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Abstract 

Bone grafting is one of the common methods used to help repairing complex bone fractures, 
where there is a large volume of bone lost, or the patient is unable to heal the fracture 
naturally. The sources for bone graft can be autograft, allograft or bone graft-substitute. There 
are several limitations for using autograft and allograft, such as limited graft harvesting sites, 
discomfort at the harvesting site, immunogenicity and the need for more than one open 
surgery procedure. Therefore, injectable bone graft-substitute with osteoconductive and 
osteoinductive property has become an interesting alternative source of bone graft. 

The aim of this study was to evaluate the in vitro osteoinductive potential of injectable 
hyaluronic acid hydrogel (HG) and hyaluronic acid hydrogel with strontium (HG-Sr) as a 
carrier for rhBMP-2. The hydrogel components (HA-A, HA-A-Sr, HA-H and HA-H-Sr) with 
and without rhBMP-2, and HG and HG-Sr hydrogel containing rhBMP-2 were evaluated for 
osteoinductive potential by an ALP assay. The main finding showed that the hydrogel 
components with rhBMP-2 had higher osteoinductive potential than the negative control (cell 
grown in medium) and the components without rhBMP-2. Both HG and HG-Sr hydrogel 
containing rhBMP-2 showed similar control release profiles of osteoinductive factors, hence 
they showed similar osteoinductive potential. 
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In vitro analysis of injectable hyaluronic acid hydrogel scaffold containing strontium as 
a carrier for rhBMP-2 for bone regeneration 

Popular science summary 

Kiatnida Treerattrakoon 

 

Bone is a rigid connective tissue that has important functions in giving structural support for 
the body, provide attachment for muscles, as well as protect our important organs. Bone 
continuously undergoes remodeling throughout our life in order to maintain its functions, by 
replacing old bone with new. This bone remodeling can generally be divided into 3 phases: 
detection of stimuli, resorption of old bone and secretion of growth factors, and formation of 
new bone. During fracture healing, high activity of bone formation is needed in order to fill 
the gap in the fracture. However, there are many factors that can prevent or prolong natural 
bone formation during fracture healing.  

Bone grafting is one of the techniques commonly used to help in providing a scaffold for new 
bone to grow on. It can also contain growth factors or drugs to help accelerate bone 
formation. Normally, bone graft can be taken from the body. However, this procedure 
requires more than one open surgery and can be painful for the patient or graft donor. Thus, 
synthetic graft or graft substitute becomes an ideal alternative that has been widely studied. 
The graft substitutes should have similar properties as autograft, in providing a scaffold and 
growth factor to enhance bone formation.  

Injectable hyaluronic acid hydrogel, with and without strontium1 showed that they can be 
used as a carrier for rhBMP-22 to improve bone regeneration in this study. Both hydrogels 
released rhBMP-2 in vitro in a controlled and sustained manner, and showed similar 
osteoinductive potential. Also, the hydrogels and their components showed no cytotoxicity.     
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1 Strontium ranelate is commonly used to treat osteoporosis.  
2 BMP-2 is one of the important growth factors, during the initial phase of bone formation. 
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Abbreviations 
 

ALP alkaline phosphatase 

CaSr calcium-sensing receptor 

ECM extracellular matrix 

FDA food and drug administration 

FGFs fibroblast growth factors 

HA hyaluronic acid, hyaluronan 

HA-A aldehyde-derivative of hyaluronic acid 

HA-A-Sr aldehyde-derivative of hyaluronic acid with strontium 

HA-H carbodihydrazidederivative of hyaluronic acid 

HA-H-Sr carbodihydrazidederivative of hyaluronic acid with strontium 

HG hydrogel from hydrazone crosslinking of HA-A and HA-H  

HG-Sr hydrogel from hydrazone crosslinking of HA-A-Sr and HA-H-Sr 

M-CSF monocyte-colony stimulation factor 

MSCs mesenchymal stem cells 

OPG osteoprotegrin 

PTH parathyroid hormone 

RANKL receptor activator of nuclas κB ligand 

RHAMM receptor for hyaluronan-mediated motility 

rhBMP-2 recombinant human bone morphogenetic protein 2 

RT-PCR (reverse transcription polymerase chain reaction) 

TGF β transforming growth factor β 
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1. Introduction 
 

1.1 Bone 

Bone is a type of rigid connective tissues that constitutes the major part of the human skeletal 
system, along with tendons, ligaments and cartilages. Bone has unique and important 
functions that provide attachment for muscles, as well as protection of various organs in the 
body. Bone also actively undergoes continuous remodeling throughout the life time in order 
to maintain its structural integrity and its mechanical, synthetic and metabolic functions.  

1.1.1 Bone structure 

The human skeleton is constituted from various types of bone, including long bone (femur, 
tibia, humerus, radius and ulna), short bone (carpal and tarsal), flat bone (ribs, sternum, 
cranium and scapula), irregular bone (vertebra), and sesamoid bone (patella). 
Microscopically, bone can be divided into primary bone tissue (non-lamellar or immature 
bone) consisting of randomly oriented coarse collagen fiber that is seen in fetuses, young 
children and at the beginning of fracture healing, and secondary bone tissue (lamellar or 
mature bone) consisting of collagen fibers arranged in parallel layers. Mature bone can be 
divided structurally into cortical (or compact) bone with dense, ordered layers that function in 
resisting bending, and cancellous (or spongy/trabecular) bone that is less compact and 
function in resisting compression. In general, mature bone is made up of an outer cortex of 
the compact bone, surrounding the trabecular bone interior. For example, long bones are 
mostly made up of compact bone, with little amount of marrow in the medullary cavity, and 
trabecular bone mainly at epiphysis. Flat bones are made up of two parallel layers of compact 
bone with a layer of trabecular bone in the middle. Short bones have thin layers of compact 
bone surrounding trabecular bone. 

