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Abstract
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The work presented in this thesis focuses on the development of strategies and smart
bioactive materials for the treatment of osteoporosis. High and low molecular weight soluble
hyaluronic acid-bisphosphonate (HA-BP) derivatives were investigated for their ability to
inhibit osteoclasts. Low molecular weight HA-BP (L-HA-BP) was most effective in inhibiting
active resorption of both murine and human osteoclasts (without affecting osteoblasts) compared
to free bisphosphonate (BP). Precursor monocytes were unaffected, suggesting the specificity
of HA-BP towards osteoclasts. This new class of functionalized hyaluronic acid could lead to
rapid development of tailor-made pro-drugs for targeted treatment of osteoporosis.

Polyphosphoesters (PEP) have been widely studied for their pro-osteoblast effects, primarily
due to their involvement in cellular energy production pathway leading to the formation of
inorganic phosphates that contribute to mineralized bone. Given that the effect of PEP on human
osteoclasts is little studied, this work on poly(ethylene sodium phosphate) (PEP.Na) explores the
potential to use PEP.Na as an inhibitor of osteoclast activity for the first time. PEP.Na exposure
led to a dose-dependent toxicity of osteoclasts with reduction in their capacity to form resorption
pits over 24h.

Currently, there is a dearth of in vitro cell-culture systems that can study osteoclast-
related resorption and osteoblast-related mineralization in a single co-culture system, and to
simultaneously quantify the effects of soluble factors on these processes. Described here, is
the development of a novel and simple two-sided co-culture system that can overcome these
limitations with reliable and quantifiable readouts. In comparison with traditional one-sided
co-culture systems, the two-sided co-culture was able to generate similar readouts for alkaline
phosphatase (ALP) and tartrate-resistant acid phosphatase (TRAP) markers. There is also the
advantage of distinctly separate and quantifiable readouts for mineralization and resorption,
which has been demonstrated using Pamidronate.

Finally, HA-BP was synthesized with pre-determined amounts of BP groups. The BP groups
attached to HA allowed the tunable incorporation of BMP-2 in hydrogels. The charge-based
affinity of BMP-2 and BP allowed stable incorporation of specific amounts of BMP-2, which
could be tuned by the ratio of BP groups. 125I-labelled BMP-2 was loaded into hydrogels and
their release was studied. Radioactive measurements revealed the tunable sequestration and
controlled release of protein over time. This result was corroborated by ALP measurements
of cells exposed to released BMP-2. ALP production was found to be almost 5-fold higher in
HA-BP hydrogels loaded with BMP-2 which suggested that the sequestered BMP-2 is not only
available to cells but also remains highly potent, even in entrapped form, The release of BMP-2
is dependent upon the rate of diffusion, swelling in hydrogels and degradation pattern of the
gels and may assist in the long-term and rapid regeneration of osteoblasts in vitro.
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Scope of the thesis 

This thesis focuses primarily on exploring the biological potential of hyalu-
ronic acid-bisphosphonate derivatives, designed for drug and growth factor 
delivery. These molecules are biodegradable, physiologically active and 
could arrest the progress of osteoporosis in addition to providing bone-
healing properties when combined with bone regenerating factors. The work 
in this thesis describes the use of hyaluronic acid-bisphosphonate derivatives 
and poly(ethylene sodium phosphate) as potent anti-osteoclast pro-drug mol-
ecules to target osteoporosis. It also describes the development of a new two-
sided co-culture model to study the effect of soluble molecules and measur-
ing their effects on mature, functioning osteoclasts and osteoblasts inde-
pendently in the same culture. Finally, the work on hyaluronic acid bisphos-
phonate derivatives to cross-link into a hydrogel with BMP-2 and cells in 
situ describes the potential of this material for sequestration and controlled 
release of BMP-2 to enhance differentiation of progenitor cells into bone 
lineage cells. 

Bone forms the skeletal framework of the body and undergoes constant 
remodeling. This process is tightly controlled and a delicate balance is main-
tained between removal of the old bone and the formation of new bone to 
replace it. Moreover, bone is also the largest mineral reservoir in the body, 
supplying calcium into the blood in healthy doses when needed. Osteoporo-
sis is a widely observed pathological condition, usually associated with ag-
ing, and occurs in a majority of post-menopausal women. In patients with 
osteoporosis, the balance between bone resorption and bone formation is lost 
and resorption dominates the change in bone architecture. The most widely 
accepted clinical symptoms associated with osteoporosis are rapid loss of 
bone mineral density and overall weakening of the bone micro-architecture 
leading to brittle bone that is prone to fractures even with routine loading 
and stress. This leads to severe compromise in lifestyle, limited mobility and 
is even associated with mortality in severe cases. 

Bisphosphonates are well-known anti-osteoporotic agents that have been 
used in the clinic for almost 50 years and have since remained the first line 
of treatment in patients with osteoporosis. Several generations of bisphos-
phonates have evolved over the years with increasing rate of efficiency. 
However, numerous challenges still remain to be addressed such as bioavail-
ability, non-specific effects on unrelated tissue and necrosis of the jawbone. 
The most successful of this class of drugs are the amino-bisphosphonates, 
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viz. Alendronate and Zoledronate. These drugs have shown better promise in 
clinic, however, repeated dosage and variability in efficacy have posed chal-
lenges to their long-term use. Our aim has been to develop an alternative 
strategy to provide better targeting towards osteoclasts and controlled deliv-
ery of bisphosphonates at significantly lower doses.  

In this thesis, I have tried to develop strategies to address some of the issues 
mentioned above, through a multi-pronged approach. 

In Paper I, I describe the development, characterization and biological eval-
uation of low and high molecular weight hyaluronic acid derivatives func-
tionalized with bisphosphonate groups and deliver them in soluble form to 
mature osteoclasts generated from human blood. The toxicity evaluation 
studies of these compounds show specificity of the polymer-linked drug 
towards osteoclasts and not towards mononuclear cells or osteoblasts. The 
polymer-drug conjugate was found to localize inside vesicular compartments 
in the multi-nucleated osteoclasts and detachment and subsequent cell death 
was observed within 24 hours of the pro-drug treatment. This study demon-
strates the utility of a biodegradable drug delivery vehicle that can deliver 
small loads of active drug to specific cells and could find potential use in the 
long-term treatment of osteoporosis. 

In Paper II, I describe the characterization and biological potential of 
poly(ethylene sodium phosphate), a synthetic polymer, which has previously 
been shown to have a positive influence on osteoblasts, to have a dose de-
pendent cytotoxic effect on human osteoclasts. This is a first study on the 
use of this polymer to inhibit the functions of mature osteoclasts. The poly-
mer showed potential to prevent maturation of monocytes into osteoclasts 
and also prevented the formation of the ruffled border and sealing zone nec-
essary to resorb bone. The functional studies were carried through assess-
ment of markers for osteoclast maturity and the ability of the cells to resorb 
bone in the presence of the polymer.  

In Paper III, I describe the development of a new in vitro co-culture mod-
el to study differentiating osteoblasts and osteoclasts. Majority of drugs and 
biological agents used in the clinic are water-soluble and therefore enter and 
exit cells in soluble form. It is well known that osteoblasts, and quite recently 
osteocytes as well, release soluble factors into the surrounding bone. These 
factors attract monocytes and initiate their differentiation into osteoclasts. 
Resorption and mineralization are closely associated events in vivo and in 
osteoporosis, when this balance is lost, it results in a greater number of osteo-
clasts than osteoblasts that initiate large-scale erosion events in bone, result-
ing in weaker bone. To study the disruption of this balance, I initiated a two-
sided co-culture system containing osteoclasts on one-side and osteoblasts on 
the opposite side of a single bone-chip to facilitate monitoring these changes 
in situ. This ensured that the cells communicated with each other exclusively 
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through soluble factors released into the medium by each other. To under-
stand if the balance in communication or cell numbers is affected in the pres-
ence of an anti-osteoporotic drug, I challenged the system with a bisphospho-
nate and measured the extent of resorption and mineralization and found that 
even without physical contact, the cells responded to the bisphosphonate in 
the same manner as traditional mixed co-cultures. This allows functional 
measurements of the effect of drugs on individual cell types without disrupt-
ing long distance cell signaling that may play a role in their response towards 
specific drugs. This system simplifies and allows unbiased testing of drugs 
and soluble factors that can influence the fate of specific cell types and allow 
better screening of drugs in vitro. The advantage of the system lies in its sim-
plicity and the ability to monitor remodeling events in situ. 

In Paper IV, I further develop the idea of packaging biologically active 
molecules into scaffolds for controlled delivery and sustained regeneration 
of bone tissue. Here, I describe the use of a thiol-functionalized hyaluronic 
acid-bisphosphonate derivative that can be cross-linked into a hydrogel. The 
bisphosphonate moiety supports electrostatic interactions with oppositely 
charged biomolecules like growth factors, viz. BMP-2 and offers enhanced 
protection to it until release. The release is controlled in vivo by enzymatic 
degradation and therefore allows release that is sustained over time. I applied 
this idea to entrapping undifferentiated cells into the hydrogels and followed 
them over time to understand the underlying mechanism and mode of re-
lease. I found that the cells differentiated and began expressing differentia-
tion markers much more significantly and rapidly than when trapped in 
bisphosphonate-free hydrogels containing BMP-2. This method offers possi-
bilities of trapping other growth factors that could be used for regeneration 
of such tissue at a faster pace and over longer time periods, possibly increas-
ing the quality of regenerated tissue. 

This thesis highlights the immense therapeutic potential of polymeric bi-
omaterials as drug or growth factor delivery vehicles for sustained regenera-
tion of bone. 
Scheme 1. Overview of different biopolymers evaluated in this thesis. 
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1 Introduction 

This thesis deals primarily with the use of functional and soft materials like 
biopolymers for regenerating bone. 

1.1 Anatomy and physiology of bone formation: Rules 
of the game 
Bone is often referred to as both, an organ and also a specialized form of 
connective tissue that forms the major scaffolding network for other tissues1. 
There are in total 213 bones in an adult human skeleton, with the exception 
of specialized sesamoid bones. The role of the skeleton is to provide a solid 
framework for the rest of the body and allow regular movement of muscles 
often supported indirectly by the sesamoid bones. It offers protection to the 
vital organs of the body and maintains homeostasis through a flux of miner-
als. It also serves as a reservoir for storage and release of growth factors and 
other biologically important molecules such as cytokines and inorganic min-
erals in the form of soluble ions. These cytokines aid in attracting precursor 
cells on-site to differentiate and stabilize or regenerate both bone and sur-
rounding tissue as locally needed. The hollow marrow spaces inside the bone 
provide a conducive environment to initiate hematopoiesis2. The human 
skeleton consists of many types of bones such as long bones, short bones, 
flat bones and irregular bones depending on their need and placement in the 
body. The long bones in the upper extremity are called humeri, radii and 
ulnae, whereas the corresponding bones in the lower extremity are called 
femurs, tibiae and fibulae. The long bones have a long hollow diaphysis; 
cone-shaped metaphyses beneath the growth plates and rounded epiphyses 
above the growth plates. Structurally, bone is composed of nearly 80% corti-
cal bone and the rest is hollow trabecular bone3. Cortical bone forms the 
outer layer and forms a compact structure surrounding the bone marrow 
cavity. It is further composed of an outer periosteal and an inner endosteal 
surface. The periosteal and endosteal layers have opposing cellular activity 
on their surfaces (Figure 1.1). Formation of new bone is higher on the peri-
osteal side, whereas resorption is higher on the endosteal side of cortical 
bone, leading to increase in overall bone diameter and enlarging marrow 
space progression in age. Trabecular (trabeculea is derived from Latin for 
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‘‘small beam or rod’’) bone on the other hand, is composed of porous and 
soft bone that forms a honeycomb-like structure of rods and plates, which 
encompass the bone marrow cavity. Both cortical and trabecular bone are 
populated with structures called osteons. Note that, osteons in cortical bone 
are called Haversian systems and are cylindrical in shape. The walls of the 
Haversian systems are formed of concentrically arranged lamellae that re-
semble the growth rings in a tree. Cortical bone is roughly 5% porous and 
the porosity varies with the extent of active remodeling in the Harvesian 
systems and increases with age, indicated by the loss of cortical bone mass3. 

