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Abstract
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This thesis presents strategies for constructing multi-functional biomaterials based on
hyaluronan (HA) derivatives for various biomedical applications, such as drug delivery, tissue
regeneration, and imaging biomaterials. The aim of this study is to improve the functionalities
of HA biomaterials as well as simplify the preparation procedures.  Native HA polymer contains
D-glucuronic acid residue with a carboxyl group per disaccharide unit that can be easily
modified by carbodiimide-mediated amidation reaction. Therefore, we have designed a series
of orthogonal groups (hydrazide, carbazate, aldehyde, and thiol) that can be linked to HA under
mild conditions using the carbodiimide chemistry. Multiple functionalities can be introduced to
the obtained HA derivatives via chemoselective “click”-type transformations. 

The modified HA derivatives were used for the preparation of either nanogel particles
(NPs) or bulk hydrogels. Due to “click” character of the reactions used, structural HA
transformations were performed with high fidelity on different scales including molecular
(polymers), nanometer (NPs), and a visible scale (bulk hydrogels). By linking pyrene or
camptothecin to hydrophilic HA backbone, amphiphilic polymers were obtained and utilized
as drug delivery carriers or prodrugs, respectively. Subsequently, physically loaded drug
(doxorubicin) could be released upon degradation of HA carriers, while the chemically linked
camptothecin was released intact by a thiol-triggered cleavage reaction. Bisphosphonated HA
(HA-BP) polymers were prepared to induce hydrogel scaffold bio-mineralization for bone
regeneration application. Moreover, we could recruit strong binding capacity of bisphosphonate
(BP) groups to calcium ions for the formation of physically crosslinked HA-BP gel upon simple
mixing of the polymer and calcium phosphate nanoparticle components. This gel was more
stable in vivo compared to hydrazone crosslinked HA gels. Furthermore, the hydrogel composed
of fluorine-19 (19F) linked HA polymer was successfully observed by both 1H and 19F MR
imaging.       

In conclusion, the presented herein study describes new approaches for building up multi-
functional biomaterials from the HA-based blocks. The utilization of carbodiimide and
click chemistries along with the enzymatic degradation of HA allowed simple and efficient
interconversion between HA macromolecules, nanoparticles and macroscopic hydrogels. These
HA-based biomaterials show high potential for use in the fields of drug delivery, bone
regeneration, and imaging techniques.
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Abbreviations 

19F Fluorine 19 
AFM Atomic force microscopy 
al Aldehyde group 
BMP-2 Bone morphogenetic protein-2 
BP Bisphosphonate 
CaP Calcium phosphate 
carb Carbazate group 
CD44 Cluster determinant 44 
chol Cholesterol 
CPT Camptothecin 
DLS Dynamic light scattering 
DMSO Dimethyl sulfoxide 
DOX Doxorubicin 
DS Degree of substitution 
Dtec 2,2’-dithio bis(ethoxycarbonyl) 
DTT Dithiothreitol 
ECM Extracellular matrix 
EDC 1-Ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride 
FITC Fluorescein isothiocyanate 
GAGs Glycosaminoglycans 
GF(s) Growth factor(s) 
HA Hyaluronan, hyaluronic acid 
Hase Hyaluronidase 
HCT116 Human colorectal tumor cells 
HOBt 1-hydroxybenzotrialzole 
hy Hydrazide group 
IGF Insulin growth factor 
MRI Magnetic resonance imaging 
MTT Thiazolyl blue tetrazolium bromide 
NIH 3T3 Mouse embryonic fibroblast cell line 
NMR Nuclear magnetic resonance 
NPs Nanoparticles 
PBS Phosphate-buffered saline 
PCL Poly(ε−caprolactone) 
PDGF-BB Platelet-derived growth factor com-



 

posed of two B chains 
PDI Polydispersity index 
PEG Poly(ethylene glycol) 
PLA Poly(lactic acid) 
PLGA Poly(lactic-co-glycolic acid) 
PMMA Poly(methyl methacrylate) 
PVA Poly(vinyl alcohol) 
py Pyrene 
RES Reticuloendothelial system 
RHAMM hyaluronic acid-mediated motility 
SBF Simulated bod fluid 
SEM Scanning electron microscopy 
SEM-EDS Scanning electron microscopy-energy 

dispersive X-ray spectroscopy 
SH Thiol group 
TEM Transmission electron microscopy 
TGF-β Transforming growth factor-beta 
Ti Titanium 
VEGF Vascular endothelial growth factor 



 

Scope of the thesis 

This thesis focuses on the designation and characterization of novel HA de-
rivatives based nano- or macro- biomaterials for various applications includ-
ing drug delivery, tissue regeneration and imaging techniques. The formation 
of final product can be realized easily by transformations on a molecular 
scale (polymers), nanoscale (nanoparticles) and a macroscopic scale (hy-
drogels) by the herein presented synthetic strategies. The bottom-up and top-
down approaches and their combination provide the possibility to build up 
multi-functional biomaterials of different structures from the same or similar 
basic blocks, which is especially useful for designing biomaterials for clini-
cal applications. 

We have designed hydrophobically functionalized HA polymers that can 
be utilized for chemical or physical loading of drugs for targeted delivery in 
Papers I-III. Meanwhile, the covalent or non-covalent crosslinked hydro-
gels for bone regeneration, based on mineral-conductive BP-functionalized 
HA polymers, were prepared in Papers IV-V. Furthermore, 19F ligand was 
linked to the HA polymer backbone in order to investigate the behaviors of 
HA materials in vitro and in vivo by MRI technique (Paper VI).  

Altogether, as shown in the following Scheme 1.1, starting from various 
HA derivatives, a series of biomaterials were developed, that span all scale 
levels from molecular to nano and then to macro. The herein presented study 
thus provides new nature mimicking synthetic approaches for constructing 
multi-functional HA materials for biomedical applications. 

 
 
Scheme 1.1. Overview of multi-functional HA biomaterials and transformation-
based correlations between them presented in this thesis. 
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1 Introduction 

1.1 Hyaluronan 
Hyaluronan (hyaluronic acid, HA) was first discovered in 1934 by Karl 
Meyer and John Palmer1. This linear polysaccharide belongs to the class of 
glycosaminoglycans (GAGs) and it is the only non-sulfated GAG that exists 
throughout the extracellular matrix (ECM), connective tissues (vitreous of 
eye, synovial fluid of joint, dermis of rooster comb, et al.), and organs of all 
higher animals2. In ECM, it is associated with proteoglycans, the proteins 
that are heavily glycosylated with other GAGs, such as heparan sulfate. Mo-
lecular weight of HA in vivo can vary from 5 to 20,000 kDa3. The high mo-
lecular HA can take up large volume of aqueous solution and exhibit both 
elastic and viscous properties. HA is a natural regulator of such biological 
processes as inflammation, tissue hydrodynamics, movement and prolifera-
tion of cells. It also participates in a number of cell surface receptor interac-
tion, especially with cluster determinant 44 (CD44) and the receptor for hya-
luronic acid-mediated motility (RHAMM). Those receptors are overex-
pressed by tumor cells that bind more HA than normal cells4. Consequently, 
HA has been widely used for developing of biomaterials with active tumor 
targeting mechanisms5, 6. On the other hand, cross-linked HA hydrogels were 
used as scaffold in tissue regeneration due to its biocompatibility and degra-
dability as well as possibility for numerous chemical modifications.  
    Until now, there are still no satisfactory alternative synthetic materials to 
natural ECM. It is a challenge to re-capitulate biochemical interactions oc-
curring between cells and natural ECM using its synthetic analogues. Unique 
physiochemical and biological properties of HA provided the rational of 
using HA in preparation of multi-functional scaffolds for tissue regeneration7 
and synthesis of carriers for targeted drug delivery to cancer6. These were 
also the main points to us in choosing HA as a starting compound for the 
development of biomaterials for different biomedical applications which are 
described in this thesis.  

1.1.1 HA functionalization 
The structure of HA, as shown in Figure 1.1, is composed of the repeating 
disaccharide units of N-acetyl-D-glucosamine and D-glucuronic acid, linked 
via alternating β-1,4 and β-1,3 glycosidic bonds. The carboxyl and hydroxyl 
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groups of HA allow chemical modification to be taken place easily under 
mild condition. Since the hydroxyl groups exist on both rings of HA polymer, 
the structure of final product will be difficult to identify after modifying on 
those sites. Hence, the modification of carboxyl group of HA via the ami-
dation or esterification reaction is preferred. Most commonly used modifica-
tion is a carbodiimide-mediated reaction which links hydrazides or amines to 
carboxyl group using water soluble 1-ethyl-3-[3-(dimethylamino) pro-
pyl]carbodiimide (EDC) and 1-hydroxybenzotrialzole (HOBt) as coupling 
agents8, 9. HA polymer is known to be poorly soluble in organic solvents, and 
it is degraded under strong acidic or alkaline conditions. Thus, the car-
bodiimide reaction is suitable for HA modification as it can be performed in 
either water or polar organic solvent (e.g. DMSO) at pH 4-5. In this thesis 
(Paper I-VI), we have introduced multiple orthogonal groups (e.g. hydra-
zide, thiol, or aldehyde groups) to HA backbone via this strategy. We have 
further attached functional molecular blocks to the chemoselective groups by 
taking advantages of orthogonality of “click”-type chemistries and possibil-
ity to perform reactions under mild condition10.  

