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Abstract 

Biomimetic scaffold-mediated in situ 

bone remodeling and rapid bone 

regeneration: whitlockite nanoparticles 

and biopolymers 

Hwan Drew Kim 

School of Chemical and Biological Engineering 

The Graduate School 

Seoul National University 

Various strategies have been explored to overcome critically sized bone 

defects via bone tissue engineering approaches that incorporate 

biomimetic scaffolds. Biomimetic scaffolds may provide a novel 

platform for phenotypically stable tissue formation and stem cell 
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differentiation. In recent years, osteoinductive and inorganic biomimetic 

scaffold materials have been optimized to offer an osteo-friendly 

microenvironment for the osteogenic commitment of stem cells. 

Furthermore, scaffold structures with a microarchitecture design similar 

to native bone tissue are necessary for successful bone tissue 

regeneration. For this reason, various methods for fabricating three-

dimensional porous structures have been developed. Innovative 

techniques, such as 3D printing methods, are currently being utilized for 

optimal host stem cell infiltration, vascularization, nutrient transfer, and 

stem cell differentiation. In the first part of this dissertation, we will 

review biomimetic materials and fabrication approaches that are 

currently being utilized for biomimetic scaffold design. For successful 

bone tissue regeneration, a variety of materials has been investigated to 

fabricate the optimal scaffolds. A lot of biocompatible and biodegradable 

polymers have been explored to make bone scaffold frame, and 

osteoinductive materials such as metal ions, growth factors have been 

incorporated to bone scaffolds. Furthermore, various techniques have 

been developed to construct the three dimensional porous bone scaffolds 

like natural bone tissue. Those traditional strategies have been innovated 
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for years, and various cell sources optimized for osteogenesis have been 

applied to bone tissue engineering. In this way, we expected to overcome 

current challenges and critical-sized bone defects from accidents and 

diseases. 

In the second part of the thesis, we demonstrate that synthetic 

whitlockite (WH: Ca18Mg2(HPO4)2(PO4)12) nanoparticles can 

recapitulate early-stage of bone regeneration through stimulating 

osteogenic differentiation, prohibiting osteoclastic activity, and 

transforming into mechanically enhanced hydroxyapatite (HAP)-neo 

bone tissues by continuous supply of PO4
3- and Mg2+ under 

physiological conditions. In addition, based on their structural analysis, 

the dynamic phase transformation from WH into HAP contributed as a 

key factor for rapid bone regeneration with denser hierarchical neo-bone 

structure. Our findings suggest a groundbreaking concept of 'living bone 

minerals' that actively communicate with the surrounding system to 

induce self-healing, while previous notions about bone minerals have 

been limited to passive products of cellular mineralization. 

In the third part of the thesis, we fabricated methacrylated 

PEGDA/CS-based hydrogels with varying CS concentration and 
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investigated them as biomineralizing three-dimensional scaffolds for 

charged ion binding and depositions. Due to its negative charge from the 

sulfate group, CS exhibited an osteogenically favorable 

microenvironment by binding charged ions such as calcium and 

phosphate. Particularly, ion binding and distribution within negatively 

charged hydrogel was dependent on CS concentration. Furthermore, CS 

dependent biomineralizing microenvironment induced osteogenic 

differentiation of human tonsil-derived mesenchymal stem cells in vitro. 

This PEGDA/CS-based biomineralizing hydrogel platform can be 

utilized for in situ bone formation in addition to being an investigational 

tool for in vivo bone mineralization and resorption mechanisms. 

In the last part of the thesis, our aim is to explore the potential 

use of human vascular endothelial growth factors (hVEGF) and 

Whitlockite (WH) for bone tissue engineering. Various strategies have 

been explored to stimulate a new bone formation. Among these strategies, 

includes using angiogenic stimulants in combination with inorganic 

biomaterials. Neovascularization during the neo-bone formation 

provides nutrients along with bone forming minerals. Therefore, it is 

crucial to design a bone stimulating microenvironment composed of both 
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pro-angiogenic and osteogenic factors. In this respect, hVEGF have been 

shown to promote blood vessel formation and bone formation. In this 

study, we demonstrated that hVEGF and WH synergistically stimulated 

osteogenic commitment of mesenchymal stem cells both in vitro and in 

vivo. 

Biomimetic scaffold-mediated in situ bone remodeling and rapid 

bone regeneration in this thesis will be useful to understand the 

mechanism and the role of biomineral and biopolymer in the bone 

regeneration system. We believe that this study will directly contribute 

to make more bone-like scaffold or implants and provide inspiration and 

foundation knowledge to the other various research fields.  

Keywords:  Hydrogel, Whitlockite, Hydroxyapatite, Chondroitin 

Sulfate, Bone Tissue Engineering 

Student Number: 2014-31087 
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1. CHAPTER ONE: THE SCIENTIFIC 

BACKGROUND AND RESEARCH 

PROGRESS  

 

1.1 Overview 

Bone tissue is one of the most extensive and ubiquitous organs in the 

human body, and failure of its function is one of the main causes of 

reduced quality of life [1]. The solution presented by organ 

transplantation involves profound socioeconomic challenges, mainly 

concerning the lack of tissue donors, multiple invasive surgeries with 

extra invasions, and high costs. Roughly two million bone grafting 

procedures are performed internationally every year on the spine, pelvic 

bone and other body extremities [2]. However, approximately 50% of the 

implants, both autogenous and allo-grafts, fail very quickly [3]. The high 

incidence of bone and joint related disorders and diseases, such as 

osteoporosis, arthritis, obesity, diabetes, and cancer, causes injury to 
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orthopedic tissues and affects the health and performance of the human 

skeleton. 

For proper bone regeneration, bone scaffolds need to be rigid 

enough to support mechanical strength and pressure. In addition, the 

composition of a scaffold should consist of biocompatible materials that 

elicit minimal host tissue inflammation. It is also important for such a 

scaffold to mimic the configuration of natural bone tissue in which 

progenitor cells commit to an osteogenic lineage in a bone-like 

microenvironment. Finally, scaffolds should also provide an optimal 

microenvironment for blood vessel recruitment and inorganic material 

deposition. 

 

Recently, calcium phosphates have been reported to provide an 

osteo-friendly environment for mesenchymal stem cells [4-6]. Among 

various calcium phosphates, hydroxyapatite (HA) is the mineral 

primarily found in bones and involved in osteoconduction and 

osteoinduction [7-9]. One of the major limitation of HA in a clinical 

setting is its low resorption rate in vivo coupled with low crack resistance 

and poor bone stimulation [10]. Thus, researchers have been actively 
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searching for calcium phosphate-composed materials with improved 

properties for bone tissue engineering, such as beta-tricalcium phosphate 

(β-TCP), whitlockite (WH) and bioglass (Figure 1.1).  

Bone has complex structures and diverse and dynamic 

mechanical properties; the elastic moduli of human bone tissue varies 

between 1 and 20 GPa [11]. To accomplish bone regeneration with 

physiochemical composition similar to natural bone, artificial bone 

substitutes should have the necessary structural support elements to meet 

the mechanical strength of natural bone matrix. Since a porous structure 

is a distinguishing feature of natural bone tissue, additional scaffold 

designs that include a micro-pore structure within artificial bone 

scaffolds could provide an added benefit to seeded cells in terms of 

favorable growth conditions, host cell migration, and enhanced 

osteogenic differentiation. From a bone regeneration point of view, it is 

well understood that sufficient blood vessel formation is required for 

large bone regeneration. Recent studies have indicated that in addition to 

their well-known role of supplying oxygen and nutrients to bone, blood 

vessels may also have a role in determining the area of bone formation 

as they help in the migration of osteoprogenitor cells, [12, 13]. This close 
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relationship is mostly referred to as osteogenic-angiogenic coupling. 

Porous scaffolds play a major role in neovascularization. To create 

porous scaffolds, a variety of strategies, such as salt leaching, gas 

foaming and lyophilization, have been utilized to fabricate desired 3D 

porous structures in biodegradable poly-ester based synthetic 

biomaterials, such as PLGA/PLLA and polyurethane. In addition, 

electrospinning and 3D printing are also being exploited to make 

complex structures. However, the fabrication techniques utilized to 

construct scaffolds solely depend on material types. For example, the 

porous structures of amorphous glass scaffolds, glass-ceramic scaffolds, 

and crystalline ceramic scaffolds can only be obtained through a 

sintering process [14]. In this report, we will review a fabrication 

technique for an artificial bone substitute that can generate complex 

structures and diverse physiochemical mechanical properties similar to 

those of natural bone. 
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Figure 1.1 Different types of inorganic materials and its product form of 
(a) Hydroxyapatite-based materials[15, 16], (b) β - TCP ceramics[17, 18], 
(c)Whitlockite-based materials[19, 20], and (d) Bioglass materials[21, 
22].  
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Figure. 1.2 Schematic model of mineralized matrix-induced 
osteogenic differentiation [5]. 
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1.2 Current state of synthetic inorganic materials for bone 

tissue engineering scaffolds 

To stimulate the osteogenic differentiation of stem cells, osteoinductive 

and osteoconductive materials, such as calcium phosphate, have been 

incorporated into 3D scaffolds. Calcium phosphate is the main 

component of natural bone tissue and has been demonstrated to stimulate 

osteogenesis in stem cells and osteoprogenitor cells [23]. In recent years, 

it was discovered that the phosphate ions released from calcium 

phosphate derivatives play a key role in inducing osteogenic 

differentiation in stem cells. Our group has demonstrated that the 

increased local phosphate ion concentration in bioresorbed calcium 

phosphate scaffolds accelerates phosphate ion uptake by the cells, which 

in turn catalyzes the conversion of ADP to ATP within stem cells. ATP, 

which is at an elevated concertation, is excreted and metabolized into 

adenosine nucleotides around the cells, talking to the stem cells via 

autocrine and/or paracrine mechanisms to activate the intracellular 

adenosine signaling pathway [5]. Elevated intracellular adenosine levels 

have been associated with nuclear localization through the A2b 

adenosine receptor, which activates bone-related transcription factors, 
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such as osteocalcin and osteopontin (Figure 1.2). This effect highlights 

the importance of the compositional aspect of artificial bone grafts to 

provide desired biological responses. 

 

1.2.1 Hydroxyapatite (HA) 

Among the calcium phosphate family, hydroxyapatite (HA: 

Ca10(PO4)6(OH)2) is the main inorganic material that composes most 

human bones. HA has been used as the main material in bone implants 

because of its high biocompatibility and capacity to integrate with natural 

bone tissue [24]. An important characteristic of HA is its stability 

compared to other calcium phosphates. Thermodynamically, HA is the 

most stable form of calcium phosphate compounds under physiological 

conditions, such as temperature, pH, and body fluid composition [23]. 

HA is naturally found in igneous rocks, metamorphic rocks, phosphate 

rocks and even in meteorites. However, most naturally existing HA or 

crystallites with an apatite structure contain various ions and vacancies, 

which makes them highly defective or poorly crystallized. For 

experimental use, HA can be easily synthesized by mixing 1 M Ca(OH)2 
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with 0.6 M H3PO4 in an aqueous system. Dropwise addition of H3PO4 

into the vigorously stirring state of a Ca(OH)2 aqueous solution can be 

effective at minimizing the formation of other heterogeneous phases 

because the addition of a large amount of H3PO4 at one time can 

temporally induce a strong acidic environment in local regions of the 

Ca(OH)2-H3PO4 system, which rapidly grows pellets of DCPD or 

DCPA at the several micrometer scale. However, even when 

intermediate phases are formed, crystallites in the neutral pH range or 

those that are placed in a high-temperature environment can result in a 

fast phase transition toward HA. 

Even though HA is one of the most stable forms of calcium 

phosphate, its application in bone regeneration is currently limited. 

Sintered hydroxyapatite exists in a hardened form, requiring the surgeon 

to drill the surgical site around the artificial grafts or to grind the graft to 

the desired shape. This additional procedure can lead to an increase in 

bone loss, patient suffering, and surgical time. Since its degradation at 

biological pH is particularly slow, the stimulating effect of dissolved ions 

on the surrounding environment is negligible. Furthermore, its 

mechanical properties are extremely brittle, making it unable to be used 
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as a load bearing implant. Therefore, to compensate for these drawbacks, 

mixtures of HA with β-TCP and polymer are currently marketed as 

synthetic bone products. 

 

1.2.2 Beta-tricalcium phosphate (β-TCP) 

Beta-tricalcium phosphate (β-TCP: Ca3(PO4)2), also a popular calcium 

phosphate material, is often used due to its good biodegradability, which 

allows the newly regenerated bone to replace the substance once it is 

degraded.[25]. Many implants for bone regeneration consist of both HA 

and β-TCP to benefit from the biodegradability of β-TCP and the high 

biocompatibility of HA. TCP is available as two different forms: alpha-

tricalcium phosphate (α–TCP, α–Ca3(PO4)2) and beta-tricalcium 

phosphate (β–TCP, β–Ca3(PO4)2 | Ca-to-P molar ratio of 1.5). The types 

are formed based on temperature modification; α–TCP is produced at a 

temperature above 1125°C, whereas β–TCP is produced at a temperature 

below 1125°C [26]. Unlike α–TCP, β–TCP is thermodynamically stable 

in a biological system and has a faster biodegradation rate because it is 

hydrolyzed to HA [26]. The first clinical application of TCP was for 
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defective bone repair by Albee in 1920, and since 1999, purified β–TCP 

has been applied in bone tumor surgery [27]. 

As mentioned above, one of the important features of β–TCP in a 

biological system is degradation. β–TCP can be degraded more rapidly 

than HA inside the body because β–TCP has thermodynamically higher 

solubility than HA [28]. Additionally, β–TCP has a higher resorption rate 

than HA, which eventually led researchers to develop biphasic calcium 

phosphate (BCP), a mixture of β–TCP and HA [29]. Daculsi et al. 

implanted BCP macro porous ceramics with different β–TCP / HA mass 

ratios in osseous defects in dogs and reported that the resorption rate of 

BCP ceramics increased with an increasing β–TCP / HA mass ratio [30].  

Neo et al. confirmed that the degradation of β–TCP can be achieved 

in vivo and that dense sintered β–TCP bonds to bone directly, which 

showed that the bone bonding mechanism of β–TCP is different from 

that of HA [31]. Additionally, β–TCP has excellent properties for bone 

marrow stromal cell culture toward osteogenic differentiation [32], and 

β–TCP with bone morphogenetic protein (BMP) can improve bone 

regeneration [33]. Yokozeki et al. reported that the micro pores of β–TCP, 

which are approximately 0.1–0.5 nm in size, had a significant role in 
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resorption in bones, suggesting that nano-size pores in β–TCP ceramics 

can control cell-mediated resorption and bone formation [34]. 

Furthermore, in terms of cell proliferation, β–TCP porous ceramics serve 

as excellent scaffolds, providing space for cells to attach while the 

material degrades with bone regeneration [35]. 
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Figure 1.3 Whitlockite nanoparticle characterization. (a) XRD patterns 
showing the pure phase of the synthesized whitlockite (WH: red line). 
WH maintained its pure phase even after being heat-treated at 1450 C 
for 2 h (gray line). (b) FESEM image of homogeneously formed WH 
nanoparticles. (c) High-resolution TEM image of rhombohedral shape of 
WH nanoparticles with approximately 50 nm size. As shown in the 
bottom right inset, the d-spacing value was measured to be 8.067 Å for 
the WH nanoparticles, which corresponded to the (0 1 2) plane of WH 
[27]. 
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1.2.3 Whitlockite 

β-TCP does not exist in the human body, but there is whitlockite (WH: 

Ca9Mg(HPO4)(PO4)6), which is one of the calcium phosphate 

derivatives that has Mg as the 2nd cation in its lattice. Although HA is a 

major inorganic phase, short-range ordered WH phase in an amorphous 

form also exists in human bone and dentin at an estimated amount of 

approximately 20 weight percent (%) for bone and 26 to 58 weight 

percent (%) for dentin based on the amount of Mg. WH can also be 

detected in human gallstone, teeth, and cartilage [36-39]. The 

mechanical/degradation properties of WH are more similar to β-TCP 

than HA. In terms of the cation: anion ratio, β-TCP shows 1.5:1 and WH 

shows 1.43:1, whereas HA shows 1.67:1. From observation by optical 

microscopy, individual particles of β-TCP and WH have a rhombohedral 

morphology [40], but the structure of HA is hexagonal. Therefore, WH 

has high scientific value as it has the potential to overcome the 

drawbacks of β-TCP and HA. 

WH nanoparticles are generally synthesized in a low-

temperature condition. In the presence of Mg ions in calcium phosphate 
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solution, a partial formation of the WH phase has been reported. To 

precipice WH, Cheng et al. added 250 ml of a solution containing 

calcium and magnesium ions into a phosphate solution by the dropwise 

method [41]. However, these methods suffered from the formation of 

other heterogeneous phases, such as apatite or amorphous products. 

