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Abstract
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This thesis presents the preparation of hyaluronan-based biomaterials with imaging capability
and their application as scaffolds in tissue engineering. First, we have synthesized HA
derivatives functionalized with different chemoselective groups. Then, functional ligands with
capacities for hydrophobic drug loading, imaging, and metal ion coordination were chemically
conjugated to HA by chemoselective reactions with these groups. An injectable in situ forming
HA hydrogel was prepared by hydrazone cross-linking between hybrid iron-oxide nanogel
and HA-aldehyde (paper-I). The degradation of this hydrogel could be monitored by MRI
and UV-vis spectroscopy since it contained iron oxide as a contrast agent and pyrene as a
fluorescent probe. Additionally, this hydrogel has a potential for a delivery of hydrophobic drugs
due to its pyrene hydrophobic domains. The degradation study showed that degradability of
the hydrogel was correlated with its structure. Based on the obtained results, disulfide cross-
linked and fluorescently labeled hydrogels with different HA concentration were established as
a model to study the relationship between the structure of the hydrogel and its degradability
(paper-II). We demonstrated that disulfide cross-linked HA hydrogel could be tracked non-
invasively by fluorescence imaging. It was proved that the in vivo degradation behavior of the
hydrogel is predictable basing on its in vitro degradation study. In paper-III, we developed
a disulfide cross-linked HA hydrogel for three-dimensional (3D) cell culture. In order to
improve cell viability and adhesion to the matrix, HA derivatives were cross-linked in the
presence of fibrinogen undergoing polymerization upon the action of thrombin. It led to the
formation of an interpenetrating double network (IPN) of HA and fibrin. The results of 3D
cell culture experiments revealed that the IPN hydrogel provides the cells with a more stable
environment for proliferation. The results of the cellular studies were also supported by in
vitro degradation of IPN monitored by fluorescence measurements of the degraded products.
In paper-IV, the effect of biomineralization on hydrogel degradation was evaluated in a non-
invasive manner in vitro. For this purpose, two types of fluorescently labeled hydrogels with the
different ability for biomineralization were prepared. Fluorescence spectroscopy was applied
to monitor degradation of the hydrogels in vitro under two different conditions in longitudinal
studies. Under the supply of Ca2+ ions, the BP-modified hydrogel showed the tendency to
bio-mineralization and reduction of the rate of degradation. Altogether, the performed studies
showed the importance of imaging of hydrogel biomaterials in the design of optimized scaffolds
for tissue engineering.
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Scope of the thesis 

Scaffolds play a very important role in tissue engineering and regenerative 
medicine, since they are expected to supply endogenous cells with a suitable 
environment for migration, proliferation, differentiation and in this way 
guide new tissue formation. The work presented in this thesis is focused on 
the study of hyaluronan (HA)-based derivatives with imaging capability and 
the design of hydrogels based on these derivatives. First, chemoselective 
chemical groups (hydrazide, aldehyde, thiol, and 2-dithiopyridyl) were in-
troduced into hyaluronan via carbodiimide-mediated amidation reaction 
under mild conditions. A combination of orthogonally reactive chemoselec-
tive groups allowed further functionalization of HA with imaging ligands, 
the groups for hydrophobic drug loading or the groups facilitating bio-
mineralization along with the in situ cross-linkable groups. Finally, HA hy-
drogels with the matrix-attached different ligands were prepared and their 
applications in tissue engineering were studied. Both the formation of chem-
ically cross-linked hydrogels and the preceding conjugation reaction were 
performed with high fidelity under mild conditions due to chemoselectivity 
of the underlying orthogonal “click” type reactions. The use of such reaction 
permitted in situ cells encapsulation as well as direct application of the hy-
drogel after formation in vivo.      

Initially, an injectable multimodal hydrazone hydrogel with MRI imaging 
capability was prepared. Hydrophobically coated iron oxide nanoparticles as 
MRI contrast agents were encapsulated in self-assembled pyrene-modified 
HA nanogels carrying cross-linkable hydrazide groups. These nanogels were 
in situ converted into hydrazone cross-linked hydrogel and enzymatic 
degradability of this hydroge was studied. The rate of the hydrogel 
degradation was found to depend on the structural parameters of the 
hydrogel. This study confirmed that relationships between hydrogel content 
and structure and its degradability can be studied in a non-invasive manner. 
In the second work, HA derivatives were labeled with fluorescent probe by 
Michael addition reaction and consequently cross-linked by thiol-disulfide 
exchange reaction in one pot. HA hydrogels with different HA concentration 
were prepared and their degradation was tracked in non-invasive manner 
both in vitro and in vivo. These studies proved that the degradation rate of 
the hydrogels was inversely proportional to the HA concentration. 
Importantly the in vivo degradation was correlated with the degradation 
triggered in vitro upon action of hyaluronidase. We concluded that the 
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hydrogel degradation in vivo can be predicted by conducting model 
degradation experiments in vitro. In the third work, disulfide cross-linking of 
HA was combined with simultaneous formation of fibrin gel to form an 
interpenetrating network (IPN). The reinforcement of fibrin with very 
hydrophilic HA allowed to mechanical properties of the resulting IPN and 
prolong its degradation in vitro. Consequently, the developed IPN presented 
better hydrogel material for 3D cell culture. Finally, fluorescently labeled 
bisphosphonate (BP)-modified HA hydrogel was prepared along with its 
pure HA-based hydrogel using disulfide cross-linking reaction. The in vitro 
degradation of the hydrogels under two different conditions was monitored 
by fluorescence spectrocsopy. With a continuous supply of Ca2+ ions, the 
BP-modified hydrogel showed an increased stiffness and reduced 
degradation rate, as compared to its analogue hydrogel without BP group. 
Altogether, the current work presented the development of hyaluronan based 
biomaterials with imaging capacity and its application in tissue engineering. 
It proved that the visulization of biomaterials could support with rational 
design of scaffolds for tissue engineering.  
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1. Introduction 

1.1 Tissue Engineering  
To date, tissue loss or end-stage organ failure is still one of the greatest 
threats to human health. A lot of surgical procedures are performed to treat 
these disorders, such as transplantation of organs from one individual into 
another. Organ transplantation is a classical therapy to replace diseased or 
defunct organs. It has saved countless lives and improved the life qualities of 
patients. However, there are still problems linked to this solution. Donor 
shortage is one of the critical bottlenecks to transplantation. A lot of patients 
passed away while on waiting lists for required organs. There are also prob-
lems during the recovery procedure after replacement, for example, tissue 
rejection caused by the immunological response. Therefore, scientists have 
made great efforts to find solutions to these problems, and tissue engineering 
(TE) is believed to be one of the promising techniques to improve the out-
come of tissue replacement1.  

 

 
Figure 1.1. Tissue engineering paradigm 

During past three decades, tissue engineering has emerged as a field that 
aims to develop techniques for repair, regeneration, and replacement of tis-
sues or organs1, 2. It is an interdisciplinary field that follows the principles of 
engineering and the life sciences. It is focusing on the development of bio-
logical substitutes that can partly or fully restore, maintain, or improve tissue 
function3. Tissue engineering involves many different research areas, such as 
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cell biology, biomaterials science, and engineering. Though ideas vary from 
specific tissues or organs, a general approach in tissue engineering comprises 
of cells, signaling molecules and biomaterials scaffolds4 (Fig.1.1). Cells 
from donor tissue could be implanted into host directly, or first expanded in 
vitro, and then transplanted into host together with a support matrix5. Bio-
materials in tissue engineering act as an artificial extracellular matrix 
(ECM). It provides the residing cells with biological and mechanical 
support. As an artificial ECM, biomaterials localize the cells within a three-
dimensional porous structure that is amenable for nutrients diffusion and on 
the other hand degradable to provide a space for the formation of new tissue 
in the host6. Biomaterials scaffolds can also function as delivery vehicles for 
signaling molecules (i.e. growths factors or cell adhesion peptides) to act on 
endogenous cells and in this way to facilitate tissue regeneration and repair7.    

