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Abstract
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This thesis presents new strategies to construct injectable hydrogels and their various biomedical
applications, such as 3D printing, regenerative medicine and drug delivery. These hydrogels
cross-linked by dynamic metal-ligand coordination bonds exhibit shear-thinning and self-
healing properties, resulting in the unlimited time window for injection. Compared with non-
dynamic networks based on chemically reactive liquid polymer precursors that forms covalent
bond during and/or post-injection, our injectable hydrogels with dynamic cross-linkages can be
injected from an already cross-linked hydrogel state.

Hyaluronic acid (HA) has been selected as the polymer due to its high biocompatibility and
biodegradability. HA has been modified by attaching the bisphosphonates (BP) functionality as
ligands for chelation of the metal ions or metal salts to form coordination cross-linkages. In the
first part of this thesis, I presented the different chemical approaches to synthesize BP-modified
HA (HA-BP) derivatives as well as HA derivatives dually modified with BP and acrylamide
(Am) groups (Am-HA-BP). The structures of HA-BP derivatives were confirmed by NMR
characterizations, e.g. by the peak at 2.18 ppm for methylene protons adjacent to the bridging
carbon of BP in 'H-NMR spectrum and phosphorus peak at 18.27 ppm in *’P-NMR spectrum,
respectively. In the next part, the hydrogels were constructed by simple mixing of HA-BP or
Am-HA-BP solution with Ca*"ions (Paper I), Ag" ions (Paper II), calcium phosphonate coated
silk microfibers (CaP@mSF) (Paper III), and magnesium silicate (MgSiO;) nanoparticles
(Paper 1V). The presented hydrogels exhibited dynamic features determined by reversible
nature of coordination networks formed between of BP moieties of HA-BP or Am-HA-BP
and metal ions or metal salts on the surface of the inorganic particles. Dynamic properties
were characterized by rheological strain sweep experiments and strain-alternating time sweep
experiments. Additionally, reversible coordination hydrogels were demonstrated to be further
covalently cross-linked by UV light to form a secondary cross-linkage, allowing an increase of
the strength and modulus of the hydrogels. In the last part of this thesis, biomedical applications
of these hydrogels were presented. Am-HA-BP+Ca’ hydrogel was extruded, using home-made
3D printer, then fixed by UV irradiation to fabricate multi-layered 3D tube-like construct (Paper
I). In full-thickness skin defects of rat model, HA-BP*Ag" hydrogel accelerated the wound
healing process and increased thickness of newly-regenerated epidermal layer (Paper II). In the
rat cranial critical defect model, double cross-linked Am-HA-BP+CaP@mSF hydrogel induced
new bone formation without addition of biological factors and cells (Paper III). The anti-cancer
drug loaded hydrogel was also prepared by mixing of the drug loaded MgSiO; nanoparticles
with HA-BP solution. The released particles from the hydrogel were shown to be taken up by
cancer cells to induce a toxic response (Paper 1V).

In summary, this thesis presents metal-ligand coordination chemical strategies to build
injectable hydrogels with dynamic cross-linking resulting in time-independent injection
behavior. These hydrogels open new possibilities for use in biomedical areas.
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Scope of thesis

This thesis focuses on the design and fabrication of injectable composite hy-
drogels with dynamic features (i.e., shear-thinning and self-healing properties)
as well as applications of those hydrogels in various biomedical fields. To
realize smooth injection of hydrogels from a non-flowing gel state, dynamic
metal-ligand coordination assembly was applied to form reversible cross-link-
ages of the networks. Compared with the non-dynamic bonds forming inject-
able hydrogels based on cross-linking of liquid polymer precursors during or
after injection, the dynamic system presented in this thesis exhibited unlimited
time window for injection. For biomedical use, shear-thinning and self-heal-
ing properties efficiently provides more smooth bioprinting process as well as
easier delivery of hydrogels to the body.

In this thesis, we modified hyaluronic acid (HA) with bisphosphonate (BP)
as chelating ligand based on three different pathways to obtain BP-function-
alized HA (HA-BP) (shown in section 2.1). To obtain strong mechanical prop-
erties for hydrogels, a photo cross-linkable group (i.e, acrylamide (Am)) was
introduced into HA-BP backbones to obtain Am-HA-BP derivative (shown
section in 2.2). Additionally, two types of metal ions (i.e., Ca*" (Paper I) and
Ag" (Paper II) ions) as well as two types of metal salts particles (i.e., calcium
phosphate coated silk microfibers (CaP@mSF) (Paper III) and magnesium
silicate (MgSiO3) nanoparticles (Paper 1V)) were introduced into HA-BP or
Am-HA-BP solution to generate dynamic hydrogels based on the reversible
coordination cross-linking between BP moieties of HA-BP and metal ions.
Additionally, the hydrogels can form a secondary cross-linkage with covalent
bonds under UV curing. The presented four types of HA-BP based hydrogels
were applied in several biomedical applications such as 3D printing (Paper I),
wound healing (Paper II), bone regeneration (Paper III), and controlled anti-
cancer drug delivery (Paper IV).

Figure 1.1 summarizes all HA derivatives prepared for this thesis, the hy-
drogels obtained from these derivatives as well as the biomedical applications
for which these materials were tested. This thesis provides facile chemical
strategies for constructing injectable hydrogels with time-independent injec-
tion property for biomedical applications.
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Figure 1.1 Overview of various HA-BP based hydrogels presented in this thesis and
biomedical applications for which the hydrogels were utilized. Derivatives HA-BP (i),
HA-BP(ii), and HA-BP(iii) represent three different types of attachment of BP moie-
ties to HA backbone.




1 Introduction

1.1 Injectable hydrogels

Hydrogels are three-dimensional (3D) hydrophilic polymeric networks cross-
linked by chemical covalent bonds, physical interactions, or the combination
of both. Due to the crosslinks between polymer chains and hydrophilic nature
of polymers, hydrogels can swell up to hundred or even thousand times their
dried mass without being dissolved in a water environment.' The structures of
hydrogel have similarities with that of extracellular matrix (ECM), allowing
its wide use in many biomedical/pharmaceutical areas ranging from drug de-
livery, 3D bioprinting, biosensor devices to tissue regenerative medicine.
Hydrogels are generally fabricated either by polymerization of water soluble
monomers or cross-linking of polymers.® To obtain the hydrogels with bio-
compatibility to tissues and cells, it is better to exclude the use of toxic mon-
omers and harmful cross-linking reactions during the gelation process. Under
mild cross-linking conditions, sensitive molecules including growth factors,
therapeutic drugs, and nucleic acid as well as living cells can be encapsulated
in hydrogels.”®

Previously, hydrogels were usaully pre-prepared and implanted into target
sites in the body using heavy invasive surgical procedures.’ In the last three
decades, hydrogels that can be injected from a reservoir (e.g. syringe) through
a fine needle has gained significant attention in biomedical areas.’ The inject-
able hydrogels are high potent in the development of minimally invasive de-
livery procedures which avoid damage of surrounding tissues during implan-
tation surgery. Injectable hydrogels are also able to fill easily complex-shaped
defects in situ. Moreover, by automation of hydrogels extrusion from a syringe
and programming the extruder movements in computer-aid design (CAD) file,
injectable hydrogel can be easily printed out three-dimensionally to fabricate
the customized advanced morphology hydrogels.'’

1.2 In situ covalently cross-linked injectable hydrogels

For biomedical applications, the most commonly used approach for injectable
hydrogel is in situ cross-linking with covalent bonds, where the gelation oc-
curs under physiological conditions upon injection. The covalent bonds can
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be formed by various reactions including copper free “click” chemistry, Mi-
chael additional reactions, enzymatic reactions, disulfide-forming reactions,
UV-light mediated polymerization, etc.'"'* The use of non-toxic cross-linkers,
no release of harmful side products during cross-linking, and sufficiently rapid
gelation kinetics are crucial and need to be considered when developing in-
situ injectable hydrogels for biomedical applications.