Recently, Jang et al. devised a new method to synthesize pure WH 

nanoparticles for the first time [42]. For the stepwise approach, the 

method itself is very straightforward and environmentally friendly since 

the process proceeds in an aqueous system without generating any 

harmful 2nd ions, such as sulfuric or nitric acid. According to XRD 

patterns from previous research, synthesized WH has high purity and an 

identical crystal structure to Mg-substituted TCP. From Field Emission 

Scanning Electron Microscopy (FESEM) analysis, WH nanoparticles 

had a rhombohedral-like shape with a homogeneous size of 

approximately 50 nm (Figure 1.3). This newly synthesized calcium 

phosphate exhibited excellent biocompatibility and osteoinductivity, 

which were comparable to traditional HA. Furthermore, WH 

incorporated scaffolds showed the highest osteogenic gene expression 

behavior in vitro among HA and β-TCP groups [43].  
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Furthermore, our group physically incorporated WH 

nanoparticles into 3D porous polymeric scaffolds, facilitating the 

osteogenic commitment of MSCs in a mouse cranial defect model. The 

rapid release of large amounts of calcium, magnesium, and phosphate 

ions from incorporated WH nanoparticle scaffolds were directly taken 

up by particular channels of mesenchymal stem cells and monocytes. 

These ions either facilitated osteo-related gene expression of 

mesenchymal stem cells to differentiate into bone cells or inhibited 

osteoclast differentiation in the monocytes. Furthermore, WH and HA 

concentrations within scaffold played a significant role in controlling 

stem cell fate and directed the ossification process in cells. These data 

indicate that the biomineral microenvironment serves an important role 

in stem cell differentiation [19].  

 

1.2.4 Bioglass 

Bioglass is a material composed of calcium, phosphate, and silicon. This 

material has been known to be biocompatible and osteoinductive because 

it facilitates enhanced cell migration and differentiation. Bioglass 
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integrates with native bone tissue by producing a calcium phosphate 

layer that can form a chemical bond to native bone. Piattelli et al. 

confirmed that bioglass particles enhanced both the proliferation and 

osteo-commitment of cells [44]. Newly regenerated bone was found near 

bioglass particles and located in the central part of a bone defect in rabbit 

tibia. Yang et al. constructed a chitosan/bioglass three-dimensional (3D) 

porous scaffold by needle-coating and dip-coating with bioglass [45]. 

They demonstrated that chitosan/bioglass 3D porous scaffolds exhibited 

good biocompatibility, high cell proliferation rates and potential for bone 

tissue engineering. 

Bioglass is a form of bioactive ceramic that enhances osteo-

regeneration and is widely used in implants and scaffolds [46]. The first 

form of bioglass, which was later named 45S5, is composed of 45% SiO2, 

24.5% Na2O, 24.5% CaO, and 6% P2O5 and was invented by professor 

Larry Hench [47]. Implantation of bioglass in rats for six weeks showed 

the formation of a strong bond between implanted bioglass and natural 

bone [46, 47]. After the invention of bioglass, researchers began to 

question the bond strength and its mechanism. Piotrowski et al. tested 

the mechanical strength of the bond between bioglass and bone in 
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monkeys and found that the bond between bioglass and bone was three-

fourth as strong as host bone [48]. 

The overall mechanism of bioglass degradation involves ion 

release and surface reaction. The first mechanism step is the exchange 

between sodium ions in bioglass and hydrogen ions from the 

environment, causing the breakdown of Si-O-Si bonds to form Si-OH 

bonds on the surface of the bioglass. After formation of Si-OH bonds, 

Si-OH bonds condensate and re-polymerize into a SiO2 layer on the 

bioglass surface. Then, calcium and phosphate ions move to the top of 

the newly formed SiO2 layer to form an amorphous calcium phosphate 

layer, which then crystallizes into a hydroxyapatite crystal. The 

hydroxyapatite crystal formed on the surface assists with the adsorption 

of biological moieties from hosts [49, 50]. 

Two fabrication techniques for synthesizing bioglass are 

traditional melting methods and sol-gel techniques [51]. The traditional 

melting method generates bioglass by melting oxides at high temperature 

in a platinum container and cooling in a graphite mold, whereas the sol-

gel method produces bioglass by sintering silica gel at approximately 600 

degrees Celsius [46]. Currently, the sol-gel technique is widely used to 
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produce bioglass over traditional melting methods. The major 

disadvantages of using the traditional melting method over the sol-gel 

technique are as follows: 1) difficulty maintaining high purity of the 

substance due to high temperature, 2) possible contamination during 

grinding, 3) compositional limitation due to the high viscosity of silicate 

melts after melting at high temperatures, and 4) high production costs 

due to using high temperatures [51, 52]. Due to the osteoinductive and 

bioactivity of bioglass, several studies were published modifying the 

composition of bioglass to enhance its bioactivity and osteogenic 

differentiation capabilities, such as modifications with copper [53], 

strontium [54], titanium [55], and boron [56]. 

 

1.3 Synthetic scaffolds for bone tissue engineering  

1.3.1 Composite scaffolds based on calcium phosphate 

synthetic inorganic materials 

Currently, there are many different methods for preparing synthetic bone 

scaffolds. Porosity, mechanical strength, and biocompatibility are 

fundamentally important parameters to be considered when preparing 
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bone scaffolds. Large porous materials for scaffolds improve the 

infiltration of cells and proteins. The mechanical strength of the materials 

will protect them from external force or intervention. Since materials are 

implanted to a defect area, biocompatibility is required. Most researchers 

are focused on various calcium phosphates as bone scaffolds and the use 

of bioactive molecules to enhance the cellular integrity of the graft. 

Current research directions in the field of synthetic bone scaffolds are 

biocompatible bone scaffolds, ceramic bone scaffolds, bioactive bone 

scaffolds, growth factor encapsulation systems for enhancing bone 

formation and polymeric bone defect fillers. 

For biocompatible bone scaffolds, Erbe et al. developed a 

material with biopolymer and inorganic material [57, 58]. This 

development integrates the benefits of inorganic shaped bodies with 

different porosities with biopolymers like collagen. Different amounts of 

calcium phosphates, such as hydroxyapatite (HA), beta-tricalcium 

phosphate (β-TCP) and other calcium phosphate families, have all been 

incorporated to match the biocompatibility, structure, and strength of 

natural bone. The role of pore size and porosity in promoting the 

revascularization, healing, and remodeling of bone has been recognized 
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as a critical property of bone grafting materials. Moreover, Hwang et al. 

incorporated hydroxyapatite (HA) into PLLA-PLGA scaffolds and 

showed that the ossification of human embryonic stem cell-derived 

mesenchymal stem cells was controlled by these scaffolds [59]. Kim et 

al. developed PLGA-PLA based mesh scaffolds coated with extracellular 

matrix (ECM) [60]. 

For ceramic bone scaffolds, biodegradable polymers (PCL) were used 

with calcium phosphate to enhance bone grafts for tissue engineering 

applications [61-63]. The polymer can also be used for the delivery of 

various agents (proteins or growth factors) through the porous ceramic 

matrix, and moreover, it improves the implant’s mechanical properties in 

vivo. For bioactive bone grafts, Nyemscek and Kikuchi et al. developed 

biocompatible bone grafts made of resorbable calcium phosphate, 

collagen, and bioactive glass [64, 65]. A biocompatible, re-absorbable, 

homogeneous blend of calcium phosphate scaffolds with various pore 

sizes was developed. The graft mimicked native bone’s osteoinduction 

by adding bioactive glasses. They examined different types of bioactive 

glasses, including glass-ceramics, crystalline phase materials, and a 

mixture of acrylic polymerizable species. The aim of using bioactive 
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glass was to react instantly when the glass came in contact with 

physiologic fluid, such as blood and serum. Reactions between the 

surrounding physiologic fluid and bioactive glass led to bond formation 

through the formation of an apatite layer on the graft surface.  

Levenberg et al. fabricated scaffolds consisting of poly(L-lactic 

acid) (PLLA) and poly(lactic-co-glycolide) (PLGA) polymer scaffolds 

[66]. PLLA was able to provide mechanical strength to support 3D 

structure, whereas PLGA was able to be degraded quickly. They 

confirmed that this 3D scaffold contributed to specific tissue formation 

for human embryonic stem cells. Yoshimoto et al. fabricated electrospun 

PCL scaffolds that were able to support mineralized tissue and showed 

the possibility of their clinical applications in bone defects [67]. PCL-

based scaffolds with surface modification could be used for tissue 

engineering. Shao et al. conjugated specific peptides onto the surface of 

PCL electrospun mesh scaffolds, which exhibited increased cell adhesion 

and cell expansion [68]. These results suggested potential tissue 

engineering applications, including bone tissue engineering to stimulate 

tissue regeneration via surface modification. Furthermore, PCL was 

applied as a coating material for the surface modification of metal 
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scaffolds. The fast degradation rate of several metals has limited the 

application of bone tissue engineering scaffolds. Magnesium coated PCL 

and bioactive glass (BG) showed enhanced bioactivity, mechanical 

properties and degradation resistance [69]. Since these rates are crucial 

factors in bone regeneration, mixtures of magnesium coated PCL and 

bioactive glass scaffolds are promising candidates for bone regeneration. 

Villa et al. developed a collagen (Col)-HA scaffold by co-precipitation 

and freeze casting, which showed that Col-HA scaffolds are suitable for 

bone formation and exhibit good attachment to the host [70]. Col-HA 

scaffolds were implanted along with mesenchymal stem cells into a 

critical-sized calvarial defect and showed promise as a well-defined 

system for cell delivery and bone tissue regeneration. However, 

synthesized HA does not degrade in the body because of its high 

crystallinity and stability. 

 

1.3.2 Injectable composite hydrogels based on calcium 

phosphate synthetic organic materials 
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Hydrogels are water-swollen hydrophilic polymeric networks that can be 

formed from crosslinking macromers, polymerization of monomers or 

self-assembly of small molecules [71, 72]. The physicochemical 

properties of the hydrogel, such as its water content, viscoelasticity and 

matrix stiffness, can be fine-tuned by controlling the crosslinking 

chemistry, which decides the fate of stem cells cultured on it; for example, 

stiffer hydrogels promote osteogenic differentiation [73, 74]. In addition, 

chemical modification of the polymeric backbone enables tethering of 

biological cues to integrate into the hydrogel, mimicking the 

extracellular matrix (ECM) of tissues and thus aiding cell adhesion, 

migration and proliferation [75]. As an outcome, works have shown the 

creation of a niche that presents biological cues to cells in a 

spatiotemporal manner. However, there has been a recent paradigm shift 

to focusing on injectable hydrogels because pre-formed hydrogels face 

problems with improper adaptation to the defect margin and surgical 

implantation issues, as in the case of deep tissue defects in which 

improper defect filling leads to poor vascularization; therefore, these 

scaffolds fail in the sole purpose of improved tissue regeneration [72, 76, 

77]. 
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Injectable hydrogels can be prepared by in situ physical and 

chemical crosslinking. In depth descriptions of these preparation 

methods have been discussed earlier [71, 78]. A new class of shear 

thinning hydrogels have prepared in which pre-formed hydrogels are 

injected in the defect site by injection (applying shear stress) and quickly 

regain the original viscosity and stiffness afterwards [76, 79, 80]. 

Recently, various hydrogels have been prepared using the 

aforementioned synthesis route with better moldability and 3D 

interconnected pores for bone regeneration (Figure 1.4). Matsuno et al 

[81] developed an injectable 3D alginate hydrogel with β-TCP beads that 

induces gelation. MSCs were cultured in the hydrogel, and subcutaneous 

implantation of the hydrogel with stem cells favored osteogenic 

differentiation. β-TCP beads and mechanical stiffness would have been 

favorable for stem cells differentiation to an osteogenic lineage. Dessi et 

al. developed thermosensitive injectable chitosan hydrogels containing 

β-glycerophosphate, which is responsible for thermal gelation. The 

addition of β-TCP improved the physical strength of the hydrogel [81]. 

Dhivya et al. developed zinc doped chitosan thermosensitive hydrogels. 

nHAp was added to reinforce the hydrogel. The prepared system showed 
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a gelation time of 10 mins, and the incorporation of nHAp enhanced 

osteogenic differentiation and bone formation in vivo [82]. Furthermore, 

to add a biological cue to the hydrogel network, Burdick et al. prepared 

injectable photocrosslinked RGD tethered PEG to the hydrogel. The 

density and cell area of the osteoblasts were greatly enhanced in the RGD 

modified hydrogel in comparison to the unmodified hydrogel [83]. 

Cytoskeletal organization was seen only in the RGD tethered system. 

The tethered system also enhanced mineralized matrix formation and 

showed that the addition of cell adhesive peptide is desirable for bone 

regeneration. Furthermore, to increase strength and biomimetic bone 

architecture, Fu et al. prepared three-component thermo-gelling 

hydrogels composed of PEG-PCL-PEG block copolymer, collagen and 

nHA. The system resulted in an interconnected porous hydrogel network 

with the pore size of 40 µm, which could possibly aid cell migration. In 

vivo studies in rabbit cranial defects showed that the prepared hydrogel 

system showed enhanced bone formation compared to the control [84]. 

Incidentally, it was not a full through cranial defect model, so further 

studies in full through cranial defects need be studied to ascertain the 

benefits of the system. Thorpe et al. studied a laponite crosslinked 
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pNIPAM-DMAc copolymer that was incorporated with nHAp. The 

developed system was able differentiate MSC into an osteogenic lineage 

without the presence of osteogenic inducers and growth factors [85]. A 

combination of nHAp and nanoclay was able to induce osteogenesis, 

holding possible potential for cost effective translation. 
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Figure 1.4 Schematic showing the different preparation methods of 
injectable hydrogel and various biomimetic strategies that have been 
explored for bone regeneration. 
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Xie et al. developed citrate based adhesive injectable bone scaffolds [86] 

because citrate was found to be indispensable for the formation and 

regulation of nanocrystalline apatite platelets in bone. Incidentally, it is 

understood that citrate anion bridges between bone apatite helps to 

separate crystals rather than forming a large block of hydroxyapatite in 

bone [87]. The setting time for the system was found to be 2-4 minutes, 

and the citrate released from the system helped in bone formation. A 

comminuted radial fracture model in rabbits was used as an in vivo model. 

It was shown that the prepared material enhanced bone formation, 

flexural strength and neo-vascularization. Many studies have been 

carried out by incorporating growth factors, which are cell instruction 

molecules, in the injectable hydrogel system [88-92]. The incorporation 

of ceramic material helps to better control delivery of the GF or drug [93-

96]. Incorporation of the drug/GF in the system can be achieved in the 

following ways: 1) adsorb the drug/GF in the ceramic material and 

incorporate it in the hydrogel, 2) incorporate the drug/GF in the hydrogel 

and then incorporate ceramic materials in the system and 3) mix the 

drug/GF in the hydrogel/ceramic composite.  
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In situ hydrogels require the injection of a liquid precursor in the defect 

site, and it is possible that this precursor could leak into the neighboring 

defect site or become diluted in the physiological fluid, which affects 

hydrogel gel formation in terms of its gelation time and elastic strength 

[80, 97]. To overcome this challenge, researchers have focused on shear 

thinning hydrogels, as they can more rapidly recover or self-heal after 

injection in comparison to in situ forming gels. Wang et al. studied the 

shear thinning behavior of colloidal gelatin nano and microparticles. 

Nano structured colloidal gelatin gels showed higher recovery (>80% in 

5 minutes), whereas micro particulates showed less than 10% recovery 

at same time point. This phenomenon could be attributed to the fact that 

the nanoparticles had a higher surface area to volume ratio, leading to 

and increased number of electrostatic interactions and thereby higher 

crosslinking density. They also showed near the zero order release 

kinetics of BMP-2 encapsulated in nano colloidal gel [98]. Arun Kumar 

et al. developed injectable shear thinning chitin-PCL/nHAp hydrogels 

for bone regeneration. Incorporation of nHAp in the hydrogel resulted in 

early osteogenesis with enhanced expression of osteoid matrix proteins, 

such as osteocalcin and osteopontin [99]. To enhance vascularization, 
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fibrin nanoparticles (FBN) were incorporated in the hydrogel network 

[100-102]. Incidentally, the incorporation of FBN changed the 

morphology of calcium sulfate crystals from a needle-like to hexagonal 

morphology with an aspect ratio of nearly one. Further studies are 

required to study the role of crystal morphology on bone regeneration; 

nevertheless, the prepared hydrogel system showed enhanced cell 

adhesion and angiogenesis, which is one step closer to osteo-angiogenic 

coupling in bone regeneration [103]. Furthermore, Vishnu Priya et al. 

developed injectable shear thinning chitin/poly (butylene succinate) 

hydrogels containing FBN and magnesium doped bioactive glass. 