1.2 Polymer scaffolds in tissue engineering      
Polymer scaffolds play a very important role in tissue engineering for sup-
port of cell migration, differentiation, and proliferation, as well as guiding 
the new tissue formation8-10.   Scaffolds designed for tissue engineering 
should be biocompatible and biodegradable and ideally, should aim at mim-
icking native ECM regarding complex functionality. Materials for scaffolds 
can be metals11, ceramics12, polymers13 or their composites10. The polymers 
applied in the fabrication of scaffold could be categorized as natural poly-
mers and synthetic polymers, according to their different production re-
source. Natural polymers widely distributed in nature and usually obtained 
from a renewable resource. These polymers include polysaccharides (i.e. 
alginate14, dextran15, chitosan16, cellulose17 and hyaluronic acid18) and pro-
teins (i.e. collagens19, silk fibroin20 and elastin21). Synthetic polymers are 
normally obtained by polymerization of different monomers using different 
chemistries22. The mostly used synthetic polymers are poly(lactic acid) 
(PLA)23, poly(ethylene glycol) (PEG)24, poly(glycolic acid) (PGA)25, poly( -
caprolactone) (PCL)26, their copolymers and others. There were many efforts 
on design and optimization of biocompatible biomaterials with proper me-
chanical, biological and physical properties. The important biomaterials pa-
rameters include chemical composition, microarchitecture, nature of degra-
dation products as well as changes of these factors along with time in the 
host organism27-29. Currently, material scientists do not have defined rules 
and principles that would allow rational design of biomaterials scaffolds for 
optimal and efficient tissue regeneration basing on an initial set of bio-
materials parameters. In particular, an applicable scaffold requires sufficient 
mechanical strength and stiffness to support cells growth and tissue remodel-
ing in vivo. During the regeneration process, the scaffold should keep the 
integrity of three-dimensional space for newly formed tissue; at the same 
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time, the scaffold should degrade at a reasonable rate that matches the rate of 
new tissue formation. However, there are few scaffolds with this ideal prop-
erty being successfully applied in the clinic. This is due to the microenvi-
ronment for cells in vivo is much more complex as compared to the micro-
environments that can be re-created in existing in vitro cell culture models. 
Hence, comprehensive correlation of tissue engineering capacities of bio-
materials in vitro and in vivo should be undertaken while changing different 
structural parameters of these biomaterials. It is clear that such extensive 
studies will require sacrificing of a substantial amount of animals. 

1.3 Imaging of biomaterials  
Traditional histological and immunohistochemical techniques have been 
utilized to evaluate regenerative processes and engineered tissue in vivo.2, 30 
Normally, these techniques are invasive and require killing animals to har-
vest the regenerated tissues for further fixation, sectioning, slicing, and anal-
ysis. Moreover, single examination of the harvested tissue after sacrificing 
animals does not give information about dynamics of tissue formation, bio-
material degradation, and rates of cell invasion or differentiation. Therefore, 
additional techniques are required that can evaluate the function of bio-
material scaffolds in vivo non-invasively and longitudinally. Herein, imag-
ing, as a visualization technique, which enables non-destructive and real-
time monitoring of cell behaviors, cell-scaffold interaction and response of 
implant to tissue, has been identified as a useful tool in TERM research. 

Imaging of biomaterials is one of the important aspects of tissue engi-
neering because interactions of the implanted/injected material with host 
cells, as well as chemical and 3D structures of the material, will determine 
the scaffold degradation, release of bioactive factors, host cells infiltration 
and their differentiation and ultimately de novo tissue formation. Obviously, 
the quantitative evolution of 3D scaffold structure and its degradation in vivo 
is needed to assess biomaterials performance for TERM. Moreover, it is 
advisable to support the in vivo data with a model in vitro study to reduce the 
number of animals in the following animal studies. Examination of bio-
materials in vitro was relatively well developed and was normally based on 
measuring of mass loss by gravimetric analysis and chromatography tech-
niques (high-performance liquid chromatography (HPLC) and gel permea-
tion chromatography (GPC)). The main drawback of these methods is that 
they are sample consuming and destructive, thus requiring sufficient amount 
of materials to complete the analysis. When applied in vivo, these methods 
require sacrificing animals at each time point during the regeneration pro-
cess. To examine biomaterials in vivo in a longitudinal manner without kill-
ing the animals, one has to use physical methods based on the interaction of 
electromagnetic or mechanical energy with the biomaterial implant and sur-
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rounding tissues. Images can be generated non-invasively (for animals in in 
vivo experiments) and non-destructively (for the materials in both in vivo and 
in vitro experiments) by measuring the changes in the energy absorption, 
refraction, or scatter during the interactions. 

1.3.1 Non-invasive imaging techniques 
A wild breadth of technologies has been developed for visualization of tissue 
engineering in vivo, such as X-ray computed tomography (CT)31, 32, positron 
emission tomography (PET)33, magnetic resonance imaging (MRI)34-36, opti-
cal imaging37, and ultrasound imaging (US imaging)38, 39. These techniques 
are named mainly according to different types of energy (X-ray, magnetic, or 
nuclear, optical, ultrasound) that interact with objects to be observed and 
subsequently are measured to generate images. The quality of images, the 
imaging depth, and the duration of the imaging procedure and most im-
portantly, the spatial resolution is largely dependent on the capability of 
measuring the energy changes. There were many efforts focusing on increas-
ing the energy change or enhancing the visibility of object by utilizing con-
trast agents such as superparamagnetic iron oxide nanoparticles, gadolinium 
complexes for MRI40-42, radiocontrast agents for CT43-45, microbubbles for 
US imaging46, 47, or by fluorescent labeling of biomaterials48, 49.  

The imaging technique is chosen according to their sensitivity and specif-
ic requirements for the particular TERM application. Optical imaging, ultra-
sound imaging, and MRI have a better spatial resolution (subcellular resolu-
tion) compared to CT and PET. Optical imaging is limited because of shorter 
imaged depth of tissue, as compared to other techniques. CT and PET could 
be used to trace dense radio-opaque tissue (i.e., bone and cartilage). Howev-
er, the need for radiation and long data acquisition time has limited their 
application in vivo. MRI can produce high spatial resolution images (5-10 

m) of engineered tissues and biomaterials, and hence it is particularly suit-
able for longitudinal in vivo studies. To get high resolution, more time is 
required for data collection, as well as the spatial resolution is inversely pro-
portional to the area of imaged object. To take advantages of these 
techniques, the combinations of two or more imaging modalities (CT/MRI, 
MRI/fluorescence imaging) are also developed to improve the precision of 
different technologies50-52.               

1.3.2 In vivo imaging of biomaterials   
Imaging technologies have been identified as a useful method to investigate 
the parameters affecting scaffold behaviors in vivo. Chemical and physical 
properties of a biomaterial such as its composition, microstructure, and 
biodegradability, should be examined to check whether it can provide a suit-
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able environment for cell proliferation53, differentiation, and new tissue for-
mation.   

Among the imaging modalities mentioned above, MRI and fluorescence 
imaging have been applied to track erosion of biodegradable hydrogels non-
invasively both in vitro and in vivo54. It has been proven that the erosions of 
the hydrogel in vitro and in vivo were correlated. Therefore, the degradation 
of the hydrogel in vivo could be predicted based on its in vitro degradation 
behavior. It was also shown that the erosion could be varied by changing the 
surface area of the hydrogels. The materials with higher surface area showed 
accelerated erosion as compared to their analogs with lower surface area 
both in vitro and in vivo, which implied that micromorphology of hydrogel 
needs to be considered in scaffold design. By chemical exchange saturation 
transfer MRI55, dynamic changes of scaffold composition in vivo have been 
monitored in a non-invasive way. It was found that different chemical com-
position of hydrogel determines its degradability together with cell survival 
during 3D culture in the hydrogel. By using bimodal MRI/fluorescence im-
aging technology, the host angiogenic response to implants was monitored 
non-invasively56, and it showed that hydrogel configuration (plug, injectable 
microbeads, and hydrogel precursor polymerized in situ) also serves as a 
decisive factor in the degradation of the engineered scaffold. It suggested 
that the hydrogel configuration should be adjusted according to different 
aims. Lammers and coworkers have used collagen scaffolds labeled with 
superparamagnetic iron oxide nanoparticles for non-invasive tracking of the 
material longitudinally in vivo57. It enabled long-term visualization of colla-
gen as one of the mostly used biomaterials in tissue engineering in real time 
by MRI.  

1.4 Hyaluronan biomaterials 
Hyaluronan (HA, hyaluronic acid, sodium hyaluronate, the only non-sulfated 
glycosaminoglycan present in the human body), is composed of repeating 
disaccharide N-acetyl-D-glucosamine and D-glucuronic acid (Fig. 1.2)58. 
The molecular weight of single disaccharide unit is 400, and the molecular 
weights of HA could vary from 100 000 Da in serum to 8 000 000 Da in the 
vitreous59. HA was first isolated from the bovine vitreous body in 193460, 61.  
HA helps with maintenance of matrix biomechanical integrity, as one of the 
essential components of extracellular matrix in the body of human being 
(including proteoglycans and non-proteoglycan polysaccharide). It also acts 
as an important regulator of cell behaviors (cell adhesion, mobility, 
proliferation, and differentiation) during embryonic development, wound 
healing and inflammation. It is an important component of synovial fluid of 
joints, umbilical cord and vitreous body of eye62. Pure HA and its derivatives 
have been used in the treatment of dry eyes63, soft tissue augmentation64, and 
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skin repair 65, 66 because of its high capability to imbibe water and thus lubri-
cate the rubbing tissues.    