To perform injection of formulation, which undergoes a rapid transition
from a liquid to a gel state as the result of chemical reaction, specifically de-
signed double barrel syringes must be used to separate two hydrogel precur-
sors. Upon co-extrusion of the hydrogel precursors (usually aqueous solu-
tions), the polymeric reactants are mixed already in a needle and the mixed
polymer solutions is quickly transformed into hydrogel post-injection. Nor-
mally, macromolecules of the same or different kinds are modified with mu-
tually reactive groups A and B, respectively, and the “A+B” reaction generates
multiple “AB” cross-linkages between all the macromolecules. In this thesis,
hydrogels obtained by this method are considered to belong to “A+B”-type
systems (Figure 1.2). Our group developed “A+B”-type injectable hydrogels
based on thiol-disulfide exchange reaction with fast reaction kinetics at pH 7.0
environment between thiol group installed on hyaluronic acid (HA) molecule
and 2-dithiopyridyl groups on another HA molecule." Several other chemical
reactions developed by our group or other research groups including thiol-
acrylate Michael addition,'* azide-cyclooctyne copper-free click chemistry,'
and hydrazone-formation reaction,'® were applied to design injectable “A+B”-
type hydrogels.
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Figure 1.2 Schematic of the injectable “A+B” hydrogels using double barrel syringe,
which are cross-linked by covalent bonds during or after injection.
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Besides “A+B” systems, another type of injectable hydrogels based on co-
valent networks are formed from liquid hydrogel precursor under stimuli, for
instance, UV-light. Many polymers (e.g. HA,'” polyethylene glycol (PEG),"®
gelatin'?) chains have been derivatized with acrylate, methacrylate, or acryla-
mide groups to obtain water-soluble and photo cross-linkable hydrogel pre-
cursors. Upon irradiation with UV or visible light, the photo-initiator is de-
composed and free radicals are produced, thus initiating the polymerization
reaction and forming irreversibly covalent networks (Figure 1.3).

- -
T

Light irradiation

Figure 1.3 The hydrogel precursors consisting of the polymer chain containing UV
cross-linkable groups are ejected out from syringe at liquids which is followed by
polymerization cross-linked in defect area using light.

The two above categories of covalently cross-linked injectable hydrogels are
based on the change from an uncross-linked (liquid) to the cross-linked (net-
work) state. In practice, one should pay attention for the control of gelation
kinetics-too slow gelation rates may lead to cargo molecules (drugs) diffusion
and loss from the target sites, while too rapid cross-linking may clog needles
as well as cause the non-reproducible solidification and rheological properties
of the deposited hydrogel. Therefore, the time window for injection is limited,
being determined by cross-linking kinetics rates of networks.
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1.3 Hydrogels with time-independent injection
behavior

The hydrogels based on dynamic cross-linking easily break under shear stress,
showing viscosity decrease (i.e., shear-thinning properties).”” When removing
a force (after injection), the dynamic networks are able to recover during a
certain short time (i.e., self-healing properties) (Figure 1.4). Shear-thinning
properties of a hydrogel guarantees its flow smoothly through a tiny needle.
Meanwhile, the hydrogels self-healing properties provide that integrities and
mechanical properties of the deposited materials are restored post-injection to
the initial level before injection. Due to shear-thinning properties, only a small
force is needed to apply to hydrogels during injection, shielding the encapsu-
lated cell and growth factors from a high shear force.

In contrast to non-dynamic cross-linking (usually covalent bonds) based
hydrogels that undergo liquid-to-gel transition only once, i.e., during injection
or post-injection, hydrogels with dynamic (reversible) cross-linking can exist
in gel sate at any time, i.e., even before injection. Assuming that a force is
applied only during the injection, a hydrogel with dynamic (i.e., shear-thin-
ning and self-healing) properties behaves as a liquid during injection and is
immediately transformed to a gel state after deposition, showing independ-
ence from the time of injection. The shear-thinning and self-healing hydrogels
can be prepared in advanced (ex vivo), can be stored in syringe, and flow
through needle whenever it is needed. Therefore, those hydrogels can be easily
handled by a surgeon in the clinic.

Non-dynamic cross-linking

ii Shear i‘gshear removing
_— e

Dynamic cross-linking

% Shear i;gshear removing
—_— -5

Figure 1.4 Comparison of hydrogels networks with non-dynamic and dynamic cross-
linking.

18



When designing shear-thinning and self-healing hydrogels, equilibrium
constant (K¢q) of cross-linking as well as kinetics defined as the rate of asso-
ciation (k.) and disassociation (kq) are the most important parameters (Figure
1.5). In polymeric networks, it is unequivocal that associated bond represents
an “active” cross-linkage, while the disassociated bond represents an “inactive”
cross-linkage.?! The macroscopical hydrogel is only formed above a particular
gel point when the number of “active” linkages per volume unit (i.e., cross-
linking density) is sufficient to give contiguous networks. Too low K. value
and /or too low concentration of associated linkages concentrations prevent an
entire network formation.?""* On the other hand, too large K., value results in
too stable networks to carry “break-after-recovery” dynamic characters.”” In
this case a hydrogel would more resemble as irreversibly cross-linked network.

Figure 1.5 Schematic illustration of dynamic network based on reversible cross-link-
ages. The association of complex formation is expected as a relationship between
equilibrium constants (K.q) for cross-linking and association (k,) and disassociation
rates (kq).

1.3.1 Hydrogels cross-linked via metal-ligand coordination

Coordination bonds between metal ions and organic chelating ligands is a
promising strategy for the design of dynamic cross-linkages based injectable
hydrogels.” In contrast to covalent bonds, coordination bonds are formed as
result of donation of an electron pair from a donor ligand to metal ion. Hence,
the binding energy for a coordination bond is often lower than the binding
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energy for a covalent bond but higher than the binding energy for non-covalent
interactions.”* The most common example of coordination bonds in nature are
the bonds in complexes between bis- and tris-catechol and Fe** ions as found
in byssal threads, reported by the Harrington group.? Inspired by coordination
mechanism, Holten-Andersen and co-workers developed a dynamic hydrogel
with self-healing properties based on catechol-functionalized PEG (PEG-Cat)
and Fe’" ions.”® By increasing the pH value of the hydrogel formulation, the
cross-linking were changed from monocatechol*Fe** complexes to bis- and
triscatechole Fe’" complexes. A viscous liquid instead of hydrogel was
obtained at pH~5, whereas the bulk hydrogel was formed at pH ~ 8 and pH
~ 12. Besides of free Fe*" ions, iron oxide nanoparticles (Fe;O4 NPs) were
also able to give a magnetic dynamic hydrogel with PEG-cat solution.?’

In this thesis, I present another ligand, bisphosphonates (BP), to chelate
metal ions and form self-healing and shear-thinning hydrogels. In comparision
with catechol system, hydrogels based on BPsMe"" (Me"" is a metal ions) co-
ordination chemistry are formed in physiological environment, thus providing
a promising platform for encapsulation of cells and biologically active mole-
cules such as growth factors, etc. Although histidine,*® carboxylate,” and pyr-
idine ligands™ have also been used for development of dynamic hydrogels
with metallic cations, few dynamic hydrogels were exploited in real biomedi-
cal applications due to mainly non-physiological conditions required for hy-
drogel preparation.

1.3.2 Hydrogels formed by host-guest interactions

Host-guest interaction is another type of dynamic interactions that has been
widely exploited for dynamic hydrogel preparation. The most popular host
molecule used was cyclodextrin (CD) which consists of D-glucopyranoside
repeating units linked by the glycosidic linkages into a cyclic structure with
an inner hydrophobic cavity. The interior cavity of the macrocycle can host
hydrophobic molecules of suitable size. Adamantane (Ad),’' azobenzene,*
ferrocene,” n-butyl, and t-butyl derivatives ** have been widely applied as
guest. For hydrogel development, guest molecule (CD) and host molecule (Ad)
have to be conjugated to the backbones of a hydrophilic polymer. The CD-Ad
complex is formed quickly after mixing the above two modified polymer de-
rivatives, leading to the hydrogel formation.>' Due to the disassociation of CD-
Ad complex under an external force, the hydrogel shows shear-thinning prop-
erties. On the other hand, the hydrogel network is able to recover immediately
and completely when shear stress is removed (self-healing). Another similar
method for the development of host-guest hydrogels is based on the formula-
tion of free host molecule (e.g., cucurbit[8]uril) and guest ligands (naphthyl
and viologen) functionalized hydrophilic polymers.*> One cucurbit[8]Juril mol-
ecules can host both one naphthyl moiety and one viologen moiety thus link-
ing two different polymer chains to which these guest ligands are attached.

20



Although many advanced studies on injectable hydrogels based on host-
guest interactions for biomedical application have been reported, the real use
of this system in the clinic has still many practical challenges. For example, it
is not yet clear if the various host and guest moieties can induce the long-term
toxicity effect, immunological reaction, and biodegradation effect, etc. In-
depth investigation of the biological interactions between the supramolecular
systems and living tissues or organs have to be exploited before use them in
the clinic.*®

1.3.3 Hydrogels cross-linked by hydrogen bonds

Hydrogen bond is a special type of dipole-dipole interaction, which occurs
when a hydrogen atom covalently bonded to a strongly electronegative atom
(such as nitrogen (N), oxygen (O), or fluorine (F)) interacts with near-by an-
other electronegative atom with a lone pair of electrons. Generally, hydrogen
bonds are stronger than van der Waals interactions, and weaker than covalent
bonds, whose bonding strength always stands between 4 and 120 kJ mol ' *7-*
Despite of the weakness of a single hydrogen bond, multiple hydrogen bonds
can contribute significantly to the overall “active” cross-linkages and result in
the formation of a bulk injectable hydrogel.