Cortical or compact bone is made up of cylindrical structures called osteons or Haversian 
systems containing lamellae or bone cells laid down concentrically around the Haversian or 
osteonic canal (figure 1). The Haversian canal contains blood vessels, nerves and loose 
connective tissue. Each osteons communicate with each other, the marrow cavity and the 
periosteum through channels called Volkmann’s canals, which run parallel to the Haversian 
canal. Parallel with the lamellae are spaces called lacuna, containing osteocytes. Cytoplasmic 
processes of osteocytes in each lacuna are maintained through a connective network called 
canaliculi. Irregular lamellae between osteons are called interstitial lamellae, which are 
osteons that has undergone resorption and remodeling.   

Cancellous or trabecular bone consists of interconnecting plates of bone called trabeculae. 
The trabeculae are arranged along a direction line subjected to the greatest stress according to 
Wolff’s law. This arrangement leads to a honeycomb or sponge appearance that contributes 
to high surface area for bone metabolic activity and mechanical strength of trabecular bone.  

The outer surface of cortical or compact bone is covered by a membrane called periosteum. 
The periosteum consists of an outer fibrous layer and an inner cambium layer. The inner 
cortex of bone is covered by a membrane called endosteum. Both periosteum and endosteum 
contain osteoprogenitor cells, which function in an orchestrated manner to maintain bone 
remodeling, growth and repair. 
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Figure 1: Bone structure. 

 

All types of bone arise either by intramembranous ossification or endochondral ossification. 
Intramembranous ossification occurs mainly in flat bone, but also contributes to growth of 
short bone and thickening of long bone. The process takes place in a condensation of 
mesenchymal tissue (ossification center) and a group of cells in this tissue differentiate 
directly into osteoblasts. Endochondral ossification occurs in long and short bones. This 
process takes place in a hyaline cartilage model (figure 2), which is a template for bone 
formation. The primary ossification center is at the middle of the model and produces 
chondrocytes. Hypertrophy of chondrocytes causes chondrocyte degeneration and 
calcification of their matrix. The space after chondrocyte degeneration is then invaded by 
primitive mesenchymal cells and blood vessels, which differentiate into osteoblasts and 
blood-forming cells of the bone marrow (Nather et al. 2005). 
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Figure 2: Endochondral ossification is one of the two processes in bone formation where cartilage is present, 
unlike intramembranous ossification. Endochondral ossification is important for formation of long bones, the 
growth in length of long bone, and fracture healing. 

1.1.2 Bone remodeling 

Bone remodeling, or also known as bone turnover, is regulated by mechanical forces and 
stress factors such as hormones and cytokines. The complex and well-orchestrated 
mechanism of bone remodeling depends on interaction of two cell lineages: the 
hematopoietic osteoclastic lineage (osteoclasts) and the mesenchymal osteoblastic lineage 
(osteoblasts and osteocytes) (Raisz 1999).  

Osteoblasts are mononucleated bone forming cells that are deposited on the surface of bone, 
responsible for secretion of osteoid for bone matrix formation. Osteoblasts also show high 
expression of alkaline phosphatase (ALP), an enzyme responsible for bone matrix 
mineralization. Mature osteoblasts are entrapped in lacunae after mineralization and become 
osteocytes. Inactive osteoblasts are presented at the surface and are known as bone lining 
cells (Rucci 2008). Osteocytes are considered as mature bone cells that play a role in bone 
formation, mineralization and calcium homeostasis. The cytoplasmic process between 
osteocytes is maintained through a canaliculi canal network. Another proposed role of 
osteocytes is as a mechanorecepter (Datta et al. 2008) which translate mechanical stress 
stimuli to biological stress stimuli. Osteoclasts are multinucleated bone cells of 
monocyte/macrophage lineage, responsible for bone resorption.  

The remodeling of bone (figure 3) begins when stress stimuli are detected by osteocytes and 
results in retraction of bone lining cells of endosteal surface and secretion of matrix 
metalloproteinase to demineralize the bone matrix (Datta et al. 2008). The bone lining cells 
also increase their surface expression of RANKL (Receptor Activator of Nuclear κB Ligand). 
These ligands interact with the receptor RANK (Receptor Activator of Nuclear κB) expressed 
by pre-osteoclasts (Rucci 2008). The interaction between RANKL/RANK results in 
recruitment of pre-osteoclasts to the matrix, and later fusion and differentiation of pre-
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osteoclasts to become larger active multinucleated osteoclasts. M-CSF (monocyte-colony 
stimulation factor) is also another important cytokine that controls proliferation of osteoclast 
progenitors (Rucci 2008; Datta et al. 2008; Raggatt & Partridge 2010). The multinucleated 
osteoclasts initiate resorption of bone lining cells by secretion of hydrogen ions and 
lysozymes, which degrade all organic components of the bone matrix at low pH (Raisz 1999). 
After this step, osteoclasts undergo apoptosis. Several growth factors, such as bone 
morphogenetic proteins (BMPs), fibroblast growth factors (FGFs) and transforming growth 
factor β (TGF β), are also released during bone matrix resorption in order to recruit 
osteoblasts (Rucci 2008). Osteoblasts are then recruited to the cavity called Howship’s 
lacunae, which is created by osteoclasts, and secrete osteoid for bone matrix formation. The 
remodeling cycle is completed after calcification and osteoblasts have matured to be either 
osteocytes or bone lining cells (Nather et al. 2005; Rucci 2008; Datta et al. 2008). The 
activation and resorption phases in the bone remodeling cycle can usually take about 2-4 
weeks while the regeneration/formation phase takes longer time. The total remodeling 
process during fracture healing may take years until the bone is fully repaired (Marsell & 
Einhorn 2011; Doll et al. 2008). 

 
Figure 3: The bone remodeling cycle can be divided into different phases. During activation phase, bone lining 
cells detect stress stimuli and increase Rank/RankL interaction which helps to recruit osteoclasts to the site. 
Multinucleated osteoclasts are responsible for resorption of bone lining cells. During this process, several 
growth factors are secreted and help in recruiting osteoblasts to the space created during resorption. The 
recruited osteoblasts secrete osteoid for bone matrix formation and mineralization during the regeneration phase. 
The bone remodeling is completed after calcification and maturation of osteoblasts to become osteocytes.  
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Ideally, the bone remodeling rate should be carefully controlled. Nonetheless, there are many 
factors that could deteriorate or hinder the remodeling process, such as aging, complex 
conditions that require larger quantity of bone remodeling, as well as when regenerative 
ability has been compromised (Dimitriou et al. 2011). Hence, various techniques to enhance 
bone regeneration have been extensively studied over the past century. 

