC-MS and H-NMR. In the outlook an alternative system is
presented, providing a general concept where mechanical force triggers signal

transduction to modulate catalyst activity.
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5.4 OUTLOOK

Several strategies are employed to trigger mechanophores, one of them is
compression of solid materials as described in the initial research approach.
Alternatively, ultrasound or sonication is an efficient method to apply mechanical
force on molecules. Using sonication, the mechanophore is typically in solution
while being triggered, which would eliminate slow diffusion of the released signal
molecule as the CB[7]ccatalyst complex and the signal molecule are in the same
phase, resulting in a quicker overall response. Only a few examples in literature exist
demonstrating the release of small molecules from mechanophores triggered by
sonication. The work of Herrmann et al. demonstrates the mechanically induced
scission of a disulfide, leaving a reactive intermediate that further reacts via an
intramolecular cyclization resulting in the release of small molecules (Scheme 4A).
The approach by Herrmann and Gostl et al. is a general concept enabling the
mechanically controlled release of small molecules bearing an alcohol or amine
group over periods of several hours (using a 20 kHz, Ip = 15.84 W/cm™ sonication
probe). An interesting feature of the reported mechanophores is the ability to
release two different small molecules originating from one mechanophore after it
is mechanically activated which could be of interest when two different signaling
molecules are required.'’-1% Alternatively, Robb et al. published a general method,
demonstrating the release of small molecules using sonication which triggers a retro
Diels-Alder reaction, generating an instable furfuryl carbonate intermediate that
further fragments into a small molecule and CO,. This approach allows for the
mechanically triggered release of small molecules bearing an aryl amine, alkyl
amine, alcohol, phenol, carboxylic acid or sulfonic acid groups making it broadly
applicable.?’ The latest research by Robb et al. included fine-tuning of their
mechanophore, leading to a highly sensitive mechanophore that releases small
molecules connected via a phenol group nearly instantaneously (using a 20 kHz, Ip
= 8.2 W/cm sonication probe).?! Further, the mechanophores reported by
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Scheme 4. A) reaction cascade of disulfide mechanophore triggered by sonication leading to the
release of two small molecules. B) Retro Diels-Alder reaction triggered by sonication, leading to an
instable furfuryl intermediate releasing CO, and a small molecule.
Herrmann and Gostl et al. are also triggered by reducing agents, making the concept
prone to interference, compared to the mechanophores reported by Robb et al.
Moreover, the sensitivity towards mechanical activation of the mechanophores
reported by Robb et al. is substantially higher compared to the mechanophores
reported by Herrmann and Gostl et al. Therefore, the mechanophore intended to
implement in our mechanically triggered signal transduction strategy is based on
the concept described by Robb et al.
The copper carbene catalyst described in chapter 2 of this thesis is efficiently
inhibited and showing no catalytic activity when bound to CB[7].2 The catalysis is
switched ‘on’ immediately after the manual addition of a competitive guest (signal
molecule), such as hydroxymethyl ferrocene or positively charged furan 4 (figure
1B). In order to maintain such direct control over copper catalyzed click chemistry,
it is important to consider that the signal molecule is not competitively binding to
CB[7]ccatalyst complex when bound to the mechanophore. In this particular
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example, using an alkyl amine based signal molecule could provide the desired
selectivity in binding affinity towards CB[7]. The signal molecule bound to the
mechanophore is expected to have a low association constant in the range of K, =
1.0 x 10*— 1.0 x 10° M comparable to the affinity of aniline for CB[7].%° The copper
carbene catalyst presented in chapter 2 binds CB[7] relatively strong with
association constants of Ka1 = 1.21 x 10° and Kz = 3.5 x 10%.22 Therefore, the catalyst
remains inhibited when the signal molecule is bound to the mechanophore.
However, when the mechanophore is triggered by sonication and releases the signal
molecule, the alkyl amine in the signal molecule will be protonated in water,
resulting in a much higher affinity for CB[7] compared to the mechanophore-bound
signal molecule. Positively charged amines typically bind relatively strong (K. = 1.0 x
10° - 1.0 x 107 M1)% 24 to CB[7], resulting in the substitution of the copper carbene
catalyst.?> 26 Since the modulation of catalytic activity by CB[7] is a general concept
and the release of a variety of signal molecules from mechanophores designed by
Robb et al. as well, many different mechanically induced signal transduction