Magnesium ions and FBN showed enhanced vascularization behavior in 

an aortic ring assay. The incorporation of bioglass helped in osteogenic 

differentiation, even when osteogenic supplements were not added [104]. 

These systems hold potential for better bone regeneration, which needs 

to be ascertained under in vivo conditions. Dennis et al. developed 

biomimetic shear thinning hydrogels by incorporating micron-sized 

native bone ECM in hyaluronic acid (HA)-HAp colloidal hydrogels 

(Figure 1.5). The incorporation of ECM particles in the hydrogel 

enhanced its recovery and storage modulus, representing a synergetic 
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behavior between ECM and the HA-HAp composite. Initial in vitro cell 

viability assays showed that the prepared hydrogel system supported cell 

proliferation [105]. Miri et al. developed a gel aspiration-ejection 

technique for the preparation of aligned dense fibrillar collagen 

hydrogels. Second harmonic imaging shows that the alignment of the 

collagen fibrils is closely similar to bone architecture. 45S5 bioglass was 

incorporated in the hydrogel system for osteoinductivity. The BG 

incorporated system showed enhanced neo-angiogenesis, cell migration 

and mineralization compared to the control gel when it was 

subcutaneously injected [106]. 
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Figure 1.5 (A) All tested HA-ECM and HA-HAP-ECM fluids could 
readily be loaded into 1 mL syringes and subsequently be extruded 
through 18-gauge needles. Colloidal gel formulations containing ECM 
microparticles could be shaped (B) during extrusion and (C) maintained 
form following handling. HA-HAP-DBM (ΦDBM = 0.15) was shown 
above in images (B) and (C). HA, hyaluronic acid; HAP, hydroxyapatite; 
ECM, extracellular matrix; DCC, decellularized cartilage; DBM, 
demineralized bone matrix. [27]  
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Figure 1.6 Schematic diagram showing diffusion of implant-derived 
Mg2+ across the bone toward the periosteum that is innervated by DRG 
sensory neurons and enriched with PDSCs undergoing osteogenic 
differentiation into new bone (top). Inset (shown enlarged at bottom), the 
released Mg2+ enters DRG neurons via Mg2+ transporters or channels 
(i.e., MAGT1 and TRPM7) and promotes CGRP-vesicles accumulation 
and exocytosis. The DRG-released CGRP, in turn, activates the CGRP 
receptor (consisting of CALCRL and RAMP1) in PDSCs, which triggers 
phosphorylation of CREB1 via cAMP and promotes the expression of 
genes contributing to osteogenic differentiation. Reproduced with 
permission.[80] Copyright 2016, Nature Publishing Group. 
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In addition to ceramics apart from calcium phosphates, several metal-

based ions have been shown to have osteoinductivity for bone tissue 

regeneration. Magnesium (Mg) based implants were investigated for 

orthopedic biomaterials because they have mechanical properties similar 

to native bone, biodegradability, and biocompatibility [107]. Yoshizawa 

et al. optimized the concentrations of Mg ions in culture medium for 

human bone marrow stromal cells and hypothesized the intracellular 

magnesium associated signaling pathway [108]. They confirmed that 10 

mM Mg ion maximally stimulated the expression of osteogenic 

transcription factors. In particular, the role of Mg ions has been recently 

shown to have a very important role in bone homeostasis. Local Mg ions 

in the periosteal region in bone tissue can stimulate the dorsal root 

ganglia (DRG) that innervate bone tissues. This elevated Mg ion 

concentration from bone grafts can be taken up by the somatic end of 

DRG and causes the release of calcitonin gene-related polypeptide-a 

(CGRP) in both the peripheral cortex of the femur and the ipsilateral 

DRG, which directly act on the periosteum-derived stem cells (PDSCs) 

that line the periphery of bone tissues (Figure 1.6). CGRP binding to the 
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CGRP-receptor on PDSCs activate bone-related transcription factors, 

such as CREB 1 and Sp7 [109]. 

The current strategy for preparing hydrogels is to mimic the ECM of the 

tissue and thereby result in enhanced bone formation. Increased 

spatiotemporal control upon cellular cues would be next step in the future 

of tissue regeneration. The dynamic nature of the tissue has to be 

mimicked, and reversible chemical crosslinking without modifying bulk 

hydrogel properties can be incorporated in the system. Another 

directional change can be designing hydrogels with respect to the bone 

healing cascade. Further research on these aspects would have an 

effective outcome in bone regeneration. 

 

1.4 Fabricating method for complex macroscoporous 

bone like structure for increased vascularization 

Porosity and pore size are very important parameters in designing 

scaffolds for bone regeneration. Scaffolds also serve as osteoconductive 

material, as bone regeneration occurs from already existing bone walls. 

The porosity requirement for regeneration was studied by Kuboki et al. 
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using porous and solid HAp particles with BMP-2 in a rat ectopic model. 

Solid particles did not elicit bone formation, whereas porous particles 

helped in bone formation [110]. Furthermore, there are many reports that 

show that there is a porosity requirement for bone formation [111-113]. 

Pore size is an important parameter, as pores help in cell infiltration and 

new vascularization. It is understood that macro porosity (>50 μm) is 

necessary for cell infiltration for bone ingrowth, and Xiao et al. studied 

the relation between pore size and angiogenesis. Different disk shaped 

β-TCP plates with 100-, 120-, and 150-μm interconnected pores 

containing samples were used for the study. Scaffolds with a 150-μm 

pore size showed considerably increased vascularization in comparison 

to other two pore sizes. The authors showed that 150-μm pore size 

scaffolds enhanced new vascularization through the PI3K/Akt pathway 

[114]. Similarly, interconnected pore sizes were required as they were 

the gateway/pathway for blood vessel invasion. This phenomenon was 

studied by Mastrogiacomo et al., who showed that pore interconnectivity 

affected osteoconductivity and new blood vessel formation [115]. All 

these studies show the importance of porosity and pore size distribution 

in scaffolds. Porosity can be incorporated in scaffolds through salt 
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leaching, gas foaming, freeze-drying, and electrospinning. Recently, 

with the advent of 3D printing, pore size and density can be controlled 

more precisely. 

 

1.4.1 Salt-leaching method 

Pore sizes of scaffolds are easily controllable using a salt leaching 

technique. Porogens, such as wax, salt, and sugars, are used to construct 

pores of scaffolds during the salt leaching process. The desired size of 

small salt particles is poured into the mold, then it is filled with the 

porogen. Finally, the polymer solution is added to the mold filled with 

salt and porogen. The pores of scaffolds are constructed as the salt 

crystals leach away using water from evaporation of the solvent [116]. 

The structural characteristics of scaffolds made by the salt leaching 

method are high porosities and pore sizes of approximately 500 

micrometers. Nasrabadi et al. prepared starch/cellulose scaffolds in 

various conditions, such as 100/0, 95/5, 90/10, and 85/15, through the 

salt leaching technique [117]. Porosities of scaffolds increased as the 

concentrations of salts and celluloses increased. Nevertheless, the 
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compressive modulus decreased while the concentration of cellulose in 

the fabricated scaffolds increased. 

 

1.4.2 Gas-forming methods 

Unlike fabrication techniques used by organic solvents, the gas foaming 

technique uses high-pressure carbon dioxide to manufacture the 

scaffolds [118]. This technique not only provides a porous structure but 

also does not require the removal of residues of organic solvents that may 

damage cells [119]. The structure of a scaffold can be controlled by the 

amount of gas in the polymer. At high-pressure conditions, the polymer 

solution is saturated with inert gas. However, dissolved gas molecules in 

this condition are unstable, and as a result, gas molecules in the polymer 

solution soon amalgamate as they separate from the polymer solution, 

leaving pores on the scaffold [120]. Nazarov et al. used the gas foaming 

technique to fabricate three-dimensional scaffolds (Figure 1.7). They 

used hexane gas, which can permeate throughout NH4HCO3/silk 

scaffolds and does not cause shrinkage or swelling in scaffolds. The 

porosities of the 10:1 NH4HCO3/silk (wt %) and 20:1 NH4HCO3/silk 
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(wt %) scaffolds are 87±2.0% and 97±1.0%, respectively [121]. The 

compressive modulus of the 10:1 and 20:1 scaffolds were measured to 

be 900±94 KPa and 1000±75 kPa, respectively. Nam et al. used poly(L-

lactic acid) and different concentrations of ammonium bicarbonate gas 

to construct scaffolds through the gas foaming process [122]. The 

porosities of the 10:1 NH4HCO3/PLLA (wt %) and 10:1 

NH4HCO3/PLLA (wt %) scaffolds, which were previously wetted by 

ethanol before the gas foaming technique, and the 20:1 NH4HCO3/PLLA 

(wt %) and 10:1 NH4HCO3/PLLA (wt %) scaffolds with high salt size 

were measured by gross weight and volume and found to be 90.36%, 

92.04%, 95.12%, and 93.52%, respectively. Porosities of 6:1 and 10:1 

scaffolds and ethanol treated 10:1, 20:1, and 10:1 scaffolds with different 

salt size ranges were measured by mercury intrusion porosimetry as 

86.60%, 88.73%, 89.89%, 93.49%, and 91.15%, respectively. The 

compression modulus of the 10:1 NH4HCO3/PLLA and 20:1 

NH4HCO3/PLLA scaffolds were 242.3±32.5 and 65.8±5.4 kPa, 

respectively. 
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Figure 1.7 Fabrication methods for complex macroporous scaffolds. 
From (A) to (D) shows the SEM images of a scaffold fabricated with gas 
foaming technique. The image is taken along the foaming direction and 
foam specimens prepared at pressures (A) 60, (B) 100, (C) 150, and (D) 
200 bar.[96] All other conditions held constant T ¼ 40C, ST ¼ 30 min, 
and VT ¼ 12 min. From (E) to (H) shows the SEM images of elecrospun 
mat. (E) and (G) shows the pristine PCL elctrospun sheet, whereas (F) 
and (H) shows sodium borohydride treated PCL electrospun sheet to 
yield a 3D scaffold.[113] Image (I) to (L) are the SEM images of scaffolds 
fabricated by lyophilization technique. Hyaluronic acid before (I) and 
after (J) EDC crosslinking.[109] Gelatin scaffolds with (L) and without (K) 
Hap nanoparticles.[111] Images from (M) to (P) shows SEM images of 3-
D printed PCL scaffolds with different alignment. (M) and (O) are the 
top view of the scaffold and it’s respective side view are shown in (N) 
and (P). [106] 
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1.4.3 3D-printing methods 

With recent advancements in technology, rapid prototyping is a new 

technique for fabricating scaffolds. The rapid prototyping technique, also 

known as the solid free-form technique, is controlled by computer [123]. 

The rapid prototyping technique uses CAD software and constructs 

scaffolds by stacking up layers. The advantage of this technique is 

structural variation of the scaffolds. Miller et al. printed 3D filament 

networks of biocompatible carbohydrate glasses as a template containing 

engineered tissue with living cells in order to create cylindrical networks 

that mimic ECM with vascular architecture and allow blood perfusion 

under high-pressure flow, providing another route for vascularization 

strategies. Furthermore, the rapid prototyping technique can control the 

mechanical properties of scaffolds by mixing different types of materials. 

Mixing different types of materials can not only improve mechanical 

strength but also add another function, such as drug delivery. Kang et al. 

created 3D hybrid scaffolds with a combination of hydrogels (as a cell 

based drug delivery system) and 3D framework scaffolds (to enhance 

their mechanical properties) in order to show the clinical applicability of 

releasing dopamine from 3D hybrid scaffolds encapsulating dopamine-
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secreting cells [124]. Nevertheless, the precision and accuracy of 

scaffolds produced via a rapid prototyping technique are a major concern 

due to internal stress generated during the fabrication process [125]. 

Three rapid prototyping based techniques are 3D printing, selective laser 

sintering, and fused deposition modeling [126]. 

Nowadays, 3D printing technique is widely used in bone tissue 

engineering field. Advantages of using 3D printing to manufacture 

scaffolds are customized sizes and shapes and minimizing volume usage 

[127-129] (Figure 1.8). The 3D dataset, which is obtainable from CAD 

software, is essential for fabricating scaffolds using 3D printing 

technique. Since this technique uses the layer by layer system to build 

scaffolds, 3D dataset needs to be converted into 2D data [130]. Kantaros 

et al. used P430 ABS model materials to fabricate scaffolds usi[131]ng 

PTC Pro EngineerTM CAD/ CAM software [132]. The average porosities 

of scaffolds using 3D printing method are 82%. Kao et al. coated 

polydopamine, which is effective in regulating cell adhesion, cell growth, 

and differentiation, onto the 3D printed poly (lactic acid) scaffold and 

examined osteogenic differentiation in cells [133].  
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Selective laser sintering is another type of rapid prototyping 

technique. Selective laser sintering uses a laser beam to sinter powdered 

materials. This technique, like other rapid prototyping techniques, 

fabricates scaffolds in layer by layer method [134]. During selective laser 

sintering process, laser selectively scans over the surface of powdered 

materials and raises the temperature of the beam to the melting point of 

powdered materials, sintering powdered particles [135]. At the end of 

layering, the new powdered material is deposited on top of the sintered 

materials [136]. Ferretti et al. used selective laser sintering technique to 

manufacture PCL scaffolds [137]. The operating system of selective laser 

sintering was fifty Celsius degree of powder bed temperature, fifty 

Celsius degree lateral feed pistons temperature, 12 W laser power, and 

0.1 millimeters layer of thickness. The porosity of fabricated scaffold 

was founded to be 47.66%, and compression strength to be 3.6 MPa. Du 

et al. used various intensities of laser beams to build PCL, 10% HA/PCL, 

and 20% HA/PCL scaffolds [138]. The average porosities range of PCL, 

10% HA/PCL, and 20% HA/PCL are from 65.0% to 70.4%. In addition, 

porosity differences among three different types of scaffolds were 

negligible. Nevertheless, compressive modulus was decreased as the 
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concentration of HA was increased. The compressive modulus of PCL 

scaffold was determined to be the highest, 3.1 MPa, while compressive 

modulus of 20% HA/PCL scaffold was the lowest, 1.6 MPa. Fused 

deposition modeling is more tractable than other rapid prototyping 

techniques, and does not require solvents [139]. Fused deposition 

modeling technique manipulates an extruder to eject thermoplastic 

filament materials and laying semi-molten polymer on a platform in 

layers [140]. The next layer of semi-molten polymer is deposited when 

a base platform is lowered at the end of each layer phase. 

In this process, designed scaffold is fabricated. Zein et al. used the 

fused deposition modeling technique to fabricate PCL, Polycaprolactone. 

The range of scaffold diameter was from 260 micrometers to 370 

micrometers, the range of scaffold pore sizes was founded to be from 

160 micrometers to 700 micrometers. Furthermore, the range of porosity 

was 48-77%. The mechanical property of scaffolds, which were 

fabricated through fused deposition modeling technique, was similar to 

the mechanical property of conventional scaffolds. Kalita et al. used both 

polymer and ceramic to build polymer-ceramic scaffolds by fused 

deposition modeling technique [141]. Average channel sizes of polymer-
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ceramic scaffolds were 160 micrometers. Measuring mechanical 

properties of scaffolds, Kalita et al. found that scaffolds with the porosity 

of thirty-six percent had the highest compression strength. 

 

1.4.4 Lyophilization methods 

The lyophilization technique uses the sublimation process of the solvent 

to design scaffolds. A polymer is dissolved in a solvent at a desired 

concentration. Then, the desired concentration of a solution is frozen and 

freeze dried. The porosities of scaffolds can be controlled via the rate of 

freezing [142]. The characteristics of freeze-dried scaffolds are 1) high 

porosity and 2) interconnectivity. Furthermore, scaffolds constructed 

through a lyophilization process have three-dimensional porosity [14]. 

Cuadros et al. prepared scaffolds using a lyophilization method and 

stated that the average porosity of calcium alginate/gelatin scaffolds was 

97.26±0.18% and the average Young’s modulus was 4054.4±194 KPa. 

[143]. Kim et al. used the freeze-drying method to construct 

hydroxyapatite/gelatin foams. The average porosities of gelatin, 10% 

HA/gelatin, and 30% HA/gelatin foam were 89.8±1.8, 87.5±2.2, and 
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84.6±2.5%, respectively [144]. As the concentration of hydroxyapatite 

increased, the porosities of gelatin foams decreased. The elastic modulus 

of dried gelatin, 10% HA/gelatin, and 30% HA/gelatin foam were 

0.86±0.19 MPa, 2.28±0.10 MPa, and 4.01±0.39 MPa, respectively. 