 

1.2 Current approach to enhance bone regeneration 

The current clinical procedures for enhancing bone regeneration or to treat bone defects 
include distraction osteogenesis, bone transport and guided bone regeneration where a space 
or gap is formed to allow new bone to grow (Dimitriou et al. 2011; Zakaria et al. 2012). 
However, the procedure for these methods is complicated and lengthy, which is a 
disadvantage for patients. Another common procedure is bone-grafting methods which 
consist of all properties required for bone regeneration, such as osteoinduction (growth 
factors), osteogenesis (osteoprogenitor cells) and osteoconduction (scaffold) (Dimitriou et al. 
2011; Martínez-Sanz et al. 2011; Larsson & Hannink 2011). The sources for bone graft can 
be autograft, allograft or from bone-graft substitutes. Autologous bone grafting, although it 
contains all properties for bone regeneration and has low immunogenic risk, can cause 
discomfort to the patients especially at the graft harvesting site (Dimitriou et al. 2011). 
Allograft can raise issues of immunogenicity and rejection. Therefore, bone-graft substitutes 
and other alternative methods are becoming more interesting (Dimitriou et al. 2011; Larsson 
& Hannink 2011; Hench & Thompson 2010). 

Injectable cell-free bone graft substitutes are one of the promising candidates for bone graft 
substitute. The starting liquid/paste formula allows for easy and minimally invasive 
application. It also allows the material to fill complex spaces. Moreover, cell-free bone graft 
substitutes can diminish the lengthy complications required for sterilization and cell-
expansion in cell-base therapy (Bergman et al. 2009). Bone graft substitutes have 
osteoconduction property and act as a scaffold that promotes migration, proliferation and 
differentiation of bone cells. Several biomaterials can be used for bone graft substitute, such 
as synthetic polymers, calcium phosphate and calcium sulphate cements, as well as glass 
ceramics (Dimitriou et al. 2011; Martínez-Sanz et al. 2011; Larsson & Hannink 2011; 
Bergman et al. 2009; Gentleman et al. 2010). Some of these materials can give or enhance 
structural support at the injection site, such as cements (Larsson & Hannink 2011) and 
ceramics, whereas synthetic polymers can give only partial or minimal structural support that 
is only enough to prevent scaffold collapse (Hilborn 2011). Bone graft substitutes, especially 
those made from polymer, can also be used as carrier for growth factors and other 
osteoinductive or osteogenic agents.  

 

1.3 Injectable hyaluronic acid hydrogel 

Hyaluronic acid or hyaluronan (HA) is a polymer that can be produced and degraded by the 
human body. HA is a negatively charged high-molecular weight glycosaminoglycan, and a 
main component of the extracellular matrix (ECM). Both structural and biological properties 
of HA play crucial roles in ECM by mediating cellular signaling, wound repair, 
morphogenesis and matrix organization (Burdick & Prestwich 2011). HA shows a low risk at 
promoting immunogenicity. It also acts through CD44 and RHAMM (receptor for 
hyaluronan-mediated motility) to regulate cell proliferation and chemotaxis, which might 
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play a role in homing of MSCs (mesenchymal stem cells) to the hydrogel matrix (Hilborn 
2011; Laurent & Fraser 1992). HA can be chemically modified in many ways to give the end 
product that is suitable for the desired application, especially within the medical and 
therapeutic field. The modified HA derivatives can be primarily categorized into monolithic 
or living HA derivatives. Monolithic derivatives are defined as the final form of HA, which 
cannot form new chemical bonds in the presence of cells or tissue, and must be physically 
processed into alternative forms (Burdick & Prestwich 2011; Ratner et al. 2013). Living 
derivatives, on the other hand, has the ability to form new chemical bonds with cells or tissue 
and allow in vivo and in vitro change in physical form that is responsible for in situ 
crosslinking (Burdick & Prestwich 2011; Ratner et al. 2013). Modified HA, with living 
derivatives, can also be engineered to crosslink and form a stable hydrogel at physiological 
conditions, as well as be used as a carrier for therapeutic agents. For example, dihydrazide-
modified HA can form hydrazone linkages with ketones and aldehydes. This reaction allows 
crosslinking for hydrogel formation, addition of hydrophobic groups, and incorporation of 
drugs or polypeptide (Burdick & Prestwich 2011). Therefore, modified HA with living 
derivatives have become more recognized in the field of tissue engineering and regenerative 
medicine. Nevertheless, the concerns about biocompatibility of crosslink chemistry and by-
products from degradation (both short and long term) of the hydrogel, as well as clinical and 
market feasibility should also be taken into account.   

Currently, a new hydrazone linkage system (figure 4) has been developed by Oommen et al. 
(2012), department of Chemistry, Ångström Laboratory, Uppsala University. Hydrogel from 
modified HA with carbodihydrazide (HA-H) and aldehyde (HA-A) derivatives are prepared 
according to previously described protocols (Ossipov et al. 2010; Oommen et al. 2012). The 
resulted hydrogel can crosslink in vivo and has showed exceptional stability, swelling 
property and enzymatic degradation at physiological conditions when compared to hydrogel 
formed by hydrazone crosslinking between conventional hydrazide derivatives and aldehyde 
derivatives (Ossipov et al. 2010; Oommen et al. 2012). Martínez-Sanz et al. (2011, 2012) 
showed that the hydrogel developed from the mentioned group can be used as a carrier of 
bone morphogenetic protein-2 (rhBMP-2) for minimal invasive bone augmentation. Further 
modification of the hydrogel from the same group is to incorporate strontium nanoparticles, 
bone inductive agents (Dimitriou et al. 2011; Martínez-sanz et al. 2012; Canalis et al. 2003; 
Bessa et al. 2008) into the hydrogel (publication pending). The hypothetical result is a 
hydrogel that has osteoconductive and osteoinductive properties and can release rhBMP-2 
locally in a controlled manner.   
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Figure 4: Hydrogel from hydrazone crosslinking of modified hyaluronic acid with aldehyde (left) and modified 
hyaluronic acid with hydrazide (right). 