cascades can be designed using the strategy presented in figure 2.
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Figure 2. Schematic representation of mechanical force induced signal transduction, starting with

the activation of the mechanophore generating an instable furfuryl intermediate, that after
fragmentation releases a competitive guest for CB[7] ccatalyst complex. The competitive guest
binds stronger to CB[7] substituting the inhibited catalyst resulting in the onset of catalysis.
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5.6 SUPPLEMENTARY INFORMATION

5.6.1 General considerations

All solvents and chemicals were purchased from Sigma Aldrich or Apollo scientific
and used without further purification. 'H-NMR and 3C-NMR were recorded on an
Agilent-400 MR DD2 (399.67 MHz for 'H and 100.5 MHz for 3C) at 298 K. The
chemical shifts are given with respect to solvent residual signals as reported by
Fulmer et al.?” The synthesis of signal molecule 4 (Scheme 1), 3-hydroxymethyl furan
7 (Scheme 2) and 3-bromomethyl furan 12 (Scheme 3) is described in section 2.5.3
in chapter 2 of this thesis.

5.6.2 Mechanophore synthesis

Bis(2-(2-(benzyloxy)ethoxy)ethyl) but-2-ynedioate (3)

acetylenedicarboxylic acid (2.5 g, 21.9 mmol), monobenzyl diethyleneglycol (25.8,
131.5 mmol) and p-toluenesulfonic acid monohydrate (0.4 g, 2.1 mmol) were
dissolved in benzene (38 ml). The reaction flask was equipped with a reflux cooler
and a Dean-Stark trap and heated to 80 °C and left to stir overnight. After the
reaction mixture was cooled to room temperature, Et,O was added and the organic
layer was washed with NaHCOs (sat. 2 x 100 ml), H,0 (2 x 100 ml) and brine (2 x 100
ml). The organic layer was then dried over Na,SOs, concentrated in vacuo and
purified over silica (EtOAc/PE 15% - 30%). This afforded the product as a yellow oil
(vield: 4.4 g, 9.35 mmol, 43%). 'H-NMR (400 MHz, CDs0D) & = 7.35 — 7.21 (M, CHarom,
10H), 4.48 (s, Ph-CH;, 4H), 4.33 — 4.30 (m, CHz, 4H), 3.65 —3.63 (m, CH_, 4H), 3.59 -
3.55 (m, CH,, 8H). 3C-NMR (100 MHz, CDs0D) & = 152.66 (Ccarbony1), 139.49 (Carom),
129.30 (CHarom), 128.70 (CHarom), 128.55 (CHarom), 75.45 (Catkyne), 73.93 (CH2), 71.38
(CHz), 70.44 (CH,), 69.25 (CH), 66.93 (CH>).
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Bis(benzyloxy-diethyleneglycol-carbonyl)-oxabicyclo-trimethylmethanaminium

(5)

Compound 3 (210 mg, 0.45 mmol) and signal molecule 4 (100 mg, 0.45 mmol) were
combined in a glass vial and stirred overnight at 70 °C. Pressure was applied using a
small autoclave in which the reaction vial was placed and pressurized with argon
(entry 5—8, Table S1). The reaction mixture was then cooled to room temperature

and analyzed by TLC and ESI-MS indicating no product had formed.

Table S1. An overview of the reaction conditions screened for the synthesis of oxanorbornadiene 5. The
molar ratio of compound 3 and 4 is 1:1 for all attempted reactions.

