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Summary

The beautiful aim of the regenerative medicine is to facilitate the natural regeneration of the
missing or dysfunctional tissue. The important strategy of this field exploits stem cells therapy
in combination with biological signals and biomaterials that would enhance the regeneration po-
tential of these cells. In order to stimulate the tissue regeneration the biomaterial has to support
and stimulate essential cellular processes like proliferation, growth and differentiation. In living
organisms these processes are supported by the complex bioactive microenvironment composed of
extracellular matrix (ECM), soluble factors and neighboring cells. Therefore, the development of
three-dimensional biomaterials that can recapitulate facets of the native extracellular environment
is of great importance both to study cell and tissue physiology and to facilitate the restoration of
the functional tissues for regenerative medicine.

Synthetic hydrogels are attractive candidates for building synthetic ECM environments because
of their high water content, structural and physical similarity. They provide a highly-swollen,
porous 3D environment that is similar to soft tissues and allows cell migration and diffusion of
the nutrients. Various crosslinking mechanisms, including chemical and physical crosslinking,
have been explored to build hydrogels for regenerative application. The conventional, covalently
crosslinked hydrogels, are unable to recapitulate functional dynamics of the native tissues. The
supramolecular adaptable hydrogels have recently emerged as promising materials for cell encap-
sulation and culture. In contrast to conventional covalent systems, supramolecular hydrogels are
built on reversible interactions. These highly tunable supramolecular biomaterials appear to have
a potential to represent both structural and dynamic aspects the biological systems due to dynamic
nature of physical bond where they are built on.

Supramolecular UPyPEG system has a great potential in regenerative application. At present,
UPy-hydrogels are inert towards living cells and other biological components because of the non-
fouling properties of the hydrophilic PEG material. Inspired by impressive crosslinking abilities
of amino acid L-DOPA, which is found in the adhesive proteins of the marine mussels, we have
introduced DOPA-mimetic catechols into UPy-based hydrogelators in order to improve their bioac-
tivity.

During this research the molecules for the introduction of the bioactive catechols have been de-
signed and synthesized. Furthermore, the method for an easy supramolecular functionalization of
the UPyPEG material with UPy-catechols has been developed. The investigation of the oxidation
properties of the UPy-catechol was performed. During the oxidation experiments the conditions of
the oxidation of the UPy-catechols were investigated. It was attempted to establish the oxidation
pathways of UPy-catechol molecule. We presume that the oxidation pathways were established,
however, additional research is needed to confirm our assumptions.

Cell experiments were performed to investigate the bioactive properties of the catechol modified
hydrogels. In the distinct regions of the catechol modified hydrogels cell elongation and spreading
were detected. Additionally, we have performed long-term viability tests and RNA isolation for
quantitative PCR (qPCR) analysis. The viability assay has indicated an improved viability in
the catecholized hydrogels. Unfortunately, the acquired results of the qPCR analysis were not
conclusive. We can conclude that the catechol functionalization has improved the bioactive prop-
erties of the UPyPEG hydrogels. However, this is only a preliminary research on the road towards
bioactivation of UPyPEG materials.
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1.1 Evolution of biomaterials

’The objectives of the material applications in medicine will shift from the replacement of the miss-
ing tissue to the support of the natural regeneration.’

The use of the materials for medical purposes has been practiced for a long period of the human
history. It all started with primitive external devices, such as wooden legs, glass eyes and artificial
dentures, which traditionally were designed to replace the missing body parts. In the best case,
these elementary prosthetics would restore some basic functions but did not even come close to
the functionality of the native tissues. These devices were developed and implemented without
basic understanding of the complex biological organization of the human body but have laid the
basis for the future biomaterial field.

The growing knowledge of the structural and functional complexity of biological systems con-
tributed to more creative material implementations and development of smarter clinical devices.
[1] The discovery of stem cells, their ability to develop into almost any type of cell and their un-
limited proliferation capacity has offered new potentials for the treatment of degenerative diseases
and injuries. The regeneration capacity of living tissues and organisms has earned well deserved
recognition inspiring new ideas and promising strategies that include the application of materials
to support natural regeneration of the damaged or missing tissue. These enlightening discoveries
have triggered the emergence of new fields like tissue engineering and regenerative medicine. The
ultimate goal of these fields is to facilitate the full regeneration of affected tissue or organ after the
degenerative incident. To accomplish such ambitious goals many lucrative and ingenious solutions
were designed and implemented by the scientists involved in these fields. The main strategy of
regenerative medicine is to use stem cell therapy to increase the natural regeneration potential
of the body. Biomaterials can be utilized in the ex vivo approach for the in vitro cell culture to
expand the cells to the adequate amounts that can be used for the cell-based therapies. Elsewise,
the materials can be used for the in vivo applications as the cellular scaffolds in order to amplify
their healing capacity and to support tissue regeneration.

The development of the biomaterial for in vivo regenerative medicine applications is a very
challenging mission where countless aspects have to be carefully taken into account. The biomate-
rial is brought in direct contact with the biological fluids and tissues and has to induce appropriate
immunological host responses, at the same time it has to execute its primary function in a proper
way. In order to do so the biomaterial has to satisfy numerous requirements; it has to be biocom-
patible, chemically stable and its mechanical properties have to match those of the tissue where it
is applied. Furthermore, it has to be biodegradable and the time of the degradation has to match
the development of the new tissue. However, what really determines biomaterial functionality is
the ability to interact with the cells, providing them with appropriate mechanical and biochemical
stimuli, thereby directing the tissue regeneration. For both in vitro and in vivo application, the
biomaterial has to be engineered to deliver the necessary structural and biological signals, similar
to those that cells receive in their natural environment, to support essential cellular processes.
The best way to ensure that is to use the natural ECM environment as a model for the design of
the biomaterial scaffold. Currently, the research in biomaterial field is focused on the development
of the synthetic ECM. There is an urgent and expanding need for the biomaterials that could be
used as ECM substitute for in vivo regenerative applications or in vitro cell culture.
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1.2 Towards synthetic ECM

1.2.1 The extracellular matrix

Most cells in the human body reside in the ECM, a dynamic self-secreted network of biologi-
cal molecules (Figure 1). The ECM forms a very complex regulatory environment that provides
physical and biochemical support to the cells. It is a highly dynamic structure that is constantly
being remodeled by the cells, either in enzymatic or non-enzymatic manner. Each tissue possesses
its own unique ECM composition and topology. The composition of the ECM is highly hetero-
geneous; it consists of many different constituents such as enzymes, proteoglycans and fibrous
proteins which all have their own specific functions. This collection of components delivers me-
chanical, structural and compositional signals that regulate cell behavior guiding their division,
development and function. [6]

Figure 1: Schematic representation of the ECM highlighting important constituents. Proteogly-
cans consisting of the GAGs (here hyaluronan) bound to the protein core, provide hydration and
protection against compressive stresses. Fibronectin, a fibrous protein, an important structural
component that contains RGD sequence, which mediates cell attachment through the interaction
with integrin receptors. [4]

The two main classes of the macromolecules that constitute the ECM are fibrous proteins
and proteoglycans. [7][8] Main fibrous proteins of the ECM are collagen, elastin, fibronectin and
laminin. Collagen is the main structural element of the ECM that provides tensile strength, reg-
ulates the adhesion and migration of the cells and directs tissue development. [9] Fibronectin
is another major ECM component that is intimately involved in the cell adhesion. Adhesion of
cells to the fibronectin is mediated by the ECM receptors such as integrins and syndecans. Fi-
bronectin contains syndecan-binding domain and the RGD (Arg-Gly-Asp) sequence that mediates
cell attachment. [10] The dynamic nature of the interactions between the integrin receptors and
the ligands located on the fibronectin allows for cell migration. [11] Proteoglycans fill the inter-
stitial spaces of the ECM in a form of a hydrated gel. They consist of the highly hydrophilic
glycosaminoglycan (GAG) chains, such as hyaluronate, that are linked to the core proteins. The
proteoglycans have a wide variety of functions such as hydration, buffering and regulation of the
biochemical signaling within the matrix. Furthermore, they can withstand high compressive forces
thereby protecting the tissues from the compressive stresses. [12]

The role of the structural constituents and components that provide the hydrated environment
and allow for the diffusion of the biochemical signaling in the ECM is unambiguous for the most
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fundamental cellular processes. Therefore, when designing a material that can support in vivo
tissue regeneration, it is essential to recreate most important facets of the natural extracellular
environment.

1.2.2 Hydrogels mimic ECM

Diverse biomaterials were designed to resemble the native microenvironment of ECM, however
hydrogels appear to be the most promising candidates for this purpose. Hydrogels are recognized
to have the potential to mimic the ECM because of their structural and physical similarity. They
provide a highly-swollen, porous 3D environment that is similar to soft tissues and allows cell
migration and diffusion of the nutrients. In contrast to the conventional 2D culture substrates,
hydrogels can recreate full 3D tissue experience for the cells. [13] Within 3D environment the
interactions of the cell with soluble bioactive compounds, the adhesion and migration of the cell
occurs in a more natural manner similar to the natural ECM environment leading to more realistic
cellular responses. Hydrogels can be broadly classified in the natural, fully synthetic materials and
hybrids that combine both natural and synthetic elements.

Naturally derived hydrogels such as collagen, fibrin and alginates are commonly investigated
natural polymers for regenerative medicine applications. Collagen being most abundant structural
component of all native tissues is also the one that is primarily explored in cell studies. The main
advantages of collagen hydrogels are its high degree cytocompatibility and intrinsic bioactivity
that enables cell adhesion and biodegradation without any modifications. Collagen type I pos-
sesses a high variety of domains that can bind to the cell receptors or other ECM proteins such
as fibronectin. Furthermore, collagen fibers can be degraded enzymatically, which allows the re-
modeling of the collagen based hydrogels in vivo. Generally collagen is extracted from the animal
tissue and therefore can cause immunologic reactions due to the presence of other animal derived
proteins. Similar to most of the natural derived hydrogels, collagen hydrogels are limited by the
poor control over material properties.

Fibrin is a polymer, composed of fibrinogen molecules, which is formed during spontaneous tis-
sue repair. In presence of thrombin, N-terminal peptides are cleaved from the fibrinogen molecules
allowing them to self-assemble into fibrin polymer mesh. Fibrin possesses complex fibrillary struc-
ture and highly crosslinked character. It is able to promote cell adhesion by an interaction with
cell-adhesion receptors such as integrins. Despite the high density of covalent crosslinks in fibrin
it also allows for the cell migration because it can be degraded upon cell-associated proteolytic ac-
tivity. The major disadvantages of the fibrin-based hydrogels are their poor mechanical properties
and very fast enzyme catalyzed degradation.

Alginate is an anionic polysaccharide which is extracted from the wall cells of brown algae. It
is a block-copolymer that consists of (1-4)-linked β-D-manuorate, called M-block and C-5 epimer
α-L-guluronate, the G-block (Figure 2). [14] It gelates in presence of the divalent Ca2+ or Mg2+

ions which create ionic cross-links between the adjacent alginate chains through the complexation
with negatively charged G-blocks. Alginates have been successfully utilized in multiple clinical
applications such as wound healing dressings and for islet encapsulation for treatment of type
I diabetes. Unlike collagen and fibrin hydrogels, alginates have to be functionalized with cell
adhesive moieties to enable cell attachment.

Another important example of naturally derived hydrogel is Matrigel, which has been exten-
sively utilized in the cell studies. Matrigel is a gelatinous protein mixture secreted by Engelbreth-
Holm-Swarm mouse sarcoma tumors. The main components of Matrigel are structural proteins
such as laminin, entactin, collagen and heparan sulfate proteoglycans which present cultured cells
with the adhesive peptide sequences that they normally encounter in their natural environment.
Because of its heterogeneous composition Matrigel is able to stimulate complex cell behavior. How-
ever, animal and tumor-derived origin of Matrigel can be a potential source of the immunologic
complications which hinders the utilization of the Matrigel in clinical applications. Furthermore,
the total composition of the extracted protein mixture varies from batch to batch which results
in poor control over the material properties and the experiment outcomes.
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Figure 2: Representation of the gelation mechanisms of the alginates: ionic cross-links between
the adjacent alginate chains are created through the complexation of Ca2+ ions with negatively
charged C-5 epimer alpha-L-guluronate blocks (G-blocks)

The poor control over the mechanical properties is the most significant drawback that is as-
sociated with all naturally derived hydrogels. Attempts to create well defined synthetic materials
that could substitute their natural equivalents are currently ongoing. In contrast to the hydrogels
derived from the natural sources synthetic materials are much more defined and tunable. Use of
synthetic materials offers countless possibilities to tailor them for the specific applications using
different molecular blocks and architectures.

Polyethylene glycol (PEG) is a polymer that is being frequently used in the design of the
synthetic ECMs for the tissue regeneration. PEG is a highly hydrophilic polymer that can be
cross-linked in aqueous environment forming a water swollen 3D hydrogel network. It possesses
very high biological compatibility and can be used for 3D encapsulation of the cells. PEG has
been utilized in diverse cell culture applications including stem cell differentiation, mechanobiology
and angiogenesis. [15][16][17] Due to its relatively easy processability many different well-defined
structures of the PEG polymers were designed such as linear, branched and star PEG polymers.
[18] Different cross-linking techniques can be employed for the preparation of PEG hydrogels such
as step-growth, free-radical or mixed-mode polymerization. Photopolymerization is commonly
used to convert polymeric PEG solution into a hydrogel. PEG that has been modified with
meth(acrylates) or other crosslinking moieties, can be polymerized by the irradiation with UV
light in presence of photoinitiator. [19] Additionally, PEG polymers allow for an easy modification
with different functional groups. Consequently, hydrogels based on PEG can be produced with
very defined structures and high control over material properties.

Polyvinyl alcohol is another synthetic polymer that is often utilized in biomedical applications
including contact lenses, ophthalmic materials and drug delivery. It can be crosslinked either
physically, by repeating freeze-thawing cycles or chemically, with glutaraldehyde or with succinyl
chloride. [20][21] The mechanical properties of PVA-based hydrogels can be tailored for a variety
of soft tissue applications.

However, most synthetic hydrogels share one major shortcoming, they are intrinsically bio-
inert. The absence of any cell specific ligands results in the absence of the cell-material inter-
actions that are essential for the cell processes that support tissue regeneration. The synthetic
hydrogels are unable to facilitate cell adhesion, which is one of the most critical requirements of a
cellular scaffold. A cellular scaffold has to enable cell adhesion into its environment because it is
an essential preliminary step for all viable cell processes such as survival, proliferation, migration
and differentiation. Therefore, synthetic systems have to be modified to promote cellular adhe-
sion. In perspective, essential bioactive properties can be selectively introduced into the hydrogel
systems to evoke specific cell responses. Furthermore, synthetic covalently cross-linked systems are
very limited in mimicking organizational features of the native ECM environment. Consequently,
current research in the field of biomaterials focuses on the development of a material that would
recapitulate not only structural aspects of the ECM but also its dynamic properties.
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1.3 Supramolecular biomaterials

The progress in the biomaterial field gave birth to numerous innovative biomaterial solutions that
are utilized in medical treatments. Thus far the conventional hydrogels that are implemented in
the regenerative applications mimic the native tissues only to a minor extent. In general they
exhibit some structural similarity but are incapable to recreate functional dynamics of the nat-
ural extracellular environments. Therefore, succeeding generation of the biomaterials has to be
strategically designed to convey both structural and dynamic characteristics of the natural ECM.
The traditional biomaterial systems seem to have reached their limits in the recapitulation of
the native dynamics. [22] Fortunately, supramolecular chemistry may offer new perspectives on
this matter. Described as the chemistry beyond the molecule, it explores the weaker noncova-
lent interactions including hydrogen bonding, van der Waals interactions, metal coordination and
hydrophobic forces. Inspired by the biological systems supramolecular chemistry utilizes these
reversible interactions in the design of the molecules that could self-assemble into highly complex
supramolecular structures. Supramolecular self-assembly can yield the diversity of well-defined
molecular complexes such as micelles, liposomes, membranes but is also exploited in the design of
the supramolecular biomaterials. Smart employment of these weak but highly directional nonco-
valent interactions can give rise to a material which mechanical properties are not inferior to the
traditional covalently crosslinked systems. Moreover, without giving in on the mechanical proper-
ties, materials designed using the principles of the supramolecular chemistry inherit the dynamic
characteristics of the non-covalent interactions, which are inaccessible for the conventional cova-
lent materials. These highly tunable supramolecular biomaterials appear to have a potential to
represent both structural and dynamic aspects the biological systems. Innovative supramolecular
systems form the core for the further development of the biomimetic materials for the regenerative
applications.