 

1.4 Bone morphogenetic proteins (BMPs) 

Bone morphogenetic proteins (BMPs) are a group of cytokines in the TGF-β superfamily that 
play a major role in embryonic development, cell differentiation, and cartilage and bone 
formation (Bessa et al. 2008; Canalis et al. 2003). There are several members of BMPs in 
human, where rhBMP-2 to BMP-11 are considered as BMPs, while BMP-12 to BMP-14 are 
cartilage-derived morphogenetic proteins. rhBMP-2, -4, -6, -7 and -9 show a clear bone-
inducing role in bone formation (Bessa et al. 2008). Each BMP is active at different stages of 
bone regeneration (figure 5), for example rhBMP-2 is found already at an early stage, 
indicating its role to induce differentiation of MSCs toward osteoblastic lineage (figure 4) 
(Bessa et al. 2008; Canalis et al. 2003; Cheng et al. 2003). Moreover, locally synthesized 
BMPs can also act as autocrines to regulate osteoblastic differentiation and function (Canalis 
et al. 2003). Other BMP antagonists also play a role in giving negative feedback in order to 
maintain a critical balance for bone regeneration. 

 
Figure 5: Osteogenic activity of human BMPs at various stages of bone formation.  
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The BMPs have a structure of either homodimers or heterodimers linked via a disulphide 
bridge. These large precursor polypeptide chains of BMPs contain a hydrophobic signal 
sequence, a mature domain with a highly conserved C-terminal region and a variant of N-
terminal region. Both forms of BMPs are active, however it has been showed in cell culture 
that heterodimers induce much higher expression of alkaline phosphatase (ALP), an 
osteogenic marker (Bessa et al. 2008). BMPs bind to cell surface receptors, mainly 
serine/threonine kinases receptors type I and II, to regulate cellular signaling. Type I and type 
II receptors are presented on the cell surface as homomeric and heteromeric complexes. 
BMPs can bind to a type II homodimer receptor and form a heterodimer with type I receptor, 
or bind to a pre-formed heterodimer of type I and type II receptors. When BMPs bind to type 
II receptors with low affinity, activated type II receptor causes activation of type I receptor. 
This, in turn cause phosphorylation of downstream nuclear factors and their translocation into 
the nucleus to activate or inhibit transcription (Bessa et al. 2008; Canalis et al. 2003).   

The emergence of BMPs in bone regeneration research is based on the pioneer work in 1965 
by Urist, who discovered a group of active compounds responsible for bone regeneration and 
named them bone morphogenetic proteins (Bessa et al. 2008). Years later, a study by 
Sampath and Reddi showed that BMPs are responsible for ectopic bone formation, based on 
the activity of alkaline phosphatase enzymes and calcium content found in newly formed 
bone (Bessa et al. 2008). Since then, several BMP genes were cloned to produce recombinant 
proteins that are biocompatible, especially rhBMP-2 and rhBMP-7 that received Food and 
Drug Administration (FDA) approval in 2002. These FDA-approved BMPs have been used 
in several medical applications with a carrier, for example in spinal fusion and long bone 
non-unions (Bessa et al. 2008). Nevertheless, there still exist concerns about the safety of 
using rhBMPs in medical application. Carragee et al. (2011) has made a critical review 
showing that the studies on the use of rhBMP-2 in spinal fusion, those done with industry-
sponsor and those done independently afterwards, have potential methodological bias against 
the control groups and adverse events should be taken into consideration depending on the 
study approach (Carragee et al. 2011).  

 

1.5 Strontium       

Strontium (Sr; MW 87.62) is a natural trace element, abundantly found in ocean water, and in 
food and beverage at various concentrations. Strontium shares some physical and chemical 
properties with calcium, thus they have similar roles in many biological processes. Both 
strontium and calcium are mainly absorbed in the gastrointestinal tract, deposited in bone and 
excrete in urine (Cabrera et al. 1999; Llinas et al. 2006). Currently, several forms of 
strontium have already been used in bone therapy, for example radioactive strontium-89 has 
been used to treat bone pain from metastatic cancers, while strontium-85 and -88 have been 
used as markers of calcium metabolism (Cabrera et al. 1999; Llinas et al. 2006). A stable 
strontium ranelate (trade name Protelos®), consisting of two atoms of stable strontium with 
ranelic acid, is widely used to treat osteoporosis by oral administration (Llinas et al. 2006; 
Marie 2010; Lane & Kelman 2003; Rachner et al. 2011; Gallagher & Sai 2010). Current 
studies also show that strontium ranelate can be administered locally by being incorporated 
with a carrier, such as a calcium phosphate scaffold (Tian et al. 2009) or bioactive glasses 
(Gentleman et al. 2010).  

Strontium ranelate has a distinct mode of action that differ from other compounds used to 
treat osteoporosis such as bisphosphonate, which inhibits both bone resorption and formation, 



15 
 

and parathyroid hormone (PTH), which favors bone formation (Marie 2010; Compston 
2010). Evidence has shown that strontium ranelate has a dual mode of action, in which it can 
induce in vitro and in vivo bone formation, as well as decrease osteoclastic resorption (Marie 
2010; Fonseca & Brandi 2010). This could be explained by the interaction of strontium with a 
calcium-sensing receptor (CaSr) that is expressed on the cell surface of osteoblasts and 
osteoclasts. Interaction of strontium with CaSr on osteoclasts results in caspase-mediated 
apoptosis, which is different from the mechanism of the Calcium-CaSr interaction (Marie 
2010). On osteoblasts, interaction of strontium with CaSr results in increase in osteoblastic 
replication (Marie 2010). The interaction of strontium-CaSr on osteoblasts increases 
expression of osteoprotegrin (OPG), a RANKL antagonist, and decreases expression of 
RANKL on osteoblasts. This results in reduction of RANKL-RANK cytokines-mediated 
interaction between osteoblasts and osteoclasts for osteocytogenesis (Marie 2010).  