Entry Solvent Pressure (bar) Temperature (°C) Reaction time (h.)
1 MeOD 1 70 18
2 D0 1 70 18
3 CDCl3 1 70 18
4 - 1 70 20
5 H,0 10 50 20
6 H20 12 80 20
7 - 12 80 20
8 EtOH 12 80 20

Bis(benzyloxy-diethyleneglycol-carbonyl)-oxabicyclo-hydroxymethyl (8)

Compound 3 (210 mg, 0.45 mmol) and 3-hydroxymethyl furan 7 (47 mg, 0.48 mmol)
were combined in a glass vial, crimped shut with a pressure seal, flushed with argon
and stirred overnight at 70 °C. The reaction was then cooled to room temperature
and the reaction mixture was purified over silica (EtOAc/PE 5% - 25%), affording the
product as a yellowish oil (yield: 94.9 mg, 0.17 mmol, 37%). *H-NMR (400 MHz,
CDs0D) & = 7.33 — 7.25 (M, CHarom, 10H), 6.82 (m, CH, 1H), 5.64 (s, CH, 1H), 5.56 (s,
CH, 1H), 4.51 (s, CH;, 4H), 4.36 —4.34 (m, CHz, 2H), 4.32 - 4.30 (m, CH_, 4H), 3.71 (t,

J = 4.44 Hz, CHz, 4H), 3.64 — 3.59 (m, CH2, 8H). 3C-NMR (100 MHz, CDs0OD) & =164.33
154



Mechanical force triggered signal molecule generation

(Cearbonyl), 164.29 (Cearbonyl), 160.73 (Coxa), 154.85 (Coxa), 154.00 (Coxa), 139.59 (Carom),
139.56 (Carom), 135.76 (CHoxa), 129.37 (Carom), 128.89 (Carom), 128.86 (Carom), 128.67
(Carom), 128.66 (Carom), 86.75 (CHoxa), 86.68 (CHoxa), 74.09 (CH,-benzyl), 74.08 (CH,-
benzyl), 71.52 (CH,), 71.46 (CH,), 70.59 (CH,), 69.82 (CHa), 65.59 (CHa), 65.52 (CHy),
59.58 (CH,-OH).

Bis(benzyloxy-diethyleneglycol-carbonyl)-oxabicyclo-bromomethyl (9)

Compound 8 (400 mg, 0.70 mmol), triphenyl phosphine (PPhs) (330 mg, 1.26 mmol)
and DIPEA (240 pl, 1.38 mmol) were dissolved in DCM (10 ml) and using an ice bath
cooled to 0 °C. Under stirring, N-bromosuccinimide (NBS) was added and the
reaction was left to stir for 1 hour, after which the ice bath was removed and the
reaction stirred another 18 hours at room temperature. TLC analysis of the reaction
mixture (60% EtOAc in PE) showed one new spot (Rf= 0.4, 254 nm and 366 nm light
active), indicating formation of a new compound. H,0 (40 ml) was added to the
reaction mixture and extracted with DCM (3 x 40 ml). The organic layer was then
dried over Na;SO4, concentrated in vacuo and purified over silica (EtOAc/PE 15% -
50%). This afforded a mixture (ratio 7:3, Figure S1) of oxanorbornadiene 9 and by-
product 10 as a yellow oil. Mass calc. compound 9: 630.15 [M], mass found: 630.40
[M+H]*, mass calc. compound 10: 712.07 [M], mass found: 712.57 [M+Na]*.
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Figure S1. *H-NMR spectrum (CDs0D) recorded after the attempted silica column purification of
the product containing fraction.

Bis(6-hydroxyhexyl) but-2-ynedioate (11)

Acetylenedicarboxylic acid (5.0 g, 43.8 mmol) and 1,6-hexanediol (52 g, 438 mmol)
were dissolved in benzene (70 ml). p-Toluene sulfonic acid monohydrate (0.833 g,
4.38 mmol) was added and the solution was stirred and refluxed in a Dean-Stark
apparatus for 6 hours. After cooling, Et;O (50 ml) was added and the precipitate
formed upon cooling was filtered off. Subsequently, the organic phase was washed
with NaHCO;s (sat., 2 x 50 ml), H20 (4 x 50 ml) and brine (2 x 50 ml). The organic layer
was dried over MgS04 and concentrated in vacuo, which afforded the product as a
yellow oil (10.95 g, 34.8 mmol, 79%). 'H-NMR (400 MHz, CDCls) & = 4.23 (t, J = 6.60
Hz, CH,, 4H), 3.64 (t, J = 6.52 Hz, CH,, 4H), 1.68 (q, J = 6.80 Hz, CH,, 4H), 1.57 (q,J =
6.68 Hz, CH,, 4H), 1.42 — 1.38 (m, CH,, 8H). 'H-NMR data match reported values.®
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5,6-bis(((6-hydroxyhexyl)oxy)carbonyl)-7-oxabicyclo-hepta-2,5-dien-2-yl)-N,N,N-
trimethylmethanaminium bromide (14)