In our lifetime, bone undergoes constant remodeling, which helps it to 
adapt to dynamic forces. There is a constant replacement and restructuring of 
old bone that contains micro-fractures arising out of normal wear and tear 
with fresh and mechanically stronger bone4. Unlike many other forms of 
tissue in the body, bone is characterized by its superior mechanical strength 
and the power to regenerate itself upon injury. In most cases, bone can heal 
and regenerate itself in matter of a few weeks and attain maximum load-
bearing strength within a few months. However, there are exceptions to the 
self-healing capabilities of bone in cases of extreme injuries, congenital de-
fects, post-surgical trauma, joint replacements, vertebral fusion and some 
non-union fractures arising from osteoporosis, where external surgical inter-
vention might be necessary. In such severe cases, the trauma to the bone is 
too large to heal spontaneously and could require implants or long-term drug 
therapy to compensate for loss of bone strength5. 

The non-mineralized component of bone is made up of components of the 
extracellular matrix (ECM) and is referred to as osteoid. Collagen makes up 
the bulk of the ECM constituents in bone with smaller amounts of other gly-
cosaminoglycans (GAG’s). The rest of the bone is composed of the mineral-
ized phase, comprising calcium phosphate, found mainly in the form of hy-
droxyapatite6. The non-mineralized constituent of cortical and trabecular 
bone is composed of collagen that is laid down in the form of intertwined 
fibrils in alternating direction and this offers significant strength to lamellar 
bone. When collagen is deposited in a disorganized fashion, the resulting 
structure is weak, called woven bone, and is generally observed during re-
modeling of freshly formed primary bone3. During development, there are 
two sets of bony tissue; one that forms primary bone directly and the other 
forms bone through indirect ossification. Indirect ossification is a develop-
mental function designed for the easy exit of the head through the uterus 
during birth. The flat bones of the head, including the skull bones, the jaw-
bones and the clavicles (shoulder bones) undergo intramembranous ossifica-
tion. The skull bones undergo fusion and sutures are formed over a longer 
period of time to provide stability to the enclosed brain tissue. The long 
bones on the other hand, along with other load-bearing bones, ossify the 
endochondral way. This is often achieved through recruitment of mesen-
chymal stem cells (MSC’s). These progenitor cells first differentiate into 
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cartilage and over a period of time form woven bone, which is significantly 
weaker than lamellar bone. When this tissue experiences load, it reorganizes 
and transforms into lamellar bone with highly organized collagen fibrils 
offering it stability and strength6.  

 
Figure 1.1. The physiology of bone involves a highly complex architectural organ-
ization of cells, organic and inorganic matrix components. The skeletal system is 
mainly composed of trabecular and cortical bone. Remodeling begins along the 
surface of trabecular bone (top right panel) and resembles a dome-like structure. 
Remodeling in cortical bone (lower right panel) begins along the Haversian canals 

1.2 Molecular cross talk of bone cells: The orchestra. 
At the cellular level, three critical cell types create, maintain and destroy 
bone. These are the osteoblasts, osteocytes and osteoclasts respectively. De-
velopmentally, from birth until death, these cells function efficiently to 
maintain a healthy balance of bone cells and overall bone health. In addition 
to mechanical loading, other factors governing bone remodeling are hormo-
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nal changes in the paracrine and endocrine system. These events control 
resorption and new bone formation which occur in both cortical and trabecu-
lar bone6.  

Osteoblasts are the primary bone-laying cells and are key to mineralizing 
the skeletal network. They are typically identified as polarized cells that 
possess a large number of mitochondria and a large Golgi apparatus. The 
indicators for osteoblast maturity include deposition of certain extracellular 
proteins such as type-1 collagen and other markers like alkaline phosphatase 
(ALP) and osteocalcin (OC). Early-stage deposition of collagen is referred to 
as an osteoid and over an extended period of time, as the fibrillar collagen 
undergoes cementing with calcium phosphate or hydroxyapatite (HAP), the 
osteoid undergoes a process of mineralization that imparts strength and ri-
gidity to the newly formed bone7. The process of differentiation into osteo-
blasts often passes through various stages of differentiation from mesenchy-
mal progenitors into pre-osteoblasts and fully differentiated osteoblasts. Pro-
genitor cells of mesenchymal origin, are recruited to the site of differentia-
tion and are usually marked by the expression of the transcription factor 
SRY (sex determining region Y)-box 9 (SOX9), followed sequentially by 
runt-related transcription factor 2 (RUNX2) and osterix (OSX) which finally 
leads to the formation of mature osteoblasts8. Cells that express SOX9 also 
have the ability to give rise to chondrocytes, moreover OSX and SOX9 dele-
tions have been shown to initiate chondrocyte differentiation instead of dif-
ferentiating into osteoblasts9, 10. During developmental stages involving ver-
tebrate embryogenesis, two separate biological processes, i.e. intramembra-
neous and endochondral ossification, trigger mesenchymal cells to differen-
tiate into osteoblasts. The intramembranous ossification gives rise to parts of 
the skull bones and shoulder blades (primarily the flat bones) and endochon-
dral ossification leads to osteoblasts in the other bones of the skeletal 
framework11.  

After the osteoblasts lay down new mineralized matrix, some osteoblasts 
sink into the bony matrix and undergo transformation into osteocytes. As the 
process of mineralization is completed and bone formation at the site ends, 
most of the osteoblasts in the area either undergo apoptosis or become bone-
lining cells which cover the newly formed bone in a thin layer. Bone lining 
cells are specialized cells that form a covering over the periosteum and may 
arise from the osteoblasts that fail to undergo apoptosis or transformation 
into osteocytes. They also exist over remodeling sites and form a raised bar-
rier separating the resorbing area from the rest of the bone. This is sugges-
tive of osteocyte sensory mechanisms, recognizing the need to replace par-
ticular areas of bone12-14. A majority of bony tissue is comprised of osteo-
cytes and they form widespread networks through a highly organized set of 
radiating structures called canaliculi to communicate with each other and 
with other cells at the surface of bone15. Osteocytes have emerged to be the 
principal mechanosensory cells in bone and are highly sensitive towards 
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soluble hormonal signaling molecules arising from the paracrine and endo-
crine systems. One of the important molecules that are produced by osteo-
cytes and regulate these mechanosensory and hormonal signals is sclerostin 
(SOST). Its known primary function is to inhibit WNT signaling in pre-
osteoblasts and osteoblasts, thereby stunting the progress of osteoblast dif-
ferentiation16-20. Recent reports also suggest that sclerostin can indirectly 
inhibit bone morphogenetic protein (BMP) mediated bone formation, alt-
hough a direct interventional role in BMP signaling is still widely debated21-

23.  
Osteoclasts are a unique class of bone cells capable of resorbing and re-

moving old bone, so that the process of remineralization of the excavated 
bone surface is initiated. The cycle of bone remodeling is initiated by acti-
vating precursor cells, followed by resorption of bone, reversal phase and 
finally the formation of new bone. The primary site selection for remodeling 
in most cases is quite random but sometimes it can be specifically targeted to 
areas on the bone that require repair24, 25. Osteoclasts are easily identified as 
giant multinucleated cells (Figure 1.2), which express tartrate-resistant acid 
phosphatase (TRAP) and calcitonin receptor (CT) as markers indicative of 
cell maturity26. These cells arise primarily from myeloid monocytes from the 
marrow or have hematopoietic origin and commence differentiation when 
exposed to critical soluble cytokines such as macrophage colony-stimulating 
factor 1 (M-CSF-1) and receptor activator of NF-kB ligand (RANKL) in 
vitro and in vivo. When resorption exceeds bone formation, primarily due to 
imbalance in the ratio of osteoclasts to osteoblasts, the resulting pathology is 
called osteoporosis. Similarly, the total absence of osteoclast activity leads to 
a pathology known as osteopetrosis, characterized by extremely compact 
bone, with minimal porosity27, 28. Subcellularly, amongst the different tran-
scription factors that are necessary for osteoclastegenesis, NFATc1 stands 
out as a critical factor for terminal differentiation29. Osteoprotegerin (OPG) 
is a well-known decoy receptor that competes and binds to the RANK recep-
tor, thereby rendering it unavailable to RANKL. This indicates an efficient 
internal control mechanism, whereby the number of new osteoclasts generat-
ed and recruited for remodeling always remains within a healthy range. The 
absence of OPG also contributes to osteoporosis30.  
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Figure 1.2. The basic multicellular unit (BMU) in bone is comprised of many cell 
types. Bone is made up of actively communicating osteoblasts, osteoclasts, osteo-
cytes and bone lining cells. These cells are recruited, differentiate and communicate 
though the release of growth factors and cytokines. 

1.3 Osteoporosis: A challenge to healthy bone 
A healthy functioning bone involves regular and controlled cross talk be-
tween osteoblasts, osteoclasts, osteocytes and bone lining cells. Osteoblasts 
and osteocytes are programed to generate healthy bone tissue, whereas oste-
oclasts are primed to remove old bone and remodel minor defects in the mi-
cro-architecture that may arise from experiencing regular loading during the 
lifetime of the bone. However, atypical fractures can arise due to aging and 
unnatural stresses, disturbing the tightly controlled environment that exists 
between theses cells and their surrounding environment. This leads to 
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healthy bone deteriorating in quality, which causes brittle bones that fracture 
easily leading to osteopenia.  

One such clinically relevant pathology that exists globally in post-
menopausal women and older people is osteoporosis. ‘Osteo’ refers to bone 
and ‘posoris’ simply means porous (Figure 1.3). As mentioned earlier, tra-
becular bone undergoes loss of minerals and becomes more porous with age, 
and this is compensated to some extent, by the addition of new bone layers 
on the periosteal side6. However, this is clearly not enough compensation for 
the loss on the trabecular side and results in highly porous and weak bone 
matrix that leads to the state of osteoporosis.  In this condition, at a cellular 
level, there is an abnormal increase in the rate of resorption on the bone sur-
face and in the matrix. The rate of mineralization of osteoblasts is not in tune 
with the increased rate of resorptive activity from the osteoclasts. Essential-
ly, osteoporosis can be attributed to the loss of balance of the bone multicel-
lular unit (BMU), which involves all the four bone cell types and is a quin-
tessential functional unit that involves the four phases of activation, resorp-
tion, reversal, and formation. Simply stated, the reversal and formation phase 
is generally more time consuming and if the activation and resorption phase 
is much more rapid, the osteoblasts are unable to contribute sufficiently to 
healthy bone remodeling and could lead to osteoporosis24, 25. The increased 
resorption is reflected on cortical bone as increased number of Howship 
lacunae and in trabecular bone as larger numbers of Harvesian systems31.  