 

1.4.5 Electrospinning methods 

The electrospinning technique uses high electrical force to construct 

nanofibers. Since interactions between the polymer solution and 

electrical force are key to the electrospinning system, an electrical field 

is generated by connecting one electrode to the polymer solution and 

connecting another electrode to a collector screen. The polymer droplets 

at the tip of the pipette elongate to form a Taylor cone, which is a conical 

shape, as electrostatic force increases, and when the electrostatic force of 

the polymer solution exceeds the surface tension of the polymer droplets, 

charged polymer solution extrudes from the pipette [145]. The solvent of 

the polymer is evaporated as it moves to the ground collector in a 

whipping movement. The structural benefits of nanofibrous scaffolds 

manufactured by the electrospinning technique are high porosity and a 
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large surface area to volume ratio, which resembles natural extracellular 

matrix [146]. Yang et al. manufactured menthol/PLLA nanofiber 

scaffolds using an electrospinning technique and the porosities of the 

scaffolds were found to be greater than 95% [147]. Interestingly, as the 

concentration of menthol in the scaffolds increased, the surface areas of 

the scaffolds decreased and the porosities of the scaffolds increased. The 

mechanical strengths of 10%, 15%, and 20% menthol/PLLA (wt %) 

scaffolds were measured as 73.04±0.43, 60.43±0.99, and 54.86±0.87 kPa, 

respectively. As concentration of HA increased, the elastic modulus 

increased. Scaffolds fabricated through electrospinning techniques can 

also help regenerate skin layers. Chong et al. made electrospun 

PCL/gelatin nanofibrous scaffolds for skin healing. Electrospun 

PCL/gelatin scaffolds have a diameter of 470±120 nm and a porosity 

from approximately 62% to 75% [148]. 

 

1.4.6 Biomimetic scaffold fabrication approaches 

In addition to designing scaffolds with ceramic materials, researchers 

have focused on designing biomimetic surfaces to mineralize the 
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scaffolds and dictate osteogenic differentiation of stem cells. In natural 

bone, carbonated apatite gets deposited on collagen I fibrils, forming a 

nanocrystalline anisotropic fibril [149]. Many anionic proteins in the 

bone matrix serve as initiators and inhibitors for carbonated apatite and 

control the deposition [150]. Taking cues from nature, researchers 

focused on incorporating anionic groups in the polymeric network. 

Tanahashi et al. studied six different types of functional groups (-CH3, -

PO4H2, -COOH, -CONH2, -OH, and -NH2) on self-assembled 

monolayers of alkane thiols and found that the -PO4H2 and -COOH 

groups were the most powerful at inducing mineralization. Negatively 

charged species were more potent at inducing mineralization. The neutral 

methyl group did not show any mineralization. It can be understood that 

the apatite formation is calcium ion induced complexation as the 

positively charged species showed less mineralization when compared 

to the negative counterparts [151]. Benoit et al. demonstrated this effect 

in a 3D environment by tethering different groups in a PEG hydrogel 

system and found that the added phosphate group regulated stem cells to 

an osteoblastic lineage, as OPN secretion increased with an increasing 

concentration of the phosphate group [152]. Similarly, Deepthi et al. 
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modified the surface of the polymer using plasma treatment. Electrospun 

scaffolds were plasma treated using nitrogen and argon gases, and new 

functional groups were introduced onto the electrospun membrane. This 

modification has positively affected osteogenic differentiation with 

increased ALP activity and biomineralization as studied by alizarin red 

staining [153]. Recently, Kim et al. showed a sulfated group is 

osteogenically favorable. Chondroitin sulfate (CS)/PEG hydrogels 

showed that increasing concentrations of CS increased mineralization 

and favored osteogenic differentiation. Furthermore, 10% CS 

incorporated PEG hydrogels showed enhanced bone formation in a 

cranial defect model [154]. These studies indicate that surface 

functionalization has an effect on stem cell behavior and that it can be 

positively tuned by osteogenic differentiation. 
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Figure 1.8 Versatility, scalability, and manipulation of 3D-printed HB. 
(A) Easy to synthesize volumes (~100 ml shown) of liquid-based HB 
inks (inset) can be 3D-printed into a variety of structures: 3D-printed 12 
× 12–cm HAPLGA sheet comprising three layers, which can be 
manipulated in a variety of ways, including rolling, folding, and cutting. 
Origami methods may be used to create complex folded structures, 
whereas kirigami methods can produce complex structures from 
strategic folding and cutting. (B) Full-scale, anatomically correct parts, 
such as a human mandible, comprising >250 layers, can be designed, 3D-
printed from HAPLGA, and washed to rapidly produce a ready-to-
implant object. Final image shows 3D-printed mandible next to an adult 
cadaveric human mandible. (C) Photograph series illustrating that 
custom-sized HAPLGA sleeves can be snuggly stretched around, cut, 
and sutured to a soft tissue, such as human cadaveric tendon, facilitating 
arthroscopic ACL repair and replacement surgery. (D) Independently 
3D-printed HAPLGA miniature-scale versions of a human skull, skull 
cap, mandible, and upper thoracic seamlessly fused together to create 
highly complex structures by using HB ink applied to points of contact. 
(E) Black light–illuminated optical photographs of the outside and 
internal cross sections of HAPLGA fiber with (top) and without (bottom) 
incorporated recombinant green fluorescent protein (rGFP).[96]  
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Figure 1.9 Different growth factor delivery design for dual or multiple 
growth factor delivery system for bone regeneration. BMP-2 and VEGF 
given as an example for dual growth factor delivery and it is not limited 
to them.  
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1.5 Combined effects of growth factors and scaffolds 

design for bone regeneration 

A multi-functional delivery system or multi-growth factor delivery is 

more promising than other alternatives because tissue regeneration is a 

complex process, orchestrating many biological cues at appropriate 

concentrations and times (Figure 1.9). Looking at bone tissue repair at a 

molecular level, it is a tightly regulated process by the expression of 

various bioactive factors [155]. Right after injury, there is a profound 

increase in pro-inflammatory cytokines and growth factors, such as 

interleukin (IL)-1, IL-6, tumor necrosis factor (TNF)-α, platelet derived 

growth factor (PDGF), and TGF-β. After the inflammatory phase, other 

growth factors for matrix secretion, such as BMP, IGF, TGF-β, and 

VEGF, are secreted [155-157]. Even though VEGF may not play a direct 

role in osteogenesis, it is required during the cartilage mineralization 

phase and in neo-angiogenesis [158]. Although the tissue repair is not 

fully elucidated, with the available knowledge, researchers have focused 

on dual or multiple factor delivery, and tuning the delivery rate to match 

the natural cascade in tissue would be a promising biomimetic approach.  
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One of the most widely used growth factors in bone tissue 

engineering is the bone morphogenetic protein (BMP) family, which 

regulates the osteogenic differentiation of mesenchymal stem cells via 

the SMAD signaling pathway [159-161]. In particular, Oest et al. 

fabricated poly(L-lactide-co-D, L-lactide) scaffolds with BMP-2 and 

TGF-β3 and implanted the scaffolds into an 8-mm rat segmental defect 

model [162]. They confirmed that the group of scaffolds with BMP-2 

and TGF-β3 showed enhanced bone formation compared to the control 

group. Recently, the combination of biodegradable polymer scaffold, 

calcium phosphate compounds and growth factors related to bone 

formation was utilized to regenerate bone tissue effectively in an in vivo 

model [163, 164]. In particular, the sustained release of growth factors in 

polymer scaffolds is currently the key point of this research [60, 165]. 

The effects of BMP on the osteogenic commitment of stem cell depends 

on the cell size, shape, cytoskeletal tension mediated through integrin-

ECM interactions, and growth conditions. We previously demonstrated 

that the effect of BMP on stem cells diverges depending on whether the 

cells are in 2D vs 3D [166]. 
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Subbiah et al. developed osteogenic and angiogenic growth 

factors that deliver microcapsules and studied bone formation in a rat 

calvarial defect. Combinatorial delivery of VEGF (3 µg) and BMP-2 (3 

µg) resulted in enhanced bone formation and vasculature [167]. Cao et 

al. developed BMP2 and VEGF loaded sulfated chitosan nanoparticles 

embedded in gelatin sponge for rabbit femur bone regeneration. There 

was profound enhancement in bone regeneration in combinational 

therapy compared to BMP-2 alone [168]. Park et al. developed a 3D 

printed scaffold containing VEGF and BMP-2 for spatiotemporal release. 

They fine-tuned the delivery system in such a way that BMP-2 is released 

slowly and VEGF is released rapidly. Additionally, BMP-2 was loaded 

in the periphery of the scaffold, where contact with the existing bone was 

high, and VEGF was loaded in the middle part of the scaffold, where 

hypoxia was expected to happen, thereby controlling the delivery of GFs 

spatio-temporally. The scaffolds were implanted subcutaneously in a 

mouse model and assessed for blood vessel and bone formation. Even in 

the large implanted scaffold, blood formation was seen in the middle to 

periphery of the scaffold [169]. For a better understanding of these 

results, the study must be conducted in orthotropic models. Kempen et 
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al. developed a composite scaffold for the sequential release of VEGF 

and BMP-2 for bone regeneration. The authors claim to mimic the 

natural bone healing cascade in which VEGF is highly expressed in the 

starting phase and BMP-2 is required in the latter stage of bone healing. 

An in vivo orthotropic model did not show enhanced bone healing with 

dual growth factors when compared to BMP-2 alone, even though the 

subcutaneous model showed benefits [170]. This result was possible as 

they used a high dose of BMP-2 (9.2 µg) per defect to see any beneficial 

effects. Similarly, Young et al [171]and Patel et al [172] did not find 

enhanced bone formation for BMP-2/VEGF dual GF delivery in 

comparison to BMP-2 alone. Hence, it is necessary to select appropriate 

GFs and doses, the experimental duration of the study, and the delivery 

method to assess the benefits of dual GF delivery. 

Moreover, Lu et al. utilized bone formation enhancing 

technology using solid material and various growth factors with platelet 

rich plasma (PRP) [158]. PRP is known as a growth factor that contains 

a number of autologous thrombocytes that increase bone regeneration. 

Additionally, growth factors that are produced by platelets are crucial 

during granulation. For example, platelet derived growth factor (PDGF) 
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promotes the induction of osteoblastic precursors. In addition, 

transforming growth factor β-1 (TGF-β1) promotes cellular proliferation 

and collagen synthesis by osteoblast precursors. These factors cooperate 

with each other to stimulate osteogenesis inside our body. Recently, PRP 

hydrogels have been used in maxillofacial surgery bone grafting 

procedures by adhesion with cancellous bone particles in oral surgery 

[173]. Therefore, it is important to apply scaffold designs that elicit the 

desired growth factor effects. 

 

1.6 Cell sources  

After designing a biocompatible porous structure in three dimensions, a 

selection of appropriate cell sources is another essential factor. Criteria 

for identifying reliable cell sources include non-immunogenicity, 

feasible cell expansion, and appropriate protein expression at defect sites 

[174]. There is enormous potential in stem cells due to their high 

proliferation capability, self-renewal and multi-lineage differentiation 

for bone tissue engineering [175]. Embryonic stem cells (ES) or induced 

pluripotent stem cells (iPSCs) can give rise to three germ layers: the 
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ectoderm, endoderm, and mesoderm. The ease of expanding cell 

numbers from pluripotent cells is one of the merits of many applications, 

yet researchers are still struggling to differentiate these cells into a 

homogenous population expressing valid protein patterns without 

acquiring tumorigenic characteristics. In this sense, mesenchymal stem 

cells (MSCs) are more suitable progenitor cells for tissue repair than 

other stem cells. MSCs isolated from patients can expand and 

differentiate into skin, bone, cartilage, muscle, tendon, ligament, adipose 

and connective tissues [176]. Among several places to derive MSCs, the 

most enriched source of MSCs is bone marrow. Friedenstein et al. 

discovered for the first time that clonogenic fibroblast precursor cells 

(CFU-F), or MSCs, could be isolated from white bone marrow and give 

rise to bone- and cartilage-like colonies [177]. However, the 

heterogeneity of bone marrow requires several steps to isolate MSCs 

from other cells, such as endothelial cells and hematopoietic stem cells. 

Methods for isolating MSCs range from simple aspiration or density-

gradient centrifugation [178] to specific marker selection. Gronthoset al. 

reduced heterogeneity by isolating cells expressing STRO-1, a trypsin-

resistant cell surface marker, and showed that these selected populations 
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exhibited adherent, high growth potential and CFU-F characteristics that 

eventually differentiated into fibroblastic, adipogenic, myogenic and 

osteogenic lineages [179]. In particular, STRO-1 selected populations 

that underwent osteogenic differentiation possessed alkaline phosphatase, 

leading to mineralization of tissue both in vitro and in vivo [180]. 

Leukocyte-cell adhesion molecule reacting with surface antigen SB-10 

acts as a cell adhesion molecule during osteogenesis but is terminated 

after mesenchymal differentiation [181]. There is still controversy about 

identifying MSCs from various sources, but the minimum criteria of 

MSCs are defined as follows: (1) having an adherent-plastic culture in 

vitro; (2) expressing CD105, CD73, and CD90; (3) lacking CD11b, 

CD14, CD34, and CD45; and (4) differentiating into osteoblasts, 

chondrocytes and adipocytes [182]. Along with their differentiation 

potential, MSCs can expand in vitro without losing their multipotent 

characteristic, even after several passages [183]. Since the number of 

MSCs acquired from a donor is approximately 100,000 nucleated cells 

per donation [184], the expandable ability of MSCs is beneficial in 

complementing a low number of endogenous progenitor cells for clinical 

implantation.  



60 

 

Depending on microenvironment conditions, MSCs can commit 

to a specific mesenchymal lineage. To direct MSCs into an osteogenic 

lineage, MSCs in in vitro monolayer culture are incubated in a 

combination of dexamethasone (Dex), β-glycerophosphate (β-GP), and 

ascorbic acid (AA). Along the osteogenic pathway, osteoprogenitor cells 

require glucocorticoids for proliferation and differentiation. Dex is a 

synthetic glucocorticoid that stimulates the proliferation capacity of 

osteoprogenitor cells and produces daughter osteoprogenitor cells to 

continuously express bone nodule and phenotype in physiological 

conditions [185]. β-GP induces mineralization by being rapidly 

hydrolyzed by alkaline phosphate (ALP), resulting in an increased 

number of local phosphate ions [186]. In mineralized conditions, Dex 

activates to form calcium phosphate deposition, which can be detected 

by alizarin red staining and von Kossa staining [187]. Without β-GP, 

osteoprogenitor cells have enhanced proliferation rates and present 

higher ALP activity, but they lack further osteogenic differentiation and 

exhibit incomplete expression of the osteoblast phenotype [187]. AA is 

involved in collagen synthesis by reducing the iron prosthetic group of 

hydroxylase and accumulating bone extracellular matrix from collagen 
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synthesis, eventually influencing high ALP activity and mineralization 

[188]. In culture conditions, AA is stable in the form of ascorbic acid 2-

phosphate, upregulating gene expressions related to the cell cycle, 

mitosis and collagen synthesis [189]. The synergistic effect of Dex, β-

GP, and AA enables MSCs to differentiate into an osteogenic lineage, 

proliferate into osteoblasts and embed terminally differentiated 

osteoprogenitor cells in a mineralized matrix. To enhance osteogenesis 

upon using Dex, β-GP, and AA, several growth factors can be utilized to 

optimize the process of bone maturation and mineralization. For example, 

in the early stage of osteogenesis, vascular endothelial growth factor 

(VEGF) and insulin-like growth factor-1 (IGF-1) play a role in cell 

proliferation, whereas fibroblast growth factor basic (FGF-2) and bone 

morphogenetic protein-2 (BMP-2) are expressed in the later stage of 

osteogenesis, cell differentiation and the maturation stage [190]. 

Additionally, transforming growth factor-β1 (TGF-β1), one of three 

TGF-β isoforms, is known to manage bone formation by both 

synthesizing and degrading bone matrix components, including collagen 

type I [191]. 
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1.7 Summary 

In bone tissue engineering, it is important to create microenvironments 

for cells to differentiate into complete bone tissue. For successful bone 

tissue regeneration, a variety of materials has been investigated to 

fabricate optimal scaffolds. Many biocompatible and biodegradable 

polymers have been explored to make bone scaffold frames, and 

osteoinductive materials, such as metal ions and growth factors, have 

been incorporated into bone scaffolds. Furthermore, various techniques 

have been developed to construct the 3D porous bone scaffolds similar 

to natural bone tissue. These traditional strategies have been innovated 

for years, and various cell sources optimized for osteogenesis have been 

applied to bone tissue engineering. In this way, we expect to overcome 

current challenges and critical-sized bone defects from accidents and 

diseases. 
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2 CHAPTER TWO: BIOMIMETIC 

WHITLOCKITE INORGANIC 

NANOPARTICLES-MEDIATED IN SITU 

REMODELING AND RAPID BONE 

REGENERATION  

 

2.1 Introduction 

Natural hard tissues continuously maintain a healthy state throughout life 

by self-regenerating their micro-damaged parts through a bone 

remodeling process [192-200].  At the initiation of bone remodeling 

process, osteoclast precursors migrate from blood vessels to the bone by 

chemorepulsion [192, 193].  Then, osteoclasts form a sealing zone with 

ruffled boarders and inorganic minerals are degraded by protons supplied 

through H+-transporting adenosine triphosphate (H+-ATPase) [194, 200, 

201].  In addition, organic bone matrices are further resorbed by 

proteinase, such as cathepsin K, in an acidic pH condition [195, 202, 203].  