 
Figure 1.1. Structure of HA repeating unit and the reaction sites for chemical modi-
fications. 

1.1.2 HA based nano-materials 
As a random coiled polymer, HA can be quickly cleared (within 1h) by re-
ticuloendothelial system (RES) upon intravenous injection in vivo11. In order 
to prolong its circulation time (half-life), HA derivatives are generally fur-
ther stabilized by crosslinkers to form colloidal particles (NPs) with diameter 
less than 1 μm. They can be crosslinked by covalent (through chemical 
bonds) or non-covalent interactions (e.g. hydrophobic, electrostatic or hy-
drogen bonding). Methods chosen for preparation of polymeric NPs are 
mostly dependent on the solubility of the initial materials. Since HA is poor-
ly soluble in organic solvents, HA based NPs can be prepared from HA am-
phiphilic derivatives via solvent exchange (dialysis)12, 13 or emulsification 
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method14. There are mainly four types of the HA NPs in terms of the internal 
particular structure: nanogels, complexes (or nanocomposites), micelles and 
HA coated solid NPs as shown Figure 1.2. Most researchers were focused 
on HA nanogels since they can avoid rapid degradation and fast clearance in 
the body. Association of long HA polymer chains with randomly grafted 
hydrophobic groups should result in nanogel structures composed of multi-
ple hydrophobic cores as compared to single core-shell micelles. Similarly, 
nanocomposites of HA can include multiple inorganic nanoparticles in con-
trast to single inorganic NPs coated with organic HA shell. Nanogels can be 
considered as ordinary hydrogels but of small nanometer scale size. The 
main difference between pure organic hydrogels and their inorganic compo-
sites is that hydrogels contain more water than the composites. The water 
absorbing ability of HA leads to high water content in the crosslinked HA 
NPs which in fact can be classified as nanogels.  

Synthetic approaches for chemically crosslinked HA NPs often require 
phase separation (emulsion method) in order to keep the polymers (and) 
cross-linkers within the aqueous nano-sized droplets and prevent bulk net-
work formation. Native HA was cross-linked with dihydrazide cross-linkers 
or multiply hydrazide-modified polymers using carbodiimide-mediated cou-
pling reaction. Meanwhile, the thiolated HA has been reported to form disul-
fide cross-linked nanogels without additional cross-linker during auto-
oxidation in reverse emulsion system. However, high share forces required 
in emulsion methods, such as ultra-sonication, can affect adversely sensitive 
biologic molecules (e.g. proteins, peptides) that are intended for the in situ 
encapsulation in such nanogels. In contrast, non-covalently cross-linked HA 
nanogels can be formed during physical self-assembly of the corresponding 
HA derivatives under mild conditions. For example, simple mixing of the 
negatively charged HA and cationic polymers such as chitosan gives HA 
NPs with the particle size dependent on the molecular weight of both poly-
mers15. Cations (metal ions or complexes) are other candidates to cross-link 
HA chains via ionic/electrostatic interactions and form either nanocomplexes 
or HA coated solid NPs16. Hydrophobic association is another non-covalent 
cross-linking method for preparation of HA NPs. It can be achieved by link-
ing hydrophobic ligands to hydrophilic HA backbone. The hydrophobic flu-
orescent (e.g. FITC, pyrene (Papers I, II) or drug molecules (e.g. CPT (Pa-
per III), DOX, paclitaxel) have been considered by us and other researches 
because, apart from the NPs forming function, they carry additional thera-
peutic and imaging functionalities that are useful in drug delivery and diag-
nosis and can be combined to give so called theranostics (a combination of 
diagnostics and therapy). Hydrophobic polymers like PLGA and PCL have 
been also utilized for HA NPs formation after solvent exchange via either 
dialysis or precipitation17-19. Due to the inherent bio-functionality of HA 
polymer, coating of nanocarriers with HA has been widely investigated. The 
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core of such nanomaterials can be vesicular and organic, such as in lipo-
somes20, 21, or inorganic, such as in gold NPs22.    

 
Figure 1.2. Structure determined classification of HA NPs. 

 
Figure 1.3. Schematic representation of structures of various types of HA hydrogels. 

1.1.3 HA hydrogels    
Hydrogels attract much attention due to their structural similarity to ECM23. 
Analogously to HA NPs, hydrogels can be prepared by covalent or non-
covalent cross-linking. Native HA can be cross-linked by dihydrazides as 
mentioned previously for the preparation of HA NPs. Such hydrogels can be 
clinically used as pre-formed gels and only after their thorough purification 
to eliminate all potentially toxic low molecular weight cross-linking and 
coupling agents. However, many clinical settings require non-invasive in-
jectable application of hydrogel material which is possible in the case of 
biocompatible physical or chemical cross-linking. For this reason, special 
chemical modifications of native HA polymer are required that would permit 
in vivo gelation. Researchers have developed injectable HA hydrogels that 
are formed in situ by mixing hydrazide-modified HA with dialdehyde-PEG24, 
aldehyde-modified PVA25 or aldehyde-modified HA26 (Papers I, IV). The 
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hydrogels could be generated rapidly within a minute as a result of hydra-
zone coupling between hydrazide and aldehyde groups on different macro-
molecules. Thiolated HA could also form injectable hydrogels with acrylated 
polymers and the gelation time was within 10-30 minutes27-29. However, to 
the best of our knowledge, there have been no reports on mechanically stable 
and robust HA-based hydrogels that can be obtained in situ and in vivo with-
out a chemical cross-linking reaction. This thesis includes our latest paper 
(Paper V) that describes the first physically cross-linked HA hydrogel 
formed between a bisphosphonate-modified HA derivative and CaP NPs via 
metal-ligand coordination interactions. 

Based on different structures of HA hydrogels reported so far and their 
new analogues presented in this thesis, we suggest the following classifica-
tion of these materials shown in Figure 1.3. Four types of HA hydrogels can 
be identified. Traditional hydrogel matrices are matrices of randomly 3D 
cross-linked macromolecules with high water content. They are character-
ized with a porosity that is efficient for retention of only sub-micron sized 
particles. Without additional hierarchical organization, most of them exhibit 
burst release of encapsulated hydrophilic molecules, inability to store hydro-
phobic molecules, as well as inferior mechanical properties not adequate for 
engineering of mechanically active tissues like bone. Physically embedding 
nano/micro particles inside the traditional hydrogel matrices, one can 
achieve reinforcement of the hydrogel materials as well as permit controlled 
delivery of small molecules from the matrices. NPs are considered to be 
physically entrapped inside a hydrogel matrix if there is no any strong inter-
action that can occur between the NPs surface and the polymer chains of the 
gel. Hierarchically structured HA hydrogels have also been obtained through 
either covalent integration of NPs into the polymer matrix or as a result of 
physical cross-linking of NPs by polymer chains30 (Paper V). Particularly, 
polymers grafted with specifically designed groups can bind physically to 
reactive groups or ions exposed on the surface of NPs (such as BP•Ca2+ 
binding between in HA-BP polymer and CaP NPs described in Paper V) to 
form gels without any chemical cross-linkers. Those NPs are evidently more 
stable inside the gel matrices and contribute to the enhancement of mechani-
cal properties of the resulting hybrids. Finally, hydrogels can be prepared 
from the precursors permitting formation of two or more single networks 
(interpenetrating or linked to each other, only chemical or combination of 
chemical and physical), as was exemplified by simultaneous formation of 
hydrazone and BP•Ca2+ networks from soluble HA macromolecules and 
Ca2+ ions (Paper IV). 
 



 18 

1.2 Scale transformation approach  
HA based biomaterials mentioned above span over molecular to nanoscopic, 
and subsequently to macroscopic scale levels as summarized in Figure 1.4. 
Construction of macroscale materials from molecular and/or nanoscopic 
building blocks is similar to the principle of organization of living tissues in 
nature. Analogously to degradation (catabolic) processes in living nature, 
enzymatic degradability of HA polymer makes possible in situ transfor-
mation of macroscopic materials down to nanostructures and molecular 
fragments. Paper I and II investigated self-assembly of polymers (bottom-
up approach) and enzymatic degradation of macroscopic matrices (top-down 
approach) for preparation of hydrophobic core-hydrophilic shell type NPs. 
Paper IV also showed that it is possible to obtain HA-coated inorganic NPs 
by degradation of HA network that is covalently hybridized with BP•Ca2+ 
complexes. Since most common problems of inorganic or hydrophobically 
associated particles are their poor biologic compatibility or aggregation31, 
NPs composed or coated with protective HA hydrophilic shell should be 
better options for systemic drug delivery and tissue regeneration.   