Imbalance or insufficient production of certain endocrine molecules can 
also lead to osteoporosis. Hormonal deficiency of estrogen is one such factor 
that has been implicated in instigating higher resorption compared to bone 
formation. This is particularly true in the case of post-menopausal women 
who suffer from estrogen deficiency. The steady levels of estrogen in the 
blood during adulthood in contrast to their diminished levels post-
menopause affect bone strength thereby indicating the importance of estro-
gen for healthy bone maintenance32. Estrogen is active in cells mainly 
through the engagement of two estrogen receptors (ER), viz; ERα and ERβ. 
ERα is mainly expressed in osteoblasts and facilitates the downstream ef-
fects of active estrogen molecules on the skeleton, although the effects of 
ERβ are less clear32-34. The loss of calcium from bone through increased 
resorption by osteoclasts is compounded by lower calcium intake in food or 
supplements either due to age or malabsorption as well as lowered levels of 
vitamin D in its active form as 1,25 dihydroxycholecalciferol (calcitriol)35. 
Decreased vitamin D is known to directly impede parathyroid hormone syn-
thesis, leading to other known pathologies such as secondary hyperparathy-
roidism, which also contributes to osteoporosis. These actions are primarily 
on osteoblasts and osteoblast precursors, however, estrogens are also known 
to control the expression levels of interleukin-1 (IL-1) and tumor necrosis 
factor α (TNFα) and result in inhibition of osteoclastoegenesis36, 37. Studies 
in ovariectomised rodents models demonstrate that extensive bone loss can 
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be reversed using inhibitors to these molecules suggestive of their direct 
impact on osteoclasts. Higher levels of estrogen control the expression of 
transforming growth factor-β (TGF-β) and production of reactive oxygen 
species (ROS)38, 39. Osteoblasts express RANKL, a member of the TNF 
family, which is responsible for the activation of hematopoietic cells and 
promotes their differentiation into osteoclasts along with M-CSF. Osteo-
blasts express membrane bound and T cells express both soluble and mem-
brane bound RANKL40, 41. Osteoblasts also secrete OPG, which is a potent 
inhibitor of RANKL and binds to the RANK receptor, thereby preventing 
the association of RANKL/RANK (Figure 1.2). Recently, its has also been 
shown in rodents that osteocytes are rather the biggest source of RANKL, 
thereby suggestive of the fact that cell-cell contact mediated activation of 
osteoclast precursors may not be the only route of osteoclastogenesis and 
therefore the role of soluble and membrane bound forms of RANKL and 
their role in bone turnover remains to be elucidated42. The treatment of oste-
oporosis depends critically on the understanding of this interplay of signal-
ing molecules and their function in balanced bone turnover or remodeling. 
This presents a major challenge to the field of orthopedics. Regenerating 
osteoporotic bone should ideally involve increasing both formation of new 
bone and remodeling it to provide it with the desired quality to endure nor-
mal load bearing situations. This idea will be discussed in close detail herein. 

 
Figure 1.3. Normal and osteoporotic bone have very different bone mineral densi-
ties. In osteoporosis, the bones become increasingly porous and brittle, with loss of 
strength, making it prone to fractures. Hip fractures are very common in osteoporot-
ic patients. 
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1.4 Traditional therapies for osteoporosis 
The clinical approach to treat osteoporosis in the clinic has always been two-
pronged. The loss of bone can be compensated for, by building new bone as 
well as by inhibiting osteoclasts that lead to breakdown of old bone. Treat-
ments with drugs mostly aim at boosting the activity of osteoblasts and in-
hibiting the formation of new osteoclasts, thereby trying to reset the lost 
balance by reducing the overall rate of resorption43, 44. Anabolic strategies 
that target the restoration of osteoblast function include, but are not limited 
to parathyroid hormone or estrogen therapy45-47. (Figure 1.4a) Bone mor-
phogenetic protein (BMP) is another class of biologically significant growth 
factors that aids in the development of bone. BMP’s were discovered in 1965 
through the work of Marshall R. Urist and since then there has been a revo-
lution in the use of BMPs in regeneration of bone and cartilage defects in 
clinical scenarios48, 49. BMP-2 has received far more attention and has there-
fore found much more rapid clinical use in dental and orthopedic applica-
tions due to its potency to induce bone formation through the differentiation 
of osteogenic progenitor cells into functional osteoblasts50, 51. BMP-2 is a 
key member of the TGF-β superfamily of proteins and initiates new bone 
formation in spine fusions and long bone nonunion fractures by binding of 
the protein to the extracellular domain of transmembrane BMPR-1 and 
BMPR-II receptors. This in turn phosphorylates the protein and substream 
events occur intracellularly to trigger the production of collagen type-1, os-
teocalcin, osteopontin and alkaline phosphatase (ALP)52-56.  

 
Figure 1.4a. Therapeutic strategies currently used in treatment of osteoporosis. A 
variety of anabolic and catabolic agents are used in clinic for treating osteoporosis 
involving both traditional and new generation therapies. 

The most commonly used catabolic strategy involves inhibiting the resorp-
tive functions of osteoclasts through the use a class of anti-osteoporotic 
drugs in clinic termed as bisphosphonates (BPs) (Figure 1.4b). BPs are 
chemical analogues of a unique class of compounds called pyrophosphates. 
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Chemically described, the simplest forms of BPs involve two phosphonate 
groups bridged through a common carbon atom. These phophonate groups 
are negatively charged and therefore show affinity to form complexes with 
positively charged ions like calcium57. Following this logic, bone is the larg-
est reservoir of calcium ions in the body, rendering BPs to seek out bone as 
their favorite target. This binding affinity is accelerated when calcium ions 
are released from the bony matrix in soluble form. Bisphosphonates have 
evolved over the 45 years that they have been around and can be broadly 
classified into two categories, amino and non-amino bisphosphonates. As the 
names suggest, they differ primarily in structure through the presence of an 
amino group that offers them extended potency against osteoclasts. Amongst 
the BPs, Zoledronate and Risedronate have shown far superior performance 
in inhibiting bone resorption58. The essential requirement for the pharmaco-
logical action of BPs is the creation of an acidic microenvironment in the 
resorption lacunae, created by resorbing osteoclasts59.  

 
Figure 1.4b. Bisphosphosphonates. Common bisphosphonates used in treatment of 
osteoporosis are derived from the structure of pyrophosphates. They can be aliphat-
ic or aromatic side chains and are mainly classified as amino and non-amino 
bisphosphonates  

The affinity for calcium ions keeps the BPs bound to bone under normal 
physiological conditions. However, as resorption is initiated, the acidic mi-
croenvironment created by the resorbing osteoclasts triggers the protonation 
of the phosphonate groups, thereby, releasing the BPs from the bone. This 
released for of BPs are taken up by the osteoclasts through the endocytic 
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pathway via their ruffled border. These BPs further encounter the highly 
acidic environment of the vesicular compartment that keeps them active and 
upon their release into the cytoplasm, they inhibit FPP synthase, an essential 
enzyme involved in the synthesis of cholesterol in the mevalonate pathway60. 
This affects the prenylation of key proteins interacting with the GTPase sig-
naling pathway in osteoclasts and affects the functioning and attachment of 
osteoclasts to the bone surface. This prevents the formation of the classical 
ruffled border in osteoclasts and forces the osteoclasts to detach from the 
surface, thereby undergoing apoptosis61.  

 
Figure 1.4c. Inhibitory effect of bisphosphonates on the mevalonate pathway in 
osteoclasts results in apoptosis. Bisphosphonates act on the mevalonate pathway in 
osteoclasts and prevent the reorganization of the cytoskeleton and formation of 
ruffled borders, which is necessary to initiate resorption, thereby resulting in loss of 
adhesion to the bone surface. 

BPs are administered to patients either orally or through intravenous means. 
Oral administration is plagued with diminished bioavailability over longer 
periods of time; therefore requiring administration of high doses of BPs re-
petitively over a period of years62. One of the major reasons for discontinu-
ing oral administration is gastrointestinal complications leading to higher 
number of patient dropouts midway63. On the contrary, intravenous admin-
istration has shown better and longer lasting results in osteoporotic patients. 
Even with the improved efficacy, problems such as poor patient compliance, 
complications with secondary fractures, sedentary lifestyle, discontinued 
therapy, high dosage issues and long-term continuous use of BPs result in 
poor patient outcomes, with dropout rates over a range nearing 50%64.  

One of the severe side effects of long-term administration of BPs is oste-
onecrosis of the jawbone, especially in cancer treatments where high doses 
of BPs are recorded51, 55. Therefore, strategies to increase the therapeutic and 
targeting efficiency of BPs towards osteoclasts to reduce the dosage of BPs 
would be highly beneficial for the treatment of osteoporosis. (Paper I) 
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1.5 Therapeutic potential of bisphosphonate -
immobilized biomaterials to treat osteoporosis  
The targeting ability of drugs towards specific tissue without side effects 
remains an ideal gold standard with most drug-development strategies. The 
complex nature of the human body and the complex crosstalk networks that 
exist between different cells, tissues and organs presents a considerable chal-
lenge to meet and remains the focus of current and future drug development 
programs. One of the most extreme side effects of BPs is osteonecrosis of 
the jaw and it has been found that the bone area in the maxillofacial region 
experiences exposure for at least 8 weeks58, 65. It has also been documented 
that the femoral shaft experiences stress fractures in patients who have been 
administered BPs. Some patients experience renal failure at high doses of 
Zoledronate and Pamidronate. Other less common side effects include in-
flammation in the eye, fever, gastrointestinal irritation and 
nephrocalcinosis66-68.  

One concerted method of improving the delivery and retention of drugs 
and bioactive molecules is the use of a carrier vehicle. Drug delivery vehi-
cles have been a major focus of research for over 6 decades69. The advantage 
of packing drugs into drug delivery systems is to exploit the enhanced per-
meability and retention (EPR) effect70. The overall idea of macro, micro or 
nano drug delivery systems is to counter the non-specific side effects men-
tioned above. A considerable amount of research has been done in this area 
to develop such materials that are biologically inert or cell responsive in 
nature71. Polymers form a versatile class of materials amongst the wide spec-
trum of different synthetic and natural materials available for drug delivery. 
They are useful as materials for drug delivery for the reasons of building in 
feedback control, the ability to easily form nano-carriers, the possibility of 
cross-linking into hydrogels and also importantly to form injectable materi-
als72.  

Among the natural polysaccharides, hyaluronic acid (HA) was first isolat-
ed and documented by Meyer and Palmer in 1934 from bovine vitreous. This 
natural ECM component is mostly negatively charged and is the only non-
sulfated glycosaminoglycan in its family. It is linear and is mainly found in 
the soft tissue cavities, providing a cushion effect to the surrounding tissue73. 
In the mammalian system, the primary structure of HA is made up of a re-
peating disaccharide unit as shown in Fig 1.5.  
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Figure 1.5. Hyaluronic acid. It is a naturally occurring biopolysaccharide in the 
human body. It is a non-sulphated glycosaminoglycan, composed of repeating poly-
meric disaccharide units of D-glucuronic acid and N-acetyl-D-glucosamine linked 
by a glucuronidic β (1→3) bond. 

The size of the chain depends on the number of repeating units and this var-
ies highly depending on the location of the polymer. HA is non-adhesive in 
its native form and is involved in critical processes such as cellular differen-
tiation, development of vascularity, morphogenesis and in wound healing, 
making this polysaccharide highly biocompatible with good viscoelastic 
properties74-81. This makes HA an attractive candidate for several biomedical 
applications including drug and growth factor delivery. Unmodified HA has 
been shown to possess some anti-osteoclastic behavior and seems to offer 
some variable protection to BMP-282, 83. This makes it a suitable candidate 
for various bone applications including fracture healing. These natural prop-
erties can be further exploited as well as enhanced through the introduction 
of chemical functionalities that afford cross-linking, thus providing it me-
chanical strength making it tunable to native tissue strength. The provision 
of such chemistries on the molecule also introduces controlled degradation 
as an added factor, thus increasing the lifespan of the scaffold or delivery 
vehicle in vivo making it attractive for long term tissue healing where con-
stant low doses are more suitable than burst release modes where the reser-
voir is completely depleted in a short time73, 84-90.  

I shall discuss the ability to introduce functionalities that covalently link BP 
to HA and its suitability for delivery as soluble molecule or as a hydrogel 
and contrast its biological activity with a few other synthetic and natural 
polymers.  
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2 Results and Discussion  

2.1 Functionalizing HA with BP 
2.1.1 Rationale  
HA is non-adhesive and does not conduce bone formation. However, its 
biocompatibility, viscous behavior, affinity towards specific cell receptors 
and biodegradability make HA an attractive candidate for delivering bioac-
tive molecules to support tissue repair. Delivery using HA can be tuned as 
desired via chemical functionalization of the HA backbone. Paper I de-
scribes the design and evaluation of an HA-BP derivative in the form of a 
soluble hybrid molecule that has been specifically designed to target mature 
osteoclasts without disturbing the bone forming functions of osteoblasts.  