1.3.1 Miscellaneous supramolecular hydrogel systems

Recently, complex synthetic hydrogels based on the principles of supramolecular chemistry have
been designed and studied. These materials vary from protein and peptide assemblies to responsive
supramolecular polymers. The supramolecular materials can be subdivided in different groups
based on the type of the noncovalent interactions that were utilized in their design. Several
prominent examples will be highlighted in this section.

1.3.1.1 Hydrogen bonding

Hydrogen bonding is a type of noncovalent interaction which is very suitable for the design of
the supramolecular materials due to its high directionality. The strength of a hydrogen bond can
vary dependent on the type of the donor-acceptor couple, ranging from weak CH-π interactions to
very strong FH-F− interactions. However, the strength of a single hydrogen bond is not sufficient
to create a stable interaction that will produce a functional material. Therefore, arrays of the
multiple hydrogen bonds are used in the design of the supramolecular materials. The molecules
that can self-assemble through the multiple hydrogen bonds are designed, increasing both strength
and directionality of the supramolecular interactions.

Nucleobase pairing
This kind of highly functional supramolecular interactions has been found in nature. The DNA

helix consists of two strictly ordered polymer chains that are held together by multiple hydrogen
bonds between two types of complementary base pairs (Figure reffig:dna). The nucleobase pairs
have been utilized to engineer hydrogels for many different applications. In one of the recent
studies, four-armed PEG was modified either with adenine or with the complementary nucleobase
thymine. [23] Thymine modified PEG has self-assembled with adenine modified PEG forming a
stable and injectable hydrogel network. This hydrogel system expressed adjustable mechanical
properties for cell encapsulation and the applications in targeted growth factor delivery.
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A B

Figure 3: A: The structure of DNA double helix consisting of two strands, B: Chemical structure
of DNA, the complementary nucleobases are connected through double or triple hydrogen binding

Bis-urea
The urea group contains two hydrogens that can participate in the hydrogen bonding with

the oxygen atom of another urea group (Figure 4A). This hydrogen bonding motifs are frequently
utilized in the design of supramolecular hydrogels. The formation of an injectable, biocompatible,
and elastic copolymer was reported. The polymer consists of segmented hydrophobic bisurea hard
segments and hydrophilic PEG segments (Figure 4B). Due to the multiple hydrogen bonding within
the hydrophobic bis-urea segments, these molecules formed highly stable hydrogels in water at low
concentrations. This system expresses shear thinning properties which enables the injection of the
hydrogel via catheter. Furthermore, the moduli of the bisurea-based hydrogels are tunable via the
physical crosslink density and the length of the hydrophilic segments. For biomedical applications
the mechanical properties can be adjusted to match the properties of biological tissues. [24] The
viability of human myofibroblast cells in the presence of the segmented copolymer was studied.
The viability of these cells was around 100%, thus, indicating that the material is not cytotoxic
and is suitable as an injectable material for cell delivery purposes.

A

B

Figure 4: A: Bisurea motif can stack through the multiple hydrogen bonding, B: PEG hydrogels
based on supramolecular interactions between hydrophobic bisurea segments.

1.3.1.2 Hydrophobic interactions

The hydrophobic effect is the tendency of apolar substances to aggregate in aqueous environment
minimizing the interactions with water molecules. Main driving force behind the hydrophobic
interactions is the increase in the entropy. When two or more hydrophobic molecules assemble they
minimize the surface exposed to water. Water molecules that were confined in the solvation shell
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around the hydrophobic surface are now released into the bulk and can move more freely increasing
the entropy of the system. The increase in entropy results in the decrease in free-energy making
the process of hydrophobic self-assembly thermodynamically favorable. Hydrophobic interactions
have been utilized in the design of adaptable hydrogel systems.

Peptide amphiphiles
Peptide amphiphiles is a remarkable example of the hydrogel system based of hydrophobic

self-assembly. This class of molecules, developed by Stupp et al., combines the structural features
of amphiphilic surfactants with the functionality of bioactive peptides. Peptide amphiphiles are
known to assemble into a variety of nanostructures. These nanostructures could be made highly
bioactive and are of great interest in many biomedical applications, including drug delivery, tissue
engineering and regenerative medicine.

Figure 5: A: Structure of peptide amphiphile, B: PA nanofiber functionalized with IKVAV peptide
epitope, C: Scanning electron micrograph of PA network after addition of cell culture medium.
[25]

A most common type of peptide amphiphiles is known to self-assemble into one-dimensional
nanofibers with a cylindrical geometry, that form hydrogels in aqueous solutions at low concen-
trations of 0.25 w%. Representation of the chemical structure of a peptide amphiphile molecule is
shown in Figure 5, it is composed of four key structural features. The hydrophobic domain, shown
in region 1, typically consists of a long alkyl tail. In aqueous environment and under physiological
conditions alkyl tails pack themselves in the center of the fiber. Short peptide sequences in region
2 are capable of forming intermolecular hydrogen bonding. These peptide sequences form β-sheets
around the hydrophobic part. Charged amino acids that are situated in region 3 are responsible
for the enhanced solubility in water. This region also enables the design of pH and salt responsive
nanostructures and networks. Region 4, which assembles at the fiber surface, is usually used for
the presentation of bioactive cues that can interact with cells or proteins. The modularity of
these molecules allow for tailoring of peptide amphiphile assemblies for specific applications. Pep-
tide amphiphiles based hydrogels have been investigated for central nervous system repair. [27]
Functionalized with IKVAV (Ile-Lys-Val-Ala-Val) peptide epitope, which directs neurite growth,
peptide amphiphile gels have shown to promote regeneration of the motor and sensory axons after
spinal cord injury. [26] Furthermore, the hydrogels were functionalized with RGD sequence to
promote cell adhesion and the heparin binding peptide sequence LRKKLGKA. [28][29]
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1.3.1.3 Host-guest interactions

Host-guest chemistry is another type of noncovalent interactions that are utilized in the develop-
ment of dynamic hydrogel systems. Usually, the host is a macrocyclic molecule that contains a
large cavity where guest molecules can be included. Guest molecules have a shape that is com-
plementary to the host cavity and functionality that enables the interaction with the host. This
molecular recognition can be based on different noncovalent interactions such as hydrogen bond-
ing, electrostatic interactions, and hydrophobic interactions and facilitates selective binding of the
guest compound.

Cucurbituril based hydrogels
The supramolecular cucurbiturils are macromolecules made of glycoluril units that are linked

together by methylene bridges forming a cyclic structure (Figure 6). Cucurbiturils are commonly
written as cucurbit[n]uril, where n is the number of the glycoluril units, or abbreviated as CBn.
These compounds are able to host a collection of neutral and cationic species. Cucurbiturils ex-
press a high affinity for positively charged or cationic compounds. The outer part of the cavity
of the cucurbituril possesses relatively negative electrostatic potential, enabling the binding of
cations and positively charged aromatic compounds. The oxygen atoms of glycoluril units that
are located on the edges of the cucurbituril cavities interact with positively charged molecules.
Neutral guest molecules are able to bind inside the cavity of cucurbiturils due to hydrophobic
interactions. Systems that combine naturally derived components with supramolecular synthetic
moieties have been developed. Hyaluronic acid has been modified with supramolecular cucur-
bit[6]uril and polyamines to form a stable hybrid hydrogel system. [30] Cucurbit[6]urils were used
to include cell binding RGD peptide sequence in supramolecular fashion. This hydrogels system
was shown to promote cell adhesion of encapsulated cells making them promising candidates for
in vivo regenerative applications.

Figure 6: Cucurbituril molecule consisting of n glycoluril units that are linked together by methy-
lene bridges forming a cyclic structure.

Cyclodextrins
Cyclodextrin is another moiety that forms supramolecular complexes based on host-guest in-

teractions. Cyclodextrins are naturally derived, water-soluble cyclic oligosaccharides that are
made of multiple D-glucose units that are inked together by α-1,4-glucosidic linkages. Similarly
to cucurbiturils their name can be abbreviated to CDn, where n is the number of D-glucose units
(Figure 7A). Cyclodextrins exist in three forms α, β and γ which consist from 6, 7 or 8 repeating
D-glucose units respectively. These cyclic hosts can incorporate different guest molecules in their
cavity via hydrophobic interactions. Two different approaches are used to develop hydrogel based
on cyclodextrin chemistry: a threading and a pendant system design. In threading design part
of the polymer chains is end-functionalized with cyclodextrins that slide along the other polymer
chains producing physically crosslinked hydrogel (Figure 7B). [32] If cyclodextrin is large enough to
incorporate two polymeric chains simultaneously the hydrogels with strong entanglements are pro-
duced. In a pendant design polymer chains are functionalized with multiple pendant cyclodextrins
or guest molecules (Figure 7C). The crosslinks between the polymer chains are formed through
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incorporation of guest molecules by the host cyclodextrins, forming effective hydrogels that have
shear-thinning properties. [33] Hydrogels based on supramolecular self-assembled between α-
cyclodextrin and triblock polymer consisting of methoxypolyethylene glycol- poly(caprolactone)-
methoxypolyethylene glycol units (MPEG-PCL-MPEG) were reported. Marrow mesenchymal
stem cells (MSC) were encapsulated and cultured in these hydrogels, in vitro cell viability stud-
ies demonstrated that the hydrogels were non-cytotoxic and biocompatible, which indicated that
the hydrogels prepared were promising candidates as injectable scaffolds for tissue engineering
applications. [31]

A

B C

Figure 7: A: Cyclodextrin molecule consist of n D-glucose units that are linked together by α-1,4-
glucosidic linkages forming a cyclic structure, B: Threading design of cyclodextrin based hydrogel
system based, C: Pendant design of cyclodextrin-based hydrogel

1.3.1.4 Biorecognition

Dynamic protein-protein and protein-ligand interactions play an important role in most cellular
processes. Biorecognition is characterized by a collection of the noncovalent interactions including
ionic, hydrogen-bonding and hydrophobic interactions. The complementarity of shapes appears to
play a essential role in the process of biorecognition. These adaptable linkages have been utilized
in the biorecognition-based hydrogels.

Dock-and-Lock (DnL) system
The DnL system is based on the transient protein-protein interactions, which are implemented

in the design of self-assembling hydrogels. These materials self-assemble due to biorecognition
between docking and dimerization domain (DDD) of cAM-dependent protein kinase A (PKA)
an the anchoring domain (AD) of A-kinase anchoring proteins (AKAP). Hyaluronic acid that is
modified with DDD and AD peptide sequences forms self-assembling DnL hydrogel system that
expresses shear-thinning and self-healing properties. Mesenchymal stem cells (MSCs) that were
encapsulated within this hydrogel retained high viability after injection studies. [34]
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1.3.2 UPy-based hydrogels

In our research group, supramolecular biomaterials are designed based on supramolecular ureido-
pyrimidinone (UPy) chemistry. Two UPy moieties are self-complementary and interact with each
other through quadruple hydrogen bonding (Figure 8A). The UPy-moieties dimerize with rel-
atively high overall association constant of 6 ·107 M−1 in chloroform, 1·107 M−1 in chloroform
saturated with water. [35]

The UPy-units exist as a mixture of three tautomeric forms: the keto, keto-2 and enol. Two
of which, keto and enol tautomers can dimerise. The keto tautomer displays an AADD dimeric
array, whereas the enol tautomers form a DADA array. Keto and enol tautomers have different
dimerization constants as a result of diagonal secondary electrostatic interactions. [36] Each
attractive or repulsive secondary interaction increases or decreases the free energy with 2.9 kJ/mol
respectively. The keto tautomer has less repulsive secondary interactions and therefore a higher
dimerization constant than the enol tautomer. Additional π−π interactions between UPy dimers,
guided by flanking ureas, induce them to stack vertically (Figure 8B). Based on the supramolecular
interactions of the UPy moiety, a wide diversity of materials can be designed.
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Figure 8: A: Two UPy moieties dimerise through four-fold hydrogen bonding, B: Vertical stacking
of UPy dimers.

In the modular design of UPy-based materials, different building blocks with distinct chem-
ical and biological identity are combined into a material with desirable macroscopic properties.
Currently several types of UPy-based supramolecular biomaterials have been developed, e.g. elas-
tomeric solid materials and hydrogels.

UPyPEG hydrogelators

Supramolecular UPy-hydrogelator materials are based on polymer molecules that consist of a
10/20 kDa long hydrophilic poly(ethylene glycol) (PEG) block that is end-functionalized, via a
C12 alkyl spacer, with UPy moieties (Figure 9).
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Figure 9: Supramolecular UPyPEG polymer molecule.

In the advanced molecular design the interactions between UPy moieties are stabilized by C12
alkyl spacer. In the aqueous environment it creates a hydrophobic pocket around the UPy moi-
eties, thereby stabilizing hydrogen bonding between them and enabling vertical stacking of UPy
dimers. In dilute aqueous solutions UPy stacks cluster together forming hierarchical nanofibers
and spheres. At higher concentrations, first crosslinks between the fibers are made. With increas-
ing concentration, nanofibers become physically entangled and cross-linked forming a transient
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network (Figure 10). Reversible supramolecular bonds and the physical character of the entan-
glements between the fibers yield a dynamic and adaptive hydrogelator system that possesses
self-healing properties. The mechanical properties of the UPy-based hydrogelators can be ad-
justed by varying the polymer concentration and the lengths of the hydrophilic and hydrophobic
blocks. UPy hydrogelator that is dissolved in the concentration of 10 w/v % has storage modulus
of 23.7 kPa that matches the mechanical stiffness of the natural cardiac soft tissue with modulus
of 25.6 kPa. [37]

Figure 10: A: Hydrogel nanofibers consist of multiple UPy-stacks, surrounded by the hydrophobic
C12 pocket (red) and hydrophilic PEG chains (blue), B: UPy-fibers become aligned, C: UPy-fibers
become crosslinked by the polymer molecules which participate in stacks of the neighboring fibers,
D: Additional fiber entanglements contribute to the formation of dynamic hydrogel system

One of the most exceptional properties of UPy-hydrogels is their ability to undergo a reversible
transition to a fluid state. The dynamic character of non-covalent interactions between the UPys
makes this system responsive to the external stimuli such as temperature and pH. The carbonyl
groups that are involved in four-fold hydrogen bonding between the UPy moieties can exist in keto
or enol form depending on the pH of its surroundings. At higher pH, above 8.5, deprotonation
of enol-tautomer occurs, initiating the formation of an enolate and breaking the supramolecular
crosslinks. The hydrogel system becomes fluid and can be reverted to a gel state by lowering the
pH to physical conditions. The liquid state can also be initiated by the elevated temperature;
above the 70 oC the supramolecular polymers show liquid-like properties. The switching behavior
of the UPy-based hydrogels makes them utilizable in catheter-delivery therapies and broadens the
spectrum of their biomedical applications.

UPy-based supramolecular hydrogels can be used in numerous biomedical applications such as
delivery systems, implants and tissue engineering scaffolds. However, the utilization of UPy-based
hydrogels in tissue engineering and regenerative medicine applications is still a challenge. Present
UPy-hydrogel materials are relatively inert towards living cells and other biological components
because of the non-fouling properties of the hydrophilic PEG sequence. In order to provide a
favorable microenvironment for the cells and to achieve an efficient incorporation of the UPy-PEG
hydrogel in a biological environment its interaction properties with cells and tissues have to be
improved. Currently, the research in our group focuses on bio-activation of supramolecular UPy
biomaterials.

UPy-based hydrogelator system allows for an easy introduction of the diverse functionalities.
Bioactive molecules that are mono-functionalized with self-complementary UPy motif and com-
plementary hydrophobic linker can become directly incorporated into the backbone of the host
hydrogel system. The incorporation of different bioactive moieties such as growth factors, proteins
or bioactive peptide sequences via this approach was studied. [3] However, cell survival and prolif-
eration or tissue adhesion in supramolecular UPy-based hydrogel materials has not been achieved
yet. Therefore, our group is still in search for the appropriate cell interacting moieties for the
bio-functionalization.
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1.4 Introduction of the bioactivity

1.4.1 PEG hydrogels: drawback or potential?

PEG is also called a blank slate material because of its bio-inertness. It has been shown to have the
most effective protein-repellent properties and is resistant to bacterial or cell adhesion. [38] Being a
hydrophilic synthetic polymer it hydrates forming an aqueous layer on its interface. In regenerative
applications, cells and proteins interact with dynamic PEG environment that is covered with
aqueous hydration layer, but there are generally only low attraction forces between PEG and a
wide range of proteins. [39] In order to bind to a PEG surface, a protein would have to overcome the
much stable interactions of PEG with water. Interactions with water through hydrogen bonding
are more favorable and will surpass any protein attractive interactions. [40] Furthermore, the
surface of PEG is highly dynamic and flexible, due to steric exclusion and entropy polymer chains
do not interpenetrate very effectively. As a large molecule approaches the polymer it compresses
the polymer chains and becomes subjected to the steric repulsion. Additionally, compression of the
polymer chains restricts the number of possible chain conformations. Therefore, the binding will
lead to a large unfavorable entropic change, which makes such binding process thermodynamically
unfavorable. Furthermore, PEG has a range of molecular dynamic and relaxation processes which
play a role in its surface properties. The time scale of the relaxation processes of the polymers are
of the same order as that of the proteins since they are both macromolecules. [41] High mobility
of PEG chains makes binding process even more uncertain.