 
Figure 1.4. Overview of scale transformations of HA between molecular state (pol-
ymers), nanoparticular state (NPs) and macroscopic materials (bulk hydrogels).  

1.3 Delivery systems 
HA polymer can be used as a drug delivery carrier basing on its interaction 
with receptors that are over-expressed in cancer cells. Doxorubicin (DOX) is 
one of the commonly used in clinic anti-cancer drugs that has been linked to 
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HA to form HA-DOX conjugate with selective toxicity against tumor cells. 
HA based NPs are also promising for the delivery of anti-inflammatory and 
other anti-cancer drugs because HA is related to inflammation and cancer 
metastasis processes32-35. Owing to the small size of NPs, they readily escape 
from the vascular system, leading to favorable delivery of the aiming drugs 
to solid tumors36. According to previous researches, formation of nano-sized 
particles can also enhance cellular uptake which can be of great benefit to 
many pharmaceutical agents that need to be delivered intracellularly37. In 
recent years, “smart” drug delivery systems become more and more attrac-
tive. These systems can reduce side effects of the conventional drugs by 
increasing targeted drug delivery efficiency. This can be achieved, for ex-
ample, by introducing stimuli (pH, temperature, reduction potential, pres-
ence of specific enzymes, etc.) responsiveness to the drug carriers. Sensitivi-
ty to stimuli that are specifically associated with the target (reduced pH of 
lysosome, higher reduction potential of endoplasm versus extracellular envi-
ronment, reduced pH and increased temperature of tumors, etc.) extends the 
applicable areas of such delivery systems38, 39.  

 
Figure 1.5. Physical and chemical loading of drugs into polymeric drug delivery 
systems 

Aimed drugs can be loaded into delivery carriers via physical association or 
chemical linkages as shown in Figure 1.5. In both cases, the release of the 
drugs can be achieved during degradation of HA materials. Besides, the re-
lease rate of the physically loaded drug is due to diffusion that depends on 
the drug concentration as well as drug-carrier interaction strength. Hence, 
the drugs will keep leaking from the carriers until the equilibrium state is 
reached. As a result, it is not possible to avoid side toxicity effects by this 
delivery method. Covalent conjugation of drugs to carriers can improve tar-
geting efficiency because leaking due to the diffusion is absent in this case. 
It is important that chemical structure of a drug is changed as a result linking 
to a carrier yielding a prodrug with poor or no bioactivity/toxicity. However, 
bioactivity should be recovered once the drug is cleaved from the carrier 
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intact at the targeting site. It has been shown that toxicity of drugs, like 
bisphosphonates, can be masked after conjugation to HA and then recovered 
upon action of HA degrading enzyme, hyaluronidase on HA-BP conju-
gates40. Additionally, use of HA as a carrier imparts active cancer targeting 
properties to the resultant nanoprodrug as was demonstrated with HA-CPT 
prodrug (Paper III).          

In the field of tissue engineering, HA is used as the basic material for 
preparation of scaffolds for delivery of growth factors (GFs) to enhance tis-
sue regeneration. Growth factor-based therapies normally exploit non-
covalent encapsulation GFs inside different scaffolds. Our group has demon-
strated that injectable hydrogel composed of HA as a delivery carrier for 
bone morphogenetic protein-2 (BMP-2), could induce bone formation41. It 
has also been shown that controlled release of platelet derived growth factor 
(PDGF-BB) can be obtained using HA/chitosan NPs for tissue regeneration, 
but failed with controlling the release for vascular endothelial growth factor 
(VEGF)42. Combination of NPs and hydrogels provides possibility to build 
up more complex delivery systems. For instance, scaffold may contain both 
GFs to enhance tissue regeneration and anti-inflammatory drugs loaded NPs 
to prevent inflammation during the surgery. 

1.4 Tracking biomaterials by MRI 
Magnetic resonance imaging (MRI) is one of the most useful technologies 
for diagnostic imaging. It provides a possibility to track the materials both in 
vitro and in vivo continuously. The contrast comes from the endogenous 
differences in water content and relaxation time in tissue of interest. Many 
types of MRI contrast agents (e.g. iron oxide NPs, Au NPs, fluorine com-
pounds, and gadolinium complexes) have been used in developing carriers 
for in vivo imaging. For instance, gadolinium-labelled PLA-PEG nanoparti-
cles have been developed as liver targeted molecular MRI contrast agents43. 
Iron oxide (Fe3O4) NPs, as commercially available products, are also fre-
quently used as core MRI contrast agents. Due to the great amount of pro-
tons in tissue background, hetero-nuclear 19F MRI becomes appealing for 
tracking the gel materials which contain large volume of water44, 45. There 
have been many research reports on 19F conjugated polymers for in vivo 
MRI46-48. The advantage of using 19F is the high specificity along with low 
endogenous background. Although HA biomaterials have been used 
throughout from basic research to clinical trials for a long time, the reports 
on in vivo monitoring of HA-based carriers are rare. Incorporation of MRI 
contrast agents into HA vehicles will provide the possibility to monitor their 
biodegradation and biodistribution in real-time. Paper VI presented an easy 
synthetic approach to injectable HA hydrogels with covalently incorporated 
19F imaging agent. 
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2 Results and discussion 

2.1 Preparation of HA derivatives 

 
Figure 2.1. Structure of different multi-functional HA derivatives. Primary groups 
are directly linked to carboxyl groups of HA while the secondary groups are linked 
to HA using primary groups. 



 22 

All HA derivatives synthesized and used in this thesis are listed in Figure 
2.1. Functional groups linked directly to carboxyl groups of HA backbone 
were considered as the primary functional groups (hydrazide, thiol, carbazate, 
and aldehyde). When needed, these groups were used to further modify HA 
and attach secondary functional groups, such as hydrophobic groups (pyrene, 
cholesterol, camptothecin) or bone conductive group (bisphosphonate) via 
“click” chemistries. Using chemoselectivity and orthogonality of chemical 
transformations, we were able to get across from molecular scale units (pol-
ymers) to nanoscale objects (nanoparticles) and then to macroscopic mate-
rials (bulk hydrogels) in a bottom-up approach. Supplemented with the top-
down approach, it provided the possibility to build up multi-functional bio-
materials of different structures from the same or similar basic blocks. This 
strategy is especially useful for designing biomaterials for clinical applica-
tion which normally demand for complex materials’ functions but cost-
effective and efficient preparation of such materials.      

2.1.1 Primary functionalizations 

 
Figure 2.2. Functionalization of HA polymer via EDC-mediated coupling. 

We have synthesized symmetrical dimeric linkers with carbazate or hydra-
zide end groups that could react with the carboxyl group of HA via the car-
bodiimide-mediated amidation coupling as shown in Figure 2.2. The linkers 
can react with HA via one end or both ends to cross-link HA chains. Alde-
hyde group can be generated by oxidation of the HA-linked 1,2-diol group 
with periodate, while thiol, hydrazide and carbazate groups can be obtained 
by cleaving the disulfide cross-linkages using dithiothreitol (DTT). Installa-
tion of hydrazide and carbazate groups was realized via a disulfide-based 
protective group strategy. The corresponding linkers contain 2,2’-dithio 
bis(ethoxycarbonyl) (Dtec) divalent protecting group that masks the hydra-
zide and carbazate group during EDC-mediated coupling step. However, 
during the following disulfide cleavage of the coupled linkers, the generated 
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thiols undergo the subsequent fragmentation reaction ultimately leading to 
the liberation of free carbazate or hydrazide groups. The same reaction con-
ditions are thus required to introduce more than one type of functional 
groups to HA backbone simultaneously in a one-pot synthesis. We utilized 
them in preparation of HA derivatives dually functionalized with thiol and 
hydrazide (or carbazate) groups. The degree of functionalization can be easi-
ly controlled by varying amount of the input linker. All primary functional 
groups, except aldehyde group (determined by TNBS method), can be de-
termined by 1H NMR (Figure 2.3). 

 
Figure 2.3. 1H NMR spectra of HA-hy-SH and HA-carb-SH in D2O. 