The success of bone regenerative clinical therapies often depends on their 
ability to reduce the resorptive functions of osteoclasts. However, many cur-
rent treatments with BPs often lead to undesired side effects on other cell 
types despite their general affinity for bone surfaces. Often high dosages 
lead to healthy cells undergoing necrosis and have lead to clinical symptoms 
such as osteonecrosis of the jaw, gastric inflammation and ulcers. These side 
effects have lead to high patient dropout rates and subsequently, discontin-
ued treatment regiments.  

In this study, I hypothesized that enhancing the specificity of existing BPs 
towards osteoclasts and lowering the doses could be achieved by chemical 
modification of the HA backbone resulting in covalent linking of BP to HA. 
The modifications were carried out on HA chains with high molecular 
weight HA (H-HA, 150 kDa) and low molecular weight HA (L-HA, 8kDa) 
to investigate if the chain length affects the specificity of the drug. I hypoth-
esized that L-HA-BP due to its short chain length would undergo enhanced 
cellular uptake due to its affinity towards CD44 receptors expressed on the 
cell surface, thereby increasing the rate of drug uptake by osteoclasts. To 
visualize the process of uptake, both L-HA-BP and H-HA-BP were labeled 
with FITC and their uptake in murine osteoclasts was followed over 24h. 
(Paper I). 
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2.1.2 Design and synthesis of HA-BP.  
H-HA-BP and L-HA-BP were functionalized using a self-immolative linker 
1 to modify HAs with thiol groups. This functionalization resulted in the 
synthesis of H-HA-SH and L-HA-SH using a previously reported 
procedure91.  

 
Figure 2.1.2a. Reaction scheme for BP-functionalized HA (L-HA–BP and H-HA–
BP). 

The degree of thiol substitution achieved was ~10%. The bisphosphonated 
analogues were synthesized via a photo-initiated thiol addition reaction in-
volving the addition of thiol groups to Pamidronate acrylamide 2. The aver-
age number of BP groups attached to one thiol group was between 2.5 and 3 
as verified via 1H NMR analysis. The functionalization of HA with BP was 
shown by the appearance of methylene protons 1 next to the linking carbon 
of the BP group . 

 
Figure 2.1.2b. 1H NMR of the L-HA-BP derivative in D2O 

The degree of substitution of BP was calculated to be ~25% for L-HA-BP by 
analyzing the HA acetamide protons at 1.9 ppm and 18.7 ppm for the phos-
phorous peak. Similar BP related phosphorous peaks were observed for H-
HA-BP thus indicating the rate of functionalization was independent of mo-
lecular weight.  
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Figure 2.1.2c 31P NMR of the L-HA-BP derivative in D2O 

2.1.3 Functional studies on murine osteoclasts  
RAW 264.7 is an excellent cell line for generating giant murine osteoclast-
like cells which are suitable for testing of drugs that may inhibit osteoclast 
function. RAW cells were differentiated into giant osteoclast-like cells after 
exposure to RANKL over a 5-day induction period. Maturity and identity 
was assessed with TRAP staining and multinuclearity was confirmed with 
DAPI staining. Cells with more than 3 nuclei were identified as mature oste-
oclasts.  

Mature osteoclasts were then dosed with 100 µM of the different com-
pounds selected for the study (Table 1). The fixed cells were assayed for 
TRAP expression and multinuclearity was assessed with DAPI. (Figure 
2.1.3a) 
Table 1. Concentration of HA and BP in each compound in µM 

Sample Name BP  
(µM) 

HA 
(µM) 

Group 

Native H-HA H-HA 0 100 - 
Native L-HA L-HA 0 100 - 
H-HA-SH H-HA 0 100 A 
L-HA-Sh L-HA 0 100 B 
Control C 0 0 C 
H-HA-BP H-HA-BP 100 - D 
L-HA-BP L-HA-BP 100 - E 
Free BP Free BP 100 0 F 
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Figure 2.1.3a. Effect of BPs on murine osteoclast-induced TRAP activity. RAW 
264.7 cells were induced with (20 ng mL−1) RANKL for 5 days and thereafter treat-
ed with BPs for 24 h. The images show giant multi-nucleated cells indicating the 
presence of osteoclast-like cells after treatment. Images are not necessarily men-
tioned in order. A. H-HA (avg. MW = 150 kDa B. L-HA (avg. MW = 8 kDa); C. 
control; D. H-HA-hy–BP (avg. MW = 150 kDa); E. L-HA-hy–BP (avg. MW = 8 
kDa); F. free BP. N=6 and all groups were treated under identical conditions. 



 33 

Amongst the different compounds assayed, the inhibitory effect of L-HA-BP 
was most pronounced on osteoclast survival; over 90% of the cells lost 
TRAP expression, which indicated their inability to mature, loss of adhesive 
properties and ultimately resulted in cell death within 24h. Interestingly, the 
L-HA-BP elicited higher toxicity towards osteoclasts compared to unlinked 
pharmacologically approved BP (Pamidronate), which served as the positive 
control. H-HA-BP also reduced the number of active osteoclasts by 50% in 
comparison to control, but overall cell numbers still remained almost 75% 
higher than L-HA-BP.  

 
Figure 2.1.3b Image analysis was performed on the different treatment groups rep-
resented in Table 1 and quantified. Statistical significance was calculated two-way 
ANOVA. P value <0.01 for intra-group comparisons 

Previous studies indicated that unmodified hyaluronic acid has the ability to 
inhibit osteoclast formation and functions92. In this study, native hyaluronic 
acid performed as reported and can be seen from the approximately 2-fold 
lower number of osteoclasts. L-HA performed slightly better; indicating that 
the mode of cytosolic entry could be receptor facilitated in addition to diffu-
sion mediated entry. The role of HA in osteoclast recruitment, maturity and 
signaling remains a debatable topic.  

Initially, L-HA and H-HA were modified by the inclusion of a hydrazide 
group that enabled the cross-linking reaction to support formation of hydro-
gels for bone regeneration applications. For the purpose of soluble derivative 
based drug-delivery, the hydrazide moiety was found to be unsuitable and 
thus replaced with L-HA-SH (for L-HA-hy) and H-HA-SH (for H-HA-hy). 
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Another reason for the exchange was that hydrazide-linked HAs, demon-
strated approximately an increase in toxicity from 25 to 75% towards osteo-
clasts in soluble form and this could be attributed only to hydrazide related 
toxicity. The thiol linked HAs, did not elicit the same response and showed 
toxicity only after bisphosphonate functionalization of the HA-SH chains, 
therefore supporting the notion that thiols are more suitable than hydrazide 
groups for creating soluble derivatives. (data not shown here) I also com-
pared the role and efficiency of HA-BP to target osteoclasts with a synthetic 
drug delivery vehicle, such as PVA-BP. It was observed that HA, with its 
affinity towards CD44 cell surface receptors, performed significantly better 
than PVA-BP possibly due to PVA not having a specific route of entry into 
cells and rather undergoing diffusion mediated entry. Interestingly, PVA-BP 
did not demonstrate any toxicity in either naked or BP conjugated forms 
even after 24h. This result suggests that the PVA-BP is most likely not taken 
up by the osteoclasts (data not shown here). To visually confirm the uptake 
of the polymer-drug conjugate, FITC-modified HA-BP was incubated with 
osteoclasts and after 24h; cells were fixed and visualized using confocal 
microscopy. Observations revealed that the labeled polymer was localized in 
vesicular compartments inside the multinucleated cells. It was difficult to 
obtain such samples at 24h since most cells underwent apoptosis between 
18-20h. To overcome this imaging obstacle, some of the samples were fixed 
at 12h to obtain more images of cells with the entrapped materials. Mono-
cytes did not show any visible uptake even after 48h and displayed fluores-
cence mainly around the cell membrane. Similar observations were made 
with FITC labeled H-HA-BP on monocytes/osteoclasts, clearly indicating 
that specificity towards mature osteoclasts was exclusively demonstrated by 
L-HA-BP, without affecting other cell types.   

 
Figure 2.1.3c. Cellular uptake of HA-BP-FITC in murine osteoclasts. RAW 264.7 
cells were stimulated with RANKL (20 ng mL−1) for 5 days to differentiate into 
osteoclast-like cells and incubated in the presence of FITC labeled H-HA-hy-BP (A). 
Scale bar for (A) represents 50 µm (B) L-HA-BP. Scale bar for (B) represents 100 
µm. Blue color represents DAPI staining of the multiple nuclei in each cell body. 
Compounds penetrate the cell membrane with L-HA-BP and remain at the cell sur-
face with H-HA-BP at 100 µM concentration. 



 35 

2.1.4 Functional studies on human osteoclasts  
In order to translate these observations to primary human osteoclasts, mono-
nuclear cells were isolated from peripheral human blood and differentiated 
for 28 days with RANKL and M-CSF. Human osteoclasts were identified in 
cultures on the basis of multinuclearity and TRAP staining. In addition, sep-
arate cultures were developed on bone slices to verify the resorptive capa-
bilities of these osteoclasts at the end of the differentiation period. (Data not 
shown here). Under similar experimental conditions to murine cells, human 
osteoclasts at day 28, were dosed with all the test compounds listed in Ta-
ble-1 and stark similarities were observed in comparison with the murine 
osteoclast study. L-HA-BP derivative at 100 µM concentration demonstrated 
the most potent effect on osteoclasts survival within 24h. (Figure 2.1.4a and 
2.1.4b) (Paper I) 

 
Figure 2.1.4a Anabolic effect of BPs on human osteoclast-induced TRAP activity. 
PBMC’s were induced with 40 ng mL−1 RANKL and 40 ng mL−1 M-CSF for 4 
weeks. Subsequently they were treated with BPs for 24 h. . Images are not necessari-
ly mentioned in order Images show the formation of giant multi-nucleated cells 
indicating the presence of osteoclast-like cells. A. H-HA (avg. MW = 150 kDa); B. 
L-HA (avg. MW = 8 kDa); C. control; D. H-HA–BP (avg. MW = 150 kDa); E. L-
HA–BP (avg. MW = 8 kDa); F. free BP. 
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Figure2.1.4b. Image analysis was performed on the different groups and quantified 
as represented in the graph. P value <0.01 when compared across the groups. Im-
ages with DAPI staining for nuclei in human osteoclasts were used only for analysis 
and representative images are presented without nuclear staining to improve clarity. 
Scale bars represent 200 µm. Statistical significance was calculated with two-way 
ANOVA. P value <0.01 when compared across the groups. 

To verify if this was a dose-dependent effect, cultures were exposed to 0, 1, 
10, 50 or 100 µM concentrations of L-HA-BP and assayed for TRAP at 24h. 
There was a direct dose-dependent relationship and toxicity peaked at the 
highest dose of 100 µM. Toxicity was recorded at concentrations as low as 
10 µM. (Figure 2.1.4c)  

 
Figure 2.1.4c. Effects of L-HA-linked bisphosphonates (0, 1, 10, 50 or 100 µM) on 
osteoclast differentiation. Human osteoclasts were treated with different concentra-
tions of bisphosphonates (0, 1, 10, 50 or 100 µM) for 24 h and both the number of 
osteoclasts and large osteoclasts after 4 weeks of culture were counted. Results are 
shown as means ± SD for four independent experiments. p > 0.05. This represents 
significant difference from control osteoclasts (≥2 nuclei). 
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For both murine and human monocytes, the drug-linked polymers did not 
demonstrate any notable toxicity, as the cells remained attached and prolifer-
ating even at 48h. (Data not shown here) This result demonstrated the effec-
tiveness of the BP-linked HA in inhibiting functional human osteoclasts and 
potential as a carrier agent for other amino-bisphosphonates as well. The 
advantage of this system lies in the increased specificity towards osteoclasts 
compared to free bisphosphonates, thereby possibly mitigating unwanted 
side effects related to high dosage and long term delivery. The effect of BPs 
exposure to osteocytes remains unknown and has not been investigated. 