 
Figure 1.2. Structure of repeating disaccharide unit of hyaluronan   

Several studies showed that HA interacts with cells mainly via binding to 
specific cell surface receptors such as CD44 and receptor for HA-mediated 
motility (RHAMM)67. Many types of tumor cells over-express CD44 recep-
tor68, which suggested cancer-targeting therapy through physical or chemical 
association (i.e. by conjugation) of drugs and imaging agents to HA69-71.  

Apart from these direct clinical applications, hyaluronan is increasingly 
considered as a promising building block in tissue engineering and regenera-
tive medicine due to its biocompatibility and biodegradability. Furthermore, 
the presence of hydroxyl and carboxyl groups in HA molecules enable fur-
ther functionalization to HA. Through chemical modifications of HA, one 
can increase the stability of HA biomaterials in vivo against enzymatic deg-
radation59, make hydrogels with capability for support human adipose- 
derived stem cell72 and so on73. 

1.4.1 Chemical modification of HA  
Hyaluronic acid can be commercially obtained with a wide range of mole-
cule weights. It was widely used as a starting material for stepwise assembly 
of the proposed ECMs mimicking networks. As it can be seen from Fig. 1.2, 
there is one carboxyl group and four hydroxyl groups in a repeating disac-
charide unit of HA. Carboxylate group can be used for the attachment of side 
chains to HA backbone via amidation reactions with amine-containing rea-
gents (Fig. 1.3). Alternatively, hydroxyl groups of HA can be esterified with 
activated carboxylates (anhydrides, active esters) or they can be alkylated in 
nucleophilic substitution reactions (for example upon reaction with epox-
ides). However, reactions with hydroxyl groups should be performed in an 
anhydrous organic solvent which requires laborious conversion of very hy-
drophilic sodium hyaluronate into its quaternary tetraalkylammonium salt. 
Moreover, because each repeating unit contains four hydroxyls, the resulting 
product can have different structures. Contrary, amidation of HA can be 



 21

selectively performed under mild conditions in water and with high yield. 
Consequently, many researchers used the amidation reaction for robust and 
efficient chemical modification of HA with different ligands74, 75. 

 

 

 
Figure 1.3. a) Synthetic strategy of HA functionalization by a two-step procedure. 
The first step aims at the installation of chemoselective group F1 by amidation reac-
tion procedure with linker G F1. The second step comprises mild and biocompat-
ible “click” type reaction between F1 and complementary reactive group F2. Biocon-
jugation of ligand L can be performed by using heterobifunctional reagent F2 L 
(where L is a drug, growth factor, a fluorescent probe or orthogonally reactive 
group). Alternatively, a hydrogel can be formed by reaction of F1-modified HA with 
F1-modified HA. b) The structure of HOBt. c) The structure of EDC. d) Dihydrazide 
linkers containing different protective/precursor divalent groups P. 
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Particularly, incorporation of different types of chemoselective groups in-
to HA with controllable degree of substitution under mild condition was 
developed in this thesis based on a combination of carbodiimide-mediated 
modifications with another more chemoselective reactions. In the first step, 
HA is functionalized with chemoselective group F1 using a general linker 
G F1 in which G is any group containing amine (see Fig. 1.3a). The ob-
tained F1-modified HA can participate in “click” type reactions with rea-
gents containing complementary reactive group F2. It can be, for example, a 
bioconjugation of the desired ligand L to HA using F2 L reagent. If the 
second reactant is a polymer carrying many groups F2, the result of this re-
action is the formation of chemically cross-linked network. In this thesis, a 
second polymer was F2-modified HA which permitted formation of HA-
based hydrogels in the course of F1 + F2  S reaction (where S is a product 
spacer). In details, carboxyl groups of HA were first activated with 
hydroxybenzotriazole (HOBt, Fig. 1.3b) using 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC, Fig. 1.3c) at pH 4.0~4.75. In the 
case of F1 = 2-dithiopyridyl (-SSPy), we could directly install this group 
during amidation of native HA with the reagent containing carbazate -
OC(O)NHNH2 as a group G (Fig. 1.3d). However, installation of other F1 
groups such as thiol (-SH), hydrazide (-C(O)NHNH2), and aldehyde (-
C(O)H) could not be performed without affecting them during the amidation 
reaction. Therefore, we employed a protective/precursor divalent group P 
strategy realized in symmetrical dihydrazide linkers of the following struc-
ture: H2NNHC(O) P C(O)NHNH2 (Fig. 1.3d). These linkers contained 
precursor P (1,2-diol) that can be cleaved with the generation of 
chemoselective group F1 = aldehyde, or P were designed to contain a central 
disulfide group –SS– (Fig. 1.3d). In one instance, the disulfide bond could be 
cleaved with dithiothreitol (DTT) providing stable thiol group (F1 = thiol). 
For a generation of hydrazides as F1 groups, we designed linkers with the 
symmetrical central divalent protecting group, 2,2 -
dithiobis(ethoxycarbonyl) (Dtec) (Fig. 1.3d). In this case, cleavage of the 
central disulfide group led to fragmentation reaction and liberation of free 
hydrazide. It should be noted that functional groups F1 can be installed with 
high fidelity using the employed strategy. It allows also using much fewer 
amounts of modifying reagents as compared to previously used 
homobifunctional linkers such as adipic dihydrazide (ADH) 73, 76, 77.   

1.4.2 Hyaluronan hydrogels  
Hydrogels are three-dimensional (3D) networks with high water content. It 
can be formed by chemical crosslinking or physical interaction of hydro-
philic polymers78, 79. In addition to the use of unmodified hyaluronan as a 
viscoelastic supplement, lubricant, and anti-adhesive agent, numerous HA 
derivatives were synthesized with the ability to form hydrogels via covalent 
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cross-linking80, 81. It includs Michael addition crosslinking82, 83, Schiff-base 
reaction crosslinking18, 84, 85, 86, oxime reactions between aminooxy and 
aldehyde/ketones, and photopolymerization87, 88. Thiols can react with com-
pounds containing unsaturated bond by either a free radical addition or Mi-
chael-type nucleophilic addition reactions. These reactions can be performed 
chemo-selectively under mild conditions (in aqueous solution at room tem-
perature and neutral pH), with high reaction rate and efficiency. All these 
chemoselective reactions were widely used for bioconjugation and hydrogel 
preparation. 

Physical interactions, including ionic interaction, crystallization, hydro-
phobic interactions, electrostatic interactions and hydrogen bonding have 
been used to prepare physically crosslinked hydrogels. Ionic interactions 
between ionic polymers and multivalent counterions have been used to pre-
pare alginate or chitosan derived hydrogels89, 90. The ionic interactions were 
efficient, specific, and sensitive to polymer concentration, pH, and the 
presence of salt. Those hydrogels may undergo uncontrolled dissociated in 
cellular microenvironment by ion exchange with cell cultural medium. Phys-
ically crosslinked hydrogels are characterized by dynamic cross-links ex-
change and therefore have some useful properties, such as shear thinning and 
self-healing. It also avoids using toxic cross-linker or initiators. However, 
uncontrolled degradation and weak mechanical strength in some applications 
are the main drawbacks of physically crosslinked hydrogels. HA hydrogels 
were also prepared by physical cross-linking of HA macromolecules or via 
HA biopolymer-nanoparticles interactions91. 