The protons of the sugar rings of HA disaccharide unit were identified at 
3.20-4.00 ppm, while the anomeric 1’-H protons were found to be at 4.40 
ppm. The acetamide protons (-NHC(O)CH3) of HA appear as a characteristic 
singlet peak at 1.84 ppm. Linking of thiol group (-CH2CH2SH) was con-
firmed by appearance of additional triplets at 2.54 and 2.70 ppm, respective-
ly. The methylene protons of hydrazide-terminated side group (-
OCH2CH2CH2CH2C(O)NHNH2) were shown in corresponding peaks at 4.09, 
2.12, 1.48 and 1.13 ppm. The peaks of the grafted carbazate side chain (-
OCH2CH2CH2OC(O)NHNH2) appeared at 4.23, 2.13, and 4.16 ppm. Degree 
of substitutions (DS) were obtained by comparing the integration of acetam-
ide protons of HA with the methylene protons of the functional groups. In 
this thesis, we have synthesized the following HA derivatives with various 
DS: i) HA singly modified with aldehyde (HA-al, DSal = 5 %), thiol (HA-SH, 
DSSH = 3.1 %); ii) HA dually modified with hydrazide and thiol (HA-hy-SH, 
DShy = 9.6 % and DSSH = 5.4 % or DShy = 9.5 % and DSSH = 3.1 %), carba-
zate and thiol (HA-carb, DScarb = 5% and DSSH = 30%).    
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2.1.2. Secondary functionalizations 
The thiol groups on HA were utilized for further linking of 2-dithiopyridyl 
derivative of pyrene, acryloylated BP or acrylated 19F (trifluoroethyl acrylate) 
groups, while the aldehyde groups was utilized for linking of hydrazide-
modified camptothecin (CPT) and cholesterol as shown in Figure 2.4. Py-
rene, as a model hydrophobic drug, was modified with 2-dithiopyridyl ter-
minal in order to link to HA via thiol-disulfide exchange reaction. Further-
more, thiol groups of thiolated HA can also react with acrylate groups by 
Michael addition reaction. However, due to the slow rate and low yield of 
Michael addition of SH groups to double bond of the acryloylated BP, we 
have explored the new approach to link BP group to HA-SH through a thiol-
ene photoaddition reaction. This reaction successfully reduced the coupling 
time from several hours down to 10 minutes as well as allowed more than 
one BP molecule to be linked to HA via one SH group (during polymeriza-
tion). On the other hand, aldehyde-modified HA was used to form HA-drug 
conjugate with an antineoplastic drug camptothecin (CPT) via hydrazone 
reaction, and NPs were formed with the help of cholesterol groups grafted in 
a similar way. The functionalized HA were analyzed by 1H-NMR (Figure 
2.5a). Additionally, signals from linked BP and 19F groups were detected by 
31P-NMR and 19F-NMR (Figure 2.5b), respectively.  

 
Figure 2.4. Secondary modification of HA derivatives by linking various functional 
groups to thiol- or aldehyde-functionalized HA polymers.    
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Figure 2.5. a) 1H NMR spectra of HA-hy-py and HA-chol-CPT in DMSO-d6; 1H 
NMR spectra of HA-BP and HA-carb-19F in D2O. b) 31P NMR spectrum of HA-hy-
BP and 19F-NMR spectrum of HA-carb-19F. 

Hydrophobic groups could be observed by 1H NMR only in DMSO. This is 
because they are hidden in the cores of the self-assembled HA NPs in aque-
ous solutions. For HA-hy-py, the peaks at 8.5-8.0 ppm corresponded to the 
aromatic protons of pyrene, and the methylene protons of –NHCH2-py 
showed peak at 4.98 ppm. The conjugated pyrene was quantified by spectro-
photometry in DMSO to be 5 or 0.5 % per HA disaccharide units. For HA-
chol-CPT, the protons of CPT were detected in the regions of 7.60 to 8.30 
ppm as well as in between 5.00 and 5.50 ppm. Chol signals were found from 
0.60 to 2.00 ppm. The DS with CPT was 1.6 %, determined by both UV-Vis 
and fluorescence spectroscopy. For HA-BP and HA-hy-BP, most protons 
signals of BP side chain were overlapped with HA peaks, except the peak at 
2.2 ppm which corresponded to -NHCH2CH2C(PO3H2)3 methylene protons 
that are close to the bridging carbon of BP group. The attachment of BP 
groups can also be confirmed by appearance of a single peak at 18.9 ppm in 
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31P-NMR spectrum. Because BP peak at 2.2 ppm is partly overlapping with 
the peak of HA acetamide protons at 1.84 ppm, it was difficult to calculate 
the DS with BP (DSBP) accurately. Therefore, DSBP was determined by ele-
mental analysis and varied from 2.5 % to 30 % in synthesized HA-BP deriv-
atives. For HA-carb-19F dually modified derivative, 1H-NMR peaks of 19F- 
chain (-CH2CH2C(O)OCH2CF3) were identified at 4.83, 4.84, and 4.60-4.66 
ppm, respectively. Linked 19F group also showed a singlet peak at -73.40 
ppm in 19F-NMR. DS with 19F was 30 % which confirmed that all thiol 
groups of the precursor thiolated HA were modified with 19F groups.    

2.1.3. Hydrogels and nanoparticles 
Previous research from our group was mainly focused on chemical cross-
linking of HA macromolecules via a hydrazone coupling reaction. In paper 
I, we started to shift from the macroscopic HA materials (bulk hydrogels) to 
HA nanogels. As we mentioned in introduction to this thesis about scale 
transformation approach (Figure 1.4), HA NPs can be obtained by modifica-
tion of HA polymer (bottom-up approach, paper II, III) as well as through 
degradation of HA hydrogels (top-down approach, paper I, IV). For exam-
ple, hydrophobically modified HA derivatives HA-hy-py and HA-chol-CPT 
could self-assemble into nanoparticles of hydrophobic core-hydrophilic shell 
structure in an aqueous phase. Practically, attachment of hydrophobic lig-
ands has been performed in organic solvent (N-methyl-2-pyrrolidone) which 
was then exchanged to water during a dialysis process. We could also obtain 
HA-py NPs from the corresponding pyrene-impregnated HA hydrogels by 
degradation with hyaluronidase (Hase). Meanwhile, chemically cross-linked 
hydrogel was prepared by mixing of hydrazide and bisphosphonate dually 
modified derivative HA-hy-BP with the HA-al counterpart. The obtained 
bisphosphonated hydrazone hydrogel allowed additional Ca2+-mediated clus-
tering of BP groups within the gel matrix. Interestingly, degradation of such 
hybrid bulk hydrogel with Hase led to the formation of the organic-inorganic 
hybrid HA-BP·Ca2+ NPs. Moreover, calcium ions exposed on the surface of 
CaP NPs could also bind to BP groups of HA-BP polymer forming organic-
inorganic hybrid HA-BP·CaP physical gels (paper V). CaP NPs acted thus 
as cross-linkers for HA-BP macromolecules or vice versa. We could also 
visualize hydrogel biomaterials by linking 19F-MRI contrast agent to the 
functionalized HA polymer. The obtained fluorinated and cross-linkable HA 
derivative (HA-carb-19F) can be further used for preparation of NPs or mac-
roscopic hydrogels (paper VI). Overall, different polymeric HA derivatives 
were synthesized and used as building blocks for preparation of either hy-
drogel or nanogel materials. Chemical “click”-type modifications of HA 
extend its applications in various areas (e.g. drug delivery, tissue engineering, 
imaging techniques) as the conversions between entities of different scale 
levels become convenient and efficient.     
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2.2 HA derivatives for drug delivery 
We have developed two types of NPs carriers for drugs delivery. i) HA-hy-
py NPs, in which hydrophobic ligand, pyrene, was covalently linked to HA 
polymer via a disulfide bond. These NPs were obtained by either degrada-
tion of the pyrene-linked HA hydrogel (paper I) or via self-assembly of 
amphiphilic HA-hy-py polymer (paper II). Hydrophobic anti-cancer drug 
DOX was loaded physically by taking advantage of hydrophobic association 
of DOX with pyrene groups linked to HA backbone. ii) HA-chol-CPT NPs, 
in which another anti-cancer drug CPT was conjugated to HA polymer to 
form HA-CPT prodrug. Cholesterol was linked to HA backbone in order to 
increase the hydrophobicity for NPs formation (paper III).     

2.2.1 Pyrene conjugated HA NPs and hydrogels 

In paper I, we have prepared a hydrazone cross-linked HA hydrogel with 
the residual thiol groups. Hydrophobic pyrene molecules functionalized with 
2-dithiopyridyl group diffused into the hydrogel matrix and were linked to 
the matrix polymer chains via disulfide bond in DMSO. Self-aggregation of 
pyrene groups provided additional physical cross-linking of HA chains upon 
replacing of DMSO to aqueous solution during the hydrogel aqueous wash-
ing. The obtained HA hydrogel therefore represented a doubly cross-linked 
network (Figure 2.6). The hydrophobically modified hydrogel could still be 
degraded completely after 96 hours of treatment with Hase (250 U/mL). The 
obtained suspension contained nanoparticle with a wide size distribution 
from 70 to 530 nm as confirmed by DLS as well as AFM images. The suc-
cessful preparation of NPs from hydrogel encouraged us to investigate 
whether it is possible to obtain HA-based NPs with the similar structure via a 
bottom-up approach, i.e. construction of NPs from the polymer level.  