Several articles have shown that 2 g of strontium ranelate daily, orally administered, is 
effective in reducing fractures in postmenopausal women (Marie 2010; Rachner et al. 2011). 
The effect of strontium on bone can be either beneficial or lead to deterioration, depending on 
the dosage given (Cabrera et al. 1999). Low doses of strontium have shown to increase bone 
formation by inducing osteoblastic activity (Cabrera et al. 1999). High doses strontium also 
increases bone formation, but can also interfere with bone mineralization, calcium 
homeostasis, and decrease vitamin D synthesis (Cabrera et al. 1999). Nevertheless, patients 
who receive strontium treatment already have decreased renal function and are at risk of 
accumulating strontium in their body (Verberckmoes et al. 2003).  Studies on rats with 
chronic renal failure also show that intermediate dosages of strontium (3g/l in drinking water) 
can induce osteomalacia (defective in bone mineralization) (Cabrera et al. 1999). Therefore, 
the dosage of strontium used as therapeutic agent seriously has to be taken into consideration.  

 

1.6 Objective 

The objective of this study is to evaluate the osteoinductivity of a hyaluronic hydrogel 
scaffold from hydrazone crosslinking and their modified derivatives (HA-A, HA-A-Sr, HA-H 
and HA-H-Sr), with and without rhBMP-2, in vitro. The materials extracted from hydrogels 
and modified derivatives at 0.01, 0.05 and 0.5% concentration are analyzed by comparing the 
expression of alkaline phosphatase, a biomarker for osteoblast differentiation. The cell 
number after treatment with material extract is evaluated with the lactate dehydrogenase 
(LDH) assay. The cell viability and cytotoxicity are determined from the MTT/MTS assay, 
which measure cellular metabolic activity.
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2. Materials and methods 
 

2.1 Hydrogel components 

Sodium hyaluronate (HA, 150kDa) was bought from Lifecore Biomedical and other hydrogel 
components (HA-A, HA-Sr, HA-H and HA-H-Sr) were provided by the department of 
Chemistry at the Ångström laboratory, Uppsala University. 

 

2.2 Cell culture 

UMR-106 (rat osteosarcoma cell line) and W20-17 (mouse bone marrow stromal cell line), 
purchased from LGC standards, were cultured in Dulbecco's Modified Eagle Medium 
(DMEM, PAA Laboratories GmbH, headquarters, Austria) supplemented with 10% heat 
inactivated fetal bovine serum (FBS, Sigma-Aldrich Sweden AB, Sweden), 1% of 200 mM 
L-glutamine (SVA, Sweden) and 1% penicillin-streptomycin (Sigma-Aldrich Sweden AB, 
Sweden). The cells were incubated at 37°C and 5%CO2. Medium was replaced with fresh 
medium every 2-3 days. The cells were split to a new culture flask when they reached about 
70-80% confluence. 

 

2.3 Cell viability assay 

UMR-106 was plated in 6 replicates on a 96-well plate at a density of 2500 cells/100 µl for 
day 1 and day 4, and at a density of 1000 cells/100 µl for day 7 in DMEM for pulse-chase 
analysis of effect of hydrogel components on cell viability. When the cells were seeded after 
24 hours at 37°C and 5%CO2, the medium was removed and the cells were washed with 100 
µl sterile PBS (Sigma-Aldrich Sweden AB, Sweden). New medium containing 0.01, 0.05 and 
0.5% of each hydrogel components (HA, HA-A, HA-A-Sr, HA-H and HA-H-Sr), with and 
without rhBMP-2 [75 ng/ml] (InductOs®, Prizer (former Wyeth), Berkshire, UK), were 
added to the cell and incubated for 24 hours. Then, the medium was replaced with 200 µl of 
fresh medium without any components and incubated for 1, 4 and 7 days. The cell viability 
was determined by the CellTiter 96® AQueous Non-Radioactive Cell Proliferation Assay 
(MTS, Promega Biotech AB, Sweden). At each designated time point, 20 µl of MTS 
substrate was added to the wells and incubate for about 1 to 4 hours at 37°C, in the dark. The 
cells converted MTS into soluble formazan by dehydrogenase enzymes found in 
metabolically active cells. The absorbance of formazan can be measured at 492 nm with an 
ELISA plate reader, and the amount of living cells is directly proportional to the amount of 
measured formazan. 

 

2.4 Osteoinductive potential of hydrogel components 

W20-17 was plated in 6 replicates on a 96-well plate at a density of 2000-5000 cells/200 µl in 
DMEM, at 37°C and 5%CO2. After 24 hours, the medium was removed and the cells were 
washed with 100 µl sterile PBS. New medium containing 0.01, 0.05 and 0.5% of each 
hydrogel component (HA, HA-A, HA-A-Sr, HA-H and HA-H-Sr), with and without rhBMP-
2 [75 ng/ml], was added to the cells and incubated for 48 hours. Then the medium was 
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removed and the cells were washed with 100 µl sterile PBS. Cell lysis was performed by 
adding 13.5 µl CelLytic M reagent (Sigma-Aldrich, Stockholm, Sweden) to each well, and 
incubating them on a shaker for 15 minutes at room temperature. Milli Q water was added to 
each well to make a final working volume of 70 µl. The lysate was split to a new plate for 
determining alkaline phosphatase (ALP) activity. For 50 µl lysate, 100 µl of Alkaline 
Phosphatase Yellow (pNPP) Liquid Substrate (Sigma-Aldrich Sweden AB, Sweden) was 
added to each well and incubated until appropriate color change. The absorbance was 
measured at 405 nm. The cell numbers were determined by quantitatively measuring lactate 
dehydrogenase (LDH), an enzyme that is released from cell lysis. This was done by adding 
50 µl of CytoTox 96® Non-Radioactive Cytotoxicity Assay (Promega Biotech AB, Sweden) 
to 20 µl lysates. The absorbance was measured at 492 nm.   