Dankers group conjugated ureidopyrimidinone (UPy) group to PEG chain
via alkyl-urea spacers. In this system, the interaction of UPy-UPy is shielded
from the aqueous environment within the hydrophobic pocket based on the
alkyl spacers. 1D fibers are self-assembled due to UPy dimerization by hydro-
gen bonding. The injectable UPy hydrogel is further obtained by assembly and
entanglement of the 1D fibers. Due to the inherent dynamic properties of UPy-
UPy interaction, this hydrogel exhibits shear-thinning and self-healing prop-
erties, thus making it easy for valuable delivery to a pig myocardial infarction
heart by catheter-mediated injection.***°

1.3.4 Peptide or protein self-assembled hydrogels

Self-assembling of peptides or proteins is another promising approach in the
formation of supramolecular hydrogel with thixotropic properties. In this sys-
tem, the dynamic cross-linkages are always formed based on a combination
of multiple types of non-covalent bonds such as hydrogen bonding, hydropho-
bic interactions and electrostatic interactions. For example, Pochan and
Schneider group developed a family of injectable self-assembled hydrogels
based on B-hairpin peptides, namely “MAX” sequence. The well-known
MAXI1 peptide consists of two strands of alternating lysine and valine residues
conjugated by a Val-Pro-Pro-Tyr type II' B-turn linker. The typical sequence
of MAXI1 is H,N-(Val-Lys)s-Val’-Pro-Pro-Tyr-(Val-Lys)s~-CONH,. In this
system, the B-hairpin structure is folded due to the intermolecular interactions
when the charge repulsion between neighboring Lys residues is decreased by
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increasing the pH value of the formulation or by ionic shielding with exoge-
nous salt. The long fibers (200 nm) are grown based on hairpin pairs driven
by forces of hydrogen bonding and hydrophobic interactions. Furtherly, the
hydrogel is formed by non-covalent cross-linkages of interfibril junctions,
which is applied as injectable cell and drug vehicle due to its self-healing and
shear-thinning properties.*'*

Another self-assembled hydrogel was cross-linked as a result of the
protein-protein molecular recognition. The group of Heilshorn developed a
facile injectable hydrogel with shear-thinning properties by mixing two re-
combinant protein components containing repetitive WW domain and proline-
rich peptide. The WW domain is a modular protein domain, consisting of 20-
50 amino acids, with two conserved tryptophans (W), which specifically as-
sociates with the proline-rich sequence. The two hydrogel precursors were
mixed and the random cross-linkages were formed resulting in the sol-gel
transition. This hydrogel showed biocompatibility to various types of cells in-
cluding human umbilical vein endothelial cells (HUVEC), murine adult neural
stem cells (NSCs), PC-12 neuronal-like cells, and adipose-derived stem cells
(ASCs). 4446

1.3.5 Colloidal hydrogels

Colloidal hydrogel formed by oppositely-charged poly-(D,L-lactic-co-gly-
colic acid) (PLGA) nanoparticles exhibited shear-thinning properties, which
was used as an injectable tissue engineering material and a drug delivery sys-
tems. Poly-(ethylene-co-maleic acid) (PEMA) and polyvinylamine (PVAm)
were blended into PLGA, to generate the negative and positive charged PLGA
NPs, respectively. In this system, the hydrogel was self-assembled by electro-
static forces resulting in the shear-thinning networks which can be broken un-
der the shear force due to the interruption of particle interactions.*”** Besides
of synthetic polymers, biopolymers such as gelatin was also used to build par-
ticulate-based hydrogel by attractive electrostatic interaction.** *°
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1.4 Considerations for use of coordination chemistry in
hydrogel formation

Coordination chemistry plays important roles in biological systems such as
providing structural and storage integrity, catalytic centers for the metallopro-
teins or enzymes, as well as providing structural supports for such tissues as
human bone, spider teeth, and insect mandible.’'*? In biomaterials application,
metal-ligand cross-linking offers several advantages in achieving materials
with specific properties: 1) equilibrium constants (K.q) for metal-ligand bonds
stands in a very broad window from 10° to 10*’, depending on the types of
ligand and metal cation (Figure 1.6). Therefore, metal-ligand chemistry is able
to provide various strength cross-linkages to form both soft and hard materials.
2) Many metal-ligand bonds are inherently reversible, resulting in the hydro-
gels with self-healing and shear-thinning properties. 3) Metal-ligand bonds
can be cleaved or formed by pH change, a feature exploited in formation of
pH-sensitive biomaterials for drug delivery applications.*

NH;sAg* P,0,* sMg** | HOOCCOOH sHg** EDTA sFe?* CN-sFel+ '
Ko

11 i —

10* 10 100 10° 107 10* 10° 10Y° 10" 10% 20" 10 10 10** 10V 10  10% 107 10% 10" 10%

P,0,* »Ca?* $,0,% =Cu* EDTA AP+

Figure 1.6 Schematics showing the range of K.q values for metal-ligand coordination
bonds formed between different types of ligands and metal ions.

Bisphosphonates (BPs) is a very well-known family of drugs to treat the cal-
cium loss diseases, such as osteoporosis, which were introduced half-century
ago. BPs are chemically stable synthetic analogues of pyrophosphate, in which
the oxygen-bridged P-O-P structure is replaced by carbon atom containing P-
C-P structure (Figure 1.7), resulting in the resistance to hydrolysis, common
for pyrophosphate.’® Based on the R1 and R2 substituent groups, BP are
grouped into two main classes of compounds, non-nitrogen bisphosphonates
(NN-BPs) and nitrogen bisphosphonates (N-BPs) (Figure 1.7). As many stud-
ies showed, BPs exhibit great affinity to both metal ions (i.e., Ca*" ions) and
minerals (i.e., hydroxyapatite) through coordination chemistry.”> However,
the binding forces with metal ions differ by the changing of the R1 and R2
groups. For example, if R1= hydroxyl group (OH), the corresponding BPs are
able to provide more stable tridentate binding to Ca**, while such R1 groups
as Cl and H result in much weaker affinity to metal cations.”

In my thesis, pamidronate was selected as a chelating ligand to functional-
ize the HA backbones. Pamidronate forms differently protonated mononuclear
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and dimeric complexes with Ca** cations once coordinated in aqueous solu-

tion. At low pH (around 6.0), the complexes of Ca** ions with pamidronate

exist as H,L+Ca, followed by HL*Ca and L+Ca; species with the increase of

pH value. Further, the bis-complexes L,*Ca are formed at pH above 10.%° Be-

sides of Ca*" ions, many other metal ions including Mg**, Zn**, Ag", Sr*" are

also coordinated by pamidronate.” In all structures of BPsMe"" complexes,

oxygen atoms of phosphonic acid bind the cations. Four decades after the first

applications of BP as medical drugs, BP were also widely used as “bone hooks”
to deliver other therapeutic compounds and/or imaging agents to target bone

via conjugation of BPs to the drugs or imaging agents.>’

Figure 1.7 Chemical structures of BPs used in clinic.

1.5 Biopolymers used in this thesis
1.5.1 Hyaluronic acid (HA)

HA, also known as hyaluronan, is one of the most important polysaccharides
that exists in synovial fluid and in extracellular matrix (ECM) of many human
tissues including epithelial, connective, and neural tissues. HA is comprised
of repeating disaccharide units of D-glucuronic acid and N-acetyl-D-glucosa-
mine (Figure 1.8), and exhibits the same chain structure independent of spe-
cies. HA is produced by a family of membrane-bound enzyme, hyaluronan
synthases (HAS), on the cell surface by using two substrates, uridine diphos-
phate (UDP)-a-N-acetyl-D-glucosamine and UDP-a-D-glucuronate, and is
secreted across cellular membrane into the ECM space. In 1894, a “mucin”
presumably consisting of hyaluronan and protein was isolated from the vitre-
ous in Uppsala by Carl Thore Mérner.”® In 1934, Karl Meyer and John Palmer
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isolated a polysaccharide from the vitreous humor that contained uronic acid
and amino sugar and named it as “hyaluronic acid” from hyaloid (vitreous) +
uronic acid.” The term of “hyaluronan” was introduced to satisfy polysac-
charide nomenclature in 1986.% In the 1970s, Dr. Endre Balazs developed a
facile method for extraction of highly purified and non-inflammatory high
molecular weight HA from the umbilical cords and rooster combs, opening
the door to several medical applications of HA.®' Now HA is always produced
using the cost-effective and environment-friendly method, e.g., by microbial
fermentation.®

HA is the only non-sulfated glycosaminoglycan (GAG) in the body and
that plays important roles in many biological processes such as wound healing,
tissue lubrication, cellular proliferation and morphogenesis, cell motility, em-
bryonic development, cancer metastasis, etc.** HA has been widely used to
build biomaterials for tissue engineering, drug delivery and viscosupplemen-
tation. To reduce the rate of degradation in vivo, chemical and/or physical
methods were applied to cross-link HA. For example, our group developed
both chemical and physical strategies for fabrication of cross-linked HA hy-
drogels, including Schiff-base hydrazone coupling reaction, disulfide cross-
linking by thiol-disulfide exchange reaction, and photo-mediated cross-link-
ing of acrylamide-modified HA (Paper I and III), as well as metal-ligand
coordination (Paper I, I1, III and 1V).