Thus, in paper II, we have reversed the preparation pathway by linking 
the pyrene directly to thiolated HA polymer. The generated amphiphilic HA 
derivative self-assembled into nano structures, which was further stabilized 
by intra-particular cross-linking via amide chemistry. Unlike the HA NPs 
obtained by gel degradation, the HA NPs formed by polymer self-assembly 
showed a narrow size distribution with the mean size at 424 ± 14 nm (PDI = 
0.074). SEM image (Figure 2.6) indicated that the HA NPs were also stable 
against freeze-drying after chemical stabilization. Strong blue fluorescence 
observed from the hydrogel and NPs under UV-light was due to the pyrene 
residues conjugated to the HA matrices and the fluorescence intensity was 
proportional to the DS of pyrene. 
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Figure 2.6. Photographs of HA-hy-py hydrogel and the hydrogel-derived NPs under 
a UV lamp (λex = 260 nm) along with the SEM image of the HA-hy-py NPs. 

 
Figure 2.7. a) Release of unloaded DOX (■), as well as release of DOX loaded to 
HA-hy-py NPs either electrostatically (▼) or hydrophobically (●). b) Cellular via-
bility of NIH 3T3 cells after 48 hours of incubation with free NPs (black), hydro-
phobically DOX-loaded NPs (red), or unloaded DOX (green). The amount of DOX 
in NPs corresponded to the amount of free DOX used in the test. (n = 3 for all tests). 

After confirming that we could prepare HA NPs by both enzymatic degrada-
tion of bulk hydrogels and hydrophobic association of polymers, we decided 
to evaluate the possibility of HA NPs as delivery carriers for drugs. Doxoru-
bicin (DOX), a clinically used anti-tumor drug, was chosen to be physically 
loaded into HA NPs via either electrostatic interaction (between cationic 
DOX·HCl form and polyanionic HA) or hydrophobic association (between 
hydrophobic neutral DOX form and pyrene groups grafted to HA). The load-
ing capacities of HA NPs were 0.265 ± 0.008 and 0.326 ± 0.038 mg of 
DOX/mg of NPs for the drug loaded via ionic and hydrophobic interaction 
respectively. It represented the loading efficiency of 66.3 ± 0.2 % and 81.5 ± 
9.5 % for cationic and hydrophobic loading of DOX respectively. It ap-
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peared that loading by hydrophobic interactions was more efficient than the 
one exploiting electrostatic binding of DOX to carboxyl groups of HA. Ac-
cording to the release profiles shown in Figure 2.7a, free DOX diffused out 
from the dialysis bag fastest and released up to 91.2 ± 1.2 % of the initial 
amount. The slowest release rate was observed with the hydrophobically 
encapsulated DOX with only 21.3 ± 3.2 % of DOX released from the NPs 
after 24 hours. This demonstrated that hydrophobic binding between DOX 
and pyrene molecules is stronger than electrostatic binding of the drug to HA 
carrier. Hence, for cytotoxicity test, HA NPs with hydrophobically loaded 
DOX were chosen and compared with the free DOX or empty HA NP carrier 
(free NPs) (Figure 2.7b). Cellular viability was higher than 90 % after 48 
hours of incubation with the empty HA NPs at all concentrations studied. It 
proved that the NPs themselves were non-toxic to the cells. The DOX-
loaded NPs were found to be less toxic than the free DOX. This could be due 
to that free DOX was taken up by cells by diffusion which is much faster 
than NPs uptake. Moreover, DOX needs to be released from the NPs to exert 
its cytotoxic effect.  

2.2.2 HA-camptothecin nanoprodrug  
Although physical encapsulation of drugs in nanocarriers can be used as a 
drug delivery method, it is still limited in clinic applications as the toxic 
drugs may leak from the carriers leading to side toxicity and unpredictable 
pain to the patients. Hence, in paper III, we considered chemical linking of 
anti-tumor drug camptothecin (CPT) to HA via a cleavable linkage that per-
mits release of the free drug at curtain conditions. Particularly, CPT was 
modified with a hydrazide end group via a bio-cleavable disulfide linkage. 
Hydrazide terminal allowed efficient linking of CPT to aldehyde-modified 
HA via hydrazone coupling (Figure 2.8b). Importantly, cleavage of internal 
disulfide bond connecting CPT to HA carrier allowed release of CPT intact. 
Hydrazide-modified cholesterol (chol-hy) was also linked to HA together 
with CPT to increase hydrophobicity of HA-CPT conjugate and form HA-
chol-CPT NPs. This strategy of nanoprodrug preparation can be applied to 
other drugs containing hydroxyl or amine groups for linking to aldehyde-
modified carriers. 

The rational of having disulfide bond in between a drug and a carrier is 
based on that the environment of cytosol inside the cells is much more re-
ductive than outside the cells. This will secure the stability of the linkage 
between the drug and the carrier upon circulation in the blood, but will pro-
vide release of CPT after uptake of the nanoprodrug by cells. Data presented 
in Figure 2.8a confirmed our hypothesis of the CPT release triggered by a 
model thiol (dithiothreitol, DTT). 75.7 % of CPT was cleaved and released 
within 48 h in PBS containing DTT. The release percentage increased to 
79.3 % after another 24 hours (72 hours in total). This indicated that almost 
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all CPT was cleaved rapidly when DTT was added and the release of CPT 
leveled in approximately 48 hours. On the other hand, only 20 % of CPT 
was released after 48 hours of incubation in PBS (without addition of DTT). 
To confirm that the release of CPT was indeed triggered by a thiol, 20 mM 
DTT was added the nanoprodrug at time point of 48 hours (i.e. after 20 % of 
CPT has been already released). As we expected, the level of the released 
CPT was rapidly increased to 61.1 % within the next 24 hours. We noticed 
that the release of CPT was incomplete for both samples which may be due 
to hydrophobic binding of CPT to cholesterol groups even after breaking the 
chemical linkage. It should be noted that, depending on the pH, free CPT can 
exist in two forms, lactone and carboxylate form (Figure 2.8b). 

 
Figure 2.8. a) DTT targeted release of CPT from HA-chol-CPT NPs. 20 mM of 
DTT was added at the beginning of experiments (0 h, ▼) or 48 h (●). b) The release 
mechanism of CPT.  

Human colorectal tumor cells (HCT116) were selected for cellular uptake 
studies because they overexpress CD44, a major HA receptor and also one of 
the important cancer bio-markers. Native HA polymer which should block 
CD44 receptors was used as a suppressor of cellular uptake. Figure 2.9a 
shows that it was possible to observe the uptake of the HA-chol-CPT NPs 
within 1 hour, and the fluorescence intensity increased significantly after 
incubation for 2 hours. In the HA pre-treated group, the NPs uptake was 
reduced due to the blocking of CD44 receptor. According to Figure 2.9b, 
HA-chol NPs themselves were almost non-toxic to the HCT116 cells. How-
ever, HA-chol-CPT NPs were more toxic than free CPT with IC50 value (0.5 
nM) 3 times lower than that of free CPT (1.5 nM). Specific HA-CD44 medi-
ated binding of the nanocarriers to tumor cells may contribute to the increas-
ing of cytotoxicity of the HA-chol-CPT NPs as compared to the free drug.  

b
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Figure 2.9. a) Uptake of HA-chol-CPT NPs by HCT116 cells. The cells were incu-
bated directly with NPs or after pretreatment with excess amount of HA for 2 hrs. b) 
Cytotoxicity of HA-chol-CPT towards HCT116 cells. Free CPT and HA-chol were 
used as control groups. 

2.3 HA derivatives for bone regeneration 
HA hydrogels previously used for bone regeneration were mainly used as 
carriers for growth factors such as BMP-2. They were not actively involved 
in regeneration of bone because HA is not bone conductive. We tried to in-
troduce bone conductivity to HA hydrogels by linking bisphosphonate (BP) 
groups to the matrix. Bisphosphonates are commonly used drug for treating 
osteoporosis and osteolytic bone diseases49, 50. They are characterized by 
strong binding capacity to metal ions such as Ca2+and Mg2+ as well as to 
mineral CaP phase in bone. We have developed two approaches to link BP 
groups to HA backbone: i) Michael-addition reaction (Paper IV), where 
acryloylated BP was linked to HA directly during the one-pot functionaliza-
tion of HA with hydrazide and thiol groups. 10 molar equivalents of acryloy-
lated BP per thiol group was used to achieve attachment of one BP group via 
a thioether linkage. ii) In a second method, we used thol-ene photoaddition 
reaction (Paper V) for the same purpose. The final degree of functionaliza-
tion with BP groups (DSBP) was dependent on both DSSH and the feeding 
amount of BP reagent (reagent/thiol group molar ratio). 