 

2.5 in vitro release from hydrogel 

2.5.1 Trial 1 

The hydrogel components (HA-A, HA-A-Sr, HA-H and HA-H-Sr) were sterilized under UV 
light for 15-30 minutes. The components with a aldehyde side (HA-A and HA-A-Sr) were 
dissolved in sterile PBS at the ratio of 4 mg in 250 µl of PBS in eppendorf tubes. The 
components with a hydrazide side (HA-H and HA-H-Sr) were dissolved in sterile PBS at the 
ratio of 4 mg in 240 µl of PBS in eppendorf tubes. The tubes were put on a shaker, at room 
temperature for 2-3 hours, to allow the components to fully dissolve. Then, 10 µl of rhBMP-2 
was added to each 240 µl hydrogel solution containing hydrazide, to make the final rhBMP-2 
concentration 20 µl/ml in 200 µl hydrogel. The hydrogel was prepared by mixing 100 µl of 
HA-A solution with 100 µl of HA-H solution containing rhBMP-2. After vortexing the 
mixture for about 10-12 seconds, 200 µl of the mixture was immediately transferred to a pre-
cut mold. The hydrogel crosslinked within 15 seconds and was left overnight to allow 
solidification. The hydrogel containing strontium was prepared the same way. The solid 
hydrogels were transferred to glass vials and 1.8 ml complete medium was added. The 
samples were immersed in the medium at 37°C and 5%CO2 for 28, 21, 14, 7, 3 and 1 day in 
descending order. Positive controls containing 2 ml medium and 2 µg/ml rhBMP-2 were 
prepared for each time point to simulate 100% rhBMP-2 release from the hydrogel. The 
medium was collected for analysis of osteogenic differentiation with the method described 
before. The collected medium was stored in glass vials at -80°C until use.  

2.5.2 Trial 2 

The second experiment was slightly modified from the trial 1. The components were prepared 
as previously described; however the components with a hydrazide side (HA-H and HA-H-
Sr) were dissolved in sterile PBS at the ratio of 4 mg in 236 µl of PBS in eppendorf tubes. 
After the components were fully dissolved, 14 µl of rhBMP-2 was added to each 236 µl 
hydrogel solution containing hydrazide, to make the final rhBMP-2 concentration 40 µl/ml in 
200 µl hydrogel. Equal amount of hydrogel solution, containing aldehyde and hydrazide, 
were mixed by vortexing for about 10-20 seconds and 200 µl of the mixture was immediately 
transferred into a 2ml protein LoBind eppendorf tube. The hydrogel crosslinked within 15 
seconds and was left overnight to allow solidification. The hydrogel containing strontium was 
prepared the same way. The next day, 1.8 ml sterile PBS was added to the 2 ml protein 
LoBind eppendorf tube containing the hydrogel. The samples were immersed in PBS at 37°C 
and 5%CO2 for 28, 21, 14, 7, 3 and 1 day in descending order. Another experiment was done 
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to observe the early release by immersing the sample for 12, 6, 3 and 1 hour. Positive control 
containing 2 ml medium and 4 µg/ml rhBMP-2 was prepared for each time point to simulate 
100 % rhBMP-2 release from the hydrogel. At the endpoint, the extract was collected for 
analysis of osteogenic differentiation with the ALP assay method previously mentioned. The 
collected extract was diluted at the ratio of 50 μl extract in 150 μl DMEM, and used to treat 
the cell. The collected medium was stored in protein LoBind eppendorf tubes at -80°C until 
use.  

 

2.6 Statistical analysis 

The experiment for cell viability and osteogenic differentiation of hydrogel components were 
done in 6 replicates per sample. For in vitro release from hydrogel, 2 hydrogels were made 
for each HG and HG-Sr hydrogel. Collected medium from each hydrogel was used in 
triplicate to treat cells for osteogenic differentiation analysis. The results were evaluated with 
the statistical software Prism 6 (GraphPad Software, Inc. USA). Two-way ANOVA (α=0.05), 
Tukey and Sidak post hoc tests, were used to compare cytotoxicity between components with 
and without BMP-2. One-way ANOVA (α=0.05), Dunnett and Tukey post hoc tests, were 
used to compare osteoinductive potentials of components with and without BMP-2. Lastly, 
two-way ANOVA (α=0.05) was used to compare in vitro release from hydrogel with and 
without strontium. 
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3. Results   
 

3.1 Cell viability assay 

The number of viable cells can directly be determined from the expression level of formazan, 
determined in an MTS assay. The cells treated with medium containing 0.01 and 0.05% 
components, with and without rhBMP-2, maintained the same viability as the positive control 
through all the time-points (figure 6). This indicated that the components at low concentration 
are not cytotoxic. Two-way ANOVA (α=0.05, where * = p-value <0.005), was used to find 
statistical significance between different components in a group, and between a group with 
and without rhBMP-2. A Tukey post hoc test was used to compare the means among each 
sample with every other sample mean within a group with or without rhBMP-2. A Sidak post 
hoc test was used to compare the sample without rhBMP-2 with the same sample with 
rhBMP-2.  

 
Figure 6: Viability of the UMR-106 cells, treated with 0.01% and 0.05% component extract in a pulse-chase 
experiment, shows no cytotoxicity.  
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3.2 Osteoinductive potential of hydrogel components 

The osteoinductive potential of hydrogel components was determined from the expression of 
ALP. At the low concentration of hydrogel components (0.01 and 0.05%), the effect of 
increase in ALP expression was mainly due to the effect of rhBMP-2 (figure 7a and 7b). The 
components without rhBMP-2 showed similar ALP expression when compare to the negative 
control (cell + medium). When rhBMP-2 was added, the ALP expression of all components 
increased to be comparable to that of the positive control (cell + medium + rhBMP-2). The 
unmodified HA with rhBMP-2 showed the highest ALP expression at both 0.01 and 0.05 %. 
There was no difference in the ALP expression between the modified derivatives (HA-A and 
HA-H) and their respective derivatives with strontium (HA-A-Sr and HA-H-Sr) at 0.01% 
(figure 7a). The ALP expression of hydrazide derivatives was lowest at 0.01%, but it was not 
statistically significant. At 0.05%, the increase in ALP expression of hydrazide derivatives 
was observed, where HA-H showed almost comparable ALP expression to the positive 
control and HA-H-Sr showed comparable ALP expression to that of the aldehyde derivatives.   