Figure 1.8 Structure of hyaluronic acid

1.5.2 Bombyx mori Silk

Silk, extracted from Bombyx mori cocoon, is a very promising and widely in-
vestigated biopolymer for biomedical applications.®> *® Due to the unique fea-
tures such as high mechanical properties and great biocompatibilities, silk has
been used as sutures for centuries. Native silkworm silk consists of silk fibroin
and sericin proteins with the adhesive feature, in which silk fibroin is coated
and sticked with sericin. By the weight ratio, silk fibroin accounts for 70—-80%
of silk and sericin accounts for the rest 20-30%. From a molecular perspective,
silk fibroin is composed of heavy chain (MW ~390 kDa) and light chain
(MW~26 kDa), and they are conjugated together with a disulfide bond.®’ Silk
fibroin consists of rich hydrophobic antiparallel B-sheet structures linked by
small hydrophilic linker spaces. The B-sheet domain is primarily composed of
the repetitive amino acid sequence, Gly-Ala-Gly-Ala-Gly-Ser (GAGAGS),
which contributes to the high tensile strength and toughness of silk material.
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For instance, silk from Bombyx mori possesses much higher ultimate tensile
strength value (740 MPa)® compared with that for the commonly used biode-
gradable polymers, e.g., collagen (0.9-7.4 MPa)® and poly(L-lactic acid)
(PLA) (28-50 MPa)”’. Many forms of silk fibroin- and sericin-based materials
including sponges, hydrogels, films, electrospun nanofibers, are widely ex-
plored and fabricated serving as tissue engineering scaffolds, biosensor, “bio-
ink” ect.® 7- > Additionally, easy combination of silk materials with other
inorganic and/or organic materials afford an accomplished toolbox for various
biomedical applications.
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2 Results and Discussion

2.1 Bisphosphonate-functionalized hyaluronic acid
(HA-BP)
2.1.1 Conjugation strategies

For functionalization of HA with BP group, several conjugation strategies
(Figure 2.1) were used in this thesis including UV-light mediated thiol-ene
addition reaction (Paper I and Paper IV), thiol-disulfide exchange reaction
(Paper III) and “click”-type Michael addition (Paper II). Firstly, three dif-
ferent HA derivatives including thiolated HA (HA-SH), 2-dithiopyridyl mod-
ified HA (HA-SSPy), and maleimide (Mal) modified HA (HA-Mal), respec-
tively, were synthesized using 1-ethyl-3-(3-dimethylaminopropyl)car-
bodiimide (EDC) coupling reaction. Secondly, three HA-BP derivatives with
slightly different structures (i.e., HA-BP(i), HA-BP(ii), and HA-BP(iii)) were
obtained from HA-SH, HA-SSPy and HA-Mal derivatives, respectively,
based on above mentioned three reactions (Figure 2.1). Particularly, the
radical thiol-ene addition of acrylamide-modified BP (2) to HA-SH lead to a
brush-like structure consisting of few BPs moieties per thiol group installed
on HA backbone. On the other hand, one BP moiety was only attached one
dithiopyridyl or one maleimide group on HA backbones using chemoselective
“click”-type conjugation of a thiol-functionalized bisphosphonate (4) to HA-
SSPy or HA-Mal derivative (Figure 2.1).
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Figure 2.1 Schematic for the syntheses of HA-BP derivatives by three pathways.

2.1.2 Characterization of HA-BP derivatives by NMR

'H-and *'P-NMR spectrometry was used to confirm the structures of three
HA-BP derivatives. Particularly, the structure of HA-BP (i) derivative was
confirmed by the appearance of a new peak at 2.18 ppm, corresponding to
methylene protons, adjacent to the bridging carbon of BP (-
CH,C(OH)(POsH>),) (Figure 2.2a). The BP modification density was found
to be around 25%, which was determined by the integration of this peak and
comparing with with the integral for acetamide moiety peak at 1.9 ppm. More-
over, the appearance of phosphorus signal at 18.27 ppm in the *'P-NMR spec-
trum was further confirmed the successful grafting of BP to HA backbone
(Figure 2.2b). Similarly, the appearance of new peak at 2.18 ppm (-
CH,C(OH)(POsHz),) and the disappearance of peaks at 7.45, 7.92, 8.06, and
8.45 ppm were characterized as nucleophilic substitution of dithiopyridyl
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leaving group leading to the sucessful grafting of BP via disulfide bond which
confirmed the successful synthesis of the HA-BP(ii) polymer (Figure 2.2c¢).
Moreover, the peaks in the range between 2.5 and 3.2 ppm were assigned to
the ten methylene protons of the linker between BP and HA backbone (-
OCH,CH,S-SCH,CH(OH)CH(OH)CH,SCH,CH,C(O)NH-). In *'P-NMR
spectrum, the same phosphorus signal at 18.27 ppm was also observed for
HA-BP(ii) derivative.

a

90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15
ppm

Figure 2.2 'H-and *'P-NMR spectra of HA-BP derivatives.

2.2 Hyaluronic acid dually functionalized with
acrylamide and bisphosphonate groups (Am-HA-
BP)

To improve mechanical properties of cooridantion netwroks by additional
covalent cross-linking, UV-light polymerizable groups such as acrylamide
(Am) should be introduced to HA-BP derivatives. Therefore, we prepared HA
derivatives dually functionalized HA with acrylamide and bisphosphonate
groups (i.e., Am-HA-BP). One approach to Am-HA-BP derivative is to con-
jugate Am group on the HA-BP(i) backbone directly by EDC-mediated ami-
dation with reagent 6 (Figure 2.3a). Another method is to graft firstly the Am
groups on the backbones of native HA to obtain HA-Am polymer and then to
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further functionalize HA-Am with 2-dithiopyridyl (Figure 2.3b). Conjugation
of BP groups to Am-HA-SSPy derivative is finally accomplished by thiol-
disulfide exchange using reagent 4, which give Am-HA-BP (ii) (Figure 2.3b).
"H-NMR characterization of the resulting Am-HA-BP(ii) derivative revealed
both the peak at 2.18 ppm for the methylene protons linked to the bridging
carbon of BP (-CH,C(OH)(POsH>),) and the peaks at 5.7 and 6.2 ppm for Am
group (Figure 2.3¢). Based on the integration of acetamide moiety of N-acetyl-
D-glucosamine of HA, degrees of modifications of HA with Am and BP
groups were calculated to be ~20% and ~17%, respectively. In comparison
with the high Am modification density (~20%) in Am-HA-BP(ii), the maxi-
mal amount of Am group in the Am-HA-BP(i) derivative was around 10%,
which could be caused by inhibition effect of the phosphonate group on cou-
pling reaction with HA carboxylates. For the synthesis of Am-HA-BP(ii) pro-
cess, the relatively rapid rate for thiol-disulfide exchange reaction between a
thiol groups of reagent 4 and 2-dithiopyridyl of Am-HA-SSPy avoids the risk
of a thiol-ene addition of reagent 4 to Am group of Am-HA-SSPy polymer.
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Figure 2.3 Schematic for the synthesis of Am-HA-BP derivatives by two pathways
(a,b). '"H-NMR spectrum of Am-HA-BP derivative obtained by second reaction path-
way (c). Reagent 3 and 4 are the same compounds as in Figure 2.1.
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2.3 Formation of dynamic HA-BP hydrogels by metal
ions
2.3.1 HA-BP<Ca*' hydrogel