2.3.1 Chemically cross-linked HA-BP·Ca2+ hybrid hydrogel  
In Paper IV, we demonstrated that organic-inorganic hybrid hydrogel can be 
prepared from dually functional HA-hy-BP derivative by immersing the 
hydrazone cross-linked HA hydrogel with matrix-attached BP groups into 
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Ca2+ containing PBS. Alternatively, in situ formation of the injectable hybrid 
hydrogel was achieved by mixing of HA-hy-BP with HA-al polymer solu-
tion containing Ca2+ ions. Since BP group can bind to Ca2+ and serve as nu-
cleation points for further accumulation of soluble calcium and phosphate 
ions from the aqueous phase around the BP·Ca2+ clusters, it eventually re-
sults in the acceleration of mineralization of the organic HA matrix. From 
this perspective, the in situ formed injectable hybrid HA matrix is attractive 
for the bone regeneration applications.  

 
Figure 2.10. a) Images of the in situ formed HA gel and BP-functionalized HA gel 
(top and side views) after 7 days of incubation in the mineralization medium. b) 
Swelling ratios and c) elastic moduli of the in situ formed HA- BP gel (black bars) 
and HA gel (gray bars) at different time points of incubation in the mineralization 
medium (on day 0, i.e. before mineralization and on days 1 and 7).  

Significant difference between HA gel and BP-functionalized HA gel was 
clearly visible after 7 days of mineralization in PBS buffer containing 
Ca2+/Mg2+ (Figure 2.10a). The HA-BP gel became opaque due to the for-
mation of CaP NPs, while the HA gel without BP group was still transparent. 
Consequently, swelling ratios of HA-BP gel decreased (Figure 2.10b) and 
its elastic moduli (G’) increased during the mineralization process (Figure 
2.10c). The newly formed CaP NPs that became associated with the BP 
groups could additionally cross-link the polymer chain thus strengthening 
the gel and causing its shrinkage. Interestingly, the HA gel also showed 
slightly decreased swelling ratios as well as increased elastic moduli on the 
first day. This could be due to electrostatic binding of Ca2+ to the carboxyl 
group of HA and screening the negative charge of HA chains. The G’ of HA 
gel decreased after mineralization for 7 days which could be assigned to the 
hydrolytic degradation of the gel. 
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Figure 2.11. SEM images of HA-BP gel a) before mineralization and b) after 7 days 
of mineralization. c) SEM image of HA gel after 7 days of mineralization. The thin 
slices above the SEM images are Cryo-SEM images of the corresponding samples. d) 
Calcium content of HA and HA-BP hydrogels before mineralization and after 1 and 
7 days of mineralization. 

The morphologies of the gels before and after mineralization were investi-
gated by SEM and cryo-SEM (Figure 2.11). As we anticipated, NPs with 
size of 52 ± 17 nm were found to be evenly distributed within the HA-BP gel 
(Figure 2.11a). Fast interaction between Ca2+ ions in PBS buffer and BP 
groups on HA was in favor of forming of BP·Ca2+ clusters in parallel to 
chemical gelation. CaP NPs then grew on the clusters to the sizes up to 476 
± 93 nm after 7 days of mineralization (Figure 2.11b). Meanwhile, no parti-
cles were observed for the HA gel even after 7 days of mineralization under 
the same conditions of mineralization (Figure 2.11c). These results were 
confirmed by the cryo-SEM images of the hydrogels that were not freeze-
dried and maintained their initial structure. Furthermore, we have quantified 
the deposition of Ca2+ within the gels by spectrophotometric assay (Figure 
2.11d). The amount of accumulated calcium in HA-BP gel increased steadily 
and reached 174 ± 24 μg/mg of dry gel, while the amount of calcium in HA 
gel was only increased to 59 ± 8 μg/mg. Although the concentration of cal-
cium we used in PBS ([Ca2+] = 0.9 mM) was much lower than its concentra-
tion in simulated body fluid (SBF, [Ca2+] = 2.5 mM), the significant differ-
ence in mineral content between HA-BP and HA hydrogels indicates that the 
hybrid gel has a high potential to enhance bone regeneration. 
    Similarly to degradability of HA hydrogel containing pyrene hydrophobic 
domains (Paper I), the HA-BP·Ca2+ hydrogels containing BP•Ca2+clusters, 
can also be degraded by Hase to generate hybrid NPs in which fragments of 
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HA-BP are assembled by virtue of Ca2+-mediated bridging of BP groups 
(Figure 2.12a). Interestingly, inorganic NPs within the mineralized HA-BP 
hybrid gel were 375 ± 12 nm in size examined by TEM (Figure 2.12b), 
while the mean size of hybrid NPs after HA-BP·Ca2+ hydrogel degradation 
was 475 ± 93 nm with a broad size distribution range (Figure 2.12c). The 
degradation process can mimic the in vivo degradation of the implanted HA-
BP hydrogel biomaterials. It also proves that these materials are still biode-
gradable. However, degradation of hybrid organic-inorganic hydrogels is 
expected to be slower in comparison with pure HA gels.  

 
Figure 2.12. a) Degradation of hybrid HA-BP·Ca2+ hydrogel by Hase. b) TEM im-
ages of the HA-BP hydrogels after 7 days of mineralization. c) Size distribution of 
nanoparticles found in the enzymatic digest of HA-BP·Ca2+ hydrogel and examined 
by DLS. 

2.3.2 Physically cross-linked HA-BP·CaP hybrids 
The in situ formed HA-BP·Ca2+ NPs, described in Paper IV, can act as the 
secondary cross-linkers. Since the binding affinity of BP groups to calcium 
ions is very evident, it has inspired us to explore the possibility of cross-
linking of HA polymer only via non-covalent linkages to form macrogels. 
Therefore, a novel physically cross-linked HA-BP·CaP hybrid gel with 
unique properties, such as self-healing and mineral adhesiveness, has been 
developed for bone regeneration in Paper V. The HA-BP·CaP hybrid gel 
was prepared simply by mixing BP-linked HA with CaP NPs at the final 
polymer concentration of 2 % and NPs concentration of 6 %. We have opti-
mized gel compositions by varying the DSBP, polymer concentration as well 
as the NPs content in order to obtain better physicochemical properties. The 
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DSBP of HA polymer was chosen at 8.1 % since only weak gel was obtained 
with lower DSBP (2.5 %), while polymer with higher DSBP (30 %) formed 
precipitates with CaP NPs. The best composition of HA-BP and CaP NPs 
was at 2 % and 6 % respectively. Although, the obtained HA-BP·CaP hy-
brids should be considered as nanocomposites rather than hydrogels due to 
the high content of inorganic NPs phase, we still named it as a “gel” for 
comparing with the control groups that were chemically cross-linked HA 
and HA-BP gels (described in Paper IV) as well as chemically cross-linked 
HA gel with CaP NPs as a filler (HA+CaP). 

 
Figure 2.13. a) Photographs showing self-healing behavior of the physically cross-
linked HA-BP·CaP hybrid gel after cutting. b) Recovery of the physically cross-
linked HA-BP·CaP gel and the chemically cross-linked HA+CaP gel upon sequen-
tial shearing at strains of 1 %, 1000 %, and 1 %. 

As shown in Figure 2.13a, the HA-BP·CaP hybrid gel was rapidly re-
cohesive within 5 seconds after cutting into two pieces. This excellent self-
healing behavior was further quantified by rheological characterization of 
storage (G’) and loss (G’’) moduli in comparison with the chemically cross-
linked HA+CaP gel (Figure 2.13b). All gels displayed liquid-like behavior 
upon the application of high strain of 1000 %. The G’ of HA-BP·CaP gel 
recovered instantaneously to 98 %, while the HA+CaP gel recovered only 
partially to 57 %. The reversible bonds between BP groups of HA and calci-
um ions on the surfaces of CaP NPs are expected to contribute to the fast 
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self-healing behavior of physical HA-BP·CaP gel. It was reported recently 
that the orthophosphate ions presented on surfaces of CaP can be substituted 
by BP groups51. Thus, we speculate that the rapid and pronounced recovery 
of HA-BP·CaP gel was also attributed to the binding interactions between 
BP and CaP rather than to other less specific physical interactions, as, for 
instance, ionic interaction between CaP and carboxyl groups of HA. The 
excellent self-healing property of the HA-BP·CaP gel is advantageous for 
application in minimally invasive surgical procedures as it can be easily 
extruded from syringes without decreasing gel cohesiveness.  