Because of the extremely hydrophilic and dynamic nature of PEG hydrogels, important cell
adhesion proteins do not adsorb in their environment. Consequentially, cells are not able adhere
to the PEG hydrogels. However, this significant shortcoming can also be interpreted positively.
It is known that protein adsorption is a highly unspecific process. Almost any material that is
exposed to physiological protein-containing solution becomes covered with proteins within very
short times. As it is an unspecific process it cannot be controlled and can result in an inappropriate
host response to the biomaterial. Therefore, the use of an intrinsically non-fouling material like
PEG that is resistant to protein adsorption can be beneficial. By covalently attaching important
biomolecules such as cell adhesion proteins to PEG hydrogel, we can selectively improve bioactive
properties of PEG. This way only the proteins and growth factors of interest can be coupled into
the system. Therefore its most significant drawback can also be seen as a potential for specific
modification, the desired properties can be introduced in the controlled manner.

The bioactivation of the PEG hydrogels can be performed with different moieties that influ-
ence cell function. The ECM is commonly utilized as a model for the design of the biomimetic
PEG hydrogels. To overcome the absence of the cell specific adhesion to the PEG biomaterial it
has been modified with a variety of ECM protein-derived cell adhesive peptides. Most commonly
used cell-adhesive peptide sequence is fibronectin derived RGD. It has been shown that RGD
incorporation in the PEG hydrogels has promoted cell adhesion of the pluripotent cardioprogen-
itor cells. Moreover, the RGD sequence has stimulated cardiac maturation due to ligation of the
integrins relevant in early cardiac development. [42] Another important bioactive modification
of the PEG hydrogel is the incorporation of enzyme-sensitive peptide sequences that introduce
proteolytic degradation into the synthetic system. The degradation rate of the cellular scaffolds
is highly important, since it has to match the regeneration of the new tissue. If the degradation
proceeds more rapidly than the tissue regeneration, the material will lose its scaffolding proper-
ties. In contrast, if the degradation is too slow, the scaffold will obstruct the cellular processes
and tissue regeneration. Introduction of matrix metalloproteinase (MMP)-sensitive linker into the
PEG hydrogels have enabled cell-mediated proteolytic material degradation and remodeling. It
has been shown the cell viability and the diameter of the cell clusters inside the modified hydro-
gels was significantly larger than in the hydrogel without MMP-sensitive crosslinks. [43] Another
examples of the bioactive molecules that were introduces in PEG hydrogels are growth factors
such as vascular endothelial growth factor (VEGF) or fibroblast growth factor 2 (FGF-2) that
stimulate angiogenesis. Despite the progress in the development of bioactive PEG hydrogels many
challenges still remain on the way to easily processable dynamic synthetic ECM environment.
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1.4.2 Nature inspired functionalization

Impressive adhesive abilities of the mussel Mytilus edulis have attracted a lot of attention from
the scientific community. These marine mussels are able to adhere to a wide variety of substrates
including glass, metal or plastic even in wet conditions. A closer look into a primary structure
of the mussel adhesion proteins reveals that they are enriched with a catecholic amino acid 3,4-
dihydroxyphenylalanine (DOPA)(Figure 29). [44]
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Figure 11: 3,4-dihydroxyphenylalanine (DOPA)

This amino acid is formed by post-translational modification of tyrosine and is able to provide
substrate adhesion through various covalent and noncovalent interactions that include hydrogen
bonding, metal-catechol coordination, electrostatic interaction, cation- and - aromatic interactions
(Figure 12). The catecholic group, which is present in DOPA, is also known to play an important
role in many biological systems. The chemistry of catechol species is very versatile; it is able
to interact with a variety of organic functional groups (e.g. amines and thiols) as well as with
inorganic compounds.

Figure 12: The cross-linking pathways of DOPA, Adhesive surface binding (left): The catechol
form of DOPA binds surfaces directly for adhesive bonding; The oxidized form of DOPA, the
semiquinone and quinone, may be reduced by a partner protein to regain surface-binding ability.
Cohesive coupling in bulk (right): Two DOPA molecules couple via aryloxyl coupling; Three
DOPA molecules surround an Fe3+ ion to form a coordination complex. [45]

Because of the versatility of the catechol chemistry its crosslinking and adhesion pathways
are still a subject of debate. In order to utilize its chemistry in an effective way in the biomaterial
applications one should clearly understand the reaction mechanisms of the catechol species. The
crosslinking of catechol with biological nucleophiles usually proceeds via the oxidation of catechol
to reactive o-quinone species. The oxidation of the catechol can be induced by oxygen, enzymes
or other oxidants. In the biological environment oxidation of the catechol by the oxygen in
unfavorable because the redox potential of the catechol/o-quinone is higher than that of the
O2/O2

− redox pair (+530 mV as compared to -155 mV) under biological conditions. In the
natural systems this oxidation barrier is overcome by the enzymatic oxidation by tyrosinase or
horseradish peroxidase or due to presence of metal ions.

The formed o-quinone species is highly electrophilic and reactive towards variety of the bi-
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ological nucleophiles such as amines and thiols. It reacts with the amines through three different
pathways: Michael addition, Schiff base reaction or Strecker degradation (Figure 13). The re-
action pathway with the catechol is mostly determined by the type of amine. Aromatic amines
mainly favor Michael addition while aliphatic prefer Schiff base reaction. [48] The parameters
that affect the rate constant of the Michael addition are basicity of the nucleophilic amines and
pH. Shirmohammadi et al. have found that the rate of Michael addition increases with increasing
pH up to 6, which is related to deprotonation of amine groups. [49] After a value of 6, the rate
constant slightly decreases, that can be related to decrease of free protons in the solution as the
proton exchange is required for the conversion of o-quinone back to catechol during the Michael
addition.

Figure 13: Catechol reacts with amines through Michael addition or Schiff base reaction. [46]

The electrophilic o-quinone is highly reactive toward thiols. This type of nucleophile reacts
to o-quinone mainly though Michael addition. [50] The quinone can be attacked by thiol group
at the 2- and 5-positions of the catechol ring leading to regeneration of the catechol (Figure 14).
The rate of the thiol addition is influenced by the oxidation rate of the catechols and nucleophilic
strength of the thiols. Nucleophilicity of the thiol group is modulated by the steric hindrance.
Primary thiols are better nucleophiles than secondary and tertiary thiols because they are least
sterically hindered. Accordingly, it has been shown that primary thiols expressed highest reactivity
toward quinones.
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Figure 14: Proposed mechanism for the reaction of catechol to a nucleophilic thiol group. [47]

Furthermore, the o-quinones can undergo dismutation reaction with catechol, resulting in
two highly reactive semi-quinone radicals which couple together forming di-DOPA crosslinks (Fig-
ure 15). This reaction depends on the oxidation rate of the catechol. In presence of a strong
oxidant such as sodium periodate, the oxidation is fast and most of the catechol is in the form of
o-quinone resulting in the limited di-DOPA crosslinking. At high pH, the oxidation of catechol
proceeds at slower rate than in presence of strong oxidant. Formed o-quinone species reacts to the
remaining catechol, producing the radicals that can crosslink.

Versatility of the catechol crosslinking mechanisms and its low toxicity make it a promis-
ing candidate for the introduction of bioactivity into biomaterial systems. Essentially, the cat-
echol group of DOPA is able to induce the adhesion of variety of biological components in the
aqueous environments. It is can also be used to introduce the crosslinks through dismutation
or metal-catechol coordination into a functionalized material strongly improving its mechanical
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Figure 15: Crosslinking pathway by aryloxyl coupling. [46]

properties. This remarkable bioactive character of the catechol makes it particularly interesting
for the bio-functionalization purposes. Adsorption of cell adhesive proteins on the biomaterial
surface facilitates cell adhesion through the binding with the integrin receptors. Conjugation of
the specific ECM molecules, such as collagen, fibronectin or laminin with DOPA can from bioac-
tive cell-adhesive domains facilitating cell adhesion or other essential cell processes. According to
another theory the catechol can facilitate cell adhesion through non-specific mechanism. It is pro-
posed that glycoproteins and proteoglycans located on the cell membrane undergo weak binding
with the catechol group through electrostatic interactions or van der Waals forces. [51]

DOPA has already been demonstrated as a successful bio-adhesive in multiple cell and tis-
sue adhesion experiments and is being extensively investigated for biomedical applications. In
the group of Phillip B. Messersmith, a branched PEG hydrogel system has been functionalized
with DOPA and DOPA-mimetic catechols yielding a material with minimal cellular toxicity and
excellent tissue adhesion properties that were confirmed in both ex vivo and in vivo models. [52]
In another research they have cross-linked monomeric catechol moieties on the PCL-PEG elec-
trospun nanofibers to facilitate cell adhesion. The cells that were cultured on the catecholized
nanofibers showed an increased attachment and migration that was proportional to the amount of
the immobilized catechol. [53] The improvement of the cell adhesion to the PCL-PEG substrate
was attributed to the reaction between the catechols and thiol or amine groups via Michael-type
addition. Furthermore, synthetic nanosilicate Laponite was physically immobilized on dopamine-
modified four-armed poly(ethylene glycol) forming an injectable nanocomposite tissue adhesive
hydrogel. The hydrogels elicited minimal inflammatory response in vivo and exhibited an en-
hanced level of cellular infiltration. [54]

Also, in the group of Young Chan Choi, gelatin based hydrogels were prepared by conversion
of the tyrosine residues in human gelatin into DOPA via an enzymatic reaction with tyrosinase.
Upon the addition of Fe3+ ions, DOPA-modified gelatin formed a tissue adhesive hydrogel that
was stable at body temperature in an aqueous environment and exhibited appropriate mechanical
properties.
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1.5 Aim of this project

The ambition of biomaterial scientists is to create a fully synthetic system that can facilitate
regeneration of the functional tissue. Various complex biomaterial systems have been designed for
this purpose. Natural materials such as collagen and Matrigel have been utilized for the cell culture
in regenerative medicine strategies, however, the poor control over mechanical properties and
potential tumorigenicity of naturally derived hydrogels stimulated the development of the synthetic
systems. Application of these synthetic materials enables full control over mechanical and bioactive
properties of the material resulting in more predictable cell responses. Furthermore, synthetic
systems are much cheaper and tunable; their properties can be tailored for the application, enabling
the possibility to create off-the-shelf solutions.

Nevertheless, it is very difficult to recreate the complexity of the natural cellular microenvi-
ronment. Conventional biomaterials that are commonly applied as cellular scaffolds are not able
to recapitulate functional dynamics of the native tissues. Supramolecular synthetic systems offer
the possibility to mimic the dynamic characteristics of the ECM due to the dynamic nature of the
reversible interactions where they are built on. The most significant and well-known drawback
associated with most synthetic biomaterials is the lack of bioactivity. Various attempts were made
to introduce bioactivity in the synthetic systems. The incorporation of DOPA or DOPA-mimetic
catechols has allowed others to create hydrogel materials with improved cell adhesion properties.
In this work, we aim to examine whether a catecholic moiety is able improve the bioactivity of
UPy-based hydrogelators. Our goal is to modify the supramolecular UPyPEG system such that
it can effectively interact with cells. In order to facilitate the tissue regeneration, the cellular scaf-
fold has to enable cell infiltration, adhesion and biochemical signaling within its environment. We
propose that DOPA-mimetic catechols can improve cell adhesion properties of the synthetic UP-
yPEG hydrogels through either covalent or noncovalent interactions with the biological molecules.
We propose that the catechol can covalently attach proteins via Michael addition and Schiff base
reaction. Adsorbed proteins or other biological components can form cell-adhesive domains. Else-
wise, the catechols can enhance cell adhesion via weak electrostatic interactions with glycoproteins
located on the cell membrane.

In this research we aim to functionalize UPy-based hydrogel with a DOPA mimetic catechol
moiety and investigate the effect of this functionalization on cell adhesion. The initial aim of
this research is to perform a supramolecular functionalization of the UPy-based hydrogel with a
catecholic moiety. The functionalized hydrogel should yield a hydrogel with appropriate bioac-
tive properties. Furthermore, we want to study the reactivity and crosslinking pathways of the
catechols to get a better understanding of the underlying mechanisms regarding cell adhesion.
Later, when successful incorporation of DOPA and characterization are performed, the aim is to
investigate the bioactive properties of the functionalized hydrogel through cell studies.
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2.1 Design, synthesis and characterization of bioactive guest
molecule

2.1.1 Introduction

Modularity is one of the great advantages of materials that are based on supramolecular inter-
actions. Diverse modifications can be applied to supramolecular materials by the conjugation of
different functionalities to the supramolecular recognition motif. Because of the high specificity
of noncovalent interactions, the supramolecular moieties can be modified without disruption of
the self-assembly mechanisms. The bioactive moieties that are attached to the supramolecular
recognition motif can be simply mixed together with molecules of supramolecular system. The
bioactive guest self-assembles with molecules of the host system, resulting in formation of a multi-
component system that possesses bioactive properties. The modularity allows for precise control
over the composition, mechanical properties and functionality of supramolecular biomaterial. To
improve the bioactive properties of UPyPEG hydrogelators, we investigate the incorporation of
bioactive catechol moiety into supramolecular UPy hydrogels through modular approach. In this
chapter bioactive catechol moiety is functionalized with a supramolecular UPy motif, which allows
for direct integration of these molecules into the backbone of the host UPy-hydrogelator system
through self-assembly. In this chapter the design, synthesis and characterization of these bioactive
moieties will be described.

Figure 16: Modularity of the supramolecular UPyPEG system: various bioactive moieties can be
introduced into supramolecular UPy-based hydrogelator materials by simply mixing different UPy-
functionalized biomolecules (green and red) with UPy-polymers resulting in bioactive biomaterials.
[1]

2.1.2 Design of the bioactive guest molecule

To ensure a stable incorporation of the guest molecules different aspects have to be taken into
account. The key requirement is to use a complementary design which includes the supramolecular
UPy motif and the same hydrophobic C6-urea-C12 unit. Furthermore, the length of the hydrophilic
PEG linker is also important for the incorporation of the guest molecules and properties of the
system. By changing the length of hydrophilic blocks in the UPy-guest molecules, their solubility
is varied, which affects the mechanical properties and stability of the two-component complex.
Monofunctionalized UPy-guest molecules containing different hydrophilic PEG blocks including
517 Da, 781 Da and 5 kDa were designed and examined in the previous research. The stability
of the guest incorporation and mechanical properties of resulting two-component systems were
investigated. [2] It was concluded that the guest molecules containing a 517 Da hydrophilic block
were effectively incorporated into the UPy fiber yielding stable two-component system. This
design of the guest molecules has been adopted in our research. As a final step the catecholic
moiety had to be coupled to the guest molecules. Dopamine was chosen to fulfill this purpose.
The dopamine possesses a catechol functionality and can be easily coupled to the guest moleculed
via an amide bond, as indicated in Figure 17 below.
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2.1.3 Synthesis and characterization

Synthesis

In this work the UPy-guest molecules were synthesized using the synthetic route that has
been widely explored in our group (Scheme 2). The chemistry and conditions employed for the
synthesis were mostly well-established, which allowed fast synthesis. However, some interesting
results and deeper understanding of the synthesis have been acquired during this project.
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Scheme 2: Synthesis route of monofunctional UPy-catechol

The synthesis of the monofunctional UPy guest molecule started with monoprotection of di-
amine i to prevent the formation of two times functionalized diaminododecanes in the next steps
of the synthesis. At first, monoprotection of the amine was attempted using benzyl chloroformate
which is normally used to introduce the carboxybenzyl protection group for an amine. However,
this approach proved to be inefficient for a monoprotection procedure. The attempted mono-
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protection of symmetrical bifunctional diamine with very reactive benzyl chlorofomate produced
mostly biprotected species. Besides the high reactivity of benzyl chloroformate, it was used in
combination with an organic solvent that does not allow optimal dissolution of the reagent i. The
product of first protection dissolved better in organic solvent which only increased the rate of pro-
tection of the second amine group. The mixture consisting of biprotected, unprotected and small
amount of monoprotected products was produced. Therefore, in the next attempt less reactive
benzyl phenyl carbonate (BPC) was used in combination with ethanol as a solvent resulting in a
high yield of ii. Biprotected species precipitated out of the solution and filtered out easily. The
hydrochloride of the monoprotected amine was found to be insoluble in water and could be formed
simply by addition of aqueous HCl (1 M). The hydrochloride was obtained by crystallisation from
aqueous HCl solution to give the analytically pure salts in a yield of 37%.