Recent evidences showed that these resorption processes are necessary 
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for successful bone formation as resorbed components along with 

activated osteoclasts sequentially drive endogenous stem cells functions, 

where activated stem cells ultimately contribute to a new bone tissue 

[196-199]. 

Recently, synthetic matrices emulating the physiochemical 

properties of bone tissues are being developed to control stem cell fate.  

Biomaterials containing calcium phosphate moieties, such as 

hydroxyapatite (HAP: Ca10(PO4)6(OH)2), have been shown to induce 

osteogenic differentiation of stem/progenitor cells and bone tissue 

formation.  However, the participation of inorganic minerals during the 

bone regeneration and remodeling processes has not been fully 

elucidated.  During the bone remodeling process, the acidic 

environment created by osteoclasts mobilizes pre-existing minerals that 

have a similar phase with HAP.[194, 200]  HAP gets resorbed as the 

local pH inside the sealing zone of osteoclasts and macrophages is 

approximately 3~4.5 [194, 201].  Recent evidences suggest that one of 

the main components of inorganic phase of bone is whitlockite (WH: 

Ca18Mg2(HPO4)2(PO4)12).  Even though WH a relatively rare mineral 

in nature, it is the second most abundant mineral in human bone with 
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approximately upto 20 wt%, and it is particular found in bone with 

elevated dynamic loading [204].  Whitlockite is a mineral with an 

unusual form of calcium phosphate with unknown biological role.  

Based on its physiochemical properties, WH has unusual form of 

calcium phosphate and it is very different than its synthetic analogue β-

tricalcium phosphate (β-Ca3(PO4)2) [205, 206].  Furthermore, unlike 

HAP, WH is relative stable in acidic condition.  The increased detection 

of short micro-ranged WH in bone under increased loading along with 

its acidic stability suggests that it may act as an inorganic template 

composition for further mineralization.  In addition, elevated 

composition of WH in adolescent’s bone suggest that it may be actively 

involved in bone remodeling process [207, 208].  

Here, we investigated the role of WH on bone remodeling and 

formation.  WH nanoparticles were synthesized, and we demonstrate 

that the synthetic WH can recapitulate early-stage bone regeneration via 

elevated extracellular PO4
3- and Mg2+ concentration as well as inhibition 

of osteoclastic differentiation.  Furthermore, our studies showed that 

WH participates in bone formation via increased affinity with 

extracellular proteins.  Finally, we demonstrated that the WH 
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containing scaffold platform could stimulate through phase 

transformation in vivo bone formation.  The multidisciplinary approach 

conducted in this study provided an organized methodology to find 

biological functionalities of WH and introduced a useful clinical 

application. 

 

2.2 Materials and methods 

2.2.1 Material preparation  

To synthesize whitlockite (WH: Ca18Mg2(HPO4)2(PO4)12) 

nanoparticles, 0.37 M calcium hydroxide (Ca(OH)2, 99.0%, High Purity 

Chemical, Japan) and 0.13 M magnesium hydroxide (Mg(OH)2, 95.0%, 

Junsei Chemical Co., Japan) were initially mixed in distilled water at 

80 °C.  While vigorously stirring, 0.5 M phosphoric acid (H3PO4, 

85.0%, Junsei Chemical Co., Japan) was added into the Ca(OH)2 and 

Mg(OH)2 mixed solution with a speed of 12.5 ml/min using a distal 

burette (Metrohm 876, Dosimat Plus).  After two days of sufficient 

aging, the precipitant was collected with a filter press method using a 

0.22-μm membrane (Durapore® membrane filters, Millipore) and freeze-
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dried. In addition, to grow the size of the WH nanoparticle, WH was 

synthesized with a similar process as described above while the 

temperature was constantly maintained at 65 °C. After two months of the 

aging process to induce a sufficient size, enlarged WH particles up to 200 

nm were collected.  To synthesize hydroxyapatite (HAP: 

Ca10(PO4)6(OH)2) nanoparticles, 0.3 M H3PO4 was added into 0.5 M 

Ca(OH)2 with a speed of 12.5 ml/min, while applying sonication during 

the entire process to induce a complete reaction between starting 

materials. HAP was also collected with a filter press method and freeze-

dried.  

 

2.2.2 Scaffold fabrication 

A cylindrical ceramic pellet was made in a metal mold after applying two 

tons of pressure for three seconds.  WH and HAP pellets were sintered 

at 700 °C for 2 hours with a 5 °C/min heating rate.  To make similar 

surface roughness levels, ceramic pellets were polished by 220 grit SiC 

sandpaper. After the fabrication process, ceramic pellets were washed in 
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distilled water several times with sonication to remove any residual 

impurities. 

 

2.2.3 Material characterization 

The crystal phase of the material was confirmed by X-ray diffraction 

(XRD, New D8 Advance, Bruker) with monochromatic Cu Kα radiation 

(λ=1.5405 Å).  Morphologies of nanoparticles were observed by field 

emission scanning electron microscopy (FESEM, SUPRA 55VP, Carl 

Zeiss) after platinum coating with a sputter (Sputter Coater, BAL-

TEC/SCD 005).  To obtain a bright field image and diffraction pattern 

of WH, 200 nm sized WH nanoparticles were fully dispersed in ethanol 

and loaded on a 100-mesh TEM copper grid (FCF-100-cu, Electron 

Microscopy Sciences).  Enlarged WH particles were used for TEM 

analysis because nanoparticles with small sizes were vulnerable to beam 

damage.  Additionally, it was easier to separate single nanoparticles as 

the size of the particles became larger.  Three-dimensional images of a 

single particle of WH were obtained by field emission transmission 

electron microscope (FE-TEM, JEM-2200FS, JEOL).  To analyze the 
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surface chemistry of WH, X-ray photoelectron spectroscopy (XPS, PHI 

5000 VersaProbe™, ULVAC-PHI) was utilized. CasaXPS software 

(version 2.3.16, Casa Software Ltd) was used to calibrate XPS spectra 

based on the C 1s peak (284.8 eV) as a charge reference.  To calculate 

the element composition, background lines of peaks were obtained by 

Shirley’s method and Relative Sensitivity Factors (RSF) of Ca2s (0.47), 

Mg2s (0.2) and P2s (0.29) were referred to the previous literature [209].  

The surface roughness of the ceramic pellet was measured by Atomic 

Force Microscopy (Multimode 8, Bruker), using a high sensitivity silicon 

nanoprobe tip (RTESPA, Bruker).  To analyze the crystal phase of the 

bone mineral, which was newly precipitated in a chondroitin sulfate (CS) 

gel implant during the in vivo test, flower-like bone minerals were 

separated with a focused ion beam (Helios Nano Lab 600, FEI) and 

placed on a TEM copper grid. Bright field images and diffraction 

patterns of new bone mineral were analyzed by High Resolution TEM 

(Tecnai F20, FEI). 

 

2.2.4 Crystal morphology reconstruction 
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The crystal habit of WH was simulated by a crystal morphology-building 

program WinXMorph™ (Version 1.54) [210, 211].  The atomic 

arrangement of WH surrounded by {012} planes was drawn using the 

CrystalMaker program (CrystalMaker Software Ltd., Oxford, England), 

based on the previously reported crystal structure of WH [212]. 

 

2.2.5 Ion release measurement 

Before measuring the ion release level of nanoparticles, both WH and 

HAP were vigorously washed in distilled water five times to remove 

resident ions at the surface.  After drying, 1 wt% of WH (n=4) and HAP 

(n=4) aqueous solutions were aged on the shaker for one day and till four 

week at room temperature.  To collect filtrate, solutions were first 

centrifuged at 4,000 rpm for 30 min and also filtered through a syringe 

membrane with 200 nm sized pores (Acrodisc®).  Amounts of Ca, Mg 

and P ions in filtrates were measured with an inductively coupled plasma 

atomic emission spectrometer (ICP-AES, OPTIMA 8300, Perkin-Elmer, 

USA) with argon plasma. 
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2.2.6 Zeta potential analysis 

Human tonsil-derived mesenchymal stem cells (hTMSCs) were isolated 

from patients with informed consent at Ewha Womans University 

Medical Center, Seoul, Korea.  hTMSCs were maintained in 

Dulbecco’s modified Eagle’s medium (11995, Gibco, Grand Island, NY) 

with 10% FBS (US1520, Biowest, Nuaillé, France), 100 units/mL 

penicillin-streptomycin (15140, Gibco, Grand Island, NY) and 100 

units/mL antibiotic-antimycotic (15240-062, Gibco, Grand Island, NY) 

at 37 °C with 5% CO2.  For differentiation, we have used 1% of 

dexamethasone (Sigma), 1% of 2-Phospho-L-ascorbic acid trisodium 

salt (Sigma), and glycerophosphate disodium salt hydrate (Sigma).  

Raw 264.7 cells were purchased from the Korean Cell Line Bank 

(KCLB), Seoul, Korea.  Raw 264.7 were maintained in Dulbecco’s 

modified Eagle’s medium (11995, Gibco, Grand Island, NY) with 10% 

FBS (US1520, Biowest, Nuaillé, France), 100 units/mL penicillin-

streptomycin (15140, Gibco, Grand Island, NY).  For 

differentiation, we have used in Essential Medium Eagle Alpha modified 

medium (α-MEM; Gibco, Grand Island, NY) supplemented with 
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penicillin and streptomycin, and cultured with or without 100 ng/mL of 

recombinant mouse RANKL (Abcam, USA). 

 

2.2.7 Protein adsorption analysis 

Protein adsorption was measured by incubation in a solution containing 

1 and 0.1 mg/ml of Bovine Serum Albumin (BSA, New England Biolabs 

Inc.) and PureCol® (Advanced Matrix), which was constantly rotated to 

ensure good mixing.  Upto two hours of incubation at 4°C allowed 

sorting of WH or HAP cylindrical scaffolds from the BSA and type I 

collagen solution (PureCol®, Bovine Collagen, Advanced BioMatrix, 

Inc., USA).  Repeating the above steps at least five times ensured that 

there was protein remaining.  After rinsing, the adsorbed proteins were 

removed by addition of 1% SDS (Bio Rad, USA) from the powder or 

cylindrical scaffolds.  The amount of various proteins adsorbed on 

scaffolds was quantified by a modified Bradford protein assay using Bio-

rad Assay kit® by Infinite® 200 Pro microreader (TecanTM, USA). 
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2.2.8 Cell culture 

Human tonsil-derived mesenchymal stem cells (hTMSCs) were isolated 

from patients with informed consent at Ewha Womans University 

Medical Center, Seoul, Korea.  hTMSCs were maintained in 

Dulbecco’s modified Eagle’s medium (11995, Gibco, Grand Island, NY) 

with 10% FBS (US1520, Biowest, Nuaillé, France), 100 units/mL 

penicillin-streptomycin (15140, Gibco, Grand Island, NY) and 100 

units/mL antibiotic-antimycotic (15240-062, Gibco, Grand Island, NY) 

at 37 °C with 5% CO2.  For differentiation, we have used 1% of 

dexamethasone (Sigma), 1% of 2-Phospho-L-ascorbic acid trisodium 

salt (Sigma), and glycerophosphate disodium salt hydrate (Sigma).  

Raw 264.7 cells were purchased from the Korean Cell Line Bank 

(KCLB), Seoul, Korea.  Raw 264.7 were maintained in Dulbecco’s 

modified Eagle’s medium (11995, Gibco, Grand Island, NY) with 10% 

FBS (US1520, Biowest, Nuaillé, France), 100 units/mL penicillin-

streptomycin (15140, Gibco, Grand Island, NY).  For 

differentiation, we have used in Essential Medium Eagle Alpha modified 

medium (α-MEM; Gibco, Grand Island, NY) supplemented with 
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penicillin and streptomycin, and cultured with or without 100 ng/mL of 

recombinant mouse RANKL (Abcam, USA). 

 

2.2.9 Immunostaining 

Immunofluorescence staining was performed following standard 

protocol.  Cells were fixed with 4% paraformaldehyde (6506-4405, 

Daejung, Korea) for 15 minutes.  After washing with PBS, the samples 

were permeabilized with 0.1% Triton-X100 (X100, Sigma-Aldrich, MO, 

USA) in PBS for 15 minutes.  For cell adhesion and morphology 

analysis, cells were stained with Alexa Fluor® 488 or 594 Phalloidin 

(Invitrogen™, Carlsbad, CA, USA), which was diluted in PBS at a 1:100 

ratios for 1.5 hours.  After actin staining, DAPI (D9542, Sigma-Aldrich; 

St. Louis, MO, USA) was diluted in PBS at a 1:200 ratio and was treated 

for 10 minutes.  For confirmation of collagen deposition, cells were 

primarily stained with collagen type I antibody (1:200, Fitzgerald) for 2 

h.  Samples were then incubated with secondary antibody against rabbit 

(1:500, Jackson Immuno Research) for 2 h.  Samples were then imaged 
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with confocal laser scanning microscopy (Zeiss) and images were 

analyzed using ImageJ software (NIH, USA)  

 

2.2.10 Cell viability and proliferation 

A LIVE/DEAD® cell viability kit (InvitrogenTM, USA) was utilized to 

determine cell viability.  Growth medium with 2 µl calcein AM 

(component A) and 1 µl ethidium homodimer-1 (component B) was used 

to treat samples and cells were incubated for 30 minutes for Live/Dead 

detection.  To test the cell proliferation rate, a click-iT EdU Flow 

Cytometry Assay Kits (InvitrogenTM, USA) was used according to the 

manufacturer’s instructions.  The cells on the HAP and WH cylindrical 

scaffolds were incubated with 0.18% EdU (5-methynyl-2’-deoxyuridine) 

for four hours.  After cell fixation with 4% paraformaldehyde (6506-

4405, Daejung, Korea) for 15 minutes, 1X Click-iT saponin-based 

permeabilization and wash reagent was added to the samples.  Click-iT 

reaction cocktails were added to the samples for 30 minutes.  The 

samples were washed with 1X- Click-iT saponin-based permeabilization 
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and wash reagent.  To label total cell nuclei, DAPI staining was 

conducted after EdU staining.  

 

2.2.11 Chemical staining 

Cells were fixed with a fixative solution (40 μL citrate stock solution, 

Sigma-Aldrich, 1.96 mL distilled water and 3 mL acetone) for 1 min and 

washed with distilled water and stained for alkaline phosphatase (ALP; 

Sigma-Aldrich, USA) as previously described [213, 214].  In brief, a 

diazonium salt solution was prepared by dissolving 0.24 mg of Fast Blue 

RR Salt (Sigma-Aldrich, USA) in 1 mL of distilled water and adding 40 

μL of Naphthol AS-MX Phosphate solution (Sigma-Aldrich, USA).  

Cells were stained with a diazonium salt solution for 1 hour and washed 

twice with distilled water.  For Alizarin Red S (ARS; Sigma-Aldrich, 

USA) staining, 20 mg of ARS was dissolved in 1 mL of distilled water 

and the pH was adjusted to 4.1~4.2 with ammonium hydroxide 

(NH4OH;H5NO; Daejung, Korea). Fixed cells were stained with ARS 

solution for 20 min and washed with distilled water twice.   For 

tartrate-resistant acid phosphatase (TRAP) staining, we have used acid 
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phosphatase, leukocyte (TRAP) kit (Sigma, USA) according to 

manufacturer’s protocol.   

 

2.2.12 SiRNA transfection 

siRNA duplex targeted SLC20a1, MagT1 and siRNA with scrambled 

sequences (medium GC contents) were synthesized by Shanghai 

GenePharma Co., Ltd (China).  The volume of siRNA (3 μl) was 

optimized and transient transfection was performed using a 

Lipofectamine 2000 (InvitrogenTM, USA) according to the 

manufacturer’s protocol. 