2.1.5 Cytotoxicity towards osteoblasts  
Effective treatment strategies for excessive bone resorption demands not 
only inhibition of osteoclast activity but also boosting osteoblast survival 
and activity. To investigate whether thiol functionalized HA-BP compounds 
lead to negative consequences on osteoblasts, MC3T3 cells were dosed with 
the compounds listed in Table-1 for 24h. No significant toxicity on osteo-
blasts was observed with the thiol-modified HAs and HA-BPs using Alamar 
Blue assay. (Figure 2.1.5a)  

 
Figure 2.1.5a. MC3T3-E1 cells were exposed to BP-containing and BP-free com-
pounds for 24 h and evaluated for cytotoxicity using the AlamarBlue® assay. Data 
are expressed as the mean ± S.D. of triplicate cultures. The experiments were per-
formed thrice, with similar results obtained in each experiment. Statistical signifi-
cance was calculated with two-way ANOVA. P value <0.01 when compared across 
the groups..  
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The hydrazide-linked HA did show toxicity towards osteoblasts and con-
firmed the earlier results of hydrazide exposure on osteoclasts; supporting 
the notion that hydrazide groups could induce their own non-specific toxici-
ty. These results extend the notion that HA-BP can be used as an effective 
drug carrier to rebalance resorption as well as protect mineralization in bone 
cells. This aspect will be further dealt with in Paper II. 

2.2 Functional assessment of poly(ethylene sodium 
phosphate) (PEP.Na) as a potential anti-resorptive 
agent. 
2.2.1 Rationale  
The most widely used anti-osteoporotic drugs are bisphosphonates whose 
structure is based on the PPi backbone. Most new anti-osteoporotic drugs 
still borrow the structural backbone of PPi since they are an essential by-
product of the ATP pathway and are suitable to use as anti-osteoporotic 
agents58. PEPs like PEP.Na are known to exhibit excellent tissue compatibil-
ity, possess affinity for bone and are biodegradable. 

 
Figure 2.2.1a. The structure of PEP is derived from the pyrophosphate backbone 
structure.  



 39 

These properties make them excellent candidates for bone regenerative ap-
plications. Previous studies focused on the use of PEP as biomaterials for 
bone applications with on the main goal of enhancing osteoblast activity. 
However, there are no published reports of exploiting their use as anti-
osteoporotic agents in humans or for testing human tissue samples. In the 
current study, I hypothesized that based on the backbone structure; these 
polymers can act as inhibitors of human osteoclast function. This is the first 
report describing the behavior of this class of compounds to inhibit resorp-
tion in bone cells.  

2.2.2 Design and synthesis of PEP.Na. 
The synthesis of PEP.Na was achieved using a previously published protocol 
and completed through the conversion of 2-methoxy-2-oxo-1,3,2-
dioxaphosphorane (MP) using 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), 
with methanol as an initiator93. This process resulted in poly(2-methoxy-2-
oxo-1,3,2-dioxaphosphorane) (PMP) which was subsequently converted into 
polyethylene phosphate (PEP). PEP was further purified, dialyzed, neutral-
ized and freeze-dried to obtain the compound of interest as a sodium salt 
(PEP.Na). (Figure 2.2.2a) The structures of the intermediate PMP and final 
PEP·Na were verified using 1H NMR (Figure 2.2.2b) The advantage of this 
synthesis method is the use of organocatalysts instead of inorganic catalysts 
which eliminates the possibility of generating metal-related toxicity in bio-
logically sensitive systems93. This method also allows for better tuning of the 
molecular weight of the polymer and the final yield. 

 
Figure 2.2.2a. Schematic depiction of the synthesis route to PEP.Na 



 40 

 
Figure 2.2.2b. 1H NMR showing characteristic proton peaks for PEP and PEP.Na.  

2.2.3 Functional studies of PEP.Na on human osteoclast activity: 
 Based on previous studies regarding the biodegradability of PEPs, hydroly-
sis of the main and side chains under acidic and physiological pH conditions 
was expected due to enzymatic phosphatase and phospholipase activity in 
cellular assays. Although these studies were performed on other cell types, 
this basic assumption could explain the delivery and functional aspects of the 
molecule.  

Primary human osteoclasts were generated from peripheral blood mono-
cytes by inducing isolated monocytes on bovine cortical bone slices for 28 
days, at which point, maturity and resorptive functions of osteoclasts were 
assessed and compared to different treatment groups. Mature osteoclasts are 
expected to actively resorb bone at this stage of differentiation. The treat-
ment groups comprised of six different doses of PEP.Na (incremental doses 
from 1 × 10−4 mg/mL to 10 mg/mL) solubilized in water with the final con-
centrations achieved in cell culture medium. Mature osteoclasts differed in 
sizes between 25 µm and 150 µm. Again, only cells with more than 3 nuclei 
were considered for all functional studies. Mature osteoclasts expressed 
TRAP and stained deep red allowing easy identification. (Figure 2.2.3a) 
Effective dose dependent reduction in the number of resorbing osteoclasts 
was observed even at the lowest concentration (1 × 10−4 mg/mL). (Figure 
2.2.3b) 
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Figure 2.2.3a. Optical micrographs of adherent osteoclasts on a bovine cortical 
bone slice after cultivation with PEP.Na for 24 h. (A) Control (B) 1 x 10-4 mg/mL 
(C) 1 x 10-2 mg/mL. Scale bars represent 100 µm. 

 
Figure 2.2.3b. Densities of adherent osteoclasts on bovine cortical bone slices post-
incubation with PEP.Na (n=4). For statistical considerations, Student’s t-test was 
performed on the samples (p < 0.005). 
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Another distinct feature is the development of a ruffled border, indicating 
cytoskeletal reorganization in preparation to resorb the bone surface and 
create the typical Howship’s lacunae (resorption pits). In order to quantify 
the differences in pit generation due to different polymer concentrations, 
electron microscopy was performed on the cell-free bone slices and revealed 
the resorption pits. Indeed, the number of resorption pits was inversely pro-
portional to the polymer concentrations, indicating that the reduction in re-
sorption by osteoclasts was in response to incremental addition of the poly-
mer. Both the quality and quantity of resorption pits were affected by the 
addition of the polymer, suggesting that the polymer interfered with both the 
ability of osteoclasts to attach and to resorb actively. (Figure 2.2.3c) My 
results affirmed suggestions previously reported by Kanatani et. al. suggest-
ing a mechanism that, by upregulating OPG expression as well as by directly 
affecting osteoclast function, inorganic phosphates could interfere with the 
recruitment and differentiation of osteoclast94. 

 
Figure 2.2.3c. SEM pictures of bone slices before and after cultivation for 4 weeks. 
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2.2.4 Effect of PEP.Na on murine osteoblast survival. 
In order to ascertain if the aforementioned culture conditions were affecting 
the survival of osteoblasts, MC3T3 cells were similarly cultured on bone 
slices and exposed to six different doses of PEP.Na (from 1 × 10−4 mg/mL to 
10 mg/mL) solubilized in sterile water. Final concentrations were achieved 
in cell culture medium after neutralization. After 24h of exposure to the pol-
ymer, the cells were washed and metabolic activity of the cells measured 
using the Alamar Blue assay95.  

Alamar Blue converts the active component; resazurin to resorufin, by 
acting as an intermediary electron acceptor in the electron transport chain, 
without any adverse effect on normal functioning of cells. The fluorescence 
of the starting material and converted product is measured to quantify the 
change in fluorescence intensity units (FIU). In most cases, the polymer 
seemed to have a catabolic effect on the survival and proliferation of the pre-
osteoblasts. (Figure 2.2.4a) This result suggests that the mechanism of ac-
tion of PEP.Na is different depending on the cell type and possibly has ana-
bolic effects on osteoclasts, while delivering catabolic signals to osteoblasts. 
This effect opens up the possibility that PEP.Na could be used stimulate 
bone regeneration while inhibiting bone resorption.  Previous work by Iwa-
saki et. al demonstrated that osteoblasts did not undergo any significant loss 
in viability over a 96h period on exposure to different doses of PEP and the 
work presented in this study confirmed the possibility that the polymer has 
no harmful effects towards osteoblasts or its precursors96. On the contrary, it 
could be speculated that PEP.Na might offer some protective effects to oste-
oblasts. Overall, the results from Paper II add strength to the studies in Pa-
per I that effective regenerative strategies for osteoporosis require both 
boosting osteoblast survival and functions, while reducing, but not eliminat-
ing osteoclast activity in order to rebalance the BMU. 
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Figure. 2.2.4a. Viability of MC3T3-E1 cells treated with PEP.Na for 24 h (n=4). 
For statistical considerations, Student’s t-test was performed on the samples (p < 
0.005) vs. control  

2.3 Development of an in situ co-culture model to study 
mineralization and resorption events simultaneously 
2.3.1 Rationale 
Bone is a complex organ involving a multitude of cells that communicate 
with each other in a tightly synchronized manner97. Osteoporosis is a system-
ic disorder in which, loss of balance in signaling between communicating 
cells results in excessive resorption and diminished mineralization98. The 
development of new drugs or improving the pharmacological profile of ex-
isting drugs requires deeper understanding of the feedback loop that exists 
between near and distantly communicating cells. Existing cell culture mod-
els treat this problem in a limited way.  

During the development of novel drug delivery vehicles like HA-BP in 
Paper I and PEP.Na in Paper II, inconsistencies were encountered in gen-
erating reliable and quantifiable readouts between different batches of cells 
cultured on plastic surfaces, both in monoculture and in co-culture. One-
sided cultures have limited resemblance to actual tissue and therefore relying 
on these studies provide limited and incomplete data for translation into in 
vivo models99. Previous studies have indicated the tendency of such surfaces 
to activate cells and induce adhesion and/or differentiation into macrophages 
through inflammatory pathways100. Synthetic cell culture materials are far 
different compared to real tissue in terms of stiffness and topography. The 
provision of a natural cell-surface environment to be used as standard mate-
rials to study cellular responses and directly relate them to real-time pharma-
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cological studies in vivo. The clinical diagnosis of osteoporosis involves 
changes in BMD and other markers that directly relate to elevated levels of 
byproducts related to bone destruction; thereby making resorption and min-
eralization two key events that need to be followed in order to track the pro-
gress of the disease. 

In Paper III, I attempt to bridge this divide to by developing a new and 
easy to reproduce co-culture system by culturing cells on bone using the 
design of conventional co-cultures by employing a single bone slice to create 
a natural physical barrier between functional osteoclasts and osteoblasts. 
This setup allows for live monitoring of the differentiation of osteoclasts and 
their responses towards bisphosphonates while in communicating with oste-
oblasts. It is an often-overlooked point that critical cell survival signaling 
could occur through the interaction of soluble factors secreted by different 
cells into the local medium101. (Figure 2.3.1a) 

 
Figure 2.3.1a. . Two-sided co-culture model, involving osteoblasts and osteoclasts, 
on opposite sides of a bone slice. 