At high component concentration (0.5%), the effect of components on ALP expression was 
observed in both groups with and without rhBMP-2 (figure 7c). In the group without rhBMP-
2, a one-way ANOVA (α=0.05) and a Dunnett post hoc test showed significantly lower ALP 
expression for HA, HA-A and HA-H-Sr when compare to the negative control (figure 7c 
left). A Tukey post hoc test also showed significantly lower ALP expression of HA-H-Sr 
when compare to HA-H for the group without rhBMP-2. In the group with rhBMP-2, HA-A, 
HA-A-Sr and HA-H-Sr showed significantly lower ALP expression when compare to the 
positive control, where HA-A-Sr showed the lowest ALP expression (figure 7c right). The 
Tukey post hoc test also showed that HA-A-Sr had significantly lower ALP expression 
compare to HA and HA-A. This indicated that strontium in aldehyde derivatives has reduced 
osteoinductive effect of rhBMP-2.   
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Figure 7: Osteoinductive potential of hydrogel components at different concentrations were determined from the 
expression of ALP. The ALP expression level of the samples was expressed as if the cells were 100% viable, by 
correcting to the LDH expression (see Appendix A for raw data). Finally, the expression level of the sample was 
normalized to the positive control. The osteoinductive potential of 0.01% and 0.05% hydrogel components was 
due mainly to the osteoinductive effect of active rhBMP-2. At 0.5% components concentration, the 
osteoinductive effect of components without rhBMP-2 can be observed. One-way ANOVA (α=0.05, where *, 
**, ***, **** = p-value<0.02, 0.0099, 0.0008 and 0.0001, respectively) and post hoc tests (Dunnett test and 
Tukey test) were used to compare the components. 

 

 

a) 

b) 

c) 
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3.3 in vitro release from hydrogel 

In trial 1 (figure 8a), where the PBS hydrogel was immersed in DMEM complete medium for 
1, 3, 7, 14, 21 and 28 days, it was shown that 85% of active rhBMP-2 was released from both 
modified hydrogel (HG) and modified hydrogel with strontium (HG-Sr) after 1 day. The 
amount of active rhBMP-2, determined from ALP activity, was showed to decrease over 
time. The observed hydrogels were showed to be degraded after 7 days and the hydrogels 
were not visible at 21 and 28 days. The ALP expression level of HA and HA-Sr showed 
comparable trends. 

Another experiment (trial 2) was conducted, where the PBS hydrogel was immersed in PBS 
over a period. Here, sustained and continuous released of active rhBMP-2 was observed as 
showed in figure 8b. In the first 3 hours, the HG-Sr hydrogel showed higher release of active 
rhBMP-2 than the HG hydrogel. After 6 hours, the HG hydrogel showed higher release of 
active rhBMP2 than the HG-Sr hydrogel. Nevertheless, two-way ANOVA (α=0.05) showed 
no statistical significant difference between the HG and HG-Sr hydrogel.  

 
Figure 8: In vitro release profile of osteoinducive factors of extract from HG and HG-Sr hydrogel, immersed in 
complete medium (8a) and PBS (8b).

b) a) 
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4. Discussion 
 

Injectable hyaluronic acid hydrogel scaffold, from novel hydrazone crosslinking (HG, HG-
Sr) can be used as a carrier for rhBMP-2 to improve bone regeneration. In this study, it was 
found that the hydrogel with and without strontium can release rhBMP-2 in vitro in a 
controlled and sustained manner and that the two conditions showed similar osteoinductive 
potential. The hydrogel and its components (HA, HA-A, HA-A-Sr, HA-H and HA-H-Sr) 
showed no cytotoxicity.     

Non-immunogenic biomaterials with osteoinductive and osteoconductive properties have 
been focused on by several research groups up to date.  The new material focused on in this 
study is a hyaluronic acid hydrogel made from crosslinking of novel modified HA derivatives 
with carbohidrazide (HA-H) and aldehyde (HA-A), developed by Oommen et al. (2012). 
According to a previous study done by the research group at Akademiska sjukhuset, Uppsala 
University, and by Martínez-Sanz et al. (2011, 2012), HA-H and HA-A can crosslink in vitro 
and in vivo at physiological conditions. The same author also showed that this hydrogel can 
be used as a carrier that release rhBMP-2 in a controlled manner. Strontium ranelate (Sr2+) 
nano particles were also incorporated into the modified HA derivatives. Sr2+ has already been 
widely used to treat osteoporosis by oral administration, and currently, locally administered 
Sr2+ has become more interesting in the field of regenerative medicine. 

The aim of this study was to complement the in vivo study previously done by the research 
group at Akademiska sjukhuset, Uppsala University (publication pending). The injectable 
hyaluronic acid hydrogel was used in a unilateral cortical defect model. After 30 days of 
leaving the hydrogel scaffold in the defects, the total bone mineral content and bone area 
were analyzed. It was found that, without rhBMP-2, the hydrogel with strontium (HG-Sr) 
showed higher total bone mineral content and bone area than the hydrogel without strontium 
(HG). When rhBMP-2 was added, there was no difference in total bone mineral content and 
bone area between the hydrogel with and without strontium. In the current work, a pre-
determined concentration of 75 ng/ml rhBMP-2 was used throughout the study (Thies et al. 
1992). Osteoinductive potential of HA and each modified HA component (HA-A, HA-A-Sr, 
HA-H) and HA-H-Sr were determined from three different concentrations of material extract 
(0.01, 0.05 and 0.5%). Since the Sr2+ nano particles were incorporated into the polymer chain, 
the amount of Sr2+ presented in the material extract was considered to be correlated to the 
concentration of modified HA components. 

At low concentration (0.01 and 0.05%) of material extract, the osteoinductive potential of HA 
and modified HA derivatives, with and without rhBMP-2, showed no difference when 
compared to the control. This indicated the concentration of material extracts were too low to 
have osteoinductive potential and that most of the increase in osteoinductive potential 
observed, was mainly due to the effect of rhBMP-2. At high concentration (0.5%) of material 
extracts, the difference in osteoinductive potential between the control and some components 
(HA, HA-A and HA-H-Sr) was observed. HA-A-Sr with rhBMP-2 had significantly lower 
osteoinductive potential when compared to HA and HA-A with rhBMP-2. Theoretically, 
since after modifying HA, strontium and rhBMP-2 need to bind to their respective surface 
receptors to regulate cellular signaling; it is plausible that the location of aldehyde and/or Sr2+ 

on the polymer may hinder rhBMP-2 from binding to its receptor. In order to verify this 
assumption, RT-PCR (reverse transcription polymerase chain reaction) may be used to 
analyze the expression of the rhBMP-2 responsive gene, when the cells are treated with 
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extract containing 75 ng/ml rhBMP-2 and 0.5% HA-A-Sr compared to control and the other 
components.  