 

2.2.13 Gene expression profile 

Total RNAs were extracted from the cell-laden 2D cylindrical scaffolds 

(n=3) with Trizol (Trizol®, Life technology, USA), and reverse-

transcribed into cDNA using the SuperScript Synthesis System 

(InvitrogenTM, USA).  Real-time PCR reactions were performed using 

SYBR Green PCR Master-mix and human mesenchymal stem cell PCR 
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arrays (96 genes, SuperArray Bioscience) according to the 

manufacturer’s instructions with the ABI StepOnePlusTM real-time PCR 

system (Applied Biosystems, USA).  cDNA samples (2 µl for a total 

volume of 20 µl per reaction, 25 µl for arrays) were analyzed for the 

genes of interest (B2M, HPRT1, RPL13A, GAPDH, ACTB and HGDC 

for an array) where GAPDH was used as a reference gene.  The level of 

expression of each target gene was then calculated as –2ΔΔCt.[215] Each 

sample was repeated at least three times for the gene of interest. The PCR 

primers are listed in Table 2.1 and 2.2.  
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Gene Over-Expressed in 
WH vs HAP Group 

Gene Symbol Fold Regulation ITGAX 35.578 
ABCB1 6.1441 MCAM 52.7221 
ACTA2 10.4378 MMP2 2.0417 
ALCAM 27.8669 NGFR 2.2433 
ANPEP 15.2329 NOTCH1 10.954 
BDNF 19.2253 NT5E 5.6999 
BMP2 19.6467 NUDT6 10.9383 
BMP7 2.0534 PDGFRB 16.8227 
CASP3 21.4552 PTK2 3.9269 
CD44 94.4453 RHOA 11.0036 

COL1A1 9.8041 RUNX2 77.7535 
CSF3 51.707 SLC17A5 53.6799 
EGF 4.0479 SMAD4 2.172 
ENG 13.5595 SMURF1 4.8473 

FGF10 16.4019 SMURF2 75.6585 
FGF2 2.4784 TGFB1 6.6546 
FUT1 3.2701 TGFB3 16.7713 
FZD9 7.6693 TNF 5.7489 

GDF15 32.0154 VCAM1 5.3742 
GDF5 9.7968 VEGFA 2.154 
GDF7 136.2605 VIM 102.8144 
GTF3A 2.1848 VWF 4.4891 
HAT1 2.6676 ACTB 214.1029 

HDAC1 8.5933 B2M 4.0619 
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HNF1A 4.4825 GAPDH 7.953 
IGF1 2.0638 HPRT1 6.098 
IL6 6.9442 RPLP0 58.5813 

Gene Under-Expressed in 
WH vs HAP Group 

Gene Symbol Fold Regulation KITLG -5.5113 
BMP4 -5.3865 NES -2.5797 
IL1B -2.288 POU5F1 -2.4157 
INS -3.0087 PROM1 -2.689 

ITGB1 -2.7162 TERT -4.4442 
KDR -22.3218 THY1 -30.277 

 

Table 2.1 Mesenchymal gene expression of whitlockite (WH: 
Ca18Mg2(HPO4)2(PO4)12) vs. hydroxyapatite (HAP: Ca10(PO4)6(OH)2) 
in hTMSC culture with 2D scaffolds. A total of 96 genes were tested with 
a SA bioscience Human Mesenchymal Stem Cell Array Kit and 12 genes 
were used as housekeeping genes.  
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Gene Primer 5’-3’ 

GAPDH 
F: CGC TCT CTG CTC CTC CTG TT 
R: CCA TGG TGT CTG AGC GAT GT 

ALP 
F: ACG TGG CTA AGA ATG TCA TC 
R: CTG GTA GGC GAT GTC CTT A 

Col I 
F: GTC ACC CAC CGA CCA AGA AAC C 
R: AAG TCC AGG CTG TCC AGG GAT G 

OCN 
F: GCC TTT GTG TCC AAG C 

R: GGA CCC CAC ATC CAT AG 

RunX2 
F: ACT GGG CCC TTT TTC AGA 
R: GCG GAA GCA TTC TGG AA 

TRAP F: GCT GGA AAC CAT GAT CAC CT 
R: GCG GAA AGG TGG TAT CTC AA 

Cathepasin K F: CTT CCA ATA CGT GCA GCA GA 
R: CCT CTG CAT TTA GCT GCC TT 

NFTc1 F: TGG AGA AGC AGA GCA CAG AC 
R: TCG GTT TCT TCT CCT CTG GA 

 

Table 2.2 Primer sets for human genes used in this study. GAPDH was 
used as a housekeeping gene. [Alkaline phosphatase (ALP), type 1 
collagen (Col 1), osteocalcin (OCN), Runt-related transcription factor 2 
(RunX2), TRAP, Cathepasin K, and NFTc1] 
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2.2.14 Western blot assay 

Hydrophobic protein lysates were collected with a Mem-PER Plus 

Membrane Protein Extraction Kit (89842, Pierce Chemical Co., USA) 

from T-MSC cells.  Electrophoresis was carried out in a 10% SDS-

polyacrylamide gel to detect β-actin and phosphate (SLC20a1) 

transporter by loading 40 µg of the total protein per lane.  Proteins were 

transferred to a nitrocellulose membrane by iBlot (InvitrogenTM, USA) 

and blocked by 5% Bovine Serum Albumin (#9998, Cell Signaling, USA) 

or 5% nonfat milk (#9999, Cell Signaling, USA) in 1x PBS-T (pH 7.5 

with 0.1% Tween-20) for antibodies to β-actin and SLC20a1, 

correspondingly.  As a loading control, the immune-blotted proteins 

were bound to a primary mouse monoclonal anti- β-actin antibody 

(#6276, Abcam, USA) diluted in 1:5,000 at RT for two hours.  To 
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detect primary antibody binding, an HRP-conjugated secondary goat 

anti-mouse antibody (170-5047, Bio Rad, USA) was applied in a 

1:17,500 dilution for one hour. For detection of SLC20a1, a membrane 

was incubated with rabbit monoclonal anti-SLC20a1 antibody 

(ab177147, RabMab, USA) diluted in a 1:1,000 ratio under gentle 

agitation at 4 °C overnight.  Then, an anti-rabbit IgG HRP-linked 

antibody (#7074, Cell Signaling, USA) in a 1:2,000 dilution was applied 

at RT for 1 hr. Visualization of proteins was preceded by incubating the 

membrane in a 1:1 ratio of a luminol/enhancer solution from an Immun-

StarTM HRP Substrate kit (170-5040, Bio-rad, USA). 

 

2.2.15 Scanning electron microscopy 

Samples were rinsed with cold distilled water and dehydrated with a 

ranked series of cold ethanol for dehydration, and samples were then 

incubated with 50% ethanol and 50% hexamethyldisilazane (HMDS) for 

five minutes and substituted with 100% HMDS for 10 transactions.  

Prior to SEM imaging, cryogels were coated with platinum for 100 



84 

 

seconds at 20 mA. Field emission SEM images were obtained with a 

JEOL 6700 (JEOL, ltd, JAPAN) instrument. 

 

2.2.16 Scaffold fabrication 

Previously described methods were applied to synthesize MeCS from 

chondroitin sulfate (CS; Sigma-Aldrich).  The MeCS was purified by 

dialysis against distilled water for 48 hours and then put in deionized 

water for 24 hours, frozen and lyophilized. The PEGDA-MeCS was 

synthesized by mixing MeCS at 20% (w/v) and PEGDA oligomers at 20% 

(w/v) in deionized water to prepare a solution of 10% w/v) at room 

temperature.  0.1 grams of Whitlockite (WH) and Hydroxyapatite 

(HAP) were appended to the polymer solution and vortexed for particle 

dispersion.  A thermo-initiator (ammonium persulfate; APS, Sigma-

Aldrich) and accelerator (Tetramethylethylenediamine; TEMED, Sigma-

Aldrich) were used as crosslinking agents for polymerization, and later 

at a certain point of time; cryogels were frozen by liquid nitrogen and 

lyophilized for later usage (Figure. 2.1).  
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Figure. 2.1 WH-embedded hybrid 3D cryogel characterization. a, 
Schematic illustrations of synthesis CS-based cryogel with WH. b, 
Gross images of dried and swelling cryogel. c, FESEM images of 
cryogel’s pores depended on the time of gelation (0.1 min and 0.5 min). 
d, Swelling ratio vs. gelation times graph for WH-embedded or non-WH 
cryogels. e, Pore area and diameter vs. gelation times graph for WH-
embedded cryogels. 
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2.2.17 Mechanical properties of scaffolds 

Cryogels were swollen and weighted in the equilibrium-swollen state. 

The gels were lyophilized to remove water and the dry weight was 

measured.  The swelling ratio, Q, was calculated from the mass 

swelling ratio equation [216].  For mechanical characterization, 

hydrogels were dissolved in PBS for 24 hours and a compressive 

modulus was quantified from the linear region of the stress-strain curve 

using Instron® Model 5966 (Instron Corporation, MA, USA) with a 10 

kN load cell.  For the rheological assays, a strain-controlled rotational 

rheometer determined the elastic property of cryogels (TA, ARES).  

Cryogels were prepared in 25 mm diameter and 1 mm height.  For 

frequency sweep measurement, the strain was kept at 0.1 % and the 

frequency was varied from 10-1 to 102 rad/s.  

 

2.2.18 Ethics statement 

All experiments were maintained and cared in accordance with the Guide 

for the Care and Use of Laboratory Animals by the Seoul National 

University.  All operations were performed under Zoletil 50 (Virbac) 
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and Rompun®inj (Bayer) anesthesia, and all endeavors were established 

to minimize animal suffering. 
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Figure 2.2 Subcutaneous cryogel experiment. (a) Brief scheme of in 
vivo experiment. (b) 2D images of micro-CT analysis. 

 

 

a 

b 
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2.2.19 Surgical procedures 

Thirty female Balb-C nude mice were used for the animal experiments.  

All mice were handled regularly for at least one week prior to surgery 

and were individually housed in cages in climate-controlled rooms at 

22◦C with 50% humidity and 12 h light/dark cycles.  Surgical 

procedures were performed under semi-sterile conditions with animals 

under anesthesia induced by the intraperitoneal injection of Zoletil 50 

and Rompun®inj.  For subcutaneous injection, an incision was made 

over the scalp between the backbone, and a disk-shaped cryogel was 

transplanted. Animals were ultimately sacrificed by CO2 gas injection at 

six weeks post-operation.  For the calvarial defect, a sagittal incision 

was created over the scalp from the nasal bone to the middle sagittal crest, 

and the periosteum was bluntly dissected. Using a punch, a 4 mm 

diameter pit defect was made with a drill, which was constantly cooled 

with sterile PBS. The calvarial cylindrical was then carefully removed.  

Animals were assigned into four groups: 1) left empty as a negative 

control (Sham), 2) filled with CS cryogel (CS), 3) filled with HAP 

embedded CS cryogel (HAP), or 4) filled with WH embedded CS 

cryogel (WH).  The skin was sutured with 6-0 Vicryl, and the animals 
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were monitored following standard post-operative animal care protocols.  

Animals were ultimately sacrificed by CO2 gas injection at two months 

post-surgery.  For proliferation test, DNA amount of each group was 

quantified using Quant-iTTM Picogreen dsDNA assay Kit (InvitrogenTM) 

according to the manufacturer’s instruction.  A brief scheme of animal 

study is presented in Figure 2.2a 

 

2.2.20 Micro-computed tomography (Micro-CT) 

Micro-CT analysis was used to quantify the volume of bone formation 

within the cryogel and defect (Fig. 2.2.b). The tomography of fixed 

cryogels in the surgical sites and calvarial bone specimens were 

performed using SkyScan 1172 (SkyScan, Belgium) at 59 kV, 167 μA, 

and an exposure time of 40 ms through a non-filter. The X-ray 

projections were obtained in 0.6◦ intervals with a scanning angular 

rotation of 360◦.  An automated threshold algorithm segmented the 

reconstructed dataset. The projected images were reconstructed into 

three-dimensional images using ReCon Micro-CT software from 

SkyScan. 
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2.2.21 Histological assessment and immunostaining 

analysis 

For histological assessment, the defect and surrounding tissues were 

fixed in 4% paraformaldehyde for 24 h, decalcified with 0.5 M 

ethylenediaminetetraacetic acid (EDTA) at pH 7.4 for 2 weeks, and 

embedded in paraffin.  Tissues were longitudinally sectioned with a 4-

um thickness, deparaffinated with xylene, gradually hydrated, and 

stained with H&E and MTC for light microscopic analysis. Images were 

captured in the microscope with a 4X objective lens (Olympus, Japan) 

and a digital camera (ProgRes C14, Jenoptik, Germany).  

 

2.2.22 Nanoindentation analysis 

Nanoindentation method was used to analyze the elastic modulus and 

contact hardness of mouse bone tissue and implants.  Mouse cranial 

specimens were fixed 24 hours by 4% of paraformaldehyde and 

embedded with acrylic resin (Ortho-Jet, Lang, Wheeling, IL).  After 
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embedded, resin block is sectioned into 2 mm thickness with a low speed 

diamond saw (Isomet, Buehler Lake Bluff, IL).  Each section was 

polished using silicon carbide abrasive paper and aluminum oxide paste 

and glued onto a stainless steel holder and mounted on a nanoindenter 

(Nano-XP, MTS, Oakridge, TN).  All indentations were conducted up 

to 500 nm depths with loading and unloading displacement rates of 10 

nm/s.  The indentation force-displacement curves then were used to 

obtain the contact hardness by dividing the peak indentation force by the 

projected area at the end of loading, and the elastic modulus using the 

unloading slope.  The distance between indent locations was at least 30 

um to avoid any interruptions from the adjacent indents.  

 

2.2.23 Fourier-Transform Infrared Spectroscopy 

(FTIR) analysis 

FTIR of mineralized cryogel were measured to determine the hydroxy 

and phosphate groups.  Using an attenuated total reflection infrared 

spectrometer (ATR-FTIR, Bruker Tensor 27) at range of 4000 to 650 cm-
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1, all of three groups including control, HAP and WH cryogel spectra 

were recorded.  

 

2.2.24 Statistical analysis 

All data are presented as the mean ± standard deviation (SD).  

Statistical significance was determined by analysis of variance (ANOVA 

single factor) with * p < 0.05, ** p < 0.001, and *** p < 0.0001. 

 

2.3 Results 

To mimic the natural components of bone minerals, WH nanoparticles 

were synthesized by a wet precipitation method in an aqueous system. 

Additionally, HAP nanoparticles were prepared by a similar precipitation 

method for comparison. As shown in Figure 2.3a, X-ray diffraction 

(XRD) patterns of WH and HAP nanoparticles showed that both 

synthesized nanoparticles were pure without the existence of any 

heterogeneous phases.  Their peaks matched previously known XRD 

patterns of WH (JCPDS 70-2064) and HAP (JCPDS 84-1998).  From 
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field emission scanning electron microscopy (FESEM) analysis, WH 

nanoparticles had a rhombohedral-like shape with a homogenous size of 

approximately 50 nm (Fig. 2.3b).  HAP nanoparticles were ellipsoidal 

with an average size of approximately 80 nm (Fig. 2.3c). 
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Figure 2.3 Synthesis and material characterization of the two major 
biominerals, whitlockite (WH: Ca18Mg2(HPO4)2(PO4)12) and 
hydroxyapatite (HAP: Ca10(PO4)6(OH)2). a, X-ray diffraction (XRD) 
patterns of synthesized WH (red line) and HAP (grey line) nanoparticles, 
confirming that both materials have homogeneous phases. b, Field 
emission scanning electron microscopy (FESEM) image of WH 
nanoparticles that were approximately 50 nm in size. c, FESEM image 
of HAP nanoparticles that were approximately 80 nm in length. d, 
General rhombohedral habit of WH crystal drawn based on {012}, {001} 
and {104} planes. e, FESEM image of enlarged WH nanoparticles with 
approximately 200 nm size. (012) plane is observed in front with its edge 
angle 77.5° (angle marked with yellow), which well match with the 
theoretical angle between (102) and (112). Additionally, growth of the 
{104} planes can be observed at the side of WH nanoparticles (marked 
by red arrows). Crystal habit of WH drawn from the same direction as 
the FESEM image is presented in the inset for easier understanding. f, 
FESEM image of the (001) plane growth in WH nanoparticles. g, Atomic 
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arrangement in WH chemical structure, depicting (102), (012) and (112) 
planes at the side, front and bottom, respectively. Atomic size in the 
figure is exaggerated for easier understanding. h-k, X-ray photoelectron 
spectroscopy (XPS) analysis of WH and HAP nanoparticles. P2p peaks 
of WH (h) and HAP (i) and Mg auger peaks of WH (j) and HAP (k) are 
shown. Based on the shift in the position of the P2p peak of WH from 
HAP, the P2p peak of WH is deconvoluted into HPO4

2- (red line) and 
PO4

3- (blue line) by utilizing CasaXPS software. Additionally, the Mg 
auger peak only existed in WH nanoparticles. 
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Figure 2.4 Bright field image and diffraction pattern of a single 
whitlockite (WH: Ca18Mg2(HPO4)2(PO4)12) nanoparticle, along the [-1 
2 -1] zone axis. Bright field image clearly demonstrated rhombohedral 
morphology of WH nanoparticle. Additionally, diffraction spots 
corresponded well to the previously reported data from JCPDS 70-2064. 
There was no trace of any secondary phase in a single WH nanoparticle. 
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Figure 2.5 X-ray photoelectron spectroscopy of whitlockite (WH: 
Ca18Mg2(HPO4)2(PO4)12, red line) and hydroxyapatite (HAP: 
Ca10(PO4)6(OH)2, black line). Both spectra were calibrated based on the 
C1s peak at 284.8 eV. The inset magnifies P2p peaks from WH and HAP, 
which demonstrated the P2p peak shift in WH with higher intensity than 
HAP. 
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The direct visualization of a single WH nanoparticle was also 

performed by high-resolution transmission electron microscopy (TEM). 