2.3.2 Characterization of two-sided co-cultures with murine 
osteoblasts and osteoclasts 
To evaluate different co-cultures conditions, monolayer cultures, on plastic 
and on bone were established to compare the quality of osteoclast differenti-
ation. (Figure 2.3.2a) Pilot cultures were set up using the murine macro-
phage cell line. In order to compare species similarity, the widely used mu-
rine MC3T3 cell line was chosen for deriving differentiated osteoblasts in 
both monolayer and co-cultures. MC3T3 cells were induced for 21-28 days 
with Dexamethasone (DMX), β-glycerophosphate (bGP) and ascorbic acid 
(AA) to yield mature and functional osteoblasts. Since, the differentiation 
period for these cells varies between 21 and 28 days, these cells were seeded 
first and RAW 264.7 cells were seeded 5 days prior to the termination of the 
osteoblast induction period so as to obtain fully differentiated co-cultures 
simultaneously. It is well known that osteoblasts secrete RANKL and initiate 
the differentiation of pre-osteoclasts to osteoclasts. Therefore differentiating 
the osteoblasts prior to the addition of macrophages proved useful to main-
tain conducive conditions for the differentiation of macrophages into osteo-
clasts.102 The macrophage to osteoclast differentiation process was achieved 
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through the exogenous addition of soluble RANKL in all monocultures and 
in half of the one and two-sided co-cultures. (Figure 2.3.2b)  

 
Figure 2.3.2a. Co-culture model setup: Murine/ human monocytes and murine/ 
human osteoblasts were cultured independently on the bone surface (A & B) and 
induced with differentiation factors to promote the formation of murine & human 
osteoclasts and osteoblasts, respectively. On the other hand, a conventional co-
culture was established between murine/ human monocytes and murine/ human 
osteoblasts on the same surface of the bone to allow cell–cell contact (C). To study 
the effects of soluble factors on the cells by excluding cell–cell contact and provid-
ing a similar contact surface, the murine/ human monocytes and murine/ human 
osteoblasts were cultured on both the sides of the bone slice (D). 
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Figure 2.3.2b. Murine osteoclasts actively proliferate on the bone chip. RAW 264.7 
cells were cultured on bone without induction (A), and with induction (B) for 5 days 
in induction medium lacking or containing 20 ng/mL of RANKL respectively. 

In the remaining one and two-sided co-cultures, conditioned medium from 
completely differentiated cultures was added to undifferentiated co-cultures 
in order to determine, if secreted soluble RANKL originating from osteo-
blasts in co-culture was potent enough to induce differentiation without di-
rect cell-cell contact for transfer of RANKL to the RANK receptor. Success-
ful differentiation was observed in all co-culture experiments; suggesting 
that RANKL was released by osteoblasts into the culture medium, similar to 
previously observed103. It is notable that TRAP is also expressed by pre-
osteoclasts that are in the process of fusion and therefore, TRAP staining, by 
itself, was not reliable enough for identification of mature osteoclasts. Oste-
oblast functions were confirmed through ALP staining. Cells in all the dif-
ferent culture setups stained positively for ALP, indicating that there was no 
loss in function of either cell types due to the physical separation. (Data not 
shown here) 

2.3.3 Two-sided, co-cultures of human osteoblasts and 
osteoclasts. 
The success of the murine pilot studies involving one and two-sided co-
cultures supported the possibility of employing the same co-culture condi-
tions for cells of human origin. This method would provide a working tool to 
study the dynamic nature of cell-cell communication in human bone and its 
associated pathologies, specifically osteoporosis where relevant co-culture 
models to study these conditions hardly exist. The process of isolating mon-
ocytes from human peripheral blood was optimized in Paper I and therefore 
these protocols were applied for experiments in Paper III. Briefly, human 
buffy coats were acquired following ethical regulations and monocytes were 
isolated following standardized protocols published elsewhere104, 105. Human 
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monocytes were then seeded onto bone discs for monocultures and one-sided 
co-cultures. 

 
Figure 2.3.3a. Human osteoclasts actively proliferate on the bone chip. Monocytes 
were similarly cultured on a bone chip without induction (C) or with induction (D) 
for 4 weeks in induction medium lacking or containing 20 ng/mL of shRANKL and 
40 ng/mL of shM-CSF to ascertain the extent of osteoclast formation. Murine osteo-
clasts were TRAP stained for indication of maturity and nucleus stained with 10 nM 
DAPI. 

 The human osteosarcoma cell line Saos-2 was preferred due to its ability to 
produce consistent levels of bone markers when mature106.  

Following the setup conditions in murine co-cultures, in order to have ful-
ly functioning osteoblasts that were sufficiently capable to induce osteoclast 
differentiation, two sets of co-cultures were setup. In the first condition, cy-
tokines were supplied exogenously and in the second setup, conditioned 
medium from existing mature co-cultures was supplied to undifferentiated 
cells. Medium was in all cases, externally supplemented DMX, β-GP and 
AA for osteoblast differentiation and formed a combined medium provided 
to the cells for a total of 4 weeks. Briefly, Saos-2 cells were established on 
the bone for both one-sided and two-sided co-cultures 24h prior to the addi-
tion of monocytes. Since the monocytes are not completely purified, they 
form the initial source of M-CSF, which is necessary for clustering of cells, 
possibly secreted by T and B-cells that also exist in the unpurified mix107. At 
this point the cultures were stained using 5-chloromethylfluorescein diace-
tate (CMFDA) tracker to follow morphological changes in live cultures. 
CMFDA staining revealed similar morphological changes in all mono and 
co-cultures indicating conservation of differentiation pattern in cultures 
where exogenous RANKL was added as well as in co-cultures where 
RANKL was provided in conditioned medium supplemented from other co-
cultures. (Figure 2.3.3b) Interestingly, the provision of bone as a surface 
instead of plastic or membranes accelerated the formation of osteoclasts in 
all co-culture conditions by almost 20%, supporting the notion that one of 
the key processes regulating changes in the BMU is the inorganic component 
of bone itself which acts as scaffold providing topographical and biological 
cues due to its already existing microstructure. Human osteoclasts were posi-
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tively identified as mentioned previously. (Figure 2.3.3c) Osteoblast maturi-
ty was ascertained in part through ALP staining and to quantify the enzymat-
ic ALP activity; cell lysates were collected, analyzed and compared to con-
trols in differentiated and undifferentiated monolayer cultures. Saos-2 cells 
in all culture conditions expressed ALP with no differences between groups, 
thereby allowing ALP to be used as an additional marker to study osteoblast 
maturity in these tow-sided co-cultures, making them just as versatile as one-
sided mono or co-cultures. (Figure 2.3.3b & 2.3.3c) 
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Figure 2.3.3b. Human monocytes and Saos-2 cells adhere and differentiate on the 
two-sided model in co-culture. Human monocytes were freshly isolated and seeded 
on one side of the bone chip, and 3 hours post-seeding, the cells were induced for a 
total of 4 weeks in induction medium either lacking or containing 20 ng/mL of 
shRANKL and 40 ng/mL of shM-CSF. To visualize the osteoclast progenitors, the 
cells were stained with Cell Tracker Green CMFDA (A). The differentiation medium 
was refreshed twice a week for 4 weeks before the cultures were fixed and TRAP 
stained and nuclei stained with 10 nM DAPI. (B). Saos-2 cells were passaged and 
seeded onto the reverse side of the same bone chip. Saos-2 cells were seeded 3 hours 
after monocytes were seeded. The cells were fed with 50 µg/ml ascorbic acid, and 5 
mM βGP in the same induction medium containing 20 ng/mL of shRANKL and 40 
ng/mL of shM-CSF for 4 weeks. To visualize the osteoblasts on the bone chip, the 
cells were stained, as shown in green with Cell Tracker Green CMFDA (C). Saos-2 
cells were stained for ALP expression and ALP positive cells stained blue when 
stained with Fast Violet B Salt solution (D). 
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Figure 2.3.3c. Osteoblasts show comparable ALP activity of in co-culture 
conditions. To quantitate the ALP activity through staining, with the actual levels of 
intracellular ALP production, cell lysates were probed for presence of the converted 
products of the enzymatic reaction and found that ALP activity in cells on tissue 
culture plastic was almost twice that observed in one-sided and two-sided co-
cultures, whereas the difference in ALP levels was insignificant between the co-
culture conditions.  

2.3.4 Qualitative analysis of resorption and mineralization on the 
bone slices post-bisphosphonate treatment. 
Functional evaluation of resorption and mineralization is key to assess deg-
radation of bone in osteoporosis. To verify if a functional readout using the 
bone slices in one and two-sided co-cultures could be developed, these co-
cultures were exposed to Pamidronate; a clinically used bisphosphonate for 
48 h and then processed for electron microscopy analysis. Observations re-
vealed that it was not possible to clearly demarcate mineralization and re-
sorption in the one-sided co-cultures. Since the events were occurring simul-
taneously, there may be overlap of both events due to the random placement 
of cells on the same side of bone. Although few mineralized nodules were 
observed using both scanning electron microscopy (SEM) and Alizarin Red 
staining.  
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Figure 2.3.4a. Two-sided co-culture model demonstrates mineralization and re-
sorption. After 4 weeks, the cells were washed, fixed, and processed for staining and 
SEM. The samples were divided and half the samples were sonicated to remove the 
cells for assessing the extent of resorption (A & B). The remaining samples were 
used to confirm presence of cells. The same samples were also used to locate spots 
where deposition may have occurred due to mineralization due to osteoblast activity 
(C & D). 

This result highlights the novelty and usefulness of a two-sided co-culture 
system for bone studies. Surprisingly, when compared to pure osteoblast 
cultures on bone, it was observed that the cells mineralized 2-3 fold lower in 
both types of co-cultures, which suggests the existence of a communication 
feedback loop between the two types of cells or the interference of osteo-
clasts with osteoblast differentiation factors, which could also arise in vivo. 
Another interesting point was that ALP staining revealed opposite results, 
indicating higher availability of inorganic phosphates in the extracellular 
space. However, this did not translate into equivalent mineralization on the 
bone slices perhaps due to insufficient seeding cues for the mineralization 
process. (Data not shown here) 

No significant differences in the number of resorption pits, TRAP positive 
cells or calcium content were found that could be attributed to disparity in 
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action of the drug in the two co-culture conditions; indicating that osteoblast 
mineralization events were not affected by the presence of Pamidronate 
which confirm other in vitro and in vivo studies108-110. These results support 
earlier studies which indicate that osteoblast functions are not negatively 
influenced by bisphosphonates111, 112. (Figure 2.3.4b, Figure 2.3.4c & Fig-
ure 2.3.4d) It is also quite important to note that the bone slices are 0.4 mm 
thick, making it impenetrable to cells. This means that cells more or less 
grow only on the surface and not within the bone during the 28-day culture 
period. However, it would be extremely interesting to study whether the 
osteoblasts could undergo transformation into osteocytes over a longer peri-
od of cultivation. Some early reports have suggested the possibility that 
Saos-2 cells can be transformed into osteocyte-like cells. I have studied the 
two-sided co-cultures extended periods of time up to 60 days, and observed 
self-stabilization of cultures with minimum external impetus especially in 
terms of supplementing with growth factors113. (Data not shown here) The 
development of the two-sided co-culture model opens up possibilities to 
study growth factors, cytokines, drugs and drug delivery vehicles and offer a 
better perspective of the inherent dynamism that exists in cells and what 
dictates their responses to different cues. This would be especially helpful to 
study uptake and delivery of cargo using different biomaterials such as the 
ones described in Paper I and Paper II. The readout from such a system can 
be well combined with the readouts from existing cell-culture systems to 
develop a more holistic picture of the complexities of drug pharmacokinet-
ics, thereby aiding better design of animal studies, drugs, and delivery of 
active biomolecules. 
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Figure 2.3.4b. Effect of BP dose on osteoclasts and osteoblasts. Analysis of resorp-
tion pits in the two-sided co-culture model indicates higher number of pits than the 
one-sided mixed co-cultures and less than the monocultures in the presence of 
pamidronate. Here, Osb indicates osteoblasts and Osc indicates osteoclasts. After 4 
weeks post-induction, the mature osteoclasts with the osteoblasts on the opposite 
side of the bone disc were incubated for 48 hours in a medium containing a final 
concentration of 25 µM, 50 µM and 75 µM pamidronate. The cells were washed 
subsequently and fixed with paraformaldehyde. Toluidine staining was performed to 
locate resorption pits. Only pits with complete peripheral staining were considered. 
The number of pits (represented on y-axis) were counted using Image J and aver-
aged for each sample. 