In Paper I, a hydrogel was formed immediately after mixing of HA—BP(i)
derivative and a calcium chloride (CaCl,) solution, as a result of cross-linking
by coordination complexation of P-O groups of BP moieties and Ca’*" ions
(Figure 2.4a). Additionally, the formation of HA-BP+Ca*" hydrogel was found
to depend on the concentrations of two hydrogel precursors, i.e. HA-BP(i)
macromolecules and Ca®" cations. As expected, higher concentrations of the
precursors aided hydrogel formation (Figure 2.4b). The HA-BP+Ca* hydrogel
(2.7% w/v HA-BP and 200 mM CaCl,) formation was confirmed by the
significantly higher storage modulus (G’=200 Pa) than its loss modulus (G”
~20 Pa) using rheology frequency sweep measurements between 0.1 to 10 Hz
at a fixed strain (1%) (Figure 2.4c). The presented hydrogel showed self-heal-
ing feature characterized by the rejoining of the two cut hydrogel pieces (Fig-
ure 2.4d). Moreover, the self-healing behavior was also proved by rheology
tests, demonstrating immediate and almost complete recovery of G’ value
upon strain decreasing from high values (400%) to low (1%) value (Figure
2.4e). Based on the data from rheology strain sweep experiment, the hydrogel
was elastic with G” > G” at low strain, while it was converted to a highly
viscous liquid (i.e., G’ < G”) at strain above 120% (Figure 2.4f). This shear-
thinning property of HA-BP+Ca”" gel allows gliding and time-independent in-
jection of the material from a syringe reservoir. The self-healing property
guarantees the hydrogel networks integrity and recoverable mechanical prop-
erties after injection.
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Figure 2.4 (a) Schematic of the cross-linking of the hydrogel network based on the
coordination interaction between HA-BP molecules and Ca?* ions. (b) The HA-
BP-Ca’" hydrogel formation depends on the concentration of polymers and metal ions.
(c) Storage modulus (G’) and loss modulus (G”) of HA-BP+<Ca?" hydrogel. (d) Re-
joining of two cut pieces of HA-BP+Ca?" together exhibits the macroscopically self-
healing properties. Alcian blue as a dye is dissolved in the hydrogel for visualization.
(e) Storage modulus (G’) is recovered immediately and completely after the force
removal. (f) Shear-thinning properties are demonstrated by the lower storage modulus
(G’) than loss modulus (G”) under stress (i.e., during injection).

2.3.2 HA-BP+Ag" hydrogel

In Paper II, the supramolecular HA-BP+Ag" hydrogel (3% w/v HA-BP and
15 mM Ag" ions) was formed almost instantaneously (in few seconds) after
mixing of HA-BP(iii) solution with silver nitrate (AgNOs3) solutions (Figure
2.5a). To verify if the hydrogel was cross-linked by the coordination bonds
between Ag" ions and BP groups on the backbones of HA-BP derivative, the
control experiments were performed by mixing AgNOs solution with native
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HA and HA-BP precursor (HA-Mal). The results showed no hydrogel for-
mation for HA or HA-Mal polymers. Further, the interactions between HA-
BP(iii) polymers and Ag" ions in aqueous phase were studied by UV-vis spec-
troscopy (Figure 2.5b). Native HA solution, AgNO3 solution, and a mixture
of native HA with AgNOs did not show absorption in the UV region above
300 nm. On the other hand, the band at 304 nm resulted from electron transi-
tions of phosphonate group was observed in the spectrum of HA-BP(iii) solu-
tion. The intensity of absorption of pure HA-BP(iii) polymer was 0.178 units
at 304 nm, and that was increased five times after introducing Ag" ions,
namely, A304 nm (HA-BP + Ag") = 0.864 units. Red-shifted tail of the band
might be induced by the decreased energy of the mixture after coordination
with metal ions. The absorption of HA-BP+Ag" mixture decreased with the
decrease of pH value to 3.5, which proved the fact that protonation of BP
groups is able to weaken coordination bonds with metal ions. Due to the dy-
namic properties of BPAg" coordination bonds, one piece of HA-BP*Ag" su-
pramolecular hydrogel could be molded into different shapes (Figure 2.5c).
The cut HA-BP*Ag" hydrogel pieces healed together in 30 s using light mi-
croscope observation. Rheological tests revealed that the healed hydrogel had
the s\ame storage modulus (=400 Pa) as the hydrogel before damage.
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Figure 2.5 (a) Schematic of hydrogel formation based on Ag* ions and HA-BP solu-
tion. Coordination bonds between BP moieties of HA and Ag* ions provide the cross-
linking of HA. (b) The UV-vis absorption of native HA, HA-BP, AgNOjs solution,
and mixed formulations composed of different HAs and Ag" ions. Concentrations of
HA and HA-BP polymer was both 3 mg/mL. Ag" ions were 1.5x1073 M, correspond-
ing to 1:1 of BP:Ag" molar ratio. (c) Supramolecular HA-BP*Ag" hydrogel was able
to mold into various shapes.
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2.4 Hydrogels formed by HA-BP polymers and
particles

2.4.1 HA-BP+<CaP@mSF hydrogel

To mimic bone structure with unique hierarchical composition based on pro-
teins, minerals and polysaccharides, we developed an injectable hydrogel
formed by mixing HA-BP derivative and calcium phosphate (CaP)-coated silk
microfibers (mSF) (paper I1I) (Figure 2.6). The hydrogel networks are cross-
linked by coordination bonds between —PO;* group on the backbone of HA-
BP and calcium ions with unoccupied orbitals on the surface of CaP particle
of CaP@mSF. The HA-BP<CaP@mSF composite hydrogel (4% w/v
CaP@mSF and 2% w/v HA-BP) was able to form rapidly upon mixing of the
above two hydrogel precursors under physiologic conditions without any
stimuli. Based on the reversibility of BP*CaP coordination bonds, the pre-
sented silk-based hydrogel exhibited such dynamic features as shear-thinning
and self-healing properties, allowing its time-independent injection behavior.
Our hydrogel can be prepared in advance, which enables storage inside a
syringe and keeps the structural integrity after injection. Therefore, it is con-
venient for practical clinical use since surgeons do not need to mix the hydro-
gel precursors during operation.

—

CaP@mSF HA-BPeCaP@mSF
Hydrogel

Figure 2.6 Preparation process and injectable properties of HA-BP+CaP@mSF hydro-
gel. The hydrogel is formed by addition HA-BP polymer binder to CaP@mSF disper-
sion, and cross-linking by the coordination bonds of BP groups on HA backbones and
CaP on the microfibers. For visualization, alcian blue as a dye was dissolved in the
hydrogel.
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2.4.2 HA-BP+MgSiOs hydrogel

In paper 1V, magnesium (Mg) containing NPs, MgSiO3 NPs (size: ~250-
~350nm), were introduced to the HA-BP solution to give a composite hydro-
gel based on coordination cross-linkages of BP ligands of HA-BP polymers
and Mg*" ions on MgSiO; NPs. The quite low solubility of MgSiO; excludes
the possibility of HA-BP+MgSiOs hydrogel formation by the interaction of BP
groups with solvated Mg”" cations. According to coordination number of Mg,
coordination sphere of magnesium ions in the bulk of the material is fully
coordinated with SiO;* anions. On the other hand, on the surface of MgSiO;
NPs, metal centres are always not entirely occupied with anions, allowing the
vacant valences to be coordinated by other ligands if they are present in the
system (or water molecules if there are no other ligands). Therefore, BP lig-
ands of HA-BP should strongly bind to the surface of MgSiO3 NPs.
Rheological experiments based on a time sweep were performed to inves-
tigate the kinetics of hydrogel formation (Figure 2.7). MgSiO3; NPs suspension
and polymeric HA-BP solution were mixed at 6% and 2% (w/v) of final con-
centrations, respectively. The rheological tests started to acquire the data 25
min later after mixing. The liquid-to-gel transition indicated by storage mod-
ulus (G”) > loss modulus (G”’) was found in the course of around 600 seconds
after measuring. Therefore, the total gelation time was around 35 min (to-
gether with 25 min waiting time) (Figure 2.7a). However, no gel formations
were observed in two control formulations: 1) a mixture of SiO, NPs + HA-
BP (Figure 2.7 b) and 2) a mixture of MgSiO3 NP + native HA (Figure 2.7c¢).
Therefore, rheological data certainly illustrate the two key factors, BP moie-
ties and Mg”" ions, are crucial for the hydrogel formation. Thanks to the dy-
namic coordination BPsMg?* cross-linkages, the HA-BP*MgSiO; hydrogel
also demonstrated shear-thinning and self-healing of reversible properties.
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Figure 2.7 (a) The HA-BP*MgSiO; hydrogel formation was characterized by storage
modulus (G”) > loss modulus (G”) based on rheological kinetics experiments. Control
rheological experiments were performed with (b) a mixture of HA-BP polymers +
Si0, NPs, and (c) a mixture of native HA polymers + MgSiO3 NPs.