Further, indifferent osteoinductive potential in the group without rhBMP-2 for HA-A-Sr and 
HA-H-Sr compared to the control and HA, HA-A and HA-H, is surprising as it has been 
showed that Sr2+ enhances osteoblastic replication (Marie 2010; Caverzasio 2008; F. Yang et 
al. 2011; S. Peng et al. 2009; Brennan et al. 2009). This also contradicted with the finding 
from an in vivo study in which, without rhBMP-2, hydrogel with strontium showed higher 
total bone mineral content and bone area compare to hydrogel without strontium. This may 
also be due to the reason that Sr2+ on the modified HA cannot bind to its receptor. Since the 
cells were only treated with material extract for 48 hours in the ALP assay, Sr2+ may still not 
dissociate from the polymer and the amount of Sr2+ in suspension that can bind to its receptor 
may be low. Comparing to the study by Gentleman et al. (2010), it showed a distinct increase 
in total ALP activity of Saos-2 osteosarcoma cells treated with 50-100% strontium-
substituted bioglass (BG) disc after 7 days (Gentleman et al. 2010). The same group has also 
proposed an alginate hydrogel crosslinked with bioactive strontium, zinc and calcium ions 
(Place et al. 2011). They showed that Saos-2 cells cultured for 7 and 21 days on an insert of 
alginate hydrogel crosslinked with strontium had significant increase in ALP activity 
compare to the control (Place et al. 2011). This supports the hypothesis that 48 hours 
treatment might be too short to detect an increase in ALP activity from the components 
without rhBMP-2. Furthermore, it was also noticed that the W-20 cell line was common for 
testing the effect of rhBMP-2, but not for testing the osteoinductive effect of strontium. 
Therefore, we may also need to look for another complementing cell line.   

The release study also presented some difficulties in this study. The failure to show a 
sustained release of osteoinductive agents in trial 1 can be due to many reasons. First, in trial 
1, the hydrogel was made by dissolving the components in PBS solution and casted in a pre-
cut mold before being immersed in DMEM cell culture medium. The medium was collected 
at designate time points and used to treat the cell for ALP analysis. In this way, the hydrogel 
was exposed to medium on all surfaces and it could swell more than when the hydrogel was 
casted in an insert. Moreover, the different composition of DMEM medium could also 
interfere with the hydrogel’s integrity and cause faster degradation. The degraded by-product 
may decrease the activity of rhBMP-2 and hydrogels as seen in figure 7a. This result was 
opposite from other studies where cells were cultured with hydrogel in an insert (Martínez-
Sanz et al. 2011; Place et al. 2011).   

In trial 2, the hydrogel was casted into protein Lo-Bind eppendorf tube. Here, the hydrogel 
was exposed on only one surface. The PBS hydrogel was also immersed in PBS solution in 
order to avoid hydrogel degradation from different compositions of hydrogel and medium. 
Both hydrogels with and without strontium (HG-Sr and HG) maintained its integrity better 
than in trial 1. Continuous increased in ALP expression was also observed from cells treated 
with medium collected at different time points (figure 8b). This inferred that both HG and 
HG-Sr hydrogels can release osteoinductive agents in a sustained manner. Further studies on 
the osteoinductive potential of HG and HG-Sr hydrogel without rhBMP-2 are needed in order 
to complement the in vivo study. Quantification of Sr2+ being released from the hydrogel is 
also needed to be done in order to determine the most suitable concentration for clinical use. 
Nonetheless, it has to be taken into consideration that this experiment only showed the effect 
of extract from hydrogels on the osteoinductive potential. It may not simulate the real in vivo 
event where inflammation and vascularization may also be important factors that can affect 
bone regeneration.
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Appendix A 

Osteoinductive potential of hydrogel components at different concentration is determined 
from the expression of ALP. The ALP expression level is normalized to the positive control. 
Cell viability is determined from LDH expression. It can be seen that the cell viability 
decreased significantly when the cells were treated with 0.5% HA-A-Sr with and without 
rhBMP-2.  
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Glossary 
 

Allograft: a graft of tissue from a donor who are of the same species, but genetically different 
from the recipient 

Autocrine: a mode of action where the hormones that bind to the receptor are produced from 
the same cells that they bind to, i.e. self-stimulating 

Autograft: a graft of tissue harvest from the patient themselves 

Caspase-mediated apoptosis: an active, programmed cell death induced by caspase (cysteine-
dependent asparate specific proteases) 

Chondrocytes: the only cells found in cartilage 

Confluency: the term commonly used in cell culture biology to measure the amount of cells 
in the cell culture disk or flask, determined from the coverage of the disk or flask surface  

Heterodimer: a complex formed by two identical macromolecules, such as proteins or 
nucleic acid 

Homing: migration of cells to the organ of their origin or into grafted sites 

Homodimer: a complex formed by two different macromolecules, such as proteins or nucleic 
acid 

Hypertrophy: an increase in volume of an organ or tissue, without increasing in cell number 

Non-union fracture: a broken bone that permanently failed to heal 

Osteoconduction: a matrix or scaffold that allows cell attachment  

Osteogenesic property: a property that can induce bone formation from pre-existing 
osteogenetic cells  

Osteoinduction: a property that induce osteoprogenitor cells to become osteoblasts 

Osteomalacia: defective bone mineralization 

Wolff’s law: “The principle that every change in the form and the function of a bone or in the 
function of the bone alone, leads to changes in its internal architecture and in its external 
form.”3 

 

                                                           
3 J. Wolff: Das Gesetz der Transformation der Knochen. Berlin, A. Hirschwald, 1892.  
Published with support from the Royal Academy of Sciences in Berlin.  
English translation by P. Maquet and R. Furlong. Belin, Springer-verlag, 1986. 