 
Figure 2.3.4c. Quantitative analysis of TRAP staining of osteoblasts in the two-
sided co-culture model reveals higher number of TRAP +ve cells than the one-
sided mixed co-cultures and less than the monocultures in the presence of pami-
dronate.  Here, Osb indicates osteoblasts and Osc indicates osteoclasts. After 4 
weeks post-induction the mature osteoclasts with the osteoblasts on the opposite side 
of the bone disc were incubated for 48 hours in a medium containing a final concen-
tration of 25 µM, 50 µM and 75 µM pamidronate. The cells were washed subse-
quently and fixed with paraformaldehyde. TRAP staining was performed to locate 
mature osteoclasts. Nuclei were stained with 10 nM DAPI. Only cells with 3 or more 
nuclei were considered. The number of cells (represented on y-axis) were counted 
using Image J and averaged for each sample. 
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Figure 2.3.4d. Quantification of mineralization by osteoblasts using the osteo-
blast/osteoclast two-sided model shows 90% mineralization compared the osteo-
blasts alone or together with osteoclasts on the chip.  Osb indicates osteoblasts and 
Osc indicates osteoclasts. After 4 weeks post-induction the osteoblasts by themselves 
on one side of the bone disc, mature osteoclast with the osteoblast on the same side 
of the bone disc, and mature osteoclast with the osteoblast on the opposite side of 
the bone disc were incubated for 48 hours in medium containing a final concentra-
tion of 25 µM pamidronate. The cells were washed subsequently and fixed with 
paraformaldehyde, and then calcium content was measured on a Tecan plate reader 
to quantify alizarin red staining. 

2.4 Sequestration and controlled release of growth 
factors for rapid differentiation of bone progenitor cells 
through bisphosphonate functionalized hyaluronan 
hydrogels.  
2.4.1 Rationale 
Although inhibiting bone resorption remains a primary therapeutic goal in 
the treatment of osteoporosis, promoting new bone formation through re-
cruitment of osteogenic progenitor cells to replace lost bone mass is also a 
hugely important area of research. Amongst the many strategies available, 
the use of growth factors, especially, the family of bone morphogenetic pro-
teins (BMPs) is highly popular. Growth factors are greatly interesting for 
tissue regeneration, due to their ability to induce cell proliferation and differ-
entiation of specific cell types114, 115.  

Recombinant human BMP-2 (rhBMP-2) and BMP-7 (rhBMP-7) have 
found potential therapeutic use and are currently approved for clinical use in 
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the United States for applications involving healing of long bone fractures, 
spinal fusion and non-union fractures53. However most proteins tend to be 
‘sticky’ and have a very short half-life in vivo thus creating problems in their 
handling. It is often necessary to protect these proteins until they reach the 
target site for sustained recovery of tissue116, 117.  

Inspired by the natural binding affinity of these factors to specific do-
mains on the ECM, several strategies have been described for immobilizing 
growth factors into ECM mimetic scaffolds118. Many of the existing strate-
gies involve laborious physical and chemical patterning of materials (includ-
ing ECM and growth factors) to favor adhesive properties so that growth 
factors can bind119, 120. Heparin and its derivatives are among the most 
widely used ECM component to bind a variety of growth factos and remains 
popular for scaffold designs. However the binding ability of heparin and 
heparan sulfate is limited to a few growth factors and the variability of 
sequences and extent of binding differs considerably. Thereby, introducing 
huge batch to batch differences that makes it difficult to correctly predict the 
outcome121, 122. These reasons present a considerable challenge and I 
attempted to counter these drawbacks by introducing a structurally simple 
ligand like bisphosphonate, which has natural affinity for calcium ions 
through the presentation of negative charges on the structural backbone of 
HA.  

Paper IV describes the controlled incorporation of  BP ligands into the 
backbone of HA, thereby allowing the proportional and stable sequestration 
of active BMP-2 into the hydrogel. These hydrogels are completely 
degradable through enzymatic cleavage by hyaluronidases, thereby offering 
controlled hydrogel degradation and drug release. The functional outcome of 
released BMP-2 was evaluated through ALP measurements of C2C12 cells 
that were entrapped into the hydrogels during cross-linking to study the 
extent and speed of differentiation. 

2.4.2 Experimental design of hydrogels  
An in situ cross-linkable hydrogel system was created to incorporate HA-
SSPy into the HA backbone as reported previously123. Essentially, HA-SH-
BP and HA-SSPy, were derived from the HA backbone through functionali-
zation with thiol (-SH) and 2-dithiopyridyl (-SSPy) groups in order to afford 
quick gelation times through simple mixing. HA-SH was prepared with 3% 
modification124. Further, BP groups were coupled as adducts to the 
sulfhydryl groups of HA-SH using thiol-ene reaction chemistry that was 
photochemically triggered as described previously123. (Figure 2.4.2a). 
Approximately five BP groups attached to each sulfhydryl group as 
ascertained from NMR and elemental analysis. (Figure 2.4.2b) The HA-BP 
derivative was re-thiolated, followed by the carbodiimide mediated coupling 
reaction, which was reduced to yield approximately 6% thiolated and 
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bisphosphonated hyaluronan derivative. The structure of the HA-SH-BP 
molecule was confirmed through through 1H and 31P NMR as shown in 
Figure 2.4.2b. Gels were formed through the mixing of HA-SH with HA-
SSPy for non-bisphosphonated controls and with HA-SH-BP for the 
bisphosphonated hydrogels. 

 
Figure 2.4.2a. Synthesis of chemically “clickable” bisphosphonate-derivatized HA 
(HA-SH-BP). 
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Figure 2.4.2b. 1H NMR and 31P spectrum of HA-SH-BP. 

2.4.3 Mechanical properties of HA-BP hydrogels  
All hydrogels were formed in serum-free medium for cell-free as well as 
cell-entrapped conditions. The gels were formed by the physical mixing of 
two components and set overnight at 37oC at ≈ pH 7.4 to ensure the possibil-



 59 

ity of complete cross-linking between the two functionalized derivatives of 
HA. Rheology revealed that the HA-BP hydrogels had higher elastic moduli 
(G′ = 1256 ± 72 Pa) than HA gels (G′ = 990 ± 82 Pa). Rheological data anal-
ysis reveals that the higher observed stiffness in the HA-BP gels could be 
attributed to calcium influx from cell culture medium which possibly coor-
dinates with the BP groups that offer an offset to the charge repulsion effect 
between the BP groups in addition to the strength added through cross-
linking chemistry125.  

2.4.4 Release characteristics of BMP-2 from HA-BP hydrogels  
To understand the influence of BP groups on the retention and release of 
BMP-2, radioactive labelling of BMP-2 using 125I was done following previ-
ously established protocols. This strategy has been effectively applied to 
study the release of BMP-2 from HA hydrogels with different cross-linking 
chemistries126. It is of utmost importance to correlate the radioactivity of 
released protein and its actual biological activity. Therefore I designed a 
two-prong strategy to realize this goal by using identical experimental 
conditions to collect released medium from the gels to measure radioactivity 
and ALP activity at the same time independently. C2C12 cells have been 
routinely used to measure ALP activity due to their rapid response to BMP-2 
(5 days in vitro)127. During the screening, BMP-2 from different sources 
behaved differently when labelled with 125I. It was noted that when BMP-2 
from Wyeth was used for radioactive release assays, the release curves 
showed strong cues suggesting effective sequestration as has been observed 
in the original studies with 125I labelled BMP-2 except that the HA-BP gels 
showed strong binding that directly correlated to the concentration of BP in 
the HA matrix. However, suprisingly, there was hardly any ALP activity 
arising from cells, which led to the idea that even though sequestration of 
Wyeth BMP-2 may occur, the released BMP-2 may not remain 
biologically active. To verify if this observation was universal or specific to 
certain sources of BMP-2, the same recominant protein raised in CHO cells 
was acquired from Peprotech and identical experiments were setup with 
the hydrogels. These experiments resulted in a 5-fold difference in ALP 
activity in the HA-BP hydrogels compared with HA hydrogels. The 
radioactive release profile was not as dramatic as was observed with Wyeth 
 BMP-2 even though differences could still be observed in a BP dependent 
sequestration profile.  (Figure 2.4.4a and Figure 2.4.4b) This check ensured 
that the ALP activity was a result of the same number of cells as was 
entrapped in the gels at the beginning of the assay. Cellular morphology was 
also assessed and in the HA-BP gels, there was cell spreading which 
indicates cell adhesion. This spreading was absent in the HA gels. (Figure 
2.4.4c) The survival of cells was also probed to ensure that there was no 
significant change in cell numbers and this was found to be true. (Figure 
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2.4.4d) These results suggest that HA-BP as a biomaterial possess qualities 
required for both drug delivery such as targeting of osteoclasts (Paper I) and 
sequestring BMP in a tunable manner. HA-BP provided a protective effect 
that allowed sustained active release of protein over time thus enabling 
osteoblasts and osteoblast precursor cells to be recruited and remineralize 
damaged bone. 

 
Figure 2.4.4a. BMP-2 release curves for HA-BP hydrogels. Tunable in vitro 
release profile of 125I-labelled BMP-2 (Peprotech) (0.1 mg) from 2% (w/v) 
disulfide cross-linked HA hydrogels of 100 µL by volume and different content of 
bisphosphonate-linked hyaluronan (HA-SH-BP). 1000 µg, 1.96 µg, 0.84 µg and 0 
µg of HA-SH-BP loading corresponding to green, blue, pink and red release curves 
respectively. 

 
Figure 2.4.4b. ALP measurements for HA-BP hydrogels. Comparative in vitro ALP 
activity of C2C12 cells after culturing in hydrogels for 5 days 
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Figure 2.4.4c. Morphology of cells in HA-BP hydrogels with and without BMP-2. 
Images of myoblast C2C12 cells entrapped in HABP (A) and HA (B) hydrogels with 
BMP-2 (1 µg/mL), stained with Cell Tracker Green CMFDA dye on day 5. 

 
Figure 2.4.4d. Proliferation of C2C12 cells in HA, HA-BMP, HABP and HABP-
BMP hydrogels. Cells survive and proliferate around 20% higher in HABP-BMP-2 
hydrogels after 7 days. 
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3 Conclusion and Future Perspectives 

Aging and post-menopausal bone deterioration form the leading causes of 
osteoporosis. Existing therapeutic strategies have met with limited success 
due to factors such as inefficient absorption of anti-osteoporotic drugs, lim-
ited patient mobility and limited patient compliance during long-term admin-
istration of bisphosphonates. Treatment regimens often result in poor patient 
outcome with inadequate bone healing and even debilitating secondary frac-
tures that could be fatal with age. The main aim of this thesis is to develop 
effective strategies to deliver drugs and bioactive molecules that would ulti-
mately prevent the development of disorders like osteoporosis by providing 
consistent and controlled bone-healing signals over time. My research has 
been focused on generating two distinct outcomes: reduced resorption and 
enhanced bone formation using functional biopolymers. 

The first outcome has been achieved through the design and development 
of new bisphosphonate functionalized hyaluronic acid derivatives that could 
specifically target osteoclasts without affecting the survival and function of 
neighboring cell types. This strategy exploits the natural affinity of hyaluron-
ic acid towards its primary receptor CD44. The covalent functionalization of 
hyaluronic acid (HA) with bisphosphonates (BP) assisted significantly in the 
enhanced uptake of this drug by osteoclasts, possibly through receptor-
mediated endocytosis. It was concluded from the observation that hyaluronic 
acid-bisphosphonates (HA-BP), specifically low molecular weight hyaluron-
ic acid-bisphosphonate (L-HA-BP) demonstrated almost 10-fold difference 
in the inhibition of osteoclasts compared to native HA, free BP, PVA-BP or 
even high molecular weight hyaluronic acid-bisphosphonate (H-HA-BP), 
demonstrating that the underlying mechanism of drug uptake in osteoclasts 
is facilitated by binding to low molecular weight hyaluronic acid (L-HA) to 
dramatically improve specificity towards osteoclasts. BP is specifically asso-
ciated with calcium (Ca2+) that makes it accumulate on bone surfaces. Hya-
luronic acid is completely biodegradable and does not induce significant 
toxicity. I also confirmed that HA-BP does not exert any anabolic effects on 
osteoblasts or monocytes thus supporting the notion that these derivatives 
could support and stimulate long-term and focused bone formation, which 
would be the ideal outcome for patients with osteoporosis. 