Compound 11 (1.13 g, 3.6 mmol) was combined with 3-bromomethylfuran (0.90 g,
4.05 mmol) in a glass vial. The vial was crimped shut with a pressure seal, flushed
with argon and heated to 70 °C to stir overnight. Next, trimethyl amine (0.86 mL 4.2
M in EtOH) was added to the crude reaction mixture and stirred at room
temperature for three days. The mixture was then partitioned between DCM (20
ml) and water (20 ml) and the water phase was washed with DCM (2x20 ml). The
water phase was lyophilized to yield 600 mg of a pale yellow amorphous solid (1.12
mmol, 31%). 'H-NMR (400 MHz, MeOD) & = 6.71 (s, CH, 1H), 5.87 (s, CH, 1H), 5.83
(s, CH, 1H), 4.49 (s, CH,, 2H), 4.32 —4.22 (m, 2H), 4.17 — 4.06 (m, 2H), 3.58 (t, ] = 6.48
Hz, CH,, 4H), 3.34 (s, CH,, 4H), 3.24 (s, CHs, 9H), 1.85 — 1.70 (m, 4H), 1.59 — 1.55 (m,
4H), 1.46 — 1.41 (m, 4H). Mass calc.: 454.280 [M]*, mass found: 454.35 [M]*.

5.6.3 Network synthesis

Triethyleneglycol (124.7 mg, 0.83 mmol), 1,1,1-tris(hydroxymethyl)ethane (9.61 mg,
0.08 mmol) and mechanophore 14 (26.73 mg, 0.05 mmol) were dissolved in
anhydrous (DMF 105 pl). Hexamethylene diisocyanate (168.2 mg, 1.0 mmol) and
one drop of dibutyl tin diacetate were added. The solution was taken up into a
syringe, sealed in a glass vial under argon and cured overnight at 60 °C. After curing,
the material was removed from the syringe and the resulting material was washed

with chloroform twice.

5.6.4 Compression experiments

Material samples were prepared as described in section 5.6.3 The material samples

were placed in a mechanical press and a force of 10 MPa was applied for 1 minute.
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The compressed samples were taken out and submerged in CDs0D for 60 minutes.

The supernatant was then analyzed by ESI-MS and *H-NMR (Figure S2) for traces of

signal molecule 4.

81 79 77 75 73 71 69 67 65 63 61 59 57 55 53 51 49 47 45
f1 (ppm)

Figure S2. Stacked *H-NMR spectra (CD30D) recorded for signal molecule 4 (top spectrum) and the
supernatant taken after material compression (bottom).

5.6.5 Fluorescent reporter complex

For the detection of released competitive guests, such as signal molecule 4, a
fluorescent CB[7]cberberine reporter complex was prepared. Berberine was
selected as reporter molecule for the large (500-fold) increase in fluorescence when
binding to CB[7] and the insensitivity to pH changes.?® A CB[7] stock solution (10.4
p1M) in MilliQ water was prepared, which was further diluted using MilliQ water to
5.20 uM, 2.08 uM, 1.04 uM and 0.10 puM. A stock solution (1.2 uM) of berberine

was prepared in MilliQ water. Next, the berberine stock solution (150 pl) was mixed
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with each of the 5 CB[7] stock solutions directly in fluorescence cuvettes and after

a 5 minute equilibration period their fluorescent intensity was measured (Figure S3).