Diffraction pattern analysis of an enlarged single WH nanoparticle was 

well matched with the crystal information of naturally occurring WH 

crystals (Fig. 2.4). Based on morphology analysis, the exposed surface 

plane of the synthesized WH nanoparticle was similar to that of naturally 

occurring WH crystal (Fig. 2.3d) [217].  In Figure 2.3e, the {012} plane 

of the enlarged WH nanoparticle has its edge angle at approximately 

77.5°, which corresponded well to the theoretical angle between (102) 

and (112) in a hexagonal setting.  Moreover, developments of {104} 

small planes were distinctly observed.  In Figure 2.3f, the growth of the 

(001) plane among {012} planes and {104} planes was found.  Figure 

2.3g presents the atomic arrangement in the WH crystal structure, which 

depicts (102), (012) and (112) planes at the side, front and bottom, 

respectively.  

We further investigated the surface characteristics of WH and HAP 

nanoparticles by X-ray photoelectron spectroscopy (XPS).  Due to the 

presence of HPO4
2- in WH, the position of the P2p peak was shifted with 
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higher peak intensity compared to that of HAP (Fig. 2.3h, j, and Fig. 2.5).  

Additionally, while the Mg KLL auger peak was clearly shown in WH 

(Fig. 2.3j), there was none in HAP (Fig. 2.3k). In addition, the atomic 

ratios on the surfaces of WH and HAP nanoparticles were calculated 

from the number of detected electrons in the Ca2s, Mg2s and P2s peaks.  

From the XPS analysis results, the ratios between cat- and anions of WH 

((Ca+Mg)/P) and HAP (Ca/P) were 1.44 and 1.63, respectively, while 

their theoretical values were 1.43 and 1.67, respectively.  Therefore, for 

both WH and HAP nanoparticles in this research, we concluded that the 

surface characteristics were practically indistinguishable to the bulk.  
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Figure 2.6 Effect of whitlockite (WH: Ca18Mg2(HPO4)2(PO4)12) and 
hydroxyapatite (HAP: Ca10(PO4)6(OH)2) nanoparticles on the 
surrounding system, particularly at their near surface. a-c, Ion release 
amounts of WH and HAP nanoparticles in the aqueous system, 
depending on different aging time. Released levels of (a) Ca ions, (b) Mg 
ions, and (c) P ions from the WH-aged and HAP-aged filtrates (n=4) after 
aging for day 0 to four weeks are shown. d, Zeta potential analysis of 
WH (red square, n=3) and HAP (black circle, n=3) nanoparticles, 
dispersed in the distilled water. Isoelectric point (IEP) of WH was located 
between pH 2 and pH 3, while the IEP of HAP was located at pH 7, 
demonstrating that WH has a negative surface charge in the neutral 
condition. e-f, Absorbed protein amounts on the WH and HAP scaffold, 
depending on different aging time for (e) 1mg/ml bovine serum albumin 
(BSA, n=5) and (f) 1 mg/ml of type 1 collagen (n=5). * p < 0.05, ** p < 
0.001. *** p < 0.0001. 
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Figure 2.7 Amount of absorbed protein in the whitlockite and 
hydroxyapatite scaffold for (a) 0.1 mg/ml bovine serum albumin (BSA, 
n=5) and (b) 0.1 mg/ml of type 1 collagen (n=5). 
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For the resorption stability and ion release kinetics, WH and HAP 

nanoparticles were dispersed in distilled water, filtrates were collected 

through a membrane with 200 nm-sized pores, and an inductively 

coupled plasma atomic emission spectrometer (ICP-AES) was used to 

analyze the amounts of Ca, Mg and P ions.  Ions release kinetic from 

both WH and HAP nanoparticles were evaluated up to 4 weeks in neutral 

pH condition (Fig. 2.6a-c).  WH displayed faster P and Mg ions release 

kinetics compared to the HAP.  However, elevated Ca ions were 

detected with HAP nanoparticles.  

Next, we examined the interaction between the WH and bone-

related extracellular matrix (ECM) proteins.  Bone ECM proteins play 

a vital role in facilitating the bone formation by assembling with 

inorganic subunits [218, 219].  Since the charged surface can strengthen 

the electrostatic interactions with proteins by changing the protonation 

state through a charge regulation mechanism [220, 221], we evaluated 

the surface charge of WH and compared it with HAP in various pH 

conditions (from pH 2 to 9) by addition of HCl and NaOH.  As shown 

in Figure 2.6d, HAP reached its isoelectric point (IEP) at around pH 7, 

which corresponded well with the previously reported [222, 223].  
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Notably, the IEP of WH was located between pH 2 and 3 and thus, the 

surface charge of WH was highly negative compared to HAP at a neutral 

pH. To examine whether the WH surface provides a favorable 

environment for protein binding, we measured the absorbed amount of 

bovine serum albumin (BSA) and type I collagen on WH nanoparticles 

(Fig. 2.6e, f and Fig. 2.7). Serum albumin was selected as a general 

protein because it does not include complex tryptophan, carbohydrates, 

and prostatic groups in its structure and thus is involved less in specific 

biochemical reactions [224, 225]. In addition, type I collagen was chosen, 

as it is one of the major bone ECM components.  The results showed 

that the adsorbed amount of BSA was higher on WH cylindrical scaffold 

than HAP throughout the period of 120 minutes. Furthermore, the 

absorbed amount of type I collagen was also higher in the WH than the 

HAP cylindrical scaffolds, which were fabricated by pressing in a mold 

and sintering at 700 °C. 
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Figure 2.8 Differentiation of human tonsil-derived mesenchymal stem 
cells (hTMSCs) on WH and HAP discs by the phosphate and magnesium 
ion effect. a, hTMSCs morphology, cytotoxicity, and proliferation. b, 
Osteogenic gene expression markers (ALP, OCN, Col I, and RunX2) were 
tested after two weeks of hTMSCs culture in HAP (n=3) and WH (n=3) 
2D cylindrical scaffolds. c, Three days of hTMSC culture on WH 2d 
scaffolds increased the mRNA expression profile over HAP, as assessed 
by quantitative RT-PCR using the SA Biosciences Human Mesenchymal 
Stem Cell PCR Array. The scatter plot shows the number of genes with 
similar expression levels (within black lines), upregulated (yellow), 
downregulated (blue), or osteogenic (red) genes. d-e, Alizarin Red S 
(ARS) and alkaline phosphatase (ALP) staining after seven days 
osteogenic differentiation in the presence of the indicated concentrations 
of (d) phosphate ions and (e) magnesium ions. f, Time schedule for 
siRNA transfection of hTMSCs. 24 hours after seeding (0 h), cells were 
transfected with siRNA with lipofectamine.  Seventy-two hours later, 
after confirmation by western blot assay, the medium was replaced with 
differentiation medium (OM) to promote the osteogenic differentiation. 
qPCR was performed after 168 hours. g-h, Western blot analysis of 
knocking out the protein channels (g) SLC20a1, (h) MagT1, and 
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cytoplasmic (g, h) pERK expression in cells.  β-actin was used as a 
loading control. i-k, A quantitative analysis (real time PCR) of the 
expression of the ALP, OCN, RunX2, and Col I of knocking out (i) 
SLC20a1, (j) MagT1, and (k) double knockout channel protein 
conditions. * p < 0.05, ** p < 0.001. *** p < 0.0001.   
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Figure 2.9 Additional 2D cylindrical scaffolds analysis. a, Gross image 
of synthesized hydroxyapatite (HAP: Ca10(PO4)6(OH)2) and whitlockite 
(WH: Ca18Mg2(HPO4)2(PO4)12) 2D cylindrical scaffolds. b, Cellular 
adhesion on scaffolds was measured by attached hTMSCs over total 
seeding cells (%). c, cellular morphology, cytotoxicity, and EdU staining 
of hTMSCs on HAP and WH 2D scaffolds. (Scale bars: 20 μm for actin, 
1 cm for Live/Dead and EdU staining) 
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For the in vitro cellular response comparisons of WH and HAP, we 

fabricated cylindrically shaped discs with same roughness by high-

temperature pressand cellular morphology, cytotoxicity, and 

proliferation were performed (Fig. 2.8a and 2.9).  In addition, we 

compared the mineral microenvironment-dependent osteogenic 

differentiation of human tonsil-derived mesenchymal stem cells 

(hTMSCs).  hTMSCs (passage 6) cultured with osteogenic medium 

(OM) on the surface of WH and HAP subsequently showed osteogenic 

differentiation behavior.  Gene expression analysis of bone-related 

markers showed that the WH microenvironment particularly activated 

genes involved in early bone formation. On day 14 of hTMSCs 

differentiation, quantitative real time-PCR analysis of bone-related genes, 

such as Alkaline phosphatase (ALP), osteocalcin (OCN), runt-related 

transcription factor 2 (RunX2), and type I collagen (Col 1) demonstrated 

that cells cultured on WH exhibited significantly increased gene 

expression compared to HAP cylindrical scaffolds (Fig. 2.8b).  The 

qPCR with protein adsorption test results together clearly indicated that 

the WH is a material that has a high potential of osteogenicity.  

Moreover, more pronounced differences in the gene expression of ALP, 
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which participates particularly in the early stage of osteogenic 

differentiation, in WH was effective in the early stage of the bone 

formation mechanism. 
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Figure 2.10 Magnesium influence in osteogenic differentiation. a, 
Cellular viability of control (OM), 5mM Na2SO4 and 5mM MgSO4 
group by Live/dead® assay. b, Proliferation profile of each conditions 
upto 10 days by Alamar blue assay. c, Alizarin Red S (ARS) and alkaline 
phosphatase (ALP) staining after fourteen days osteogenic 
differentiation in the presence of indicated groups. d, A quantitative 
analysis (real time PCR) of the expression of the ALP, Col I, OCN, and 
RunX2. 
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To compare the role of WH nanoparticles from HAP in the early 

mineralization process, the expression levels of 84 specific genes 

(excluding housekeeping and control genes) related to MSCs were 

measured (Fig. 2.8c).  Many of the osteogenic specific genes, including 

BMP2 and RunX2 (also SMURF1, SMURF2, HDAC1, PTK2A, FGF10, 

and HNF1A) were upregulated on hTMSCs cultured on WH compared 

to hTMSCs on HAP cylindrical scaffolds.  Moreover, downregulation 

of a critical number of MSC-specific (PROM1, THY1) and stemness (INS, 

POU5F1, and TERT) genes can be interpreted as losing their 

pluripotency and inducing rapid osteogenic differentiation of hTMSCs 

on WH scaffolds compared to on HAP scaffolds (Table 2.1).  In terms 

of the osteogenic cascade, WH nanoparticles induced the gene 

expression levels of PDGFRB.  PDGFRB, which is a receptor of PDGF, 

directly promotes MSC proliferation and osteogenic differentiation via 

ERK pathway [226].  The duration and magnitude of ERK activation is 

highly critical factors in the determination of osteogenesis of MSCs at 

the beginning of bone formation. 

From observation of the existence of Mg and abundant release of P 

ions in WH, we further investigated the role of ions in osteogenic 
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differentiation of hTMSCs.  After 14 days of hTMSCs culture in OM 

with an incremental concentration of phosphorus (0 mM, 1 mM, 5 mM 

and 10 mM of Na2HPO4 and NaH2PO4 mixture), osteogenic 

differentiation [as indicated by positive Alizarin Red S (ARS) and 

Alkaline Phosphatase (ALP) staining] was induced in the presence of 

phosphorus.  Both staining results showed that osteogenic 

differentiation is concentration dependent: higher expression levels of 

ARS and ALP were observed in 5 mM of Na2HPO4 and NaH2PO4, 

compared to lower concentrations (Fig. 2.8d).  For Mg, the group 

receiving 5 mM of MgSO4 showed the highest ARS and ALP expression 

levels (Fig. 2.8e) and Mg also induced osteogenic differentiation in a 

concentration-dependent manner as well as P ions (Fig. 2.9).  Similarly, 

Yosizawa et al. suggested that an adequate amount of Mg could enhance 

Col X and VEGF expression via HIF-2a production [227].  When an 

excessive amount of P or Mg ions were applied (sodium phosphates and 

MgSO4), cellular viability and differentiation were significantly reduced 

(Fig. 2.10a, b).  These results indicated that biominerals with optimum 

solubility could continuously provide a proper amount of effective ions 

to stimulate bone generation. 
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To elucidate the roles of ions released from WH on the osteogenic 

commitment, we knocked out two ion-specific protein transporter [PO4
3- 

(SLC20a1) and Mg2+ channels (MagT1)] on the cell membrane via 

siRNA (Fig. 2.8f).  When P ions enter cells, they are transported 

through sodium-dependent phosphate transporter 1, encoded by 

SLC20a1 gene, mostly in the form of PO4
3- [228].  Silencing of both 

channels was confirmed by Western blot analysis (Fig. 2.8g, h).  

Consequently, silencing led to a reduction in the phosphorylation of ERK 

proteins.  Since phosphorylation is directly related to the cellular 

phosphate level, knocking out the phosphate transporter resulted in a 

reduced pERK gene level in the cell.[228]  Likewise, intracellular Mg2+ 

deprivation via knocking out magnesium transporter, encoded by MagT1 

gene, inhibited the pERK cascade [229].  

Calcium phosphates have been shown to regulate the osteogenic 

differentiation pathway of stem cells through the phosphate transporter 

[228, 230].  Our results also indicated that PO43- ions released from 

both WH and HAP were effective in osteogenic differentiation.  

Interestingly, SLC20a1 gene knocked out cells cultured on WH 

cylindrical scaffolds showed higher bone-related gene expressions 
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compared to SLC20al gene knocked out cells cultured on HAP 

cylindrical scaffolds (Fig. 2.8i).  These results also confirmed that most 

osteogenic genes were downregulated after knocking out the magnesium 

transporter (Fig. 2.8j).  From the gene expression profile result, 

disabling the SLC20a1 gene implicates more favorable changes of 

osteogenic gene silencing than knocking out the MagT1 channel.  Since 

both channels participate the osteogenic differentiation, gene expression 

was dramatically downregulated when the both genes are knocked out 

simultaneously (Fig. 2.8k).  Taken together, a possible explanation for 

the enhanced osteogenesis of WH nanoparticles is PO4
3- and Mg2+ 

release, which concurrently stimulate via the ERK pathway of the 

hTMSCs. 
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Figure 2.11 Inhibitory effect of WH on osteoclastic differentiation by 
phosphate and magnesium ions a-c, The effect of 2mM of Mg2+ and 
PO4

3- on osteoclast differentiation, proliferation and apoptosis. (a) Raw 
264.7 cells were culture with RANKL and 10% FBS.  Actin-stained 
cells (top) and TRAP-stained cells (bottom) and the number of cells with 
more than two nuclei are shown. b-c, Live/dead assay. (d) The effect of 
Mg2+, PO4

3-, HAP, and WH on osteoclast fusion. An increase in the 
proportion of multinucleated osteoclasts can be seen.  e-f, Quantitative 
Real-Time PCR analysis. The expression of osteoclast-specific genes (e) 
NFATc1, (f) TRAP, and (g) Cathepsin K. h, Mature osteoclasts were 
cultivated on top of HAP and WH discs. i-k, The effect of HAP and WH 
on bone resorption. (i) A pit formation assays is shown (Top: HAP, 
Bottom: WH). Total number (j) and surface area of resorption pits were 
measured (k). * p < 0.05, ** p < 0.001. *** p < 0.0001. 
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Figure 2.12 Experimental scheme of the effect of Mg2+, PO4-, WH and 
HAP on osteoclast differentiation. Raw 264.7 cells were cultured with 
RANKL, and Mg2+ or PO4

- was added in the proliferation (1), 
differentiation (2), maturation and resorption of HAP and WH discs (3 
and 4) phase.  
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Previous studies have demonstrated that the local ionic 

concentration may influence the osteoclast differentiation [231].  In 

order to demonstrate WH’s inhibitory effect on osteoclast differentiation 

via local PO4
3- and Mg2+ ions, we have differentiated RAW 264.7 cells 

to osteoclast under the condition of 2mM of PO4
3- and Mg2+, each (Fig. 