 

 
Figure 1.4. Chemical reactions used for hydrogel formation. The choice for the 
chemoselective reaction depends on several factors related to the application of 
interest, including the desired initiation mechanism, the specificity and speed of the 
reaction, and the stability of the resulting bond under various solution conditions92 . 
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As it was mentioned above, controlled carbodiimide-mediated amidation 
could be performed to modify carboxyl groups of HA macromolecule. By 
functionalization of HA with chemoselective groups (hydrazide, aldehyde, 
thiol, and carbazate), HA hydrogel could be formed in situ by direct mixing 
of HA-derivatives carrying mutually reactive chemical groups in aqueous 
medium and physiological conditions (neutral pH, 37°C). In this two com-
ponents hydrogel system, one of the components can be another biocompati-
ble synthetic or natural polymers, such as polyethylene glycol (PEG), poly 
(vinyl alcohol) (PVA), dextran, or chitosan. Examples of in situ forming 
hydrogels include the reaction between HA-aldehyde derivative and differ-
ent HA-nucleophile counterparts93, HA-hydrazide and PEG-dialdehyde94, 
HA-hydrazide and aldehyde-modified PVA95, as well as cross-linking of 
thiolated HA with acrylated polymers83, 96. HA-chitosan composite hydrogel 
has also been prepared via Schiff base reaction between HA-aldehyde and 
N-succinyl-chitosan18 as a scaffold for tissue engineering. In order to utilize 
the benefits of other natural polymers, HA was combined with different bi-
opolymers in the form of interpenetrating networks (IPN) in which each 
component created its own network. Particularly, HA network was combined 
with fibrin network, entangled on the molecular scale without covalent 
bonds 97. In another work, collagen was interlaced with photopolymerizable 
HA via photo-crosslinking of HA98. Along with chemical cross-linking, 
physical cross-linking, the hyaluronic acid hydrogel formed by ligand-metal 
ions coordination91, guest-host assembling99, 100 and hydrophobic 
interaction101 show great potential in bone regeneration91, three-dimensional 
printing102, 103 and cell-based therapy104.  
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2. Results and discussion 

2.1 Incorporation of functional groups into HA  
Methods of HA modification with chemoselective groups usually are per-
formed with heterobifunctional linkers in which one functionality is 
protected. Conventional strategy is based on protecting groups which are 
removed under relatively harsh conditions. This may cause decomposition of 
the native HA during deprotection. In this thesis, we prepared different HA 
derivatives (Fig. 2.1) with functional groups of interest via a sequence of 
orthogonal coupling steps that could be performed under mild conditions. 
First, an appropriate orthogonal chemoselective group (hydrazide, aldehyde, 
thiol, or 2-dithiopyridyl) was introduced into HA by carbodiimide-mediated 
amidation coupling. Subsequently, the obtained HA derivatives were further 
functionalized with desired ligands using thiol-ene addition reaction (paper-
I, II, and IV) or disulfide exchange reaction (paper-III). Functional ligands of 
interest (imaging agents, hydrophobic ligands for association with hydro-
phobic drugs, affinity groups, and the groups supporting bio-mineralization) 
were incorporated into HA via chemoselective and orthogonal ligation reac-
tions. HA derivatives obtained by this strategy were utilized to build up hy-
drogels with proposed capabilities for tissue engineering. In this modular 
approach, parameters of each module could be controlled individually, 
which improves the fidelity of scaffold preparation with control over the 
scaffold parameters varied for particular tissue engineering goals. 
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Figure 2.1 Structure of side chains attached to HA backbone during different modi-
fications of native HA. Side chains terminated with chemoselective groups (hydra-
zide, aldehyde, thiol, and 2-dithiopyridyl, see in 2.1.1) were linked to carboxyl 
groups of HA first. The installed chemoselective groups were subsequently used for 
coupling with functional groups (acrylated pyrene, a disulfide group, acrylated BP 
and fluorescent tag).  
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2.1.1 Modification of HA with chemoselective “clickable” 
groups 
As it is shown in Scheme 2.1, symmetrical dimeric linkers with hydrazide 
end groups (L1, L2, and L3) were employed to react with the carboxylate 
group of HA using EDC as a coupling agent. These dimeric linkers can act 
as cross-linkers for HA chains or react with only one terminal leaving the 
other one free. However, all linkers were designed to contain central labile 
bonds for further cleavage thus disconnecting the cross-linked HA chains. 
Particularly, the central disulfide group in linker L1 can be considered as a 
precursor for thiols and therefore treatment of the reaction mixture in situ 
with reducing agent dithiothreitol (DTT) allowed generation of the thiol 
groups.  

Linker L2 was designed to carry a bivalent 2,2'-dithiobis(ethoxycarbonyl) 
protective group for two internal hydrazide groups while keeping terminal 
hydrazide groups free for amide coupling reaction. When coupling was 
complete, hydrazide groups were deprotected in situ by cleavage of the 
disulfide bond with DTT. The generated intermediated thiols underwent 
fragmentation of 2-thioethoxycarbonyl group and liberation of free hydra-
zides. Thus, reducing agent DTT was acting as a deprotection reagent for the 
hydrazide groups.  

Finally, we anticipated 1,2-diol fragment in the middle of the linker L3 to 
act as a precursor for aldehyde groups. Oxidation of HA linked to linker L3 
with periodate generated aldehyde groups on HA macromolecule. This oxi-
dative cleavage was sufficiently more effective in comparison with the re-
ported preparation of HA-aldehyde derivative by oxidation of the β-1,4-D-
glucuronic acid residue of the native HA.  

2-Dithiopyridyl (-SSPy) group was introduced using linker L4 that con-
tains only one carbazate group. In this case, no additional deprotection was 
required since 2-dithiopyridyl is stable during the amide coupling. Because 
the conditions for HA modification with thiol (-SH) and hydrazide (-hy) 
groups are identical, we realized simultaneous one pot dual functionalization 
of HA with two types of groups. The introduction of chemoselective groups 
to HA and the degree of substitution were confirmed by 1H-NMR analysis 
(Figure 2.2). HA dually modified with thiol and hydrazide groups was also 
further transferred into HA derivative carrying 2-dithiolpyridyl (SSPy) and 
hydrazide (hy) groups. It was accomplished by reaction of thiol group in hy-
HA-SH with pyridyl disulfide.  Due to lack of protons that can be identified 
in our HA-aldehyde (HA-al) derivative, incorporation of aldehyde groups 
was verified by reductive amination with tertbutyl carbazate. Integration of 
the tertbutyl peak at 1.4 ppm allowed quantification of the aldehyde groups. 
For all the HA derivatives, the degree of functionalization with chemoselec-
tive groups could be adjusted by controlling the amount of linkers in the feed 
(Table 2.1).   
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Scheme 2.1 Incorporation of chemoselective groups into HA via an EDC-mediated 
coupling. HA-SSPy was obtained directly after coupling. The other three derivatives 
(HA-SH, HA-hy, and HA-al) were obtained in two steps, i.e. amide coupling and 
subsequent cleavage of the coupled linkers L1, L2, and L3 respectively. Particularly, 
for thiol, hydrazide, aldehyde, and 2-dithiopyridyl functionalization, linkers L1, L2, 
L3, and L4 were respectively used.   

Table 2.1 Degree of substitution for synthesized HA derivatives that were 
subsequently used in hydrogel preparation* 

I Functional 
groups Substitution degree (%) 

thiol 
hydrazide 
aldehyde 

10 (Paper-I), 7.5 (Paper-II), 10 (Paper-III), 6 (Paper-IV) 
10 (Paper-I)                          10 (Paper-III) 
10 (Paper-I)

pyridyl disulfide  5.5 (Paper-II), 10 (Paper-III), 6 (Paper-IV) 
* Degree of substitution was determined by comparing integrated signals from the respective 
conjugates with the signal for acetamide protons of native HA (chemical shift ~1, 9 ppm, 3H). 

 
Peaks in 3.20-4.00 ppm region were identified as protons on the sugar 

rings of HA disaccharide unit with the anomeric 1′-H protons at 4.40 ppm. 
The methylene protons on the thiol-terminated side chain (–CH2CH2SH) 
were found in 1H-NMR spectrum as triplet peaks at 2.58 and 2.73 ppm re-
spectively. The methylene protons of hydrazide side chain (-
OCH2CH2CH2CH2C(O)NHNH2) were determined by observation of 1H-
NMR peaks at 4.22, 2.32, 1.68 and 1.43 ppm. Four aromatic protons of the 
pyridyl-terminated group appeared at 7.32, 7.88-7.93, and 8.44 ppm and the 
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methylene protons (-OCH2CH2SS-) linked to 2-dithiopyridyl were found at 
3.96 and 2.84 ppm. 
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Figure 2.2 1H-NMR spectra of HA derivatives prepared by carbodiimide-mediated 
amidation coupling to HA carboxyl groups. Spectra were recorded in D2O at 25°C. 
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2.1.2 Conjugation of ligands to “clickable” HA derivatives 
Functionalization of HA with chemoselective groups enables further conver-
sion of HA derivatives into hydrogels, nanogels or conjugation with relevant 
ligands for such biomedical applications as tissue engineering and drug de-
livery. The list of different types of ligands can include small molecular 
weight drugs, proteins, nucleic acids, imaging agents, as well as affinity 
groups to bind relevant signaling molecules. Additionally, ligands may be 
hydrophobic to trigger self-assembly of HA chains in an aqueous medium 
and obtain nanogels. Particularly in the paper I, we prepared HA dually 
modified with thiol and hydrazide groups. We utilized thiol groups for link-
ing to hydrophobic pyrene groups using thiol-ene photo-addition reaction 
while hydrazide groups were used for subsequent cross-linking of the 
formed nanogels into hydrazone cross-linked bulk hydrogels. Contrary, in 
papers II, III, and IV, thiol groups on HA macromolecules were utilized for 
bulk cross-linking during thiol-disulfide exchange reaction with HA-SSPy 
derivative.  
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Scheme 2.2 Use of thiol groups in thiol-ene addition reaction for functionalization of 
HA with a) pyrene groups to prepare hy-HA-S-Py derivative andb) bisphosphonate 
groups to prepare of HA-BP derivative. 