1000000
5.2 uM CB[7]
900000 2.6 uM CB[7]
800000 A 1.0 uM CB[7]
@ 700000 - ——0.52 uM CB[7]
% 600000 4 ——0.05 uM CB[7]
§ 500000 - 0 uMCBl7]
"
g 400000 4
Z 300000 -
200000 A
100000 A
0 ﬁ T
420 470 520 570

Wavelength (nm)
Figure S3. Fluorescent intensities measured for the CB[7] cberberine complex with increasing CB[7]
concentration (0 M to 5.2 uM), having a emission maximum at 502 nm. Fluorescent intensity in
counts per second (CPS). Excitation wavelength = 400 nm. Berberine concentration = 0.60 uM.

To observe the change in fluorescent intensity of the CB[7]cberberine complex
towards 4, aliquots (0.3 pl, 968 uM) of 4 were consecutively added to a
CB[7]cberberine mixture (300 ul MilliQ H;0, 5.20 uM CB[7], 0.60 uM berberine)
and after each addition the fluorescent intensity was measured. As the
concentration of 4 increases, the fluorescent intensity is decreasing, indicating that

berberine is substituted by 4 (Figure S4).
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Figure S4. Fluorescent response of the CB[7]cberberine complex upon 12 consecutive 0.3 ul
additions of signal molecule 4 (MilliQ H,0, 968 uM).Fluorescent intensity in counts per second
(CPS). Excitation wavelength = 400 nm. Fluorescent intensities taken at emission wavelength = 500
nm.
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SUMMARY

Signal transduction is one of the primary communication mechanisms in living cells,
enabling cells to respond to a changing environment. On the basis of this
communication mechanism is enzyme activity that is regulated by the covalent or
non-covalent binding of specific substrates. Substrate binding can initiate a signaling
cascade that modulates the cellular response. Such molecular dynamics can be
applied to design smart responsive materials having specific functions, such as self-
healing, controlled release of cargo or controlled morphological changes. Here, we
describe a strategy where host-guest chemistry is applied to mimic natural signal
transduction and control catalytic activity. Furthermore, we discuss the design and
synthesis of responsive hydrogels and show advanced functionality.

In Chapter 2 we describe the host-guest chemistry between a copper click catalyst
and cucurbit[7]uril (CB[7]). The catalyst is designed to strongly bind CB[7], resulting
in a 2:1 host-guest complex that efficiently switches catalytic activity off. We then
demonstrate immediate activation of copper catalyzed click chemistry by adding a
competitive binding signal molecule. Ultimately, we show on demand fluorescent
labeling of a protein, demonstrating the versatility and biocompatibility of our
catalystcCB[7] host-guest complex.

In Chapter 3 we describe light sensitive dextran-based hydrogels that are designed
to retain a cargo inside the hydrogel matrix and release upon light irradiation. We
here introduce two novel light cleavable crosslinkers that are based on the para-
hydroxyphenacyl (pHp) scaffold and efficiently cleave upon UV-A and UV-C light
irradiation. Using these crosslinkers, transparent self-supporting dextran hydrogels
are prepared and upon light irradiation completely disintegrate. Doxorubicin and an
antibody were loaded as cargo and controlled release by light irradiation is
demonstrated. Finally, the use of Cerenkov luminescence as a release stimulus is

investigated.
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In Chapter 4 we present a curious finding where dextran-based hydrogels
macroscopically contract upon y-irradiation. We here modified dextran (500 kDa)
with alkyne functionality, which first is employed to chemically crosslink the
polysaccharide and form transparent self-supporting hydrogels. The residual alkyne
moieties are then reacted in a secondary crosslink event initiated by y-irradiation,
resulting in macroscopic contraction of the hydrogel in all three dimensions. Finally,
we show that such a reactivity can be used to ‘squeeze’ out cargo and to fuse
separate hydrogel objects together.

In Chapter 5 we discuss a mechanical force triggered strategy for the generation of
a signaling molecule, that can trigger catalysis as is described in chapter 2 of this
thesis. We start with the synthesis of our mechanophore and the accompanying
synthetical challenges. We then prepare flexible polyurethane based materials,
having the mechanophore incorporated and as a proof of concept conduct

mechanical compression experiments.
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SAMENVATTING

Signaaltransductie is een van de primaire communicatiemechanismen van levende
cellen. Met dit communicatiemechanisme kunnen cellen veranderingen in hun
omgeving detecteren en zich hieraan aanpassen. De basis van dit
communicatiemechanisme ligt bij enzymactiviteit welke gereguleerd wordt door
het covalent of niet-covalent binden van substraten. Substraat binding resulteert in
een signaal cascade welke de cellulaire respons reguleert. Deze moleculaire
dynamiek kan toegepast worden in het ontwerp van slimme responsieve materialen
welke specifieke functies hebben, zoals een zelf-herstellend vermogen,
gecontroleerde afgifte van (bio)moleculen of gecontroleerde morfologische
veranderingen. In dit proefschrift beschrijven we een strategie waarin host-guest
chemie wordt toegepast om natuurlijke signaaltransductie na te bootsten en
katalyse activiteit te controleren. Verder beschrijven we het ontwerp en de synthese
van slimme zachte materialen welke reageren op externe signalen zoals UV-licht,
kleine molecule, mechanische kracht en gammastraling.

In hoofdstuk 2 beschrijven we de host-guest chemie tussen een koper click
katalysator en cucurbit[7]uril (CB[7]). We hebben de katalysator zo ontworpen dat
het sterk bind aan CB[7], wat resulteert in een 2:1 host-guest complex dat efficiént
de katalytische activiteit ‘uitschakelt’. Vervolgens demonstreren we
signaaltransductie, door een competitief signaal molecuul toe te voegen waarmee
de katalyse onmiddellijk geactiveerd kan worden. Ook laten we zien dat deze host-
guest chemie gebruikt kan worden voor de gecontroleerde fluorescente labeling
van een eiwit, wat de veelzijdigheid en bio-compatibiliteit van het beschreven
katalysatorcCB[7] host-guest complex aantoont.

In hoofdstuk 3 beschrijven we licht gevoelige dextran hydrogelen welke ontworpen
ziin om een moleculaire lading vast te houden in de hydrogel matrix en

gecontroleerd af te geven na bestraling met licht. We introduceren hier twee

166



nieuwe licht afbreekbare crosslinkers welke gebaseerd zijn op het para-
hydroxyphenacyl (pHp) moleculaire motief en efficiént opbreken na bestraling met
UV-A en UV-C licht. Met deze crosslinkers worden transparante hydrogelen
geprepareerd welke na bestraling met licht volledig uiteen vallen. Verder, laden we
doxorubicin en antilichamen in de hydrogel matrix en laten zien dat met licht
bestraling gecontroleerde afgifte van doxorubicin en antilichamen mogelijk is. Ook
wordt onderzocht of Cerenkov luminescentie gebruikt kan worden als stimulus voor
hydrogel degradatie.

In hoofdstuk 4 presenteren we een curieuze bevinding waar dextran hydrogelen
macroscopische contractie ondergaan door bestraling met y-straling. We
modificeren dextran hier met alkyn groepen welke eerst gebruikt worden voor het
crosslinken van de polysacharide waarmee we transparante kubische hydrogelen
maken. Vervolgens reageren de overige alkyn groepen in een secundaire crosslink
reactie, geinitieerd door y-straling wat leidt tot de macroscopische contractie in drie
dimensies van de hydrogel kubus. Als laatste laten we hier zien dat deze reactiviteit
gebruikt kan worden voor het ‘uitknijpen’ van een moleculaire lading uit de hydrogel
matrix en voor het fuseren van twee aparte hydrogel objecten.

In hoofdstuk 5 bespreken we een strategie waarin mechanische compressie
gebruikt wordt voor het generen van een signaal molecuul. Dit signaal molecuul
wordt in hoofdstuk 2 gebruikt voor signaaltransductie wat leidt tot de directe
activatie van katalyse. We starten met de synthese van het mechanophore en de
bijoehorende synthetische uitdagingen. Dan prepareren we een flexibel
polyurethaan materiaal waarin het mechanophore ingebouwd is en als proof-of-

concept voeren we mechanische compressie experimenten uit.
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