 
Figure 2.14. a) Side- and top- views of HA-BP·CaP gel pulling-off from uncoated 
titanium (Ti) and CaP-coated titanium (Ti-CaP) surfaces. b) Side- and top-views of 
HA-BP·CaP gel pulling off from poly(methyl methacrylate) (PMMA) and bovine 
teeth embedded PMMA (PMMA-CaP) surfaces. c) The pull-off stresses for HA-
BP·CaP gel (continuous lines) and HA+CaP gel (dotted lines) from Ti and Ti-CaP 
surfaces. d) Maximum pull-off stresses for HA-BP·CaP gel from mineralized and 
mineral-free surfaces.                

  
The mineral adhesive property of HA-BP·CaP gel was investigated by pull-
ing-off the materials from external mineral surfaces (CaP coated Ti and tooth 
enamel embedded PMMA) and mineral free surfaces (Ti and PMMA with-
out coating). As expected, HA-BP·CaP gel only stuck to the surfaces coated 
with minerals. Few HA-BP·CaP gel was attached to Ti without mineral coat-
ing and the PMMA surface without bovine teeth was completely clean (Fig-
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ure 2.14a, b). The considerable stresses were generated by pulling of the 
HA-BP·CaP gel from both mineral-coated and mineral-free Ti surfaces, 
while the pull off stresses for non-bisphosphonated HA+CaP gel were close 
to zero (Figure 2.14c). Meanwhile, the maximum pull off stresses for re-
tracting the HA-BP·CaP gels from CaP coated Ti and PMMA were two-fold 
higher than from the pure Ti and PMMA surfaces. It proved that the mineral 
adhesive property of HA-BP·CaP gel was mainly due to the strong interac-
tion of BP groups of HA and the calcium ions. 

 
Figure 2.15. a) Swelling ratios of HA-BP·CaP gel compared to chemically cross-
linked gels (HA, HA-BP gel, and HA+CaP) in 10 mM PBS at pH 7.4. b) Hase (5 
UI/ml) degradation of HA-BP·CaP gel and HA+CaP gel in either PBS or simulated 
body fluid (SBF). 

Generally, physically cross-linked gels are weaker and less stable than their 
chemically cross-linked counterparts, which limit their applications as tissue 
regeneration scaffolds. Thus, it was important to investigate the in vitro and 
in vivo stabilities of the HA-BP·CaP gel. Swelling ratios of HA-BP·CaP and 
the chemically cross-linked gels were shown to be similar (Figure 2.15a). 
This indicated that the HA-BP gels cross-linked only via the non-covalent 
interactions with CaP NPs were as stable as the chemically cross-linked gels. 
Furthermore, the degradation rate of HA-BP·CaP gel was slower in SBF 
than in PBS buffer, while the degradation of chemically cross-linked 
HA+CaP gel was independent on the degradation medium (Figure 2.15b). 
Since SBF contains calcium ions (with the amount equal to physiological 
conditions), but PBS – not, we came to the assumption that extra calcium 
ions were in favor of the formation of the reversible and stable network 
bonds in HA-BP·CaP gel to enhance its mechanical properties. Contrary, 
due to the lack of BP groups in HA+CaP gel, Ca2+ did not play any role in 
slowing down the degradation of this gel. Consequently, we evaluated the 
performances of all the gel materials in vivo in bone defect after 4 weeks 
(Figure 2.16). Similar to the results of in vitro degradation in SBF, the 
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chemically cross-linked gels, especially the BP free gels, were almost com-
pletely degraded, while the gels composed of HA-BP and CaP were still 
observed to be distributed inside the bone defect. This observation clearly 
proved that interactions between BP and calcium ions of CaP can stabilize 
the formed HA based gel more efficiently than hydrazone cross-links under 
in vivo conditions. Moreover, the newly formed bone was found to be ho-
mogeneously intersperse throughout the HA-BP·CaP gel, while the new 
bone formation was only observed at the edges of the defect for chemically 
cross-linked gels. Obviously, the reversible bonds of the HA-BP·CaP gels 
were strong enough to maintain the CaP NPs within the HA matrix, and keep 
their integrities longer than the chemically crosslinked gels in vivo.   

 
Figure 2.16. Histology staining showing the in vivo stability of physically (HA-
BP·CaP) and chemically cross-linked (HA, HA-BP gel, HA+CaP) gels that were 
implanted in bone tissue for four weeks. 

Overall, we have presented a new strategy for constructing nanostructured 
bulk HA gels. The BP-immobilized HA gels, presented in Paper IV and V, 
are bone conductive that is especially useful in bone regeneration applica-
tions.   
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2.4 HA derivatives for imaging 
2.4.1 MRI of 19F-labeled HA hydrogel 
Possibility of tracking hydrogel materials in vivo is very important for their 
use in biomedical applications, especially in tissue (bone) engineering. Using 
hydrogels as delivery vehicles for growth factors (GFs) is based on the as-
sumption that presentation of the delivered GFs to endogenous stem cells 
and their corresponding differentiation should be in concert with the matrix 
degradation and its replacement with a new tissue. How these two processes 
should be correlated to achieve the optimal tissue regeneration process? The 
answer to this question can be given by studying both GF release from a 
scaffold and the scaffold degradation in vivo in conjunction with monitoring 
of new tissue formation. Imaging of materials, GFs, and tissues is evident for 
these studies. In this work we focused on the possibility of continuous and 
non-invasive monitoring of HA-based materials using MRI technique. How-
ever, native HA as well as the HA-based hydrogels we developed could only 
be observed via proton MRI. Since hydrogels are up to 99% composed of 
water, it is difficult to identify them due to the high background signals from 
the surrounding tissues. Covalent incorporation of contrast agents into hy-
drogels can improve considerably the MR image of such materials. Herein, 
we decided to introduce 19F group into HA-based biomaterials for 19F MRI 
investigation.      

To be able to use the standard hydrazone cross-linking reaction for the 
formation of injectable and 19F-labeled HA hydrogel, we prepared a cross-
linkable HA-carb-19F derivative from the carbazate and thiol dually-modified 
HA polymer as described in previous sections. The prepared derivatives 
were able to form a hydrogel upon mixing with the aldehyde-modified HA 
(HA-al). The formed hydrogel was studied by scanning electron microscopy-
energy dispersive X-ray spectroscopy (SEM-EDS, Figure 2.17). 19F signals 
were found to be evenly distributed in the matrix, and a peak at 0.2 keV was 
assigned to the fluorine element. The homogenous distribution of 19F in the 
gel provides the possibility to quantitatively track the materials by monitor-
ing the 19F signal intensity. The difference in mechanical properties of the 
non-modified HA and 19F-labeled hydrogels was not significant with the 
storage modulus to be 447 ± 21 to 458 ± 13 Pa for HA and HA-19F hydrogels 
respectively. This ensures that the information we obtain from 19F MRI with 
the HA-19F hydrogel is also representative for the un-labeled hydrazone 
cross-linked HA hydrogels.   
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Figure 2.17. Distribution of the linked 19F ligand within the hydrogel by SEM-EDS 
mapping   

 
Figure 2.18. MR images of 19F-labeled hydrogel in an Eppendorf tube. a) 1H image 
(acquisition time TA = 13 sec), b) 19F image (TA = 12 min 3 sec), c) high resolution 
19F image with more averages (TA = 18 h 16 min 38 sec). 

Finally, we have observed the HA-carb-19F hydrogel by both 1H and 19F MRI 
(Figure 2.18). A clearly visible shape of the hydrogel as the hyperintense 
region was obtained from 1H MR image due to the high MR sensitivity of 
protons. The hypointense point (red arrow) was caused by the air bubble 
inside the hydrogel. The image of 19F-labeled hydrogel was also observed by 
19F MRI, where the same hyperintense region was found. The images ob-
tained by 1H and 19F MRI were consistent to each other, which indicates the 
possibility of their tracking in vivo.   
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3 Concluding remarks and future perspectives 

In this thesis, we have synthesized several HA derivatives that were subse-
quently used as basic units for construction of multi-functional hydrogel 
materials for biomedical applications. The primary functional groups (hydra-
zide, carbazate, aldehyde, and thiol) were linked directly to the carboxyl 
groups of HA backbone by taking advantage of mild conditions of car-
bodiimide-mediated chemistry. The secondary functional groups (py, CPT, 
chol, BP, and 19F) were conjugated to the primary functional groups of HA 
via different “click”-type chemistries. The obtained materials can be divided 
between three scale levels (Table 3.1.): molecular (polymers), nanoscopic 
(NPs), and macroscopic (bulk gels).   

   
Table 3.1. List of all HA derivatives and the materials prepared from them.  