In our work, we intended to obtain HA nanogels that would be suitable for 
drug delivery and MRI imaging as well as derivatized HA with bisphospho-
nates (BPs) as groups promoting bio-mineralization of HA hydrogel scaf-
folds. We have chosen thiol-ene photo-addition reaction for conjugation of 
hydrophobic pyrene (Py) and BP groups to HA (Scheme 2.2). For this pur-
pose, we first synthesized the acrylated derivatives of Py and BP. Pyrene 
groups were chosen to act as hydrophobic moieties to provide self-assembly 
of amphiphilic HA chains and as fluorescent molecules for imaging of HA 
nanogels by fluorescence spectroscopy. The hydrophobic pockets of these 
nanogels were aimed to store hydrophobic cargo molecules and delivery of 
them to tissues in the course of circulation of the nanogels in the blood 
stream. The hydrophobic cargos can be presented by relevant drugs for sys-
temic chemotherapy as well as by imaging agents for diagnosis of diseased 
tissues. Previously, we found that bisphosphonate groups enable extensive 
mineralization of hydrazone cross-linked HA hydrogels due to their high 
affinity to calcium ions and formation of BP•Ca2+ clusters through coordi-
nate bonding.105 Herein acrylated pyrene and bisphosphonate molecules were 
successfully linked to thiolated HA using Irgacure 2959 as a radical photoin-
itiator. The pyrene-functionalized HA was analyzed by fluorescence spec-
troscopy (Fig. 2.3) to confirm grafting of the pyrene groups to HA.   
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Figure 2.3. Fluorescence emission spectrum of the hy-HA-S-Py derivative in water. 

The introduction of BP to HA was determined by 1H-NMR and 31P-NMR 
(Fig 2.4). Most proton peaks of BP side chain were overlapped with peaks of 
protons on the sugar rings of HA disaccharide unit. The peak at 2.2 ppm 
confirmed the addition of BP to HA, which was corresponding to methylene 
protons linked to the bridging carbon of BP group on -NHCH2CH2C 
(PO3H2)3. The peak at 19.1 ppm in 31P-NMR spectrum further confirmed the 
addition of BP groups to HA. Because of overlapping between BP peak at 
2.2 ppm and HA acetamide proton peak at 1.84 ppm, it was difficult to de-
termine the accurate amount of BP groups linked to HA disaccharide. There-
fore, the average amount of grafted BP groups to one thiol group was further 
determined from the elemental analysis (sulfur, 0.2%, phosphorous, 2.2% by 
mass as calculated from the colorimetric, spectrophotometric method by 
OEA Labs).  
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Figure 2.4 a) 1H-NMR and b) 31P-NMR spectra of HA-SH-BP derivative 

In the paper I, we introduced pyrene into HA to detect it by fluorescent spec-
troscopy. However, the fluorescence emission of pyrene was affected by its 
microenvironment. It was difficult to get the quantitative correlation between 
HA hydrogel structure change and the fluorescence decay. Therefore, in 
papers II and IV it was decided to track HA derivatives utilizing hydrophilic 
fluorescent probe with a stable emission wavelength. Herein, two fluorescent 
probes were introduced using Michael addition of thiols to maleimides. This 
reaction is milder and more chemoselective as compared to thiol-ene radical 

a

b
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addition. For example, labeling by Michael addition allowed excluding thiol 
groups from self-crosslinking which potentially can take place when reaction 
undergoes by a radical mechanism. On the other hand, labeling by nucleo-
philic Michael addition proceeds with high rate and efficiency. The labeling 
efficiency could be calculated by measuring fluorescence of the labeled HA 
derivative.     

   
 
Scheme 2.3 Fluorescent labeling of HA-SH with a) IRDye 800 CW maleimide 
probe and b) Alexa 647 maleimide probe via thiol-ene Michael addition reaction. 
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2.2 Preparation of HA nanogels 

 
Scheme 2.4. Preparation of multimodal HA nanogels of a core-shell structure using 
hy-HA-S-Py derivative. 

To introduce hydrophobic imaging agents into hydrophilic HA hydrogels, 
we devised a nanogel-polymer cross-linking strategy. According to this 
strategy, hydrophobically modified HA can self-associate and encapsulate 
imaging agents in the core. By additional modification of HA with cross-
linkable groups, the obtained nanogels can be immobilized in the bulk hy-
drogel matrices. In this thesis, hybrid iron oxide and pyrene-functionalized 
HA hybrid nanogels were obtained by first dissolving hy-HA-S-Py together 
with oleic acid-coated iron oxide nanoparticles (IONPs) in an organic sol-
vent (N-methyl pyrrolidone, NMP) and subsequent solvent exchange to wa-
ter (Scheme 2.4). During the solvent exchange, self-assembly occurred form-
ing nanogels with a hydrophobic-core-hydrophilic shell structure. The hy-
drophobic IONPs were expected to be localized in the core of the formed 
nanogels. The obtained nanogels were characterized by DLS and AFM to 
determine their size which was around 393 nm. The observation by TEM 
revealed that iron oxide nanoparticles were compactly clustered which indi-
cated that they were indeed loaded into the core of the HA nanogels (Fig. 
2.5). It implied that the hydrophilic HA chain acted as a protective shell for 
hydrophobic IONPs.      
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Figure 2.5. a) Size distribution of HA-iron oxide hybrid nanogels as determined by 
DLS measurements. b) AFM images of HA-iron oxide hybrid nanogels. c) TEM 
images of HA-iron oxide hybrid nanogels taken at different magnifications, scale bar: 
50nm. 

2.3 Preparation of bulk hydrogel materials 
2.3.1 Preparation of single network HA hydrogel 
Hydrogels described in this thesis were formed in situ via direct mixing of 
solutions containing complementary reactive polymers. In order to make 
hydrogels injectable, i.e. suitable for administration through injection imme-
diately after mixing of the reacting polymers, the underlying cross-linking 
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reaction should be performed in an aqueous medium, under physiologic con-
ditions (physiologic pH and temperature), without formation of toxic side 
products and the need for toxic condensing agents. It should proceed with 
relatively high velocity to get hydrogels straight after the mixing and with 
high chemical selectivity. Chemical selectivity is especially important for in 
situ encapsulation of sensitive and complex biomacromolecules such as pro-
teins and cells. In this thesis, we applied two types of chemoselective reac-
tions that were proved to be biocompatible in the formation of injectable 
hydrogels, namely hydrazone coupling between hydrazides (hy) and alde-
hydes (al) and thiol-disulfide exchange reaction.       

In the paper I, hydrazone cross-linking reaction was realized between hy-
drazide and aldehyde-modified HA derivatives. To confirm that hydrazide 
groups are indeed available in the hybrid nanogel composed of iron oxide 
NPs and hy-HA-S-Py derivative, the gel formation between hybrid nanogel 
and aldehyde-modified HA was performed with polymer concentration at 
2%, w/v. The formation of bulk hydrogel between iron oxide loaded nano-
gels and aldehyde-modified HA proved chemical activity of hydrazide 
groups in the nanogels.  

In paper II, thiolated HA (HA-SH) was labeled with IRDye® 800CW ma-
leimide fluorescent dye via Michael addition reaction before in situ cross-
linking with HA-SSPy derivative (Figure 2.6b). Since the only tiny fraction 
of thiol groups was anticipated to react with a fluorescent labeling agent, the 
cross-linking capacity of HA-SH with HA-SSPy should not be affected. The 
preparation of the labeled hydrogel was performed in 30 minutes after the 
start of the labeling reaction at pH 7.5 without isolation of the intermediated 
product. This in situ labeling procedure can be potentially applied in vivo for 
non-invasive administration and then non-invasive tracking of the labeled 
hydrogel.  
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Figure 2.6. a) Hydrazone cross-linked hydrogel (300 μL by volume) formed in an 
Eppendorf tube upon mixing of HA-iron oxide nanogels with HA-aldehyde polymer 
(nanogel-polymer cross-linked hydrogel). b) In situ fabrication of fluorescently 
labeled disulfide cross-linked HA hydrogel. 