2.5 Doubly cross-linked Am-HA-BP*Me"™" hydrogel

We found that the hydrogels cross-linked by only coordination bonds between
BP ligands and metal ions or metal-containing particles exhibited poor me-
chanical properties and deficient structural stability under physiological envi-
ronment. Therefore, both Am and BP moieties were simultaneously intro-
duced into HA backbone to obtain dually functionalized Am-HA-BP deriva-
tive (shown as Figure 2.2), which is able to form another covalent cross-link-
ing based on photo-mediate radical reaction (Figure 2.8a). In the Am-HA-
BP+CaP@mSF hydrogel system, the G’ values are increased 10-fold from
~250 Pa to =2.5 kPa after 10 min of UV illumination (Figure 2.8b). The hy-
drogel only cross-linked by coordination BP+CaP bonds (i.e., pre-UV expo-
sure) is gradually dissolved in 5 hours of incubation in phosphate buffered
saline (PBS). On the other hand, swelling ratio of Am-HA-BP+CaP@mSF hy-
drogel doubly cross-linked by both coordination interactions and covalent
bonds (i.e., post-UV exposure) displays only a small increase (=20%) even
after 72 hours of incubation, demonstrating its excellent structural stability.
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Figure 2.8 (a) Schematics of coordination network and the formation of second cova-
lent cross-linking after UV exposure of Am-HA-BP+CaP@mSF hydrogel for 10 min.
(b) Comparison of mechanical properties of Am-HA-BP+CaP@mSF hydrogel before
and after photo-crosslinking.

2.6 Hydrogel bioink for 3D printing

3D printing technology is a promising approach to fabricate customized bio-
materials. Various hydrogels based on biopolymers or/and synthetic polymers,
such as alginate,” pluronics,’* and gelatin,” have been applied as bioinks to
perform 3D printing of cell-laden structures. To realize the printability, the
bioink materials should undergo rapid gelation from fluid state to gel state in
situ during printing. Normally, two cross-linking strategies are used to realize
quick sol-to-gel transition: 1) “A + B” systems with strong binding energy and
rapid kinetics of cross-linking (such as alginate+Ca®" ink)"*; 2) temperature-
triggered sol-to-gel transition (gelatin ink)"*. In those two time-dependent in-
jectable hydrogel systems, it is essential and very challenging to have a strict
control over the printing parameters with gelation rate.

To solve the above problems, | applied dynamic coordination strategy in
paper I to develop HA-BP+Ca®" hydrogel as a bioink that can be easily
manufactured into various hydrogel constructs with robotic dispensing print-
ing technique. Due to the shear-thinning properties of HA-BP+Ca*" hydrogel,
it can be extruded from a printer nozzle smoothly. To prove the printability of
HA-BP+Ca*" hydrogel, it was deposited on a glass surface to build 2-4 layers
of two letters structures (“O” and “T”) with a home-made syringe extruder
(Figure 2.9a). However, it was impossible to print real multi-layered 3D struc-
tures under air atmosphere due to too poor mechanical properties of the hy-
drogel. Therefore, we used physical Am-HA-BP+Ca*" hydrogel as printed ma-
terial and omnidirectionally print it into a supporting HA-BP+Ca®" gel bath
(i.e., embedding gel-into-gel approach). 3D tube-like structure with 100 layers
was printed, followed by exposure to UV light to covalently fix the resulting
construct. Based on the pH-sensitivity of coordination BP+Ca®" bonds, a
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slightly acidic PBS buffer was used to isolate the tube-like structure from HA-
BP+Ca*" supporting bath (Figure 2.9b).
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Figure 2.9 (a) HA-BP+Ca®* hydrogel ink was patterned on a glass surface using a
home-made extruder. The hydrogel was stained with alcian blue for contrast visuali-
zation. (b) 100-layer of tube like structure (Am-HA-BP+Ca®* hydrogel, blue) was di-
rectly printed inside support medium of HA-BP+Ca?" hydrogel. The printed structure
was fixed by UV light, and then extracted from the supporting bath by incubation in
slightly acidic PBS.

To use Am-HA-BP+Ca*" hydrogel as bioink in a real bioprinting applications,
it is important to evaluate the viability of living cells after encapsulating them
in the 3D hydrogel and the following processing by photochemical in situ
cross-linking. Therefore, osteoblast-like (MG63) cells were encapsulated in
Am-HA-BP based three-type hydrogels: 1) only coordination cross-linked
(i.e.,+Ca**/no UV) gel; 2) only UV light induced chemically cross-linked (i.e.,
no Ca**/+UV) gel; 3) dually cross-linked (i.e., +Ca*"/+UV) gel. The cell via-
bilities were tested using live-dead staining assay. MG63 cells could survive
very well in coordination cross-linking, photo-mediated radical additional re-
action as well as the condition of a combination of above two cross-linkages
(Figure 2.10a,b,c,e). After 24 hours culture, the cell viabilities in no Ca*/+UV
gel and +Ca®"/+UV gel were not decreased significantly as compared with
those after encapsulating immediately (Figure 2.10a,d,f). In all the groups,
MG63 cells had above 88% of viabilities. Moreover, more than 80% of human
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adipose-derived stem cells (ASC/TERT1) could survive inside 3D double
cross-linked Am-HA-BP+Ca*?" hydrogel over 6-day culture (Figure 2.10g-i).
The high cell viability in 3D hydrogel culture is the fundamental prerequisite
to further exploit this material for 3D bioprinting.
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Figure 2.10 (a) The quantified MG63 cells viabilities after 3D culturing them in only
coordination cross-linked hydrogel (+Ca?"/no UV), only chemically (no Ca?"/+UV),
and dually cross-linked (+Ca?"/+UV) Am-HA-BP hydrogels followed by the 24 h in-
cubation. The images of live-dead staining for MG63 cells in (b) only coordination
cross-linked gel (time = 0 h), (c) only chemically cross-linked gel (time = 0 h), (e)
dually cross-linked gel (time=0 h), (d) only chemically cross-linked gel (time = 24 h),
and (f) dually cross-linked gel (time = 24 h). (g) Cells viabilities for ASC/hTERT cells
after 3D culturing in dually cross-linked Am-HA-BP+Ca>" hydrogel over six days.
Live-dead staining images of the ASC/hTERT cells after (h) 0 h and (i) 6 days of
culturing. Scale bar 100 pm.
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2.7 Wound-healing hydrogel

Polymer-based biomaterials have been widely applied as skin regenerative
scaffolds to accelerate the healing process for full-thickness wound damages.
Hydrogels are able to protect the wound areas from drying, swallow the exu-
dates from wound beds, as well as be readily removed or biodegraded without
destroying the structure of the newly healed skin.”*"® One of the most common
GAG in skin matrix, HA, has been proved to participate in many steps of
wound healing, for example, inflammation, granulation, and even epithelium
regeneration.”” ®° HA macromolecules afford an environment to arrange
fibroblasts and endothelial cells migration as well as proliferation in the pre-
liminary stage of healing.®' It is also found that HA improves angiogenesis in
the process of wound healing.®** Moreover, many researches demonstrated
that HA is particularly involved in scarless healing for fetal damaged skin.>
Basing on that above knowledge, HA-based hydrogel is an attractive bio-
material for treatment of skin defects. A chemically cross-linked HA based on
hydrazone cross-linkage was fabricated by the Prestwich group, which
showed the ability to improve reepithelialization in animal model.* Moreover,
another HA hydrogel cross-linked by Michael addition of acrylate-functional-
ized HA with a peptide containing two cysteine residues with the porous struc-
ture and encapsulating biological factor plasmid was developed to treat skin
defect in diabetic mouse.*® However, these two HA hydrogels based on cova-
lent cross-linkages do not demonstrate reversible properties such as self-heal-
ing and moldability.

In paper II, HA-BP-Ag" hydrogel was applied on the surface of the rat
full-thickness skin defect over 10 days and the healing process was monitored
by digital camera. We calculated the wound remaining rates at various time
points (i.e., 3-,6-, 10-day) normalizing with the initial wound size created by
surgery (Figure 2.11a). Control group without receiving any materials treat-
ment revealed lower wound remaining rate in comparison with HA-BP+Ag"
group on 3-day (Figure 2.11a), which might be caused by the shrinkage of the
opened wound beds of control group because of drying effect rather than the
real regeneration induced closure. The remaining wounds rates in hydrogel-
treated group declined from 77.8 = 3.7% to 48.2 + 3.7% (n=4) in the course
from 3-day to 6-day, while those in control group were only decreased from
68.6 £ 9.4% to 58.5 = 4.0% (n=4). On 10-day, remaining wound rates in HA-
BP+Ag" group were13.0 & 1.2% that were significantly (*P < 0.05) lower than
22.6 + 2.9% of remaining rates in control group (Figure 2.11a). Furtherly, we
used hematoxylin and eosin (H&E) reagents to stain the sample collected at
10-day after surgery and observed the histological difference between hydro-
gel-treated group and control group. The results displayed that the thickness
of the newly regenerated epidermal layer (i.e., 144.4 + 32.5 pm) in HA-
BPeAg" group was significantly (**P < 0.01) bigger than 63.8 + 32.4 um
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thickness in control group (Figure 2.11b). According to above data, we con-
clude, therefore, that HA-BP+Ag" clearly showed skin regeneration capability
in a full-thickness wound model.

One of the main issues for wound healing care is bacterial-induced infec-
tion. Therefore, skin regenerating biomaterials usually include antimicrobial
agents to provide the anti-bacterial properties. Based on results of disk
diffusion experiments, our HA-BP<Ag" hydrogel showed obvious inhibition
activities against both Gram-positive (Staphylococcus aureus) and Gram-neg-
ative (Escherichia coli) bacteria, which were contributed by silver ions with
well-known antibacterial properties (Figure 2.11c).
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Figure 2.11 (a) Percentages of remaining wound areas in both HA-BP<Ag* hydrogel
group and no treatment group at 3-, 6- and10-day relative to the initial wound size at
0-day. Asterisks (*) represented the statistically significant difference between the
group received hydrogel treatment and the group without hydrogel treatment (n = 4,
*P <0.05). (b) Quantitative measurement of newly healed epidermal layers basing on
H&E staining at day 10 post-surgery (n =4, **P < 0.01). (c) Inhibition zones induced
by HA-BP+Ag" hydrogel was clearly observed by the disk diffusion test. Aureomycin
and NaCl were selected as positive and negative control, respectively.
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2.8 Bone-regenerative scaffold

A tissue engineering approach basing on osteoinductive biomaterials is one of
the most promising strategies to repair a damaged bone, revolutionizing the
traditional bone regeneration methods. Currently, three main biomaterials cat-
egories are commonly used for bone repair: 1) ceramic-based materials; 2)
polymer-based materials; 3) the materials based on the combination of ce-
ramic and polymer.®”*® Due to the great biocompatibility, tunable biodegra-
dation and easy functionalization, various polymers have been widely applied
in preparation of bone regenerating biomaterials. Particularly, polymer-based
hydrogel materials with injectable properties may offer the minimally invasive
of bone-inducing factors, thus attracting much attention of clinicians.*"*°

In paper III, the HA-BP*CaP@mSF hydrogel was fabricated by simple
mixing under physiological environment, and exhibited a unique hierarchical
bone-mimicking composed of a polysaccharide, a protein, and a CaP-based
mineral. To evaluate its osteogenesis abilities, we applied the Am-HA-
BP+CaP@mSF hydrogels doubly cross-linked with both coordination and co-
valent bonds on rat cranial critical defect (diameter: 8 mm) model and the
newly regenerated bone volume was estimated using micro-CT at 4- and 8-
week post-implantation. After 4 weeks of implantation, the newly formed
bone was only observed in the hydrogel-tissue interface area in the hydrogel-
treated group (Figure 2.12a), while there was not any appreciable bone-like
tissue at the group without treatment (Figure 2.12b). With the time increasing
from 4 weeks to 8 weeks, the bone formation increased further (Figure
2.12¢,d). Although the hydrogel unfilled group showed new bone formation
over 8 weeks post-surgery (Figure 2.12d), the amount of newly regenerated
bone was significantly lower than that in the hydrogel implanted group (Figure
2.121). Based on the bone quantitative measurement, the newly bone volumes
were 4.17 + 0.85 and 0.93 + 0.54 mm? after 4 weeks for the hydrogel treated
and unfilled groups, respectively. After 8 weeks, these two values were
significantly increased to 7.65 + 2.5 and 3.0 + 0.42 mm® for the hydrogel
treated and untreated groups, respectively (Figure 2.121). The images of sag-
ittal cross-sections also confirmed the healing process after hydrogel implan-
tation in the course from 4 weeks to 8 weeks (Figure 2.12e—h). Osteoblast-like
cells, as well as vessel-like tissues, were observed after hematoxylin and eosin
(H&E) staining in the hydrogel implantation group after 8 weeks, which fur-
ther confirmed the bone formation.

Therefore, the results from micro-CT analysis and histological observation
demonstrated that the doubly cross-linked Am-HA-BP+CaP@mSF hydrogel
promoted in vivo osteogenesis even without the addition of growth factors and
cells. The inorganic CaP composition on the surface of silk fibers could
contribute the bone formation, which has the similar amorphous structure to
the bone in the body. Although the mechanical properties of the presented
hydrogel are much lower than that of real bone structure, it’s able to provide
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an injectable scaffold to fill orthopaedic cavities for non-load bearing bone
healing applications.
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Figure 2.12 Bone formation induced by doubly cross-linked Am-HA-BP+CaP@mSF
hydrogel in a rat cranial defect model basing on Micro-CT analysis: (a-d) 3D recon-
struction images and (e-h) sagittal cross-section images. (i) Quantification of bone
volume for the newly regenerated bone. All data were demonstrated by means + SD
(n=4, **p <0.01)

2.9 Drug delivery system

Drug delivery systems are promising tools to realize drug’s controllable re-
lease, being able to reduce the drug toxicities to the healthy cells or tissues.
Moreover, encapsulating therapeutic molecules inside a high water content
system, such as a hydrogel, can protect them from inactivation. Hydrogel-
based drug delivery system exhibits not only tunable releasing speed con-
trolled by cross-linking density of the network and interaction between drugs
and hydrogel matrix but also potential injectable properties that can provide
minimally invasive delivery.”":*

In paper 1V, we applied our composite HA-BP+MgSiO; hydrogel as drug
delivery system using MgSiO3; NPs with high drug loading efficiency pro-
vided by their mesoporous structure. To prepare the drug loaded injectable
hydrogel, doxorubicin (Dox) was firstly loaded inside MgSiO; NPs and the
hydrogel was then formed by mixing Dox-loaded MgSiOs; (MgSiO3@Dox)
NPs dispersion with HA-BP solution. In our hydrogel drug delivery system,
MgSiO3 NPs act as both drug carriers and cross-linkers of hydrogel network.
Additionally, the particles release experiments were performed in acidic envi-
ronment (pH=5.0) and in natural medium (pH=7.4) over different time points
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(i.e., 2, 4, 8, and 24 hours). The mass of MgSiO3; NPs released from hydrogel
was measured at each time point (Figure 2.13a). The MgSiO3; NPs were grad-
ually released in pH=>5.0 medium due to the protonation of BP groups and the
subsequent breaking of coordinate cross-linkage (Figure 2.13a,b). On the
other hand, the HA-BP+MgSiO; hydrogel exhibited great stability in neutral
environment (Figure 2.13a,b). Based on the slight acidic pH value in the
tumor’s microenvironment, the presented hydrogel with pH-sensitive particle
release feature is quite suitable to serve as the anti-cancer drug delivery system.

To investigate the anti-cancer properties of HA-BP*MgSiOsz@Dox
hydrogel, human breast cancer cells (MCF-7) were treated with the released
medium obtained from HA-BP*MgSiOs;@Dox hydrogel at pH 5.0. To exclude
the influence of drug-free hydrogel on killing cancer cells, a negative control
group was included using the released medium from HA-BP+MgSiOs hydro-
gel. The released medium obtained from HA-BP-MgSiO;@Dox hydrogel at
all collected time points showed significantly inhibition effect on MCF-7 cells
compared with the released medium from Dox-free hydrogel (Figure 2.13c).
Moreover, more than 80% cell viabilities in the group of hydrogel without
loaded Dox demonstrated the minor cytotoxicity of MgSiOs; NPs (Figure
2.13c). Additionally, internalization of MgSiOsz@Dox NPs by MCF-7 cells
was proven after 3-hour incubation based on the fluorescence microscopy ob-
servation.
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Figure 2.13 (a) Curve of MgSiO3 NPs release from the HA-BPMgSiO3; composite
hydrogel in acidic and neutral media (pH = 5.0 and pH = 7.4). (b) Images of HA-
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BP-MgSiO3@Dox hydrogel after incubation in PBS at pH = 5.0 and pH = 7.4. (¢)
Viability of MCF-7 cells after incubation over 24 hours with released medium ob-
tained from various collecting time points from drug-loaded (blue bars) and drug-free
(red bars) hydrogels. The statistical difference was given as **p < 0.01.
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3 Concluding remarks and future perspectives

Injectable hydrogels have been widely investigated for various biomedical ap-
plications due to the advantage for minimally invasive delivery. In this thesis,
metal-ligand coordination assembling approach was used to fabricate a family
of injectable hydrogels with unlimited time window for injection. We applied
the resulting injectable hydrogels in four different biomedical areas including
3D printing, skin regeneration, bone healing and drug delivery. The reason for
the hydrogels with dynamic properties (i.e., shear-thinning and self-healing
properties) is the reversibility of coordination cross-linkages.

To realize the coordination cross-linkages, bisphosphonate group as a lig-
and was conjugated onto the backbones of hyaluronic acid to obtain the HA-
BP derivatives (Figure 2.1). In this thesis, the EDC coupling reactions were
used to make three different HA derivatives firstly, namely, HA-SH, HA-
SSPy and HA-Mal. The HA-BP derivatives with slightly different branched
structures were then obtained from HA-SH, HA-SSPy, and HA-Mal using
thiol-ene addition reaction, thiol-disulfide ex-change reaction and “click”-
type Michael addition, respectively. Moreover, the dually functionalized HA
derivatives with both BP group and acrylamide group (i.e., Am-HA-BP) were
synthesized by two different chemical reaction pathways (Figure 2.2).

In paper I, the injectable hydrogel was formed by simple mixing of HA-
BP or Am-HA-BP polymer liquid and CaCl, solution. Based on the rheology
results, HA-BP+Ca?" and Am-HA-BP+Ca?" hydrogel showed the shear-thin-
ning and self-healing properties. We manufactured multi-layered 3D tube-like
construct by embedding the printed material (Am-HA-BP+Ca?* gel) into sup-
porting bath (HA-BP+Ca®" gel) using home-modified 3D printer. To fix the
structure of the printed 3D structure, UV-light was applied after printing to
covalently cross-link the hydrogel networks. The cell experiments results ex-
hibited that bone osteosarcoma cells and stem cells can survive after 3D en-
capsulation into Am-HA-BP+Ca*" gel and the consequent photo cross-linking.

In Paper I, Ag" ions were introduced into HA-BP solution to develop the
HA-BP+Ag" hydrogel. Based on the dynamic features of BPAg" coordination,
the resulting HA-BP+Ag" hydrogel exhibited self-healing properties and
moldability. Moreover, the hydrogel could kill both S.aureus and E.coli bac-
teria, exhibiting a broad-spectrum antibacterial property. In rat skin full-thick-
ness defect model, HA-BP*Ag" hydrogel significantly accelerated the wound
healing process and enhanced the thickness of the newly regenerated epider-
mal layer.
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In paper II1, the bone mimicking injectable hydrogel was fabricated based
on the Am-HA-BP polymer and calcium phosphate coated silk microfibers
(i.e., CaP@mSF). The Am-HA-BP+CaP@mSF hydrogel can be delivered
through a thin needle and its mechanical properties and structure integrities
were improved by a doubly cross-linked network containing both coordination
and covalent cross-linkages. The presented double cross-linked Am-HA-
BP<CaP@mSF hydrogel induced the bone regeneration even without any cells
and growth factors addition in the rat cranial critical defect model.

In paper IV, MgSiOs NPs with mesoporous structure was prepared to load
the anti-cancer drug, doxorubicin (Dox). The drug-loaded hydrogel was pre-
pared by mixing of HA-BP solution and MgSiO;@Dox dispersion. Rheology
results demonstrated that two essential factors were required for the hydrogel
formation: BP groups on the HA polymer and Mg*" ions on NPs. The
MgSiO3@Dox NPs were released from the hydrogel in acidic buffer and the
particles were internalized by cancer cells to induce the toxic response.

In summary, I used dynamic coordination approaches to develop shear-
thinning and self-healing hydrogels based on the cross-linking between the BP
groups on the backbones of HA molecules and various metal cations or metal
slats particles. The presented family of coordination hydrogels exhibited time-
independent injection behaviors, and can serve as 3D printing bioinks, regen-
erative medicine materials and drug delivery systems.

3.1 Ongoing studies

Although four different biomedical applications have been demonstrated in
this thesis using HA-BP based coordination hydrogels, it is still too far to ap-
ply them in real clinical applications. For example, it is too difficult to delivery
UV-light into the human body by a minimally invasive approach. Therefore,
developing of chemical methods to form the secondary covalently cross-
linked network in vivo without the use of UV light is one of the several inter-
esting studies for the future. It was found that the cells can survive in 3D Am-
HA-BP+Ca’" hydrogel, however, the cellular morphology was round, meaning
that the cells were not attached to the hydrogel network. Therefore, it is needed
to improve the hydrogel of adhesion to cells by incorporation of gelatin or
arginylglycylaspartic acid (RGD) peptides. Additionally, to expand the appli-
cations in biomedical area, we are planning to exploit HA-BP based hydrogels
to print vascularized tumor models and prepare tissue- or tumor-on-chips.
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5 Svensk sammanfattning

Denna avhandlingen presenterar nya strategier for injicerbara hydrogeler och
exempel pa anvdndning inom biomedicinska applikationer, sasom 3D-tryck,
regenerativ medicin och likemedelsleverans. Hydrogelerna som ar tvér-
bundna med dynamiska metalligand koordinationsbindningar uppvisar ett
skjuvfortunnande och sjdlvldkande beteende, vilket resulterar i ett oberoende
av tidpunkten for injektion. Till skillnad fran permanent tvirbundna nétverk
baserat pa injektion av vitskeformiga prepolymera 16sningar som nér de blan-
das bildar ett kovalent nétverk, kan véra hydrogeler injiceras redan fran sitt
tvarbundna geltillstdnd.

Hyaluronsyra (HA) har valts som polymer baserat pa dess biokompatibili-
tet och nedbrytbarhet. HA har modifierats genom att funktionalisera polyme-
ren med bisfosfonat (BP) som ligand for kelatering av metalljoner eller me-
tallsalt for att kunna bilda koordinationstvarbindningar. I den forsta delen av
avhandlingen har jag utvecklat nya kemiska metoder for att syntetisera BP-
funktionell HA och HA med tva olika funktionella grupper, BP och akrylamid
(Am-HA-BP). Strukturen hos HA-BP verifierades med NMR dér specifikt
metylgruppen pa det grenade kolet i BP vid 2.18ppm i 'H-NMR spektrat an-
vints samt fosfortoppen vid 18.27 ppm i *'P-NMR. I avhandlingens féljande
del beskrivs hydrogeler som bildats genom HA-BP eller Am-HA-BP genom
att tillsétta kalciumsalt (Publikation I), silversalt (Publikation II), mikrofibrer
av silke tdckta med kalciumfosfat (CaP@mSF) (Publikation III), och magne-
siumsilikatpartiklar (Publikation IV). Hydrogelerna karaktériserades med re-
ologi som visade dynamiska egenskaper vid forsok med varierande mekanisk
belastning och variation av tid. Detta ar ett resultat av reversibiliteten hos tvir-
bindningarna och bindning mellan BP och metaljonen eller metallsalt pa ytan
av partiklarna. I den sista delen av avhandlingen behandlas anvéndning av ge-
lerna for biomedicinska applikationer. Am-HA-BP+Ca*" hydrogelen extrude-
rades med en modifierad 3D printer och fixerades sedan med UV for att bilda
en multilagerbaserad tub (Publikation I). I en fulltjockleks huddefekter pé ratta
visades att HA-BP*Ag" paskyndar sdrlikningsprocessen och ger en okad
tjocklek pé den regenererade 6verhuden (Publikation II). I kraniell defekt pa
ratta anvindes Am-HA-BP+CaP@mSF utan ytterligare biologiska faktorer for
att inducera benbildning (Publikation III). En HA-BP gel bildades med mag-
nesiumsilikatpartiklar som laddats med cancermedicin. Partiklarna visade
upptag i cancerceller och signifikant 6kad toxicitet for laddade partiklar (Pub-
likation IV).
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Sammanfattningsvis presenterar avhandlingen kemiska strategier for att
anvanda metallers interaktioner med ligander for att bilda hydrogeler med dy-
namiska kemiska bindningar och dirmed erhalla tidsoberoende injektions-
egenskaper. Den hér typen av hydrogeler 6ppnar for nya biomedicinska moj-
ligheter.
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