The free alcohol on oligo(ethylenegrycol) (iii) was activated with carbonyldiimidazole (CDI)
producing an active imidazole-N-carboxylic ester. Free amine on monoprotected ii was reacted
with the activated OEG (iv) forming an urethane bond resulting in v (93%). The carboxybenzyl
protecting group was removed from the amine by means of palladium-catalyzed hydrogenation in
a Parr-reactor with 10% Pd/C (89%). After that, UPy-hexyl-isocyanate was added to vi, reactive
isocyanate reacted fast toward free nucleophilic amine, the reaction resulted in the formation of
vii (74%). The tert-Butyl protection group was removed with trifluoroacetic acid (TFA), vii was
incubated in TFA and dichloromethane for 2 hours. The resulting yellow oil was precipitated in
diisopropyl ether resulting in pure viii (82%).

In the last step viii was functionalized with dopamine using HATU coupling chemistry.
HATU is an excellent peptide coupling reagent that is often employed for the formation of amide
bond in peptide synthesis. After deprotonation of the carboxylic acid, carboxylate anion at-
tacks on electron deficient carbon in HATU forming an active ester derived from 1-hydroxy-
7-azabenzotriazole (7-HOAt) (Figure 18). This active ester can be attacked by free amine on
dopamine forming an amide bond. Amide couplings using HATU are known to have high coupling
efficiencies and fast reaction rates. This is associated with additional stabilization that arises from
a neighbouring group effect caused by the pyridine nitrogen atom on 7-HOAt ester. [4]
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Figure 18: Reaction mechanism of amide coupling using HATU.

First, the usual accompanying base DIPEA was used in this synthetic step for deprotonation
of a free carboxylic group, however, in combination with dopamine catechol the reaction resulted
in the formation of various byproducts. This could be the result of deprotonation of the catechol
since its pKa1 value is lower than that of DIPEA (9.25 and 10.75 respectively). Furthermore
HATU is found to react on the hydroxy groups or amine if present in excess. As a result different
combinations could be produced during this reaction.

Therefore, much weaker base pyridine (pKa=5.21) was used for deprotonation of the car-
boxylic acid and cationic ammonium on dopamine-HCl reagent. The small differences in pKa
values between the carboxylic acid and pyridine would result in only low amount of deprotonated
species due to the equilibrium reaction between them. To direct the weak acid-base equilibrium
to the right the excess of pyridine of 5 equivalents was used for this reaction. This amount of
pyridine appeared to be sufficient to deprotonate dopamine ion. During the reaction more acidic
protons are produced, whereby base is being consumed. After several hours 5 more equivalents
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of pyridine were added to the reaction mixture to complete the reaction. The reaction has been
performed under argon atmosphere to avoid the auto-oxidation of the catechol. This step resulted
in formation of desired product UPy-catechol with 87% yield.

Characterization

Characterization of the compounds was performed using 1H NMR spectroscopy, 13C NMR
spectroscopy and LCMS. To unambiguously assign all signals on the final compound ix, it was
additionally characterized with 2D COrrelation SpectroscopY (COSY).

The UPy-catechol was first characterized with LCMS in positive ionisation mode. The major
peak with the retention time of 4.68 min is found on the chromatogram. The m/z values shown
on the MS spectrum correspond to the mass of the ionized forms of ix with one, two or three
proton adducts (Figure 19). Compound ix displays two easily ionisable OH groups that can be
ionised multiple times resulting in different m/z values.

A B

Figure 19: LCMS spectrum of the UPy-catechol (exact mass M= 1272.77 g/mol), A: LC spectrum
(Top: Ion count spectrum, bottom: UV absorbance spectrum) with major peak found at 4.68 min,
B: MS spectrum of the major peak with m/z values 425.25 corresponding to [M+3H]3+, 637.42
corresponding to [M+2H]2+, 1273.58 corresponding to [M+H]1+.

Prior to the last step of the synthesis, the tBu protected precursor was completely charac-
terized. Figure 21 shows 1H NMR spectrum of vii. Using this spectrum dopamine conjugation
could be clearly followed by the presence of the new peaks on the spectrum of ix. In the 1H
NMR spectrum of ix, the peaks a, m and d that are characteristic to UPy unit and peaks b
and c that are characteristic to adjacent urea unit are clearly present. Remarkably, the peaks
originating from all NH groups are clearly shown (e, f and g). However, those peaks could not
be distinguished from each other with full certainty. Furthermore, the peaks originating from C6
and C12 linkers (j, k, n, p) and PEG region (i) could be assigned. The peak corresponding to tBu
protecting group, assigned as o, is clearly present in this spectrum.

Figure 21 shows 1H NMR spectrum of ix. As in the 1H NMR spectrum of the precursor we
can clearly see the presence of peaks characteristic to UPy unit, adjacent urea unit, PEG linker and
C6 and C12 linkers. The peaks originating from NH groups are not present in this spectrum. The
new peaks corresponding to the shifts of dopamine protons appear in this spectrum. The peaks
originating form the protons on the aromatic ring of dopamine are assigned r and s. Furthermore,
a very weak peak corresponding to the shifts of NH signals from the amide linkage can be found
next to the PEG signal around 3.75 ppm. The peaks from C2 alkane protons of dopamine are
found 2.75 and 3.5 ppm, they are assigned as q and o respectively. The peaks corresponding to
catechol OH groups are normally found around between 8 and 9 ppm, therefore, peaks around
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Figure 20: 1H NMR spectrum of vii.

8.5 on this spectrum were assigned to the OH protons as x. However, this assignment had to be
confirmed. To confirm this and the other assignments a 2D COSY spectrum was collected.
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Figure 21: 1H NMR spectrum of the UPy-catechol molecule.

The two-dimensional spectrum that results from the COSY experiment shows the frequencies
for hydrogen nuclei along both axes. Furthermore, two types of peaks can be found on the COSY
spectra: diagonal and cross-peaks. Diagonal peaks, appearing along the diagonal of the spectrum,
have the same frequency coordinate on each axis and correspond to the peaks from the one
dimensional NMR experiment. The cross peaks that appear off the diagonal have different values
for each frequency coordinate, indicating couplings between hydrogen nuclei. These cross peaks
provide information about magnetization transfer caused by coupling of the hydrogen nuclei. The
coupling between adjacent protons result in most pronounced cross-peaks. With this technique it
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can be determined which hydrogen atoms are adjacent to one another indicated by cross peaks
between various signals.

In 2D COSY spectrum of ix numerous couplings between the protons can be found. For the
sake of clarity the spectrum is presented in parts to clearly distinguish different couplings between
the atoms in this molecule. In Figure 22 the couplings between the protons of the characteristic
groups of the UPy-guest are shown. The d-m cross peak indicates coupling between the protons
located on UPy moiety, the h-i and h-l cross peaks indicate the coupling between the uttermost
protons of the PEG chain with the adjacent protons of the PEG region. Furthermore, the n-j and
n-k cross peaks provide the information about the exact position of the n peaks. The j protons
couple only to n2 protons whereas k protons only to n1 protons. This was the position of n1
protons is determined directly next to the j protons close to the urethane linkage. The e and f
signals couple to k, therefore, their position is determined on the urea linkage between C6 and
C12 linker.
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Figure 22: 2D COSY NMR spectrum of the UPy-catechol molecule.

In the next Figure 23 the couplings between the protons on the dopamine are depicted. The
signals from the protons on the aromatic ring are defined. The signal o from the protons on C2
linker of the dopamine couples to the s aromatic protons on the catechol group. The signal q
on the same linker couples to NH signal assigned as t. Therefore, the position of this proton
is determined. However, on this picture it can be seen that the signals assigned as x (8.27 and
8.63 ppm) which were first associated with aromatic OH groups on the catechol couple to another
signal around 7.39 ppm. Furthermore, those signals do not couple to any other catecholic aromatic
protons. This indicates that those protons were assigned incorrectly. This signal may originate
from the pyridine that is exchanging with its protonated form pyridinium. If both pyridine and
pyridinium are be present in the sample this conjugate acid-base pair would be involved in a rapid
equilibrium exchange. Then, the chemical shifts that are present shown on NMR spectrum are
not the unique chemical shifts of either compound but rather a weighted, time-averaged chemical
shift of the two. [5]
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Figure 23: 2D COSY NMR spectrum of the UPy-catechol molecule.

2.1.4 Conclusions

The synthesis of the UPy-guest molecule vii has been designed and successfully conducted in the
previous research. Using this synthetic route we could easily synthesize UPy-guest with a high
yield. The new insights in the synthesis of the intermediate compounds has been acquired. The
first attempt of monoprotection of dodecane-1,12-diamine was challenging, resulting in a low yield.
The use of less reactive benzyl phenyl carbonate has solved the issues with the monoprotection
procedure. An extensive work-up has resulted in a product with a very high purity. The coupling of
the dopamine has been performed using HATU coupling chemistry, this reagent is being frequently
used in the peptide synthesis. The DIPEA that is typically used as an accompanying base in the
peptide synthesis has been substituted with a less reactive pyridine base due to high reactivity of
the catechol species. The use of the excess pyridine has led a formation of the desired compound.
The characterization with 1H NMR and LCMS has given an indication that the product was
formed. Using 2D COSY NMR spectrum most of the signals could be assigned. In conclusion,
synthesis resulted in the production of the UPy-catechol ix in good yield of 87%.
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2.1.5 Experimental section

Materials

Palladium on matrix activated carbon, Degussa type E101 was obtained from Sigma Aldrich.
UPy-hexyl-NCO synthon was kindly provided by Jolanda Spiering. All other commercial grade
chemicals and reagents, chemicals, materials and solvents were obtained from commercial sources,
and were used as received unless stated otherwise: Sigma Aldich, Acros, Merck and Fluka for
chemicals, materials and reagents. Water was deionized prior to use.

Methods

1H NMR and 13C NMR spectra were recorded at room temperature using a 400 MHz Varian
Mercury NMR spectrometer. Proton chemical shifts are reported in parts per million downfield
from trimethylsilane (TMS). Carbon chemical shifts are reported in parts per million downfield
from TMS. Spectrum analysis was done with MestReNova v6.0.2-5475, Mestrelab Research S.L.

IR spectra were recorded using a Perking Elmer Spectrum One FT-IR spectrometer. Liquid
chromatography mass spectrometry (LC-MS) data was obtained using a Thermoscientific LCQ
fleet spectrometer.

Synthesis

Synthesis of ii

N
H

NH2

O

O

2

ii

Benzyl phenyl carbonate (10 g, 56.3 mmol) was dissolved in 50 ml ethanol and added dropwise
to a solution of 1,12- diaminododecane i (15.02 g, 74.9 mmol) in 50 ml ethanol. The resulting
mixture was stirred overnight at room temperature. The resulting precipitate was removed by
filtration and washed with 100 ml of ethanol. The ethanol was subsequently concentrated to
approximately 10 ml and stirred for 16 hours in aqueous HCl (500 ml, 1M). The solid was collected
by filtration and washed with dichloromethane (3x 100 ml) and diethyl ether (2x100 ml). The
resulting residue was dissolved in 200 ml of dichloromethane and 50 ml of ethanol. The solution
was washed twice with 50 ml of a 1 M solution of sodium hydroxide. The aqueous phase was
extracted twice with 50 ml dichloromethane and once with 50 ml of chloroform containing 10%
methanol. The combined organic layers were dried over Na2SO4 and concentrated in vacuo to
afford the pure product (9.5 g, 37%).
1H NMR (400 MHz, CDCl3, δ[ppm]): 1.15 (s, 2H), 1.26 (m, 16H), 1.47 (m, 4H), 2.71 (t, 2H), 3.23
(q, 2H), 4.76 (s, 1H) 5.08 (s, 2H), 7.37 (m, 5H). 13C NMR (400 MHz, CDCl3,[ppm]): 26.72, 28.08,
29.23, 29.28, 29.93, 36.25, 41.03, 66.81, 70.34, 70.47, 70.54, 70.59 , 80.48, 128.04, 128.47, 170.88,
219.14. LCMS: calc. Mw 334.3 g/mol, found m/z: 335.4 [M+H]+.

Synthesis of v
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H
N

O
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v
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OEG12-tBu iii (2.03 g, 3 mmol) was dissolved in 10 ml chloroform and N,N-carbonyldiimidazole
(0.54 g, 3.3 mmol) was added to it. The reaction mixture was stirred at room temperature for
4 hours. After reaction was confirmed with LCMS the reaction mixture was washed with 0.5 M
aqueous citric acid solution (2x 10 ml), dried over MgSO4 and concentrated in vacuo affording
the crude product iv (2.29 g, 87%). The product was dissolved in chloroform and amine ii (1.09
g, 3.3 mmol) was added to the reaction mixture. The reaction was heated at reflux (60 oC) and
the stirring was continued for 24 hours to afford full conversion. The reaction mixture was then
diluted in 20 ml of chloroform and washed with 0.5 M aqueous citric acid solution and a saturated
sodium chloride solution (20 ml), dried over MgSO4 and concentrated in vacuo affording the pure
product (2.87 g, 93%).
1H NMR (400 MHz, CDCl3, δ[ppm]): 1.26 (m, 16H), 1.47 (m, 13H), 2.51 (t, 2H), 3.18 (m, 4H),
3.65 (m, 48H), 4.21 (t, 2H), 5.08 (s, 2H), 7.37 (m, 5H).
LCMS: calc. Mw = 1034.7 g/mol, found m/z: 1035.1 [M+H]+, 1052.4 [M+NH4]+, 1057.6
[M+Na]+.

Synthesis of vi

O
O

12

O

O
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H
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2