In paper II, we have proved that disulfide cross-linking by thiol-disulfide 
exchange reaction is a quick and easy method for preparation of in situ form-
ing HA hydrogel. We, therefore, applied it in the preparation of HA hydro-
gels with bisphosphonate groups linked to the HA network. For this purpose, 
we used HA derivative bearing thiol and BP groups (HA-SH-BP) and cross-
linked it with HA-SSPy derivative (paper IV). We compared this hydrogel 
with the control HA hydrogel lacking BP groups that were formed by reac-
tion between HA-SH and HA-SSPy derivatives. HA-SH-BP and HA-SH 
derivatives were maintained at the same degree of functionalization with 
thiol groups to achieve the same cross-linking density in both types of hy-
drogels. Moreover, HA-SH-BP and HA-SH derivatives were labeled with 
Alexa 647 maleimide and the labeled derivatives were purified and isolated 
as solid compounds. This allowed us to study enzymatic degradability of HA 
hydrogels with different ability for biomineralization.  

2.3.2 Preparation of IPN hydrogel 
Use of chemoselective reactions is attractive because of the possibility of 
modular construction of complex hydrogel materials. In the paper I, it was 
demonstrated how dual functionalization of HA with thiol and hydrazide 
groups could be used for conjugation of a hydrophobic ligand and subse-
quent cross-linking. However, chemical orthogonality can also be realized 
between different biomacromolecules. In paper III, we reasoned that disul-
fide cross-linking of HA macromolecules can be orthogonal to enzymatic 
reaction of fibrin formation and tested this hypothesis for the formation of 
interpenetrating network (IPN). One of the practical tasks of preparation of 
such IPN was addressing the problem of fibrin compaction and fast in vivo 
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degradation. By hydrating the fibrin network with hyaluronan we sought to 
improve the stability of fibrin.  

For the formation of HA disulfide cross-linked network, we synthesized 
HA dually modified with hydrazide and 2-dithiopyridyl groups (HA-hy-
SSPy). The hydrazide group was intended for labeling of HA with imaging 
agent whereas 2-dithiopyridyl participated in the formation of HA network. 
Figure 2.7a shows the preparation of IPN by mixing of two solutions con-
taining orthogonal components. Particularly, fibrinogen was combined with 
HA-hy-SSPy to form one solution, and thrombin was combined with HA-SH 
to form another solution. Mixing of the obtained solutions initiated fibrin 
formation and HA cross-linking simultaneously. The obtained hydrogel was 
examined by SEM (Fig. 2.7b) which confirmed the successful formation of 
fibrin fibrillar network in the presence of in situ cross-linking HA deriva-
tives. The formation of HA network was proved by performing a control 
experiment in which HA-SH derivative was substituted with the same 
amount of HA-hy-SSPy. In this control experiment, only fibrin can be 
formed while the formation of HA chemical network is impossible. This 
hydrogel control sample was characterized by low hydrogel stability and 
water rejection similarly to a pure fibrin gel. It proved that the presence of 
non-crosslinked HA is not enough to impart stability to fibrin network, and 
HA should be chemically cross-linked to form real IPN.  
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Figure 2.7. a) In situ formation of double network IPN by simultaneous and inde-
pendent fibrin formation (depicted as a red network) and HA disulfide cross-linking 
(depicted as a gray network). b) SEM image of 2% fibrin–1% HA IPN hydrogel, 
scale bar represents 1 m. 

2.4 Dependence of hydrogel degradability on its 
structure 
Hydrogels formed by different chemical cross-linking chemistry, with dif-
ferent cross-linking density, and with conjugation of additional ligands were 
prepared in this thesis. Obviously, these different hydrogel structures should 
result in their different degradation in vivo. On the other hand, the time for 
hydrogel implant degradation is important for drug delivery and tissue engi-
neering applications. For tissue regeneration, the implanted scaffold should 
resorb with the rate matching the rate of new tissue formation. The final goal 
here is to draw the correlation between the volume and quality of new tissue 
formed and the structure of a biomaterial used. This is very challenging tasks 
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that should be studied systematically by varying different parameters of bi-
omaterials. One of such important parameters considered in the present the-
sis is biomaterial degradability. Since imaging technologies proved to be a 
useful tool to visualize different processes (new tissue formation, individual 
cells migration, drug and nanomedicine bio-distribution), we anticipated 
utilizing this tool for tracking biomaterials in vivo. It was achieved by incor-
poration of different imaging moieties into HA derivatives, nanogels, and 
hydrogels. The imaging agents explored in the thesis included iron oxide 
nanoparticles for MRI imaging (paper I) and fluorescent dyes for fluorescent 
spectroscopy imaging (papers II, III, and IV). Using these imaging modali-
ties, we have studied the relationship between hydrogel degradability and its 
1) composition (paper I and III), 2) polymer content (paper II) and 3) capac-
ity for biomineralization (paper IV).    

In the paper I, we obtained in situ cross-linkable hyaluronic acid nanogels 
hybridized with iron oxide nanoparticles (IONPs). These nanogels were 
subsequently converted into hydrogels by hydrazone cross-linking between 
the nanogels and HA-aldehyde polymer. To prove that nanogels could be 
released from the hydrogels as a result of enzymatic degradation, we first 
examined the hydrogel degradation products by UV-vis spectroscopy. Addi-
tionally, in order to study the relationship of hydrogel degradability and its 
composition, two types of hydrogel with different amount of nanogels were 
prepared to perform degradation: 1) nanogel-polymer cross-linked hydrogel 
and 2) polymer cross-linked analog. The result (Figure 2.8) showed that the 
degradation of hydrogels was dependent on both hyaluronidase (Hase) con-
centration and hydrogel structure. When no hyaluronidase was applied, al-
most no absorbance could be observed from the supernatant after incubating 
hydrogels in seven days. When incubated in concentrated Hase solution, 
nanogel-polymer cross-linked hydrogel degraded completely in three days 
and its analog gel with higher content of polymer degraded in five days. 
When comparing the degradability of hydrogels at the same concentration of 
Hase, nanogel-polymer cross-linked hydrogel always degraded faster in 
comparison with cross-linked polymer network. The polymer cross-linked 
network with a minor amount of nanogels was more efficiently cross-linked 
as compared to the network formed between nanogels and HA-al polymers. 
This was attributed to the lower amount of hydrazide groups available for 
cross-linking in nanogels.     
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Figure 2.8. Cumulative UV absorbance of pyrene in the media for degradation of 
the nanogel-polymer cross-linked hydrogel a) and its cross-linked polymer analog 
b). Both hydrogels were incubated in PBS containing 0 U/mL (black curves), 5 
U/mL (blue curves), or 25 U/mL (red curves) hyaluronidase. 

Since it was demonstrated that hydrogel degradability is related to its struc-
ture in vitro, it was interesting to find whether the same trend will be valid in 
vivo. In the case of correlation, one can use in vitro experiments as predictive 
models in order to rationally plan in vivo experiments and reduce the amount 
of sacrificed animal. By using disulfide bond cross-linked HA hydrogel as a 
model, we prepared hydrogels with different HA content and hence different 
cross-linking density but the same amount of fluorescent label. The results of 
UV-vis absorbance measurements of the hydrogels degradation media at 
different time intervals in vitro revealed that hydrogels with polymer content 
of 1% w/v degraded in four days, whereas hydrogels with higher polymer 
content (2%) degraded in six days (Fig. 2.9). Hydrogel with higher cross-
linking density was expected to degrade slower due to less facilitated diffu-
sion of the enzyme into the hydrogel. The inversely proportional relationship 
between hydrogel degradation rate and its polymer content was also obtained 
in in vivo degradation study. A progressive reduction of fluorescence intensi-
ty was observed for both hydrogels in vivo but with different rates (Fig. 
2.10). The weight derived from the loss of fluorescence signal intensity 
showed that hydrogel with 1% content degraded in three days while the 
residue of hydrogel with 2% content lasted longer in vivo. This study thus 
confirmed the correlation between the results of hydrogels degradation in 
vitro and in vivo, which indicates that the hydrogel behavior in vivo can be 
predicted basing on the appropriate in vitro model.   
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Figure 2.9. a) UV-vis absorbance of medium obtained after degradation of hydro-
gels at different time intervals in vitro. Absorbance at 789 nm was measured. b) 
Cumulative degradation profiles of 1% hydrogel (black curve) and 2% hydrogel (red 
curve). 
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Figure 2.10. a) In vivo non-invasive representative images from the longitudinal 
study of scaffold degradation as a function of hydrogel cross-linking density: hydro-
gel with 1% HA (upper images) and hydrogel with 2% HA (bottom images). Differ-
ent time points were evaluated: pre-positioning, post-positioning (t = 0), 1 day, 2 
days, 3 days and 7 days after gel positioning. At t = 0 the fluorescence signal was 
localized in a clearly defined space corresponding to the gel. b) The course of weight 
loss for labeled hydrogels over the time in vivo. Black curve corresponds to hydro-
gel with 1% content, and red curve corresponds to hydrogel with 2% content. 