Inorganic pyrophosphates (PPi) are key byproducts of cellular metabo-
lism that are the seeding molecules for mineralized bone. The ability of pol-
yphosphoesters (PEP) to induce bone formation through the catabolic actions 



 63 

of osteoblasts has been known for some time. The direct effects of pyro-
phosphates on human osteoclasts haven’t been explored. Therefore 
poly(ethylene sodium phosphate) PEP.Na was synthesized using an organo-
catalyst to overcome possible metal-induced toxic byproducts. The effects of 
PEP.Na in terms of osteoclast viability and its ability to inhibit resorption 
were evaluated. I found that PEP.Na exposure led to a dose dependent inhib-
itory effect on osteoclast generation. PEP.Na was also able to reduce the 
intensity of resorption of human osteoclasts on bone slices. In addition to 
various anti- resorptive strategies used in the clinic (antagonists, inhibitors 
and antibodies) the results of this study suggest that PEP.Na could also serve 
as an effective anti-resorptive agent and should be further explored for de-
velopment of products (pro-drugs) for the treatment of osteoporosis. 

During the development of these derivatives and their analysis in vitro, I 
realized that there was a serious lack of relevant co-culture models involving 
osteoblasts and osteoclasts that could simultaneously measure and read the 
individual reactions of both cell types in response to the same active sub-
stance. This led to the development of a novel two-sided co-culture model 
that could achieve these objectives, in situ, with better reproducibility and 
closely aligned with readouts from conventional one-sided co-cultures. The 
main advantage of this system is embedded in the bone itself. Bone surfaces 
have topography and a biologically active surface that can differentiate pre-
cursors into functional bone cells. Mineralization by osteoblasts and resorp-
tion by osteoclasts can be clearly read and are directly relevant to the clinical 
scenario where the same processes are analyzed, except on a much larger 
scale. This system offers a miniaturized version of the same phenomenon. 
Another major advantage is the possibility to study the importance of soluble 
factors released by individual cell types and how these factors and other 
drugs may affect TRAP production, resorption, mineralization and ALP 
activity. Results from this co-culture system also show that physically sepa-
rating the cells and providing differentiation factors either produced endoge-
nously in conditioned medium or supplemented exogenously do not affect 
the process of differentiation or the biological readouts. This system offers 
multiple advantages over existing co-cultures, especially for early stage drug 
trials prior to the design of expensive and time consuming animal trials. The 
use of this co-culture system in combination with other existing co-culture 
systems could possibly offer a better readout, which in turn could provide 
better correlation between in vitro and in vivo studies. 

Finally, I report a new mode of encapsulating and delivering growth fac-
tors. Increased cellular response to recombinant human bone morphogenetic 
protein-2 was achieved through the sequestration of BMP-2 to BP. Hyalu-
ronic acid was functionalized with pre-determined amounts of BP groups 
and cross-linked in situ with rhBMP-2. The results from this study show that 
progenitor cells differentiate rapidly in HA-BP hydrogels loaded with specif-
ic and small amounts of BMP-2. This strategy relies on the charge-based 
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affinity of BMP-2 for BP groups and therefore the desired ratio of BMP-2 to 
BP can be predetermined. It provides the flexibility to decide the amount of 
BMP-2 required that can be loaded into a hydrogel for a specific bone regen-
erative application. This strategy could be easily used for regenerating oste-
oporotic bone, since BP has dual capabilities for osteoclast inhibition and 
long-term bone regeneration through the protection and controlled release of 
BMP-2. This strategy can also be used for sequestration of other proteins of 
interest and not only to aid bone regeneration. 

In conclusion, it is clear that the existing anti-osteoporotic drugs can 
compensate for lost bone mass only to a very limited extent. Therefore, there 
is an urgent need to develop the next generation of drug-treatment regimens 
involving both old and new formulations. There is an equal need to enhance 
their specificity, dosage and efficacy of these drugs over longer periods of 
administration in patients. We have taken the first step in the long path to 
generating such a molecule. The results in vitro seem promising and require 
further work to prove its efficacy in vivo. Some of the ongoing work in a 
rabbit model has shown promising preliminary indications as a scaffold for 
treatment of osteoporotic fractures. However much more remains to be done 
to elucidate the exact nature of interaction of this material with various tis-
sues. At present there are no convincing osteoporotic animal models that 
would allow the conclusive screening of materials, or to test the long-term 
ability to regenerate pathological osteoporotic bone. The ovariectomized rat 
model is popular for animal studies and more recently a transgenic osteopo-
rotic model has been reported that could be potentially used in the future to 
test and screen different derivatives functionalized with BP. We hope that 
the two-sided co-culture could help fill in this screening gap to some extent 
and aid in developing well-tuned strategies in testing the materials described 
in this thesis in both, inhibiting resorption and aiding new bone formation in 
order to restore lost bone strength and health.  
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5 Svensk sammanfattning 

Åldrandet och postmenopausal benförsämringen är den ledande orsaken till 
osteoporos, där existerande terapeutiska strategier har haft begränsad 
framgång. Anledningar till det är bland annat ineffektiv absorption av antios-
teoporotiska läkemedel, begränsad patientrörlighet och dålig patientföljsam-
het vid långvarig administrering av bisfosfonater. Resultatet blir dåligt utfall 
hos patienten med en otillräcklig benläkning eller till och med försvagande 
sekundära sprickor som kan vara dödlig, särskilt med stigande ålder.  

Huvudsyftet med denna avhandling är att utveckla effektiva strategier för att 
leverera läkemedel och bioaktiva molekyler som i slutändan skulle kunna 
hejda utvecklingen av sjukdomar som tillexempel benskörhet. Strategierna 
innefattar nya sätt att tillföra benläkande signaler över längre tidsperioder 
och på ett konstant och kontrollerat sätt.  

Min studie har fokuserat på att generera två olika utfall; minskad resorption 
och ökad bildning i ben med hjälp av nya funktioner så som biopolymerer. 

Positiva resultat uppnåddes genom design och utveckling av nya 
bisfosfonat funktionaliserade hyaluronsyraderivat som särskilt kan riktar in 
sig på osteoklaster, utan att påverka överlevnad och funktionsförmåga hos 
granncelltyper. Denna strategi utnyttjar den naturliga affinitet som finns hos 
hyaluronsyra (HA) till dess primära receptor CD44. Den kovalenta funktion-
aliseringen av HA med bisphosphonat (BP) ökat signifikant upptaget av 
osteoklaster, eventuellt genom receptormedierad endocytos. Denna slutsats 
drogs från observationen att HA-BP, speciellt lågmolekylärt (L-HA-BP), 
visade nästan 10-faldig skillnad i inhibition av osteoklaster jämfört med na-
tivt HA, fri BP, polyvinylalkohol-PB (PVA-BP) eller inte ens H-HA-BP 
(högmolekylär) visar att den mekanismen för läkemedels cellular upptag 
underlättas genom bindning till lågmolekylär hyaluronsyra, för att dramatiskt 
förbättrar specificiteten mot osteoklaster.  

BP är känt att associera specifikt till calcium (Ca2+) vilket gör det anrikas på 
benytor. Hyaluronsyra är helt biologiskt nedbrytbart och framkallar därför 
inte någon egen toxicitet. Vi bekräftade också att HA-BP inte har några 
anabola effekter på osteoblaster eller monocyter vilket ger oss stöd till upp-
fattningen att dessa derivat kan stödja och stimulera långsiktigt benbildning 
och utgöra möjlig behandlingsstrategi för patienter med osteoporos. Pyro-
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phosphater har varit kända för att spela en nyckelroll i produktionen av de 
oorganiska fosfater som är groddmolekylerna för mineraliserat ben. 
Förmågan hos polyphosphoesterar att inducera benbildning genom deras 
kataboliska verkan av osteoblaster är känt sen tidigare. Pyrophosphaters 
direkta effekter på människors osteoklaster har dock inte undersökts. Vi 
valde därför att syntetisera natriumsaltet av polyphosphoestern (PEP.Na 
)med användning av en organisk katalysator att övervinna eventuella metall-
inducerade giftiga biprodukter.  

Osteoklasernas tillväxt, och dess förmåga att inhibera resorptionen, ut-
värderades och där vi fann att PEP.Na hade en förmåga att 

minska mänskliga osteoklasters resorption på tunna skivor av ben. Föru-
tom olika anti-resorptiva strategier som används kliniskt (antagonister, inhib-
itorer och antikroppar), visar resultatet av denna studie på möjligheten att 
PEP.Na också skulle kunna fungera som ett effektivt antiresorptivt medel 
och kunde undersökas vidare för utveckling av produkter (prodrugs) för 
behandling av osteoporos. 

Under utvecklingsfasen och vår utvärdering av de nya substanserna insåg vi 
bristen på relevanta samkulturmodeller som involverar både osteoblaster och 
osteoklaster, där man samtidigt skulle kunna mäta och avläsa svar från båda 
celltyperna individuellt som svar på exponering för samma aktiva substans.  

Denna utveckling ledde till utvecklingen av en ny samkulturmodell för att 
uppnå målen, in situ med bättre reproducerbarhet och i nära överensstäm-
melse med avläsning från konventionella ensidiga samkulturer. Den största 
fördelen med detta system är inbäddad i benet dvs själva chippet. Benyta har 
en topografi och en biologiskt aktiv yta som kan differentiera celler som är 
föregångare till benceller. Mineraliseringen av osteoblaster och resorption av 
osteoklaster kan tydligt läsas av och är direkt relevanta för det kliniska sce-
nario där samma processer analyseras, fast där på en större skala. Detta sys-
tem erbjuder därmed en miniatyriserad version av samma fenomen.  

En annan stor fördel är möjligheten att enbart studera betydelsen av lösliga 
faktorer som frisätts av olika individuella celltyper och deras svar på olika 
läkemedel med avläsningar som exempelvis TRAP produktion, resorption, 
mineralisering och ALP-aktivitet. Resultat från det här samodlingssystem 
visar också att de differentieringsfaktorer som produceras endogent eller 
kompletteras exogent av de fysiskt separerade cellerna inte påverkar pro-
cessen för differentiering eller det biologiska svaret. Systemet ger potentiellt 
flera fördelar jämfört med befintliga samkultursystem, särskilt för nystartade 
läkemedelsprövningar innan utformningen av kostsamma och tidskrävande 
djurförsök startar. Användningen av det här samkultursystemet i kombina-
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tion med andra befintliga system kan erbjuda en bättre avläsning, vilket i sin 
tur skulle kunna ge en bättre korrelation mellan in vitro och in vivo-studier. 

Slutligen har en ny form av inkapsling och leverans av tillväxtfaktorer som 
syftar till att ge stimulans till ny benbildning. Ökad osteoblastaktivitet 
uppnås genom den bibehållna aktivitet av tillväxtfaktorer som genererats av 
liganden bisphosphonate (BP). Hyaluronsyra har funktionaliserats med 
förutbestämda mängder av BP grupper och tvärbunden in situ tillsammans 
med komplexerad rhBMP-2. Resultaten från denna studie visar att stamceller 
differentiera snabbt i HA-BP hydrogeler laddade med specifika mycket små 
mängder av BMP-2. Denna strategi bygger på laddningbaserade affinitet för 
BMP-2 för BP grupper och därmed kan det önskade förhållandet mellan 
BMP-2 till BP bestämmas i förväg.  Potentiellt kan det ge kliniska möjlighet 
att tillsätta en låg och bestämd mängd av BMP-2 för regenerering av specif-
ikt ben. Denna strategi kan potentiellt appliceras för regenerering osteopo-
rotiskt ben, eftersom BP har dubbla funktioner som osteoklast-hämmare och 
långsiktig benåterbyggnad genom stabilt skydd och kontrollerad frisättning 
av BMP-2. Denna strategi kan troligtvis även användas för leverans av andra 
proteiner av intresse och inte bara för att stimulera benbildning.  
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