Polymer derivatives NPs Bulk gels 
HA-al 
HA-hy 
HA-SH 
HA-hy-SH 
HA-BP 
HA-hy-BP 
HA-carb-SH 
HA-carb-19F 

HA-hy-py 
HA-chol-CPT 
HA-hy-BP·Ca2+ 

HA-al+HA-hy 
HA-al+HA-hy-py 
HA-al+HA-hy-BP 
HA-al+HA-carb-19F 
HA-BP·CaP 

The hydrophobically modified HA derivatives (HA-hy-py and HA-chol-CPT) 
can self-assemble into nanoparticles with core-shell structure during an ex-
change of organic solvent to aqueous solution by a dialysis procedure. The 
HA NPs can also be obtained by Hase degradation of the corresponding hy-
drogels chemically impregnated with the hydrophobic groups. The HA-hy-
py NPs presented in Paper I and II can be loaded with hydrophobic drug, 
DOX, via physical associations and exhibited a sustained release of the drug 
in vitro. Meanwhile, the HA-chol-CPT NPs, presented in paper III can act 
as prodrug conjugates and the release of the active CPT drug was triggered 
by an external thiol. Both drug-loaded NPs were shown to be taken up by 
cancer cells and cause significant toxicity to them. The uptake of HA-chol-
CPT by CD44-positive cells was inhibited by pre-incubation of the cells with 
an excess of HA. This indicated that binding of HA NPs to CD44 receptor 
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takes place and may facilitate the uptake of HA NPs by cancer cells. How-
ever, there is still no direct evidence to prove that the uptake of the HA-
based materials indeed occur via the CD44 receptor-mediated endocytosis. 
Studies focusing on the elucidation of mechanism of uptake of HA deriva-
tives by various cell types are still on going.  

Chemically cross-linked (hydrazone) hydrogels were formed from HA 
polymers multiply functionalized with aldehyde groups and hydrazide 
groups respectively. They were prepared to contain hydrophobic domains 
(Paper I), inorganic domains (Paper IV), or 19F MRI contract agent (Paper 
VI). Physically cross-linked HA-BP·CaP hybrid gel was described in Paper 
V. The BP groups introduced to HA polymers can enhance the bio-
mineralization process which is advantageous for bone regeneration applica-
tions. Strong ionic interaction between calcium ions on the surface of CaP 
and BP on HA polymer led to the formation of the physically cross-linked 
gels. The gels were robust with unique self-healing and mineral-adhesive 
properties. In vivo data showed that the physically crosslinked gels were 
more stable compared to the hydrazone cross-linked analogues, including the 
HA-BP hydrogel described in Paper IV. Although we could observe the 
newly formed bone homogeneously interspersed throughout the HA-BP·CaP 
gel (Paper V), the in vivo experiment was based on the non-critical size 
defect that could not precisely distinguish between a self-healing process and 
bone regeneration caused by the material. We are going to perform the 
scaled up in vivo test for bone regeneration in larger animals. Moreover, the 
studies of visualization of HA-based materials by MRI through linking of 
different contract agents are at the beginning. We have investigated the pos-
sibility to monitor 19F-labeled HA hydrogel by both 1H and 19F MRI, and the 
resulted images are consistent.    

In conclusion, the presented studies described new approaches for build-
ing up multi-functional biomaterials from the basic blocks, HA derivatives. 
Different scale levels were engaged in preparation of HA-related biomateri-
als including molecular, nanoscopic and macroscopic ranges. Importantly, 
utilization of “click”-type chemoselective reactions permitted transfor-
mations between the molecular, nanoscopic and macroscopic materials with 
high fidelity and efficiency. This holds a great potential for the applications 
of drug delivery, bone regeneration, and imaging. With future work, it is 
worth to further confirm in vivo functionality of the HA based biomaterials. 
Meanwhile, the strategies developed for HA derivatives also provide ample 
possibilities for design of biomaterials based on other macromolecules in 
future researches.    
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5 Svensk sammanfattning 

I den här avhandling presenteras olika strategier för att konstruera multi-
funktionella biomaterial, baserade på hyaluronan (HA) derivat för biomedi-
cinska applikationer såsom ”drug delivery”, vävnadsregeneration och ”ima-
ging” av biomaterial in vivo. Vår hypotes är att ge-
nom ortogonal kemi kunna förenkla förberedelsen av biomaterial samt att 
kunna införa multifunktionalitet i materialen. Då metoden är väldigt praktisk 
och sker vid milda förhållanden så lämpar sig denna metod väl för kliniska 
applikationer. 

Jag har designat en serie av HA funktionaliserat med de ortogonala grup-
perna hydrazin (hy), karbazat (carb), aldehyd (al) och tiol (SH), som kan 
länkas till HA under milda förhållanden genom att använda karbodiimid-
kemi. Multifunktionalitet som förmågan att associera hydrofoba medicinska 
substanser, ben-konduktiva föreningar och möjligheten av detektion in vivo, 
kan nu introduceras i HA-derivaten via selektiva ”klick”-transformationer. 
Beroende på applikation kan de de modifierade HA-derivaten användas till 
att antingen preparera nanogelpartiklar (NPs) eller hydrogeler i bulk. På 
grund av reaktionernas “klick”-karaktär så blir den strukturella modifiering-
en av HA gjord med hög exakthet på flera nivåer, från molekylär (polymer), 
nanometer (NPs) till visuell skala (bulk-hydrogeler).  

De HA-derivat som är modifierade med hydrofoba grupper, som pyren 
(py), kolesterol (chol) och kamptotecin (CPT) kan fås att självorganisera till 
nanopartiklar med en ”core-shell”-struktur genom att byta ut det organiska 
lösningsmedlet till vatten via dialys. Hydrogeler som är kemiskt funktional-
iserade med hydrofoba grupper kan brytas ned enzymatiskt med hyaluroni-
das och ge HA-NPs. De HA-hy-py NPs som presenteras i artikel I och II 
kan laddas med en hydrofob aktiv substans, ex. doxorubicin, via hydrofob 
association för att ge en kontrollerad frisättning in vitro. I artikel III presen-
teras att HA-chol-CPT NPs kan agera som en prodrog där frisätningen av 
den aktiva CPT-medicinen triggas av externa tioler. De NPs som var laddade 
med medicin togs upp av cancerceller och visade på signifikant toxicitet. 
Upptaget av HA-chol-CPT via CD44-positiva celler var blockerad genom 
inkubation av cellerna med ett överskott av HA. Trots detta finns det inte 
något direkt bevis för visa på att upptaget av HA-baserade material sker via 
CD44-receptormedierad endocytos. Studier som fokuserar på att klargöra 
mekanismen av upptaget av HA-derivat i olika cellkulturer pågår fortfa-
rande.  
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Kemiskt tvärbundna (hydrazon) hydrogeler bildades från HA-polymerer 
funktionaliserade med aldehyd respektive hyranzin-grupper. De designades 
med hydrofoba domäner (artikel I), oorganiska domäner (artikel IV) eller 
19F MRI (artikel VI). En fysikaliskt tvärbunden hybridgel, HA – BP-CaP, 
beskrivs i artikel V. Om bisfosfonat (BP) grupper introduceras i en HA-
polymer kan dessa öka bio-mineraliseringsprocessen som anses fördelaktig 
för benregenering. Den starka joniska interaktionen mellan kalciumjoner på 
ytan av CaP och BP på HA-polymererna resulterade i fysikaliskt tvärbundna 
geler. Dessa geler var robusta med en unikt självläkande och mineralvidhäf-
tande egenskaper. Data från iv vivo experiment visade att fysiskt tvärbundna 
geler är mer stabila än den hydrazon tvärbundna analogen, inklusive HA - 
BP hydrogelen som beskrivs i artikel IV. Även om vi i djurmodell kunde 
observera att nybildat benet var homogent distribuerat i HA – BP- CaP gelen 
(artikel V) så är det svårt att dra några mekanistiska slutsatser då ett så kal-
lat ”non-critical size defect” in vivo experimentet användes. I detta experi-
ment går det inte att exakt skilja mellan en självläkande process från en där 
benuppbyggnaden stimuleras av materialet. Vi planerar att utföra in vivo-test 
för benregenering i större djur samt studier av visualisering av HA-baserade 
material med MRI genom våra metodeer att funktionalisera geler. Vi har 
visat möjligheten att detektera 19F -märkt HA-hydrogel av både 1H och 19F 
MRI,.  

Sammanfattningsvis visar studierna i den här avhandling på nya metoder 
för att bygga upp multifunktionella biomaterial med HA-derivat som bygg-
stenar. Genom att använda sig av karbodiimid och "klick"-reaktioner så kan 
kemiska modifikationer med hög exakthet på molekylär, nanoskopisk och 
makroskopisk nivå erhållas. De här metoderna öppnar nya möjligheter för 
kontrollerad läkemdelsfrisättning benregeneration och avbildande tekniker. 
De metoder som i den här avhandlingen visats för HA är generella och kan 
användas för andra makromolekyler i framtiden. 
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