In paper IV, we examined degradation behavior of HA hydrogels that have 
different capacity for bio-mineralization. According to the previous 
research105, diffusion of calcium ions into hydrazone cross-linked HA hy-
drogel with bisphosphonate groups linked to the polymer network resulted in 

a

b
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the formation of inorganic calcium bisphosphonate clusters. These clusters 
could act as nucleation points for further bio-mineralization in the presence 
of inorganic precursor ions. This result indicated that bisphosphonated hy-
drogel should gradually be hybridized with calcium phosphate nanostruc-
tured phase similarly to in vitro model. Degradation of such hydrogel is ex-
pected to be diminished. To prove that we investigated the enzymatic degra-
dation of two types of hydrogels with and without matrix-linked BP groups 
respectively (named as HABP and HA hydrogels). Due to the involvement 
of calcium ions in biomineralization process, the degradation was performed 
in the medium either containing or not calcium ions.       

Initially, the hydrogel-forming HA precursors were dissolved in PBS 
buffer without calcium ions. Mechanical properties of the hydrogels were 
evaluated both before and after swelling in the same buffer lacking of calci-
um ions (Tab. 2.2). We found that HABP gel was softer and swelled to a 
greater extent as compared to HA hydrogel, which could be contributed to 
stronger electrostatic repulsion between the matrix-anchored bisphosphonate 
groups in HABP hydrogel in comparison with the electrostatic repulsion of 
carboxylate groups in HA hydrogel.    

 

Table 2.2. Characterization of HA and HABP gels prepared and equilibrated in PBS 
non-containing Ca2+ ions.  
 

Hydrogel 
type 

Hydrogels after setting Hydrogels after swelling 

Mass, mg G , Pa Mass, mg G , Pa 

HA 286.7 ± 2.6 1514 ± 36.5 418.5 ± 12.9 2626 ± 91.9 

HABP 283.9 ± 5.3 877.2±46.6 469.9 ± 13.6 1595 ± 52.9 

      

When the hydrogels were incubated in hyaluronidase solution, different ero-
sion rates of hydrogels were observed. HABP hydrogel was not degraded 
completely after 14 days of incubation in the hyaluronidase solution. HA 
hydrogel was more resistant to degradation than HABP hydrogel (Fig.2.11). 
Measurement of fluorescence after complete hydrogel degradation along 
with the measurement of cumulative fluorescence from the liquid samples 
allowed the quantification of hydrogel degradation. When incubated in Hase 
solutions for 14 days, around 91% of HABP gel degraded along with around 
70% of HA hydrogel degradation which confirmed that in the absence of 
Ca2+ ions, HABP hydrogel was more easily to be degraded in comparison 
with HA hydrogel. 
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Figure 2.11. HA and HABP hydrogels degradation curves obtained from the 
comparison of cumulative fluorescence of the collected degradation media with the 
overall fluorescence incorporated into the hydrogels. The degradation, in this case, 
was performed in PBS without Ca2+ ions. 

 

In the second experiment, calcium ions were present in the solutions of the 
hydrogel-forming HA components as well as in the hydrogels swelling and 
degradation media. In this way, we ensured the mineralization conditions for 
the hydrogels. The concentration of Ca2+ ions in PBS buffer was 0.9 mM. 
Mechanical properties of the hydrogels were also evaluated before and after 
swelling in PBS containing Ca2+ ions (Tab. 2.3). We found that though 
HABP hydrogel was softer than HA gel before swelling, it showed bigger 
G compared to G of HA hydrogels after incubation in PBS with calcium. 
This result proved that BP•Ca2+ interactions could effectively counterbalance 
the electrostatic repulsion between negatively charged BP groups.  

 

Table 2.3. Characterization of HA and HABP gels prepared and equilibrated in PBS 
containing 0.9 mM of CaCl2. 
 

Hydrogel 

type 

Hydrogels after setting Hydrogels after swelling 

Mass, mg G , Pa Mass, mg G , Pa 

HA  277.0 ± 4.6 1266 ± 254 417.0 ± 2.0 1981 ± 285 

HABP  273.2 ± 3.5 957.7±143 353.0 ± 3.9 2002 ± 45.0 
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Measurement of fluorescence of the solutions obtained during the degrada-
tion studies and comparing it with the overall fluorescence incorporated into 
the gels allowed us to plot the degradation curves (Fig. 2.12.). The obtained 
curves revealed that in the presence of Ca2+ ions, HABP hydrogel degraded 
much slower compared to analogous HA hydrogel. This trend of hydrogel 
degradation was opposite to the degradation when it was performed exclud-
ing Ca2+ ions. This result directly proved the formation of the mineralization 
when HABP hydrogel was incubated in the medium with a sustained supply 
of calcium and phosphate ions. During such mineralization, a hybrid materi-
al should be formed in which calcium phosphate phase is embedded within a 
biopolymer matrix on a nanoscale. Such a hybrid material should be degrad-
ed slowly as was evidenced in this study. Importantly, after a certain extent 
of mineralization the hybrid hydrogel cannot be enzymatically degraded 
anymore. It was proven by the fact that 40% of HABP hydrogel remained 
after 14 days of enzymatic degradation. The rate of HABP hydrogel degra-
dation was decreased to low values despite that half of the organic matrix 
remained in this composite material. This study proved that hydrogel capaci-
ty for bio-mineralization indeed has an effect on its stiffness and degradation 
rate. Hydrogel with a higher tendency for biomineralization should degrade 
slower compared to its counterpart lacking negatively charged BP groups 
that chelate calcium ions.            
 

 
Figure 2.12. HA and HABP hydrogels degradation curves obtained from the 
comparison of cumulative fluorescence of the collected degradation media with the 
overall fluorescence incorporated into the hydrogels. The degradation, in this case, 
was performed in PBS with Ca2+ ions. 
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2.5 Hydrogels application in tissue engineering 
Hydrogels scaffolds for three-dimensional cell culture and differentiation 
have attracted more and more interests. A scaffold consisting of multiple 
extracellular components was investigated to produce a material that com-
bines functionalities of the different components.      

In paper III, HA network was utilized to reinforce the fibrin network to 
give IPN hydrogel characterized by a more stable environment for three- 
dimensionally (3D) encapsulated cells, as compared to a pure fibrin gel. In a 
series of rheology experiments combined with electron microscopy study, 
we confirmed that both fibrin and HA networks were formed providing an 
IPN hydrogel material. This IPN degraded slowly in comparison with pure 
fibrin (Fig. 2.13), although to a rather moderate extent. On the other hand, 
fibrin gels showed obvious compaction within three days, whereas IPN hy-
drogels retained their shape during the cell culture period of 6 days. We used 
fluorescently labeled fibrinogen specifically to monitor degradation of the 
formed fibrin within IPN structure. 

 

 
Figure 2.13.  Cell-mediated degradation of fibrin and IPN hydrogels. a) Degradation 
profiles over six days, with slower progression of fibrinolysis in the IPNs (n = 3; 

-way ANOVA with Tukey’s multiple com-
parison tests). b) Fibrin hydrogels are compacted by the cells over time, while the 
presence of HA in the IPNs counteracts this effect. Note the transition of the IPN 
from opaque to transparent due to fibrin degradation. 

Another expected advantage of IPN hydrogel was its improved cellular at-
tachment and proliferation because of availability of CD44 binding sites in 
hyaluronan. The viability and proliferation of MG63 human osteosarcoma 
cells were tested when encapsulated within fibrin and HA and IPN hydro-
gels. The accumulated result showed (Fig. 2.14) significantly improved cell 

a b
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proliferation in IPN hydrogel compared to fibrin, which was contributed to 
the additional CD44 binding sites of IPN. The other optimistic result was an 
improved ability of cells attachment to IPN matrix, which could be observed 
from its more spread morphology, compared to its predominantly round 
morphology when encapsulated in pure fibrin or HA hydrogel.  

 

Figure 2.14. Fibrin&HA IPN hydrogels support cell viability and prolifera-
tion. Upper left: the combination of fibrin and HA results in increased prolif-
eration of MG63 cells compared to both materials alone within two days (n = 

-way ANOVA with 
Tukey’s multiple comparison tests). Upper right, bottom: live (green)/dead 
(red) staining of cells two days after encapsulation. The cells in the IPN dis-
play a spread phenotype, pointing at improved cell attachment, compared 
with the round cellular morphology in fibrin and HA hydrogels (bars repre-
sent 500 μm). 
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3. Concluding remarks and future perspectives 

The aim of work presented in this thesis is to obtain hyaluronan-based bio-
materials with imaging capability and develop hydrogels based on these 
biomaterials as scaffolds for tissue engineering. 