2.11a and Fig. 2.12).  There was no notable change or difference 

between the total number of cells and apoptotic cells (Fig. 2.11b, c), the 

control group generated a large number of multi-nucleated osteoclasts 

and a high level of tartrate-resistant acid phosphatase (TRAP) expression.  

In contrast, we found that treatment of the cells with 2mM of PO4
3- and 

Mg2+ plus RANKL resulted in only a few small osteoclasts with a low 

number of multi-nuclei (Fig. 2.11a, d).  We have confirmed that 

osteoclast-specific genes such as NFATc1 (nuclear factor of activated T 

cells, cytoplasmic, calcineurin-dependent 1), TRAP, and Cathepsin K 

gene expression were significantly downregulated in PO4
3- and Mg2+ 

group (Fig. 2.11e-g).  We also have cultured the RAW 264.7 cells on 

top of cylindrically shaped discs of WH and HAP to see their inhibition 

of osteoclastic differentiation.  Since WH can continuously provide 
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PO4
3- and Mg2+ ions, all of osteoclastic specific-genes were highly 

repressed by WH. 

Since resorption of materials is required prior to the complete 

osseointegration into the native bone, the resorption pit assay was 

performed with mature osteoclasts in order to observe the resorption of 

WH and compared to that with HAP.  Mature osteoclasts were 

cultivated for 3 days, and subsequently removed from the WH and HAP 

discs by trypsinization (Fig. 2.11h).  To verify resorption activity, 

resorption pits were detected through SEM image analysis (Fig. 2.11i).  

Numerous pits were formed on the WH discs with an average number of 

around 20 and surface area of 400 μm2, twice higher than HAP discs (Fig. 

2.11j-k).  Active osteoclastic resorption pits confirmed that greater 

number may be due to increased solubility of WH compared to HAP 

under certain circumstances [232]. 

 

 

 



119 

 

 

Figure 2.13 Phase transformation of whitlockite to hydroxyapatite a, 
Simplified scheme of 2 weeks of HAP and WH nanoparticle-mediated 
cryogel mineralization. b-c, Fourier Transform Infrared Spectroscopy 
analysis of (b) wave number between 2500-4000 cm-1 and (c) 800-2000 
cm-1. d, Elastic modulus of mineralized cryogel with different range of 
phase angles. e-h, (e) In vivo formation of bone mineral in the 
whitlockite-incorporated chondroitin sulfate (CS) gel implant, eight 
weeks after insertion in the in vivo mouse system. (f) Phase confirmation 
of newly precipitated bone mineral as hydroxyapatite. (g) By utilizing a 
Focused Ion Beam, flower-shaped bone minerals were separated and 
placed on a TEM grid for TEM observation. (h) The bright field image 
clearly reflecting ruffle-like morphology of bone mineral. The diffraction 
pattern of the bone mineral, which matched well with the crystal 
structure data of hydroxyapatite (JCPDS 84-1998). There was no trace 
of WH. 

 

 

 

 



120 

 

To examine the fate of resorbed ions from the mineral matrices, we 

fabricated a 3-dimensional (3D) cryogel scaffolds based on 

methacrylated chondroitin sulfate (MeCS) and incubated them in ionic 

environment created by WH or HAPs.  Cryogel scaffolds were 

incubated with WH and HAP nanoparticles for 2 weeks at 37°C (Fig. 

2.13a).  Absorption peaks at 3400 and 1300 cm-1 attributable to the 

stretching of the hydroxy group and PO4
3- confirmed the amount of 

hydroxy and phosphate group were increased in WH nanoparticle 

incubated group (Fig. 2.13b, c).  Furthermore, the elastic component of 

the cryogel scaffolds by mineralization were determined by rheological 

studies.  WH nanoparticles-incubated cryogels showed greater storage 

(G’) moduli compared to HAP nanoparticle-incubated group (Fig. 2.13d).  

Control scaffold displayed the least storage modulus. 

Since the WH nanoparticles displayed faster resorption followed by 

the reprecipitation in to mineral crystals, we traced the in vivo fate of the 

WH nanoparticles by electron microscopic analysis.  Initially, WH 

nanoparticles inside the cryogel implant were distinguishable from the 

surrounding CS gel based on the rhombohedral morphology (Fig. 2.13e).  

However, after six weeks from the implant insertion, flower-like new 
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bone minerals were precipitated on the entire surface of the WH-

embedded CS gel (Fig. 2.13f).  By utilizing a focused ion beam 

technique, we separated newly precipitated bone and placed in on a TEM 

copper grid.  From the HRTEM diffraction analyses, newly precipitated 

bone mineral had a HAP crystal structure, indicating that the WH mineral 

can stimulate HAP deposition (Fig. 2.13g, h).  
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Figure 2.14 In vivo bone regeneration efficacy of whitlockite (WH: 
Ca18Mg2(HPO4)2(PO4)12) embedded 3D cryogel implants. a, After 6 
weeks of subcutaneous injection, each group of cryogels rendered by the 
micro-CT program as grey areas indicated the amount of mineralization. 
b, Young’s modulus of subcutaneously injected cryogels for each groups. 
c, bone formations were examined via subcutaneous implantation and 
critical sized calvarial defect models. d-h, In vivo bone regeneration of 
the calvarial defects by ARS staining (d) and microCT (e), volume are 
presented as a percentage calculated from the ratio of newly formed 
mineralized bone volume over the initial defect volume (BV – Bone 
Volume, TV – Total Volume), (f) and histomorphometric analysis with 
H&E (4 and 40X) (g), MTC (4 and 40X) (h). i, Surface area of bone 
formation (BS – Bone Surface, TV – Total Surface). j, Collagen and 
DAPI staining of implants and tissue specimens. k-l, Comparing old 
bone and new generated bone’s ratio of hardness (k) and elastic modulus 
(l) measuring by nanoindentation. In a-d, n=4. In e-f, n=4 and n=5. * p < 
0.05, ** p < 0.001. *** p < 0.0001. 

 



123 

 

We further evaluated whether WH nanocrystals can stimulate in situ 

bone regeneration. Initially, WH-embedded cryogels were implanted for 

six weeks in a subcutaneous model, and post-mathematical pixel 

reconstruction by micro-CT showed that the WH-embedded cryogel had 

the highest mineral deposition compared to the HAP-embedded cryogel 

or negative CS control (Fig. 2.14a).  The comparative mechanical 

strength of implants showed that Young’s modulus was increased 

throughout the group.  In particular, WH-embedded cryogel’s modulus 

was seven times higher than the sham control and twice higher than 

control cryogel and HAP-embedded cryogel group (Fig. 2.14b). 

We further applied WH-embedded cryogels in a critical sized 

calvarial defect model (Fig. 2.14c).  Enhanced bone regeneration was 

evident after eight weeks in WH-embedded cryogel group (Fig. 2.14d), 

as visualized by a full range of ARS on the entire cranium.  Furthermore, 

the WH-embedded cryogel group showed the highest degree of cell 

recruitment, which further supported our in vitro assertion that the 

negatively charged surface preferentially adsorbs more proteins for 

enhanced cell attachment [233].  For quantitative analysis, each defect 

area and implants were analyzed by micro-CT.  Among the groups, the 
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largest volume of the newly generated bone was observed with WH-

embedded cryogel (Fig. 2.14e, f).   

In addition, histological and immunostaining observation showed 

that there is increased cellular infiltration (i.e., increased cellularity), 

protein matrix (i.e., collagen) deposition, and largest regenerated surface 

in the WH-embedded cryogel group (Fig.2.14g-j).  Histological 

analysis with staining confirmed the micro-CT results and revealed more 

extensive bone formation in the WH-embedded cryogel group compared 

to the other conditions.  For assessment of regenerated bone quality, 

each defect area and implants were analyzed by nanoindentation 

techniques. Native parietal bone displayed elastic modulus of 14.8 GPa 

with contact ratio hardness of 0.360 GPa.  The newly regenerated 

portion of the cranial with WH-embedded cryogels resulted in elastic 

modulus of 6.43 GPa with contact ratio hardness of 0.335 GPa (Fig. 

2.14k, l).  Our in vitro and in vivo assessment of WH nanoparticles 

demonstrated that the enhanced bone formation by WH could be 

modulated by ionic microenvironment which many have attributed to the 

higher level of inorganic precipitation combined with increased protein 

adsorption  (Figure 2.15). 
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Figure 2.15 Simplified schematic in vitro model of effect of whitlockite 
nanoparticles on MSCs, osteoclast activity, and HAP phase 
transformation. 
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Figure 2.16 Characterization of human tonsil derived mesenchymal 
stem cells (hTMSCs). a, Gene expression of hTMSCs on passage 5. As 
originally belonging to the immune system, hTMSCs expressed two 
immune-related genes; i.e., CCL3 and CXCR3. Expression of Oct4 
confirmed the potency to differentiate to a certain lineage, while the 
absence of ALP and OCN showed that hTMSCs did not possess any 
osteogenic characteristics. b, Flow cytometry analysis of cell surface 
markers of hTMSCs on passage 5. hTMSCs were further evaluated for 
their MSC-like characteristics by expressing MSC surface markers: 
CD44, CD73, CD90 and CD 105. c, In vitro human tonsil-derived 
mesenchymal stem cells (hTMSCs) differentiation to osteogenic, 
chondrogenic, and adipogenic lineages. 
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2.4 Discussion 

In this study, we revealed that the WH-induced bone regeneration was 

initiated by increased local ion concentration along with increased 

protein adsorption to its surface.  Furthermore, WH is known to have 

higher stability than HAP in acidic bone remodeling condition, and it is 

distributed as molecular clusters in short micro-ranged distances [204, 

205, 234]. Previously, local ion concentration and protein-inorganic 

assembly have been shown to play a critical role in bone mineralization 

[235-241]. In our study, our results demonstrate a potential molecular 

mechanisms created by resorbed ions from WH, as depicted in Figure 

2.15. Mg2+ and PO4
- released from WH may enters the hTMSCs 

respectively through Magt1 and SLC20a1 channel proteins to induce 

osteogenic differentiation. In addition, higher levels of Mg2+ and PO4
- 

ions concentration created by WH may prevent the osteoclast 

differentiation from monocyte, therefore preventing the number of active 

osteoclasts. 

When the micro-damaged area of bone is being repaired, MSCs are 

recruited and differentiate as osteoblasts. Since hTMSCs, which were 
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isolated from tonsil tissues of young toddlers, share many characteristics 

with bone marrow-derived mesenchymal cells, they have extensive 

proliferative potential and the mesenchymal ability to differentiate 

toward adipogenic, osteogenic, and chondrogenic lineages [242, 243], 

and also they were utilized to mimic early-stage of stem cells (Fig. 2.16). 

The WH microenvironment resulted in increased cellular proliferation 

compared to the HAP microenvironment. Our data showed that WH 

nanoparticles could continuously supply Ca, Mg and P ions in 

physiological conditions. As Mg ions do not participate in HAP crystals 

structure due to its small ionic size [204, 244], a small amount of 

magnesium phosphate compound that is stable in a neutral pH condition, 

such as newberyite (MgHPO4∙3H2O), may have precipitated from excess 

Mg ions [245, 246].  As a result, elevated residual P ions were detected 

as free ion in the solution based on the composition ratios of WH, HAP, 

and newberyite (Ratio of Ca:Mg:P in WH=18:2:14, Ca:P in HAP=10:6, 

and Mg:P in newberyite=1:1).  Our results indicated that WH minerals 

have the capacity to continuously release elevated level of Mg and P ions 

compare to HAP in physiologically relevant conditions.  Despite the 

fact that Mg ions compose only small fraction of WH, released amounts 
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of both Ca ions and P ions were less than their expected amounts based 

on the released amount of Mg ions, which indicated high possibility of 

HAP precipitation after dissolution of WH in neutral condition.  The 

excess amount of P in filtrates collected from WH nanoparticles in 

aqueous solution could be also explained based on the different solubility 

and different Ca/P composition of WH and HAP nanoparticles at the 

given pH.  It is known that above pH 4.2, HAP is more stable than WH, 

showing that the solubility of WH gradually increased with an increase 

in pH [205, 234].  Accordingly, releasing magnesium ions from WH is 

a great advantage over HAP in terms of efficient osteogenic 

differentiation.  Although knocking out the phosphate channel 

(SLC20a1) mostly disabled the osteogenic cascade, the magnesium 

channel (MagT1) generated an interchangeable route to the 

differentiation.  Hence, high solubility calcium orthophosphate and 

magnesium alloys have been used for faster bone healing as they induce 

elevated local ion concentrations [235-237].  As the result of faster and 

Mg ion release from WH compared to HAP, we confirmed that hTMSC 

on WH showed enhanced osteogenic differentiation. 
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Additionally, inorganic biomaterials have been electrically 

polarized to induce a charged surface for improved protein adsorption 

[238-241].  When the surface is negatively charged, the pH near the 

surface is known to decrease and thus the protonation of ionizable 

functional groups in proteins can be induced, leading to an increase in 

the electrostatic attraction between proteins and the charged surface [247, 

248].  Furthermore, immunostaining for collagen, a protein abundant in 

bone ECM was also showed significantly higher intensity at the WH 

group compared to the sham or HAP group (Fig. 2.14j).  Since the WH-

embedded cryogels are inherently osteoinductive, the accumulated 

calcification could have resulted from the differentiation of MSCs and 

build-up of osteoblast-secreted ECM. 

 

2.5 Summary 

Based on these findings, we designed a WH-embedded 3D cryogel 

implant and presented enhanced healing in a critical sized calvarial 

defect model by mimicking the regeneration mechanism of natural bone 

tissue.  Enhanced protein adsorption on WH minerals was also 



131 

 

corroborated by the in vivo test results, which showed higher amounts of 

organic bone matrix formation in WH-embedded CS gel implants than 

HAP-embedded CS gel implants.  The success of synthetic matrices for 

bone repair is evaluated based on their ability to support restoration of 

the bone-related ECM with cellular and mechanical function [249].  

From our observation on mechanical aspects, both elastic modulus and 

hardness of newly generated cranial had comparable value to the 

previously reported wild type mouse parietal bone [250].   Hence, not 

only quantitatively, but also qualitatively WH can induce the bone 

regeneration and all in its original condition through phase 

transformation.  Taken together, these findings suggest that WH 

minerals have a stimulation effect in bone regeneration and thus can be 

applied for bone healing.  

Our findings suggest that the interaction of inorganic mineral 

contribution during the bone remodeling process should be considered in 

addition to proteins, cells and hormones.  In particular, inorganic 

minerals contribution during bone remodeling process is pronounced 

under acidic pH conditions. Interestingly, increased amounts of WH have 

been found in the pathological calcification of soft tissues such as 
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articular cartilage, heart valve, lung, urinary organ, and salivary glands 

[251]. These insights suggest that the stimulating effect of WH on 

mineralization should be well controlled, as it may lead to uncontrolled 

ectopic mineralization.  In this regard, revealing the optimum amount, 

range and proper distribution behavior of WH in hard tissue will lead to 

better understanding of bone health.        
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3 CHAPTER THREE: CHONDROITIN 

SULFATE-BASED BIOMINERALIZING 

HYDROGELS FOR BONE TISSUE 

ENGINEERING 

3.1 Introduction 

Bone grafts are utilized in a wide array of clinical settings to augment 

bone regeneration.  Bone defect repair utilizing tissue engineering 

strategies often utilize biodegradable scaffolds that are intended to be 

gradually replaced by neo bone tissues.  Currently, synthetic calcium 

phosphate (CaP) derivatives, such as hydroxyapatite, whitlockite, and β-

TCP, are often incorporated into biodegradable scaffolds in order to 

provide bioactivity, enhance osseointegration and improve mechanical 

properties. As calcium and phosphate are critical components for bone 

inorganic structure [252-254], multiple methods of incorporating both 

ions in to biodegradable scaffolds have been developed for bone tissue 

engineering [255-257]. In addition, biomaterials that actively recruit 

inorganics components and enhance osteogenic differentiation in vivo 
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are utilized as bone scaffolds.  Indeed, the strategies to enhance the 

bioactivity of scaffolds would further improve the integration of bone 

scaffolds with surrounding bone tissue. 

Various approaches have been used to prepare hydrogels for 

mimicking the bone environment. In addition, recent efforts have begun 

to explore biomineralization of bone stimulating inorganic apatite 

through naturally binding ions. Hydrogels with apatite-nucleating 

monomers, such as ethylene glycol methacrylate phosphate, has been 

shown to induce faster apatite growth [258, 259].  Furthermore, 

hydrogels modified to enhance cell–material interactions has been 

shown to accelerate extracellular matrix (ECM