vi

tBu-OEG12-C12-diamine-Cbz v (2 g, 1.93 mmol) was dissolved in 25 ml methanol in a
reactor flask and attached to a nitrogen line. After bubbling it through with nitrogen Pd/C
10wt% (0.2g)(10% Pd, Degussa type) was added to the mixture and stopcock was attached to a
flask. The reactor flask was attached to H2 line (Parr reactor) and the system was purged and
brought under a hydrogen atmosphere (70 Psi). The reaction mixture was left to react overnight
at room temperature, leading to full conversion. The reaction mixture was filtered over Celite and
evaporated to dryness affording the crude product. The product was dissolved in 10 ml CHCl3
and precipitated in diethyl ether/heptane 50/50 v% mixture. The mixture was centrifuged and
precipitate was collected. The precipitate was dissolved in methanol and evaporated affording the
pure product (1.54 g, 89%).
1H NMR (400 MHz, CDCl3, δ[ppm]): 1.31 (m, 16H), 1.45 (s, 9H), 1.50 (m, 4H), 1.76 (t, 2H), 2.51
(t, 2H), 2.94 (t, 2H), 3.18 (q, 4H), 3.65 (m, 48H), 4.21 (t, 2H), 5.40 (t, 1H). 13C NMR (400 MHz,
CDCl3, δ[ppm]): 26.54, 26.64, 27.90, 28.06, 28.93, 29.09, 29.23, 29.27, 29.30, 29.83, 36.23, 40.13,
41.00, 63.60, 66.85, 69.81, 70.31, 70.48, 80.45, 156.38.
LCMS: calc. Mw = 900.6 g/mol, found m/z: 901.6 [M+H]+.
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tBu-OEG12-C12-NH2 vi (1.06 g, 1.18 mmol), UPy-C6-NCO (0.35 g, 1.18 mmol) and N,N-
diisopropylethylamine (0.23 ml, 1.29 mmol) were stirred in 15 ml chloroform at 65 oC. After 1.5
hour no isocyanate absorption was observed with FT-IR. The mixture was precipitated in 40 ml
heptane. The product was centrifuged and precipitate was collected. The precipitate was dissolved
in chloroform and evaporated yielding the pure product (1.05 g, 74%).
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1H NMR (400 MHz, CDCl3, δ[ppm]): 1.4 (m, 37H), 2.22 (s, 3H), 2.51 (t, 2H), 3.20 (m, 8H), 3.65
(m, 48H), 4.21 (t, 2H), 4.63 (s, NH), 4.85 (s, NH), 4.95 (s, NH), 5.83 (s, 1H), 10.05 (s, NH), 11.85
(s, NH), 13.18 (s, NH).
13C NMR (400 MHz, CDCl3, δ[ppm]): 18.91, 26.73, 26.93, 28.05, 29.28, 29.49, 29.89, 30.38, 35.21,
39.60, 41.00, 53.72, 63.71, 66.83, 69.62, 70.29, 70.48, 76.78, 77.44, 80.47, 106.46, 148.48, 155.44,
156.42, 158.81, 170.87, 173.17.
LCMS: calc. Mw = 1193.8 g/mol, found m/z: 608.8 [M+H+Na]2+, 1194.3 [M+H]+.
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tBu-OEG12-C12-C6-UPy vii (0.23 g, 0.19 mmol) was dissolved in 5 ml dichloromethane and
5 ml TFA was added. After stirring for 2 hours at room temperature the solvent was evaporated
with N2 concentrating the product to 2 ml yielding yellow viscous oil. The oil was precipitated in
20 ml diisopropyl ether for 3 times. The product was centrifuged and supernatant was removed.
Drying yielded 0.18 g (0.16 g, 82%) of the pure product.
1H (400 MHz, CDCl3, δ[ppm]): 1.26 (m, 28H), 2.25 (s, 3H), 2.49 (t, 2H), 3.23 (m, 6H), 3.27 (t, 2H),
3.64 (m, 48H), 4.20 (t, 2H), 4.52 (s, NH), 4.73(s, NH), 4.89 (s, NH), 5.83 (s, 1H), 10.06 (s, NH),
11.82 (s, NH), 13.15 (s, NH). 13C NMR (400 MHz, CDCl3, δ[ppm]): 18.91, 26.72, 26.93, 29.20,
29.28, 29.45, 29.90, 30.25, 35.05, 39.55, 40.59, 63.79, 66.70, 69.67, 70.29, 70.53, 75.60, 106.52,
139.45, 156.48, 187.24, 187.26.
LCMS: calc. Mw = 1272.8 g/mol, found m/z: 637.3 [M+2H]2+, 1273.58 [M+H]+.
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COOH-OEG12-C12-C6-UPy viii (0.17 g, 0.15 mmol) was dissolved in 5 ml DMF, the flask
was attached to an argon line. Pyridine (0.07 ml, 0.77 mmol) and HATU (0.07 g, 0.17 mmol) were
added to the reaction mixture and stirred for 30 min. After that, dopamine was added and reaction
mixture was stirred overnight. The reaction was stopped yielding yellow oil. The product was
precipitated in water with 1 v% formic acid. Precipitate was collected and freeze-dried yielding a
pure product (87%).
1H (400 MHz, CDCl3, δ[ppm]): 1.25 (m, 28H), 1.28 (m, 6H), 2.23 (s, 3H), 2.44(t, 2H), 2.64 (t,
2H), 3.20 (m, 6H), 3.23 (t, 2H), 3.63 (m, 48H), 4.18 (t, 2H), 5.01 (s, NH), 5.86 (s, 1H), 6.55 (t,
1H), 6.74 (m, 4H), 8.27 (s, 1H), 8.63 (s, 1H), 9.79 (s, NH), 11.75 (s, NH), 13.18 (s, NH). CDCl3,
δ[ppm]): LCMS: calc. Mw = 1273.6 g/mol, found m/z: 1273.7 [M+H]+, 637.1 [M+2H]2+.
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2.2 Material design and characterization

2.2.1 Introduction

During this work we aim to functionalize UPyPEG hydrogels with catechol moieties that proved
to exhibit cell-adhesive properties. After successful synthesis of the UPy-catechol, first, the incor-
poration of this molecules into UPyPEG hydrogels has to be performed. Furthermore, it is very
important to study the crosslinking of the catechol moiety to biological nucleophiles. The catechol
moiety is found to express crosslinking properties mostly in the oxidized form, the o-quinone. In
this chapter the oxidation behavior of UPy-catechol molecule has been studied. At last, due to the
reactivity of the catechol the stability of this functionality has to be studied. In this chapter we
have studied a method for detection of the catechol which can be applied after long-term storage or
the procedures that could affect catechol functionality. Using this convenient method the amount
of the functional catechol in the hydrogel can be detected at any given moment.

2.2.2 Incorporation of the UPy-catechol in the UPyPEG hydrogels

In order to introduce bioactivity in UPyPEG hydrogels in an efficient way it is crucial to ensure
stable incorporation of the bioactive guest molecules into a host system. It is important to develop
a protocol that will facilitate straightforward preparation of the two-component system. For this
purpose, we want to explore pH responsive behavior of our hydrogels. The dynamic character of
non-covalent interactions between the UPy moieties makes this system responsive to the exter-
nal stimuli such as temperature and pH. As mentioned earlier, the UPy moiety exists in three
tautomeric forms: the keto, keto-2 and enol. The interaction between the UPy moieties are inher-
ently dynamic, UPy moieties can dynamically associate and dissociate from the UPy-fibers. Upon
dissociation from the fiber, the UPy moiety experiences environmental conditions and at higher
pH the enol-tautomer can become deprotonated forming an enolate (Figure 24). The negatively
charged enolate cannot form self-complementary hydrogen bonds and cannot be incorporated into
the UPy-fibers.

Figure 24: Tautomeric states of UPy synthon. [3]

As a result, the lateral interactions between the UPy-fibers are disrupted and the hydrogel
system is transferred into a viscous solution. By the adjustment of the pH back to the physiological
values, the system is rapidly transferred back to the gel state. The pH switchability of UPyPEG
hydrogels has been studied earlier by different techniques such as IR, UV-VIS and X-ray scattering.
It was found that in a pH range of 8.5 to 12.5, the enolate is the dominating species next to keto-
enol tautomers. Furthermore, it has been found that rheological properties of the system are not
affected by the pH switching, proving it as a fast and effective method to dissolve (disassemble)
UPy hydrogel system.

We would like to make use of pH switchability for the incorporation of the bioactive guest
molecule. In our experiments we use UPyPEG10kDa to produce 10 wt % hydrogels. In the
incorporation procedure we first apply a temperature of 70 oC thereby transferring UPyPEG
hydrogel to the liquid state (Figure 25). By the addition of 1 M NaOH aliquots the system is
preserved in the liquid state after which the bioactive guest molecule can be added to the system.
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After continuous stirring the aliquots of 1 M HCl are added, lowering the pH to physical conditions
and thereby reverting the system to a hydrogel state. We anticipate that this procedure allows
for an effective incorporation guest molecule into the UPyPEG system.

Figure 25: Illustration of the formulation procedure.

2.2.2.1 Conclusion

We suggest that the guest incorporation and the formulation of the two-component hydrogel were
successfully preformed. The solubility of the UPy-catechol is low in aqueous conditions. However,
the application of high pH and the temperature resulted in the visible dissolution of the two
components. Though, it is important to investigate the stability of the catechol functionality since
it could be seen that the color of the hydrogels has changed from white transparent to red-orange
during the formulation procedure. When the hydrogel is subjected to high pH and temperature for
a long period it may affect the UPy-catechol, within 2 hours the formation of the black precipitate
was observed. Furthermore, it is desirable to investigate how the mechanical properties of the
hydrogel system are changed by the guest incorporation, for this purpose rheological studies can
be performed.
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2.2.3 Oxidation experiments

Our goal is to exploit the catechol crosslinking abilities to improve the bioactive properties of the
UPyPEG hydrogels. Materials functionalized with catechols or catecholic polydopamine have been
shown to express cell adhesion properties. [6] However, the mechanisms that promote cell adhesion
are still not established. It is frequently proposed that the cell adhesion to the catechol-modified
substrates proceeds via a specific mechanism: the cells adhere to the cell-adhesive domains which
are formed by biomolecules and proteins from the cell culture medium that are covalently attached
to the catecholic groups.

In order to improve bioactivity of UPyPEG hydrogels through the dopamine functionaliza-
tion we need to understand how catechol can facilitate adhesion of the cells to the material. Most
probably, the cell adhesion in our system can be induced via specific adhesion ,mechanism. There-
fore, catechol group has to covalently react with enzymes, proteins or other biological molecules
that can serve as a crosslink between the synthetic environment of our hydrogel and integrin re-
ceptors of the cell. The nucleophilic groups of the biological molecules, such as amines and thiols
usually exhibit the interaction with the oxidized form of the catechol, the o-quinone. It has been
established that thiol groups which are abundant in the proteins can undergo Michael addition
on the o-quinone. The crosslinking of the amines proceeds via Michael addition or the Schiff base
reaction. Consequently, the oxidation of catechol functionality to the o-quinone is of high impor-
tance and our goal is to determine how to direct it. In this investigation we want to establish the
optimal crosslinking conditions that are relevant to our system.

To investigate the oxidation pathways of the catecholic groups on dopamine functionalized
guest molecules we have performed several oxidation experiments. The reaction mixtures were
analysed with UV-VIS spectroscopy. This is a useful technique to study organic molecules with
conjugated π systems. The absorption in these molecules is associated with a π − π∗ or n-π
transition. The band gap in the systems consisting of the multiple double bonds is smaller than
for isolated double bonds because delocalisation of the π bonding orbitals over the whole molecule.
Therefore, most transitions take place in the UV or visible spectrum and detectable with UV-VIS
spectrometer.

In these tests we first explored the oxidation of the dopamine as a model compound. After-
wards we studied the oxidation of dopamine functionalized guest molecule. Catechols are readily
oxidized in the presence of the chemical oxidants, such as sodium periodate (NaIO4) and silver
oxide, and are susceptible to the oxidation by air. This process is influenced by pH and, in general,
a higher pH leads to the higher oxidation rate. The dopamine and UPy-catechol molecule were
subjected to oxidation with the chemical oxidant NaIO4, that is commonly used for the oxidation
of the vicinal diols, and to the oxidation in the presence oxygen catalyzed by the application of ba-
sic conditions under pH 9. As mentioned earlier, the auto-oxidation of the catechol in the presence
of oxygen is improbable under the physiological conditions because of the high redox potential of
the catechol/o-quinone redox couple, but at higher pH it decreases making the oxidation process
more feasible. The oxidation by NaIO4 was explored to visualize all possible oxidation products.
After that the investigation on the oxidation of the catechol under high pH was performed be-
cause the procedure that is used for the formulation of the hydrogel requires the application of
basic conditions. We want to examine whether or not our hydrogel system is affected by these
conditions.

2.2.3.1 Oxidation of the dopamine

The oxidation pathways of dopamine have been studied earlier and proposed oxidation mechanisms
are shown in Figure 26. It was shown that dopamine undergoes series of oxidation and cyclization
reactions which can be induced by mild alkaline environment in aerobic conditions. In the first
step, oxidation of dopamine yields the corresponding dopamine-o-quinone. In the following step
the cyclization of the quinone gives leukoaminochrome, which can be subsequently oxidized to
aminochrome. Then, aminochrome rearranges to 5,6-dihydroxyindole, which can subsequently be
oxidized to indole-5,6-quinone. The reactive intermediates can undergo physical aggregation and
self-polymerization, forming a black polydopamine precipitate. The polydopamine is still very
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reactive towards different types of substrates. Upon deposition it binds on the interface forming
polydopamine layer. The polydopamine coating is broadly explored on different types of surfaces
and can be formed only through the oxidation of dopamine. The formation of polydopamine layer
is induced by mild alkaline conditions in presence of air and is optimal at pH 8.5. [8]
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Figure 26: Oxidation pathway of the dopamine. [7]

In this study, the dopamine was subjected to the oxidation with NaIO4 in water. The
oxidation of the dopamine was observed with UV-VIS spectrometer. The time evolution of the
UV-VIS spectrum of dopamine is shown in Figure 27A. Upon addition of the NaIO4, the spectrum
of the dopamine changes immediately in the UV region. A sharp peak at 280 nm corresponding to
dopamine changes to a broad absorption plateau. This change has been associated with formation
of the semiquinone radicals (absorption at 290 nm). [10] The new absorption peak appears at
395 corresponding to o-quinone. At the same time the evolution of the new peak around 485 is
observed. This peak is associated with the second oxidation product aminochrome.
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Figure 27: UV-VIS absorption spectra for the oxidation of the dopamine (50 µM), A:Oxidation
with NaIO4, B: Oxidation under alkaline conditions (pH 9).

In another test the oxidation of the dopamine under basic conditions has been investigated.
The pH was increased by the addition of aliquots of NaOH at pH 7.4 in phosphate buffered saline
(PBS). The evolution of the UV-VIS spectrum in time is shown in Figure 27B. The absorption
spectrum in the UV region changes instantly upon addition of aliquots of the NaOH. After 2
minutes, very broad absorption peak associated with aminochrome appears around 485 nm and
continues growing. However, the peak that is associated with first oxidation product, the o-
quinone, does not appear until the oxidation times of 60 minutes. This observation was made
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by the other researches as well and can be verified in literature. [9] This occurrence has been
attributed to a slower oxidation of the catechol to o-quinone in buffered conditions. The cyclization
to leukoaminochrome proceeds with much faster rate and therefore intermediate o-quinone is not
observed ont the spectrum. Most importantly, it was observed that the oxidation of dopamine is
also induced by the alkaline conditions in a relevant timescale.

2.2.3.2 Oxidation of the UPy-catechol

The oxidation of the dopamine functionalized molecule has been performed. We presume that
the oxidation takes place exclusively on the catechol group since it is more reactive than the UPy
moiety. NaIO4 is a chemical oxidant that is specifically reactive toward vicinal diols and therefore
we speculate that the UPy moiety is stable towards NaIO4.

The catechol is coupled to the UPy-catechol molecule via an amide bond which is not as
nucleophilic as an amine. We assume that the cyclization after the oxidation of catechol to the
o-quinone is not likely to happen. Therefore, the formation of the later oxidation products such as
leukoaminochrome, similar to the oxidation of dopamine, is not expected. After the first oxidation
of the catechol, the o-quinone can rearrange to an α, β-dehydro derivative or react to an unoxidized
catechol via aryloxyl coupling (Figure 28).

Figure 28: Possible pathways of the oxidation of the UPy-catechol, A→B→C: The oxidation of
the catechol to ortho-quinone following the rearrangement to quinone methide and to α, β-dehydro
derivative; A→E→F: The oxidation of the catechol is followed by dismutation of ortho-quinone
to unoxidized catechol yielding two reactive semiquinone radicals. The formed radical can couple
through aryloxyl coupling to form di-catechol adducts.

The oxidation of the UPy-catechol was observed using UV-VIS spectrometer. The time evo-
lution of the UV-VIS spectrum for the oxidation with NaIO4 is shown in Figure 29A. The initial
spectrum of unoxidized species displays a broad absorption plateau with two absorption bands at
250 and 317 nm and a shoulder at 360 nm. None of the peaks correspond to UPy absorption were
indicated (214 and 239 nm at physical conditions). Furthermore, the peak corresponding to cate-
chol (270 nm) is not found which may indicate partial oxidation of the UPy-catechol that results
in the formation of the semiquinone radicals. The peak around 317 may indicate the formation
of the α, β-dehydro derivative. Upon addition of the NaIO4, after 2 minutes the evolution of the
broad absorption peak in the visible region around 484 nm is indicated. This peak was associated
with an aryloxyl coupling product which expresses absorption at 484 nm. [11]

The absorption in the visible region is often associated with large conjugated systems. In
general, larger conjugated system have more delocalisation resulting in the smaller gap between the
highest energy π bonding orbital and the lowest energy π∗ anti-bonding orbital. This is consistent
with the formation of catechol coupling which produces larger conjugated system shifting the
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Figure 29: UV-VIS absorption spectra for the oxidation of the dopamine functionalized guest
molecule (50 µM), recorded in time A: Oxidation with NaIO4, B: Oxidation under alkaline condi-
tions (pH 9).

absorption to a longer wavelengths. This peak decreases in time, which can be explained by
the fact that the catechol can undergo multiple aryloxyl couplings forming an oligomeric adduct.
This is also partially indicated by the formation of precipitate after 60 minutes, which hampers
further analysis. The formation of multiple catechol adducts within short time of oxidation of the
catecholic molecules with sodium periodate has been frequently observed in literature and is likely
to occur in our system as well.[12]

The time evolution of the UV-VIS spectrum for the oxidation under alkaline conditions
(pH 9) is shown in Figure 29B. The spectrum of the UPy-catechol before the oxidation did not
look similar to the spectrum attained in the previous experiment, despite the fact that the same
conditions were used to dissolve the molecules. This can originate from the partial oxidation of
catechol to semiquinone radicals during the sample preparation. Furthermore, it proved to be very
difficult to dissolve UPy-catechols in aqueous medium. Due to the presence of the UPy synthon,
supramolecular aggregates or micelles, even at low concentrations and low pH, are present in the
sample. The contents of the aggregates can vary per sample, resulting in the different spectra.
Because of the bad solubility we kept the UPy-catechol concentrations very low which has resulted
in several artifacts in the graphs. We could not expose the UPy-catechol to very high temperatures
to dissolve it because this could accelerate the auto-oxidation of the catechol in the presence of
oxygen.

After addition of the aliquots of NaOH, the pH of the sample was increased to 9, broad
plateau appeared in the UV region between 200 to 300 nm. Additionally, the new broad peak
appeared at 484 nm, similar to the oxidation with the NaIO4. This peak can be associated with
the formation of di-catechol via aryloxyl coupling. This peak and the plateau in the UV region
decrease in time. Visually, the color changes from colorless to yellow, after a long period of time
(24 h) black precipitate is formed.

To investigate the reaction products formed during the oxidation of the UPy-C6-catechol
(Figure 30B), additional LCMS analysis was performed. The LCMS spectrum of the UPy-C6-
catechol that has been subjected to the oxidation with NaIO4 has been obtained (Figure 30A).
The LC spectrum, in Figure 30A (left), shows 4 distinct peaks with different retention times that
suggests the presence of 4 different species.

The first two peaks that are shown on the LC spectrum have very similar MS spectrum
patterns. The m/z values of the second LC peak with the retention time of 3.35 min corresponds
to the ionized masses of the primary compound UPy-C6-catechol. The m/z values of the first
eluted peak with the retention time of 3.11 min correspond to its oxidized form o-quinone. The
only difference between these two compounds is that catechol possesses two hydroxy and quinone
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Figure 30: Top: Molecular structure of UPy-C6-catechol(Mw=1189.41 g/mol); Bottom: LCMS
spectra of the UPy-C6-catechol after the oxidation with NaIO4 after 15 minutes, A: LC spectrum
(Top: Ion count spectrum, bottom: UV absorbance spectrum), B: MS spectra with m/z values
corresponding to peaks on LC (observed m/z values can be found in Table 1). [13]

two carbonyl groups. The elution order of these molecules, however, is consistent with the general
elution trends of reverse phase chromatography where the alcohols are usually eluted after the
ketones. This is due to the fact that ketones possess a large permanent dipole. Furthermore,
similar order of elution of catecholic compounds and their oxidized quinone forms is observed in
literature.[14][15]

The compounds corresponding to the third and fourth peaks of the LC spectrum are eluted
very close after each other. The MS spectrum of the third eluted peak with the retention time 3.9
min shows many different m/z values. Furthermore, it has a partial overlap with the MS spectrum
of the fourth peak, that is eluted after 4.18 min.

The m/z values that are found on the MS spectrum of the last two eluted peaks are not
consistent with any of the ionized forms of the primary compound UPy-C6-catechol or its oxidized
quinone form. The formation of the multiple catechol adducts under sodium periodate oxidation
was frequently observed by other researchers. If we consider that the same events occur in our
system most of the m/z values can be assigned. The MS spectrum of the third eluted peak indicates
the formation of di-catechol adduct. The m/z values that are found on the MS spectrum of the
fourth eluted peak correspond to the ionized forms of the tri-UPy-C6-catechol molecule. In Table 1
the masses of the proposed compounds and corresponding assigned m/z values are depicted. The
longer retention times of these two compounds and the order of their elution correspond to the size
of these molecules, the larger molecule the slower it will travel through the column. The increased
size of the molecule can result in decreased solubility and increased interaction with the column,
thereby increasing the retention time of the molecule. Furthermore, species eluted under third
and fourth peaks are highly ionized which indicates that they display more ionizable groups than
primary compound which is also consistent with the multimer formation.

In literature many examples for the formation of the catechol adducts can be found. For
example, formation of DOPA adducts was detected in the mussel byssus proteins, these covalent
cross-links stabilize the byssal plaques formed under stress. [16] Furthermore, Waite et al. observed
the formation of catechol crosslinks in vitro following oxidation of the DOPA-containing peptides
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Table 1: m/z values found on MS spectra of the UPy-C6-catechol (Calculated Mw=1189.94
g/mol) after the oxidation with NaIO4 after 15 minutes. Masses found corresponding to UPy-C6-
quinone (Mw=1186.33), UPy-C6-catechol (exact mass M=1188.67 g/mol), di-UPy-C6-catechol
(Mw=2376.80), tri-UPy-C6-catechol (Mw=3561.99). Masses were calculated using MS calculator.

Peak Compound Mw m/z Ion

1 UPy-C6-quinone 1186.33 402.33 [M+2H+Na]3+

603.08 [M+2H]2+

1204.58 [M+NH4]1+

2 UPy-C6-catechol 1188.67 397.33 [M+2H+Na]3+

595.58 [M+2H]2+

1189.58 [M+H]1+

3 di-UPy-C6-catechol 2376.80 475.75 [M+5H]5+

594.33 [M+4H]4+

792.33 [M+3H]3+

1202.25 [M+H+K]2+

4 tri-UPy-C6-catechol 3561.99 509.75 [M+7H]7+

594.58 [M+6H]6+

713.25 [M+5H]5+

891.08 [M+4H]4+

1209.08 [M+H+2Na]3+

under periodate and tyrosinase oxidation. The formation of multiple catechol adducts was observed
within minutes under application of oxidative conditions. [17] Messerssmith et al. proposed the
aryloxy coupling induced by periodate oxidation as primary gelation mechanism of DOPA-modified
PEG hydrogels. The molecular weight analysis by GPC indicated that DOPA residues were
polymerizing, forming network junctions of a maximum six catechol residues coupled together. [18]
Possible structures of the di- and tri-catechol adducts are also proposed in literature (Figure 31).
The aryloxyl coupling is considered as the major crosslinking mechanism, however, hydroxylation
is a possible reaction to produce crosslinks between the catechols.

2.2.3.3 Conclusion

The oxidation studies have revealed the complexity of dopamine oxidation pathways. We can
conclude that oxidation happens to some degree already when the pH of the system is increased.
We could presume that by the application of the alkaline conditions the oxidation of the dopamine
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Figure 31: Proposed structures of dimeric (left) and trimeric (right) crosslinks between UPy-C6-
catechol molecules after the oxidation with sodium periodate.
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functionalized guest molecule can be induced. The catechol can be oxidized to more reactive
species which can crosslink to the biological molecules of interest.

Furthermore, the oxidation behavior of the UPy-catechol with NaIO4 and the application
of alkaline conditions was studied. We could observe that the oxidation of UPy-catechol happens
very fast under these conditions. Within two minutes the evolution of the new peak is observed
belonging to species that absorb at higher wavelengths.

Furthermore, the formation of the same peak has been observed under the application of high
pH. This can suggest that catechol undergoes auto-oxidation catalysed by alkaline conditions. The
cyclization to an indole was not expected in UPy-catechol, because the catechol is connected via
an amide bond to our molecule. We argued that UPy-catechol can be oxidized to o-quinone
whereafter it can undergo aryloxyl coupling or rearrange to α, β-dehydro derivative via quinone
methide. UV-VIS spectra have revealed the occurrence of broad absorption plateaus under both
oxidation conditions. This has been attributed to the partial oxidation of the the catechols to
semiquinone radicals. The different absorption bands in the UV region correspond to the presence
of different UPy aggregates, explaining the variations observed in the spectra. The appearance of
the peak around 484 nm under both oxidation conditions has been associated with formation of
di- and tri-catechol adducts.

The formation of multiple catechol adducts under oxidative conditions has been frequently
observed in literature and is expected to occur in our system as well. LCMS analysis has indicated
formation of 4 different species after the oxidation of UPy-C6-catechol with periodate. These
species were associated with the oxidation products of UPy-catechol: the o-quinone, di-catechol
and tri-catechol adduct. However, further analysis with other technics has to be performed to
confirm the formation of the di- and tri catechols. For this purpose, NMR analysis could be
performed, the absence of the signals or the shift in the signals originating from the aromatic
catechol protons can give confirm the adduct formation. Furthermore, using the gel permeation
chromatography (GPC) analysis the molecular weight distributions can be determined confirming
the adduct formation and giving an indication of the size of the multimers.

An important conclusion is that the auto-oxidation of catechol and aryloxyl coupling can
occur at short times induced by alkaline conditions. This has to be taken into account during the
preparation of the hydrogels consisting of catecholized UPy molecules. During the formulation
procedure the components are mixed at high temperature and high pH which makes the oxidation
process even more probable. A method has to be developed that will avoid the formation of
the catechol adducts. The aryloxyl coupling reacts on the β- carbons and formation of multiple
adducts can hamper crosslinking with biological nucleophiles via Michael addition. This can have
a negative effect on bioactive properties of the material. Furthermore, it can significantly alter
the rheological properties of the formulated hydrogel materials.
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2.2.4 Arnow’s test for catechol detection

The hydrogel complex consisting of dopamine functionalized guest molecules and UPyPEG poly-
mer has been produced. However, due to the reactive nature of catechols it is important to
establish a method to investigate stability of these groups in our system. The long-term storage
and hydrogel formulation procedure may affect the functionality of the catechol. Therefore, it is
important to investigate the amount of functional catechol within the hydrogel after procedures
that could affect it.

One of the frequently used tests for catechol determination is the Arnow’s test.[20] It is a
calorimetric assay that measures the concentration of catechol species in a solution. The procedure
in the Arnow’s test features the nitrosation of the catechol with NaNO2 shown in the Figure 32.
This reaction produces yellow chromophore which is indicated by the color change of the solution
to yellow. In presence of an excess of the sodium hydroxide (NaOH) the color of solution changes
to intense orange-red. The absorbance is measured at 505 nm determining the concentration of
catechol present in the solution.
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Figure 32: Reaction sequence featured in the Arnow’s test.

Using the experimental procedure described in experimental section calibration curves have
been prepared for both dopamine and UPy-catechol using solutions of known concentration (Sup-
plementary information). During this experiment it was found that nitrosation reaction on the
UPy-catechol produces less active chromophore. The absorbance of the UPy-catechol bound chro-
mophore was lower than of dopamine. This has been attributed to differences in the molecular
structures of the molecules. The catechol moiety in UPy-catechol is linked through an amide bond
to the rest of the molecule. The oxygen on the amide bond can interact with the nitrous group
on the catechol and withdraw electron density from the aromatic ring, making the absorption less
intense. These calibration curves were used for the catechol quantification in UPy-hydrogels.
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Figure 33: The chromophore structure produced by nitrosation of UPy-catechol, close proximity
of an amide bond to NO group in UPy-catechol can result in the electron withdrawing interactions
resulting in lower absorption.

The Arnow’s test was performed on UPyPEG hydrogel solution with 10 mol% incorporation
of the UPy-catechol (30.60 µM UPyPEG(10kDa), 3.40 µM UPy-catechol). The hydrogel has been
subjected to the series of reactions which resulted in the formation of red chromophore inside the
hydrogel. The absorbance of the hydrogel solution was measured with UV-VIS spectrometer (mea-
sured absorbance=0.1356, at 505 nm). This value was consistent with the concentration of the
UPy-catechol inside the hydrogel with the accuracy of 97%. The small difference between the mea-
sured and calculated concentrations can be caused by the weighting inaccuracies or experimental
procedure.
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2.2.4.1 Conclusion

Using the Arnow’s test the concentration of the catechol inside the hydrogel can be determined
with a good accuracy. This is a useful and convenient method to quantify the functional catechol
in the material after a long-term storage and hydrogel formulation procedure which may affect
the functionality of the reactive catechol species. Furthermore, the Arnow’s method can be used
to determine the amount of functional catechol after the cell culture. It can give an indication of
the reactive processes that occur during the cell culture, since they can proceed through covalent
reactions with the catechol.
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2.2.5 Experimental section

Materials

Bifunctional UPyPEG10kDa was synthesized by SyMO-Chem BV, Eindhoven, the Nether-
lands. All other commercial grade chemicals, reagents, materials and solvents were obtained from
commercial sources, and were used as received unless stated otherwise: Sigma Aldich, Acros,
Merck and Fluka. Water was deionized prior to use.

Methods

Hydrogel formulation through the pH procedure

Bifunctional UPyPEG10kDa was dissolved in PBS (10 wt% hydrogel) at 70 oC and stirred
for 1h. The pH was raised to 8.5 using the aliquots of 2 M NaOH (4 uL per 100 uL PBS).
Dopamine functionalized guest was added to the liquified hydrogel and stirred for 1h at 70 oC, or
until dissolved. To switch the solution back to the hydrogel state aliquots of 2 M HCl were added
(4 uL per 100 uL PBS).

Arnow’s test

Concentration of the catechols in the samples was determined by Arnow’s method. The
solution of 0.5 M HCl2, a Nitrite Molybdate reagent (consisting of 10 g sodium nitrite and 10 g
of sodium molybdate in 10 ml distilled water) and a 1 M NaOH solutions were prepared. The
standard calibration curves were prepared with standard solutions of dopamine and UPy-catechol.
The reagent solutions have been added in a stated order to the dopamine and UPy-catechol
solutions. Absorption spectra were obtained on Jasco UV-Vis spectrometer. Their UV-VIS spectra
were measured at 505 nm.

Spectroscopic experiments of dopamine and UPy-catechol oxidation Dopamine

and UPy-catechol were dissolved in water (dopamine for NaIO4 oxidation) or PBS. Absorption
spectra were obtained on Jasco UV-Vis spectrometer before and after the oxidant (NaIO4) was
added or basic conditions were applied with NaOH ( pH 9). All measurements were performed in
1 mm quartz cuvet using thermostatically controlled cell holder heated by a circular water bath.
Dilute solutions of dopamine and ix were prepared. Their UV-VIS spectra were recorded from
200-650 nm under physical ((PBS) pH 7.4) and basic conditions (NaOH pH 9).
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3 Cellular read-outs of catechol modified UPyPEG

hydrogel scaffolds
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3.1 Introduction

UPyPEG hydrogel is a unique system that possesses many characteristics that appear to be
favorable for regenerative applications. These hydrogels were shown to be biocompatible in several
in vitro toxicity studies and in vivo experiments. The mechanical properties of UPyPEG hydrogels
are similar to conventional polymers and can be easily adjusted for the regenerative application
to match the characteristics of the native soft tissues.

The modular approach discussed in Chapter 2 allows for an easy inroduction of bioactive
moieties and creation of a toolbox with different UPy-modified polymers, bioactive molecules and
imaging probes allows for the off-the-shelf assembly of biomaterials by easy mixing without the
need for additional synthesis steps. These charecteristics make UPyPEG a good candidate for
development of the synthetic ECM environment for in vitro cell expansion or in vivo regenerative
strategies.

UPyPEG hydrogels can be utilized in minimally invasive regenerative strategies due to their
pH responsiveness. As one of the potential applications UPyPEG hydrogels can serve as delivery
vehicle for cardiac progenitor cells and growth factors after myocardial infarction. The hydrogels
can be liquified by application of high pH and delivered by catheter together with other components
in the affected zone. Once pH decreases to physiological conditions in vivo material returns
to a gel state forming a homing environment for delivered cells. However, pristine UPyPEG
hydrogels do not exhibit bioactivity and cannot form an appropriate environment for cell survival
and development due to the high PEG content. The system possesses anti-fouling properties
because of high hydrophilicity of PEG which inhibits protein adsorption and cell attachment. The
cells that are entrapped inside the hydrogel cannot adhere and will undergo apoptosis within a
short period of time. During this research the UPy molecules were synthesized, functionalized
with catechol moiety and introduced in the UPyPEG hydrogel to improve the bioactivity of this
synthetic system. With this modification we hope to improve the cell adhesion and infiltration
of the biological molecules in our hydrogels which will enhance regeneration potential of the cells
that are being delivered using this system for cardiac regeneration.

After successful synthesis and characterization of the crosslinking properties of the catechol
functionalized UPy-guest molecules, the investigation of the bioactive properties of the catechol
modified hydrogels is performed in the cell studies. In this investigation we want to examine
whether incorporation of the catechols has improved cell-material interactions. In this chapter
the investigation of the cell adhesion and viability in catechol modified hydrogels is described. It
was examined whether the catechol functionalization has positively influenced the bioactivity of
UPyPEG hydrogels based on the cellular morphology, spreading and survival. To acquire deeper
insights in the cell-material interactions and cellular development inside the hydrogels, additional
analysis on the gene expression levels of the adhesion and differentiation markers of the cultured
cells was performed. This analysis has been performed via mRNA isolation and quantitative PCR
analysis.

Cardiomyocyte progenitor cells

Aiming for a future potential application in cardiac regeneration, the cardiac stem cells had
to be utilized our investigation. Until recently, relatively few cardiovascular progenitor populations
have been identified in human hearts, including cardiosphere-derived cells, cKit+ human cardiac
stem cells, Isl1+ cardiovascular progenitor and cardiomyocyte progenitor cells (CPMCs). [1]

In our investigation human fetal CPMCs were used. CMPCs are isolated from surgical waste
or alternatively from fetal heart tissue. These cells are immortalized by lentiviral transduction of
hTert and BMI-1 (L9TB). [2] CMPCs make a great in vitro model to study human adult cardiac
responses, because of their great differentiation capacity into functional mature cardiomyocytes
with an efficiency up to 80-90%. In addition to the cardiomyogenic capacity, CMPCs were found
to form endothelial cells and smooth muscle cells in an in vitro angiogenesis model. In in vivo the
injection of CMPCs in a MI mouse model has demonstrated improved cardiac function induced by
paracrine effects due to high secretion capacity of these cells. Additionally, CMPCs were able to
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survive the hostile environment of the infarcted scar tissue and even showed signs of differentiation
towards cardiomyocytes, which results in further functional improvement of the cardiac muscle in
the mouse model. Therefore, these cells form a potential source for cardiac regenerative therapy.

Possible adhesion mechanisms in catechol modified hydrogels

Cell attachment is one of the first events that take place when a cell comes in contact with
a biomaterial surface. It is an important preliminary step for the subsequent cellular events
such as proliferation and differentiation. The adhesion in CMPCs is characterized by elongated
morphology, in vitro cultured on fibronectin cell-adhesive coating CMPCs appear as spindle-shaped
cells with a high nucleus-to-cytoplasm ratio.

The mechanism used by cells to sense and respond to biomechanical cues is called mechan-
otransduction, and is mainly regulated by cell-matrix adhesion proteins such as integrins and
integrin-linked proteins such as vinculin, FAK, talin. The integrins that are relevant in early car-
diac development are α5β1 and αvβ3, which are stimulated by RGDSP ligand that is located on
fibronectin.

Synthetic materials do not possess any bioactive moieties to facilitate the cell attachment,
therefore, numerous surface modification strategies have been developed to improve the cell ad-
hesion on artificial materials, such as physical adsorption, chemical immobilization of bioactive
molecules and plasma treatment. In some cases synthetic materials are able to facilitate cell at-
tachment due to adsorption of serum proteins or ECM proteins secreted directly by cells. The
proteins in fetal bovine serum (FBS) that are associated with the promotion of cellular adhesion are
fibronectin, laminin and vitronectin. These cell adhesion proteins are found to be present in serum
at concentrations between 200 and 400 µg/ml. [3] [4] [5] However, PEG, the major component
of UPy-based hydrogels, cannot bind any of these proteins and functionalization with catechol is
expected to provide the adhesion of these molecules via the mechanisms that have been described
in the introduction. The adsorbed serum proteins maintaining their native configuration on the
catecholized surfaces is considered as main reason for the improvement of cell adhesion. However,
whether the catechol itself can directly interact with cells to promote cell adhesion remains un-
clear. In one of the recent experiments adhesive behavior of human umbilical vein endothelial cells
(HUVECs) was evaluated under serum-free conditions on a polycaprolactone which was coated
with catecholic polydopamine. The HUVECs attached directly to and spread with well-organized
cytoskeleton and fibrillar adhesions on the polydopamine surface. Cell-secreted fibronectin and
α5β1 integrin were found to be involved in the cell adhesion process. It was concluded that poly-
dopamine had possibly stimulated production and secretion of the fibronectin by the cells and that
interaction between fibronectin and integrins played a key role in the cell attachment. The overall
observations indicate that the presence of the adhesive proteins either from serum or self-secreted
is necessary for cell adhesive processes.

In the investigation of the ECM production by CMPCs it was found that undifferentiated
L9TB CMPCs expressed collagen I, III and fibronectin at a low level on both protein and gene
level. However, at protein level, the expression of collagen I, III, and fibronectin after one week
into the differentiation process was still found around the nucleus and in the cytoplasm. Only two
weeks after the differentiation these three ECM proteins were localized extracellularly. [6]

It is uncertain that the catechol could stimulate production and secretion of cell-adhesive
proteins in undifferentiated CMPCs. Therefore, most probable mechanism for the cell attachment
in catecholized hydrogels is hypothesized to happen mainly via adhesive regions which are formed
by the adsorbed serum proteins.
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3.2 Adhesion of CMPCs in modified UPyPEG hydrogels

To investigate bioactive properties of the catechol functionalized UPyPEG hydrogels, series of cell
adhesion experiments were performed. In this study we wanted to investigate the morphology of
the cells that are cultured on the catechol-modified hydrogels. Cell adhesion or spreading was never
observed in the conventional UPyPEG hydrogels, the cells that are cultured in PEG hydrogels
normally exhibit rounded morphology. Therefore, the elongated spindle shaped cell morphology
will indicate spreading of the cells in catechol functionalized hydrogels and give an indication that
catechol incorporation resulted in the improvement of the bioactivity.

During the adhesion experiments cells were applied in 2D on the hydrogel surfaces and
cultured for a period of 1 day allowing them to adhere or spread. For the adhesion experiments 10
wt% pristine UPyPEG hydrogels and hydrogels functionalized with UPy-catechol were produced.
The UPy-catechol was incorporated into the UPyPEG system using formulation procedure as
described in the previous chapter. A stable hydrogel layer was formed on the surface of the
chambered glass allowing for an easy cell seeding on surface and visualization of the samples.

For the visualization of the cellular morphology in hydrogel environment, the cells were
stained with Calcein-AM and visualized with confocal laser scanning microscopy. Calcein-AM
is a non-toxic cell-permeable dye which is commonly used to determine cell viability. When
non-fluorescent Calcein-AM penetrates the cytosol of the live cells it is converted into a green-
fluorescent and cell-impermeable Calcein by hydrolysis of acetoxymethyl (AM) ester by intracel-
lular esterases. [7]

3.2.1 Adhesion in hydrogels with 20% of UPy-catechol

In the pilot experiment hydrogels with 10 mol% of the UPy-catechol were tested. However the
experiment did not show any useful results. Therefore in the next experiments we investigated
higher mol% of the UPy catechol incorporation.

In the first adhesion experiment cells were cultured on the UPyPEG hydrogels with 20 mol%
of UPy-catechol. Fibronectin coated glass and pristine UPyPEG system were used as positive
and negative control groups respectively. Samples were analyzed by confocal microscopy. The
confocal images of the first experiment are shown in the Figure 34. Cells that were cultured
on fibronectin coated glass were uniformly distributed over the surface and showed an extensive
spreading and elongation (Figure 34A). The cells that were cultured on hydrogel samples were
initially seeded on the surface of the hydrogel. However, after one day the cells in all samples
have penetrated the volume of the hydrogels and were located throughout the material. CMPCs
that were cultured on the pristine UPyPEG hydrogels were aggregated into the clusters, without
any signs of elongation which was an expected behavior because of the nonfouling properties of
the PEG polymer (Figure 34B). The cells on the catechol functionalized UPyPEG hydrogels were
expressing less clustering behavior. However, the cells kept rounded morphology. No elongation
or any visible signs of spreading on the catecholized hydrogels were detected (Figure 34C).

All cells were cultured in serum containing medium, therefore it was expected that the ad-
sorption of serum proteins would occur on catechol functionalities and promote cell adhesion.
Possibly, the exposure of the proteins absorbed on the catechols was not optimal for cells to
come into a contact with. Due to relatively short length of the PEG linker in the UPy-catechol,
the catechol groups together with absorbed serum components can be buried in the PEG debris.
Therefore, cells experienced similar non-adhesive environment as in pristine UPyPEG hydrogels.
Taking into account the results that were obtained during the oxidation test, we hypothesized that
the application of the high pH during the formulation procedure might have subjected catecholic
moiety to the oxidation and could result in cross-linking of the catechol moieties. The formation
of multiple catechol adducts could decrease the amount of reactive sites. Furthermore, the com-
petitive absorption of non-adhesive serum components such as bovine serum albumin, which is a
major component of fetal bovine serum, would diminish the amount of cell adhesive regions and
restrict cellular adhesion.
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A B C

Figure 34: The confocal imaging of the cells 1 day after seeding (stained with Calcein) on A:
Fibronectin coated substrate, B: UPyPEG hydrogel, C: UPyPEG hydrogels with 20 mol% UPy-
catechol

3.2.2 Adhesion in hydrogels with fibronectin incorporation

Cell adhesion to synthetic surfaces in serum conditions is mainly associated with preceding adsorp-
tion of adhesion-promoting serum components such as vitronectin and fibronectin. The extent of
cell adhesion in vitro is often related to presence of these components or the ability of the cells to
synthesize and deposit fibronectin to facilitate their own adhesion. However, the previous research
has indicated that CMPCs do not deposit endogenous fibronectin before later stages of differ-
entiation. Therefore, in the following adhesion experiments it was aimed to explore fibronectin
introduction to increase the chance for cell adhesion in catecholized hydrogels. Fibronectin consists
of two subunits of about 220 kDa each, which are crosslinked by disulfide bonds. Each subunit of
fibronectin contains several cell binding regions such as RGD domains to which cells can attach
directly through integrins α5β1 or αvβ3. It was decided to add fibronectin during the formulation
procedure when high pH is applied and the system if transferred to a viscous fluid state. The
UPy-catechol molecules were dissolved under continuous stirring which increased the chance of
free catechol groups to encounter and react to the fibronectin molecules. Moreover, at high pH
the catechol groups are present in their oxidized quinone state which is most reactive toward nu-
cleophiles. The presence of the nucleophilic thiol or amine groups in the solution was expected to
compete with possible formation of the catechol adducts. Instead of the aryloxyl coupling the ox-
idized catechol would react to the nucleophilic groups of fibronectin forming cell-adhesive regions.
[8] And at last, the complexation of fibronectin on the catechol will decrease the adsorption of the
non-cell adhesive or less adhesive serum components.

The incorporation of 20 mol% UPy-catechol was again examined. One extra condition was
added to this experiment. In this condition hydrogel was prepared in fibronectin solution (30
ug/ml) by means of pH switch procedure. The adhesion was examined after one day of culture.
The confocal images of the cultured cells are shown in Figure 35. In general, the cells formed
differently sized clusters through the volume of both pristine and catecholized hydrogels, the
spatial distribution of the clusters appeared to be random. The cells that were cultured on the
hydrogels prepared in fibronectin solution did not show evidently different results in terms of
adhesion. Similar to pristine UPyPEG hydrogels, cells were clustered together. However, the
cells have formed relatively larger clusters (Figure 35B and D). It was difficult to identify the
morphology of the individual cells inside the clusters because of high amounts of cells that were
closely packed together giving one bright signal on the confocal images.

In this experiment a very low concentration of fibronectin was used, which was about 20 fold
lower than the concentration of free catechol groups in the sample. Most probably, the concen-
tration of fibronectin was too low resulting in a low amount of adhesive domains. Additionally, a
high amount of PEG could restrict the exposure of formed adhesive domains to the cells. In the
next experiment the concentration of fibronectin incorporation was increased to 100 µg/ml.
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Figure 35: The confocal imaging of the cells 1 day after seeding stained with Calcein
(scalebar=100µm) on A: Fibronectin coated substrate, B: UPyPEG hydrogel, C: UPyPEG hydro-
gels with 20 mol% UPy-catechol, D: UPyPEG hydrogels with 20 mol% UPy-catechol prepared in
fibronectin solution.

When the experiment was repeated with a higher concentration of fibronectin, the cells
that were cultured on the hydrogels prepared in fibronectin solution expressed signs of adhesion
(Figure 36D). This was indicated by cell spreading and elongated cell morphology. Furthermore,
the cells were distributed over the defined region but were not clustered together. The absence
of the close cell-cell contacts indicated the improved bioactivity of the material and may indicate
the presence of the cell-adhesive domain formed by the fibronectin that reacted covalently with
catechol. The localization of the cells out of the cluster, results in the loss of the direct bioactive
interactions with the neighboring cells. This means that bioactive interactions with the material in
this region were sufficient to stimulate the spreading of the cells out of the cluster. The spreading
of cells was limited to a several regions, however this occurrence indicated that cells were in
contact with bioactive domains and that these bioactive domains can induce cell spreading in
PEG environment. To facilitate the adhesion throughout the hydrogel the exposure of the cell-
adhesive domains has to be improved. Also higher concentration of the fibronectin incorporation
has to be investigated, up to equimolar amount, matching the concentration of the catechol groups
in the sample. Furthermore, covalent attachment of the fibronectin to the catechol groups has to
be confirmed.

A B C D

Figure 36: The confocal imaging of the cells one day after seeding, stained with Calcein
(scalebar=100µm) on A: Fibronectin coated substrate, B: UPyPEG hydrogel, C: UPyPEG hydro-
gels with 20 mol% UPy-catechol, D: UPyPEG hydrogels with 20 mol% UPy-catechol prepared in
fibronectin solution.

Catecholized hydrogels (Figure 36C) displayed elongated cells inside the cell cluster. Pristine
UPyPEG hydrogels were strongly diluted during this experiment, which have weakened their cell
encapsulation properties. This resulted in sedimentation of the cells on the bottom of the culturing
chamber.
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3.2.3 Conclusions

The adhesion tests were performed to investigate bioactive properties of the catechol modified
hydrogels. The cells that were cultured on the catechol functionalized hydrogels generally exhib-
ited less coagulation or formed larger cell aggregates than the cells that were cultured in pristine
UPyPEG hydrogels. Occasionally, the cells inside the aggregates expressed elongated morphology.
In general, the functionalized hydrogels did not acquire explicit cell adhesion properties. However,
the cells that were cultured on the hydrogels that were prepared in the fibronectin solution exhib-
ited elongation and spreading in the confined regions of the hydrogel. This has been attributed to
the specific cell adhesion mechanism, it was presumed that fibronectin covalently reacted on the
catechol moieties forming cell adhesive regions. However, this could be also attributed merely to
the presence of fibronectin in the material in the unbound state. Therefore, covalent attachment
of the fibronectin to the catechol groups has to be confirmed. HPLC analysis can be performed to
analyze the fibronectin attachment, this analysis has been frequently used to investigate protein-
catechol adduct formation in literature. [19] Furthermore, limited adhesion in modified hydrogels
could be originated by poor exposure of the reactive groups. The PEG linker in UPy-catechol
molecule is much shorter relatively to the PEG linker of the polymer molecules of bifunctional
UPyPEG and reactive catechol groups can be buried inside the PEG debris. It is important to
investigate the exposure of the catechol inside the hydrogel. Possibly, other molecular design has
to be exploited which will ensure the presentation of the reactive groups to cells.
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3.3 Cell viability and gene expression of CMPCs in modi-
fied UPyPEG hydrogels

In cell adhesion experiments a very limited degree of the cell elongation and spreading in cate-
cholized hydrogels was observed. This indicated an improvement of the cell adhesion in modified
hydrogels. However, the spreading of the cells was highly occasional and limited to the distinct
regions. To investigate the interactions between the modified materials and CMPCs the gene
expression levels of specific markers can be assessed. With this method we can examine the de-
velopment of CMPCs in hydrogel culture and determine how it is affected by the presence of
the catechol groups. Possibly, increased expression of the specific adhesion markers can give the
evidence of improved cell-material interactions in catecholized hydrogels as compared to pristine
system.

The visualization of the cells in the adhesion experiments has been performed after one
day of culture. However, it is important to investigate the viability of the CMPCs in hydrogel
culture after a longer time period. Increased cell viability inside the catechol modified hydrogels
as compared to a pristine system can give an additional indication of an improved bioactivity.
The objective of the present study was to investigate the viability of the cells after long term
culture and to perform mRNA isolation and quantitative PCR (qPCR). The investigation of the
cell viability and mRNA isolation for the qPCR analysis has been performed after a 5 days of
culture in collaboration with other researchers. [11][12]

The visualization of the cells was performed using LIVE/DEAD assay, using Calcein-AM
for the live cells and Propidium Iodide for the necrotic cells. Propidium Iodide is commonly used
for identifying dead cells in a population. [10] It is impermeable for living cells and intercalates
between nucleotide pairs in DNA of dead cells.

Assessed markers

CMPCs show expression of an early cardiac transcription factor Nkx2.5. The expression
of this factor is decreased when differentiation toward cardiomyocyte is induced. The expression
of Nkx2.5 indicates that the cells are still in proliferative state and decreased levels indicate the
onset of CMPCs differentiation. The expression of this marker on the gen level was assessed to
determine the development of the CMPCs inside the hydrogel environment.

The expression of gap junction protein connexin 43 has been studied during this experiment.
The expression of connexin 43 is increased upon cardiomyogenic differentiation, it indicates that
the cells are able to functionally couple with each other which is necessary for the formation
of functional cardiac tissue. Furthermore, it was attempted to perform quantification of gene
expression of the specific adhesion markers produced by the CMPCs. The levels of gene expression
of the focal adhesion (FA) proteins such as vinculin and integrin β1 were assessed. The previous
research has shown that undifferentiated CMPCs express integrinβ1 and vinculin on gene and
protein levels. However, despite that CMPCs expressed both FA proteins they did not form stable
FA in undifferentiated state. The formation of FA complexes was initiated upon cardiomyogenic
differentiation. [13]

However, it has also been shown that culture in a 3D environment can induces the formation
of FA complexes in CMPCs and increases the expression of the connexin 43. [14] CMPCs that were
constrained in the hydrogels in 3D show increased cardiomyocyte maturation, and gap junctional
coupling. Therefore, the increased expression of assessed markers could be indicative for the
maturation of CMPCs.

3.3.1 Cell viability and RNA isolation tests

In the viability study, conditions, similar to the adhesion experiments were examined. Due to
very limited improvement of the cell adhesion in the catechol modified hydrogels it was suspected
that the presentation of the catechol groups or cell-adhesive domains formed by adsorbed serum
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proteins inside the hydrogel is very limited. Therefore, an additional condition was investigated.
For this condition, two-component hydrogel consisting of the monofunctional UPyPEG system in
combination with 20 mol%UPy-catechol have been investigated.

The monofunctional UPyPEG possesses a short PEG linker, similar to the UPy-catechol
molecule. It was expected that the presentation of the catechol groups would be improved in
these hydrogels (Figure 37). Furthermore, decreased length of PEG linker would result in the
lower solubility of the monofunctional UPyPEG molecules making the system less dynamic. The
increased stability of our system was expected to make the make the adhesion process more
probable.
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Figure 37: Molecular structure of the monofunctional UPyPEG molecule compared to UPy-
catechol. Monofunctional UPyPEG molecule displays very short PEG linker, which enables better
presentation of the catechol groups on the surface or inside the hydrogel.

The images of the cells after 5 days of culture are shown in the Figure 38. The cells cultured
on pristine hydrogels were clustered and the overall cell viability was very low, the necrotic cells
were present in all cell clusters (Figure 38). The cells that were cultured on the catecholized
hydrogels expressed higher viability (Figure 38C and D). The cell were located in clusters, but
most of them were viable with several necrotic cells present at the edges of the clusters. The cells
that were cultured on the monofunctional UPy hydrogels expressed less clustering behavior but the
viability was low, the nuclei of most cells were stained red indication PI penetration (Figure 38E).

The RNA isolation and qPCR analysis were performed. Unfortunately, the amount of the
RNA that was isolated from the hydrogels was very low. Several conditions could not be repre-
sented in this experiment because of the low RNA harvest. Furthermore, the cDNA of the control
groups was lost during the synthesis. However, despite low amount of RNA harvest, the cDNA
synthesis and qPCR analysis could be performed.

The gene expression of Nkx2.5, Connexin 43, Vinculin and Integrin β1 in CMPCs was exam-
ined after 5 days of culture and is shown in Figure 39. Because of high variation in gene expression
levels, qPCR data is presented in different graphs. Normally, the qPCR data is presented as a
fold change (2−∆∆C(t)), so that the expression levels in the CMPCs after 5 days of culture in
hydrogels can be compared to those of control group. Here, the data is presented as 2−∆C(t) since
the data on the control groups was lost. Expression levels of all marker genes were normalized
to expression levels of an internal control gene GAPDH. The difference of in the expression levels
between culturing conditions can be observed.

The CMPCs that were cultured on fibronectin coated glass (blue) exhibited the lowest ex-
pression of early cardiac transcription factor Nkx2.5. This may indicate that these cells are in the
later stages of the maturation as compared to the cells that were cultured in hydrogels. However,
the graphs indicate very low expression levels of the focal adhesion proteins integrin and vinculin
and also of connexin 43, which is inconsistent with the expression of these markers at the later
stages of the maturation. The CMPCs that were cultured in pristine (red) and catecholized UP-
yPEG hydrogels with fibronectin (green) exhibited higher levels of expression of FA markers and
connexin 43 as compared to CMPCs that were cultured on fibronectin coated glass. This observa-
tion is consistent with the previous research where it was established that CMPCs cultured in 3D
hydrogels environments show increased cardiomyocyte maturation and gap junctional couplings
as compared to 2D culture. Expression of the FA proteins and connexin 43 in pristine hydrogels
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A B C

D E

Figure 38: The confocal imaging of the cells 5 days after seeding stained with Calcein and PI
(scalebar=100µm) on A: Fibronectin coated glass, B: UPyPEG hydrogel, C: UPyPEG hydrogels
with 20 mol% UPy-catechol, D: UPyPEG hydrogels with 20 mol% UPy-catechol prepared in
fibronectin solution, E: Monofunctional UPyPEG hydrogels with 20 mol% UPy-catechol.

was higher than in catechol modified hydrogels. Furthermore, the expression of the early cardiac
factor Nkx2.5 was lower. These relative levels of expression may indicate that CMPCs expressed
higher level of maturation in unmodified hydrogel.

However, to critically access the data it is important to investigate all conditions in compar-
ison to the control group. Also, the expression levels have to be assessed in multiple experiments
to perform statistical analysis. Therefore, it is highly recommended to repeat this experiment to
make any further conclusions.
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Figure 39: Expression of cardiac transcription factors A: Nkx2.5, B: Connexin 43, C: Vinculin
and D: Integrin β-1 in cells that were cultured on fibronectin coated glass (blue), UPyPEG (red)
and UPyPEG hydrogels with 20 mol% UPy-catechol prepared in fibronectin solution (green) in
CMPCs after 5 days of culture as determined by qPCR (n=1). Expression levels of all marker
genes were normalized to expression levels of an internal control gene GAPDH.

3.3.2 Conclusions

In this experiment long-term viability of the CMPCs was investigated. It was attempted to
assess the expression levels of different cardiac markers that are relevant in the development of
the CMPCs. RNA isolation, cDNA synthesis and qPCR analysis were performed. The viability
assay has indicated an improved viability of CMPCs in the catecholized hydrogels. After 5 days
all cells in UPyPEG hydrogels were necrotic. CMPCs cultured in catechol modified hydrogels
formed large clusters of viable cells with several necrotic cells on the edges of the clusters. The
RNA isolation has resulted in very low yields. As a consequence, not all conditions could be
represented. However, the cDNA synthesis was performed successfully even with very low RNA
yield. Unfortunately, inaccuracies in cDNA synthesis and qPCR analysis and the loss of the control
group data produced merely inconclusive results. It is recommended to repeat cPCR analysis.
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3.4 Experimental section

Materials

Bifunctional UPyPEG10kDa was synthesized by SyMO-Chem BV, Eindhoven, the Nether-
lands. Monofunctional UPyPEG was provided by Peter-Paul Fransen. All other commercial grade
chemicals and reagents, chemicals, materials and solvents were obtained from commercial sources,
and were used as received unless stated otherwise: Sigma Aldich, Gibco, Lonza, Fluka, Invitro-
gen, Qiagen, Thermo Fisher Scientific, Bio-Rad and Premier Biosoft International. Water was
deionized prior to use.

Methods

Hydrogel formulation

Bifunctional UPyPEG10kDa was dissolved in PBS (10 wt% hydrogel) at 70 oC and stirred for
1h. The pH was raised to 8.5 using the aliquots of 2 M NaOH (4 uL per 100 uL PBS). Dopamine
functionalized guest was added to the liquified hydrogel and stirred for 1h at 70 oC. To switch
the solution back to the hydrogel state aliquots of 2 M HCl were added (4 uL per 100 uL PBS).
Monofunctional UPyPEG was dissolved in PBS (7.65 wt/vol %). The pH was measured with

the pH measuring device. The pH was raised to 12 using the aliquots of 2 M NaOH. Dopamine
functionalized guest was added (2.35 wt/vol%) to yield 10 wt% hydrogel. The solution was stirred
for 1h at 70 oC. To switch the solution back to the hydrogel state aliquots of 2 M HCl were added
to the solution.

Cell culture

L9TB CMPCs (GMO license: IG- 08 -100) were thawed from liquid N2 tank and cultured in
0.1% gelatin/PBS pre-coated T75 flask. Undifferentiated CMPCs were cultured in SP++ growth
20 medium (GM) that consisted of M199 serum-free medium/EGM2 (3:1) supplemented with 10%
fetal bovine serum (FBS), 1% penicillin/streptomycin and 1% non-essential amino acids. CMPCs
were passaged at 80-90% confluence.

Confocal microscopy

Sample imaging was performed on a Leica SP5 inverted confocal microscope (Leica Mi-
crosystems, Rijswijk, the Netherlands) equipped with 10x objective. Images were obtained by
illuminating the samples with white light laser (WLL) at the wavelengths of Calcein (488 nm) and
Propidium Iodide (535 nm) and collecting the fluorescence emission at the emission wavelengths
of Calcein (515 nm) and Propidium Iodide(617 nm).

LIVE/DEAD staining

LIVE/DEAD staining was done using Calcein-AM (Ca-AM stock: 1 mg/mL in DMSO)
and Propidium Iodide (PI; stock: 1 mg/mL in H2O). Gels were washed with PBS, followed by
incubation in serum free GM/DM with 10 µM Calcein-AM for 60 min at 37 oC. After that, the
gels were washed two times with PBS and incubated in serum-free GM/DM with 10 µM PI for
30 min at 37 oC. After the incubation the gels were carefully washed with PBS and incubated in
SP++ at 37 oC until imaging.
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mRNA isolation and quantitative PCR analysis

Total RNA was isolated using the Qiagen RNAeasy isolation kit as described by the manu-
facturer. cDNA was synthesized for 500 ng RNA per sample. cDNA synthesis has been performed
using SuperScript(R) VILOTM cDNA Synthesis Kit. Primers for qPCR were designed with Bea-
con Designer 7.0. cDNA samples were subjected to qPCR using iQTM SYBRO Green Supermix
and the Bio-Rad IQ detection system (Version 2.0).

Table 2: Primers sequences

Primer Sequence T (oC)
GAPDH fw GGC GTG AAC CAC GAG AAG TAT AA 60

rev CCC TCC ACG ATG CCA AAG T
Nkx2.5 fw CCC CTG GAT TTT GCA TTC AC 60

rev CGT GCG CAA GAA CAA ACG
Connexin43 fw TTT CTT CAA GGG CGT TAA GGA TC 60

rev AGG AGG AGA CAT AGG CGA GAG
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4 Conclusions

The objective of this research was to modify the supramolecular UPyPEG system such that it
would effectively interact with cells. We aimed to improve the cell adhesive properties of the
UPyPEG hydrogel through the supramolecular functionalization with DOPA-mimetic catechol.
We proposed that catechol can facilitate cell adhesion in synthetic UPyPEG hydrogels through
either covalent or noncovalent cell-adhesion mechanisms.

During this research the UPy-catechol was synthesized successfully. The catechol moiety
was functionalized with the supramolecular UPy motif, which allowed for direct integration of
these molecules into the backbone of the host UPy-hydrogelator system. Furthermore, we have
developed a method for an easy supramolecular functionalization of the UPyPEG material with
UPy-catechols. The investigation of the oxidation properties of the UPy-catechol was performed.
During these tests it was established that the oxidation of the functionalized materials takes place
at relatively short times and can be induced by alkaline conditions. It was attempted to establish
the oxidation pathways of UPy-catechol molecule. We presume that the oxidation pathways were
established, however, additional research is needed to confirm our speculations.

Cell experiments were performed to investigate the bioactive properties of the catechol mod-
ified hydrogels. In general, the catecholized hydrogels did not acquire strong cell adhesion proper-
ties and cells expressed clustering behavior. Occasionally, the cells inside the aggregates expressed
elongated morphology. However, in hydrogels that were formulated in presence of fibronectin, cells
were detected that expressed spreading and elongation outside the cluster. This occurrence has
been attributed to the specific cell adhesion mechanism, which could be induced by the catechols.
We presume that the fibronectin has covalently reacted with the catechol moieties thereby forming
cell adhesive regions. Additionally, to strengthen our observations, we have performed viability
tests and RNA isolation for qPCR analysis. The viability assay has indicated an improved viability
in the catecholized hydrogels after a long term culture. The RNA isolation has resulted in very low
yields. As a consequence, not all conditions could be represented. However, the cDNA synthesis
and qPCR was performed successfully even with low RNA. The expression of investigated marker
was detected. Unfortunately, the acquired results of the qPCR analysis were not conclusive. At
last we can conclude that the catechol functionalization has improved the bioactive properties of
the UPyPEG hydrogels. However, these are only first steps on the road towards bioactivation of
UPyPEG materials.
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5 Recommendations

Catechols were successfully applied by other researchers for the bioactivation of the synthetic ma-
terials. However, we could not achieve such explicit adhesion properties in our material. This could
have been caused by different factors ranging from material design to the incorrect exploitation
of the catechol moiety. First of all, to insure the optimal interaction with the cells, the bioactive
moiety must be expressed on the surface of the material. However, the correct exposure of the
catechols on the surface of the UPy-fibers was not yet determined. The supramolecular UPyPEG
polymers consist of very long PEG chains. The functionalization of the UPyPEG hydrogels was
performed with the UPy-modified catechol that had much shorter PEG linker; consequently the
catechols could become buried in the PEG debris. It is important to investigate whether catecholic
moiety is correctly displayed on the surface of the UPy fibers. Furthermore, the use of another
molecular design for the introduction of the bioactive signals could ensure catechol exposure.

Furthermore, the UPy system possesses inherently dynamic characteristics because of the
noncovalent crosslinks where they are based on. It should be investigated whether the covalent
crosslinks are strong enough to facilitate cell adhesion. The cell that is adhering expresses traction
forces on the substrate. Due to this force, the UPy-catechol could be teared out of the fiber. It
is important to compare the traction force of the cells to the force of the supramolecular UPy
crosslinks. Such an analysis could be performed by means of atomic force microscopy.

It has been previously established that mechanical and dynamic properties of UPyPEG hy-
drogels are strongly varied by the amount of the monofunctional components. Therefore, it is
important to investigate how mechanical and rheological properties of the two-component mate-
rial are affected by variation of the UPy-catechol content. We need to control and tune mechanical
properties of our system by the compositional variation of bifunctional and monofunctional com-
ponents. Also, if the biological molecules will be introduced into our system, the mechanical
properties of the hydrogel system after the incorporation must be studied.

Also, there was a difference in the cell behavior from batch to batch which means that
the properties of our hydrogels differ per experiment. This can be caused by the incomplete
catechol exposure or by the oxidation of the catechol. After the oxidation experiments it was
concluded that the catechol is affected during the hydrogel formulation and the aryloxyl coupling
can occur forming multimeric catechol adducts. As a result, less free reactive catechol groups will
be accessible for the serum proteins to react with resulting in a low amount of cell-adhesive regions.
The protection groups or suitable biological nucleophiles that promote cell adhesion to couple on
the catechol have to be researched. Additional oxidation experiments need to be performed to
support the statement about the oxidation pathway of the UPy-catechol. For this purpose, a
model compound could be used that possesses the same amide linkage (Figure 40). The use of
a simpler structure and the absence of the UPy synthon will make the UV-VIS experiments and
the separation of the oxidation products for analysis with NMR and LCMS more convenient.
Furthermore, the GPC analysis can be performed to determine formation of multimers.

Figure 40: Top: The molecular structure of UPy-catechol, Bottom: The proposed model com-
pound for the investigation of the oxidation pathways of UPy-catechol.

The investigation of the catechol crosslinking to the biological nucleophiles and optimal
crosslinking conditions have to be established. Also, it has to be investigated whether the crosslink-
ing with fibronectin was realized. For this purpose the HPLC analysis can be performed.
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6 Supplementary information

6.1 NMR spectra of the synthesized molecules ii-ix

Figure 41: 1H NMR spectrum of ii in CDCl3

Figure 42: 1H NMR spectrum of v in CDCl3
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Figure 43: 1H NMR spectrum of vi in CDCl3

Figure 44: 1H NMR spectrum of vii in CDCl3
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Figure 45: 13C NMR spectrum of vii in CDCl3

Figure 46: 1H NMR spectrum of viii in CDCl3
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Figure 47: 1H NMR spectrum of ix in CDCl3

Figure 48: 13C NMR spectrum of ix in DMSO
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Figure 49: 2D COSY NMR spectrum of ix in CDCl3

6.2 LCMS spectra of the synthesized molecules ii-ix
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Figure 50: LCMS spectra of A: ii, B: iv, C: v, D: vi
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Figure 51: LCMS spectra of A: vii, B: viii, C: v, D: ix
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6.3 Calibration lines for the Arnow’s test

A B

Figure 52: A: Calibration line for dopamine, B: Intercept and slope values of the calibration line.

A B

Figure 53: A: Calibration line for UPy-catechol, B: Intercept and slope values of the calibration
line.
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