In the first project, a multifunctional nanogel with dual imaging modali-
ties was obtained via chemoselective orthogonal reaction.  In situ forming 
injectable hybrid iron oxide-hyaluronan hydrogel was achieved via hydra-
zone coupling between multifunctional hybrid nanogel and aldehyde- 
modified HA. The degradation of the hydrogel could be imaged by MRI and 
UV-vis spectrometry (paper I). Results showed that degradability of hydro-
gel is correlated with its cross-linking density. This outcome encouraged us 
to continue with the correlation between in vitro and in vivo studies in order 
to find whether appropriate in vitro model can be used to predict the out-
come of animal studies. Particularly, in paper II, the relation between hydro-
gel structure (cross-linking density) and its degradation were studied in vitro 
and in vivo using non-invasive fluorescence imaging approach. We have 
chosen a near-IR fluorescent agent IRDye®800CW as a fluorescent tracer to 
ensure the fluorescence signal from tissues in animals. Disulfide cross-linked 
HA hydrogel was employed as a model scaffold. The hydrogels with differ-
ent content (different cross-linking density) of HA was labeled via Michael 
addition between thiolated HA and IRDye®800CW maleimide. By tracking 
of hydrogels degradation, both in vitro and in vivo, it was proven that the 
rate of hydrogels degradation was inversely proportional to its concentration. 
It was also suggested that the in vivo degradation behavior of hydrogels 
could be predicted basing on its in vitro degradation results.  This study has 
established a disulfide cross-linked HA hydrogel as a model and settled an 
approach to monitor its degradation non-invasively. It also proved that this 
type of hydrogel material is promising for TE applications.  In the following 
project (paper III), we have studied the function of the disulfide cross-linked 
HA hydrogel as an interpenetration network (IPN) forming component in 
combination with fibrin. The formed IPN was utilized as a scaffold for three-
dimensional (3D) cell culture. The study revealed that disulfide cross-linking 
of HA macromolecules can occur in the presence of fibrinogen and that for-
mation of fibrin is not impaired by HA cross-linking. An important feature 
of the presented IPN hydrogel is that it is formed in situ in response to the 
mixing of all required components simultaneously. This was possible due to 
the orthogonality of two networks formations. The IPN gel showed an in-
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creased stiffness and a lower in vitro degradation rate compared to that of 
pure fibrin gel. Despite that fibrin was degraded upon 3D cell culture, HA 
network was intact which permitted stable proliferation of the cells in 3D 
and remodeling of the scaffold. In the fourth paper, we have synthesized 
thiolated HA (HA-SH) and its bifunctional analog carting cross-linkable 
thiol and bisphosphonate groups (HA-BP-SH). We pre-labeled both deriva-
tives with Alexa Fluor®647 C2 maleimide and used the labeled HA precur-
sors to fabricate two types of HA hydrogels. These two hydrogels were 
characterized by different capacity for in situ bio-mineralization. The in vitro 
enzymatic degradation of hydrogels was monitored by fluorescence 
spectrometry. In the presence of calcium ions in the degradation medium, 
degradation of HABP hydrogel was accompanied by deposition of inorganic 
calcium phosphate phase which decreased the rate of the hydrogel degrada-
tion. Contrary, control HA hydrogel lacking BP groups degraded faster.        

In conclusion, after modification of pure HA with chemoselective groups 
(hydrazide, thiol or both), HA-based biomaterials with imaging capacity 
were obtained via the introduction of contrast agents or fluorescent probes to 
HA derivatives by using orthogonal chemoselective transformations. Degra-
dation of hydrogels based on these biomaterials was imaged in a non-
invasive manner using MRI or fluorescence spectrometry. The developed 
chemical modifications to produce imagable biomaterials can be extended to 
other biomacromolecules for the study of various types of hydrogels as scaf-
folds for TE.      

3.1 Ongoing study 
Since BP group could be used as a bone-seeking agent and it shows the 
ability for controllable release of BMP-2 by varying its amount, hydrogel 
modified with BP is expected to be a bone-targeting carrier for controllable 
release of BMP-2. The fourth project showed that the hydrogel with different 
capability for bio-mineralization has different degradability in vitro. Hence, 
evaluation of hydrogel performance as a scaffold for BMP-2 for bone heal-
ing in vivo is being performed at this moment. Correlation between scaffold 
degradability data and new tissue formation in vivo is going to be achieved 
using non-invasive fluorescence imaging. It should shed light on assessment 
of period during which a scaffold should degrade and release BMP-2 for 
efficient bone formation.  
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5. Svensk sammanfattning 

Målet med arbetet som presenteras i denna avhandling är att få hyaluronan-
baserade biomaterial med avbildande förmåga och sedan utveckla hydroge-
ler baserade på dessa biomaterial som byggnadsställningar i vävnadsteknik. 

Det första projektet var en multifunktionell nanogel med dubbla avbild-
ningsmetoder som erhållits via kemoselektiv ortogonala reaktion. In situ 
bildar injicerbara hybrid järnoxid-hyaluronan hydrogel och detta uppnåddes 
via hydrazonkoppling mellan multifunktionella hybrid nanogel och alde-
hydmodifierad HA. Beteendet hos hydrogel nedbrytning kan avbildas med 
MRI och UV-vis spektrometri (papper-I). Resultatet visade att nedbrytbar-
heten hos hydrogelen är korrelerad med dess tvärbindningsdensitet. Detta 
resultat uppmuntrade till att fortsätta med studien av sambandet mellan hyd-
rogel- nedbrytning in vivo och dess struktur (tvärbindningsdensiteten) med 
användning av icke-invasiv fluorescerande avbildningsteknik (papper-II). 
Emellertid var det fluorescerande egendom pyren sond som används i det 
första projektet påverkas av mikro(Jättekonstig mening!), så valdes det nära-
IR fluorescerande medlet IRDye®800CW maleimid som spårämne. Disulfid 
tvärbunden HA hydrogel användes som modell. Hydrogelerna med olika 
innehåll (olika tvärbindningsdensiteten) av HA märktes genom Michael-
addition mellan tiolerade HA och IRDye®800CW maleimid. Genom spår-
ning av hydrogelers nedbrytning, både in vitro och in vivo, har det visat sig 
att graden av hydrogelers nedbrytning var omvänt proportionell mot dess 
koncentration. Det föreslås också att beteendet hos hydrogelers in vivo ned-
brytning kunde förutses baserat på sin in vitro resulterade nedbrytning. 
Denna studie har etablerat en disulfidtvärbunden HA hydrogel som modell 
och baserar sig på en strategi för att övervaka dess nedbrytning icke-invasivt, 
som möjliggör denna typ av hydrogel som ett lovande biomaterial i TE 
forskning. I nästa projekt (papper III), studerades funktionen av disul-
fidtvärbunden HA hydrogelen som komponent av byggnadsställning för 
tredimensionell (3D) cellodling. I detta projekt studerades fibrin, som en 
annan kandidat för TE ansökan, deltar i beredningen av ställningen med 
genomträngande dubbel nätverk för 3D cellodling(jättesvår mening). Studien 
har visat att IPN hydrogel bestående av fibrinnät och disulfid tvärbunden 
HA-nätverk skulle kunna bilda in situ. IPN-gel visade en ökad styvhet och 
en lägre in vitro-nedbrytningshastighet jämfört med den för rent fibringel. 
Det innebär att IPN hydrogelen är en mer stabil ställning för 3D-
cellproliferation och differentiering. I det fjärde pappret, syntetiserades tiole-
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rad HA och bifunktionellt HA-derivat HA-BP-SH och för-märkte de med 
Alexa Fluor®647 C2 maleimde. Dessa två derivat skulle kunna utgöra hya-
luronan hydrogeler med olika kapacitet för in situ biomineralisering via tiol-
disulfidutbytesreaktion till 2-ditiopyridyl funcitonalized HA. Den in vitro 
enzymatiska nedbrytningen av hydrogeler har övervakats genom fluore-
scens-spektrometri. Resultatet visade att när disulfid tvärbunden HA hydro-
gel innehållande BP-gruppen samordnas med kalciumjon, har dess styvhet 
förbättrats och nedbrytningshastigheten skulle kunna sänkas, jämfört med 
ren disulfid tvärbunden HA hydrogelen. 

Sammanfattningsvis, det arbete som presenteras i avhandlingen visar lo-
vande resultat, som förväntat. Efter modifiering av ren HA med kemoselek-
tiva grupper (hydrazid- eller tiol), kunde HA-baserade biomaterial med av-
bildningskapacitet ytterligare erhållas via införande av kontrastmedel eller 
fluorescerande sond till HA-derivat genom hydrofob interaktion eller tiol-en 
Michael-addition. Nedbrytning av hydrogel baserad på dessa biomaterial är 
tänkbart via MRI eller fluorescens spektrometer. Strategin för biomateri-
alavbildning har utvecklats och dess tillämpning skulle utvidgas i TE i fram-
tida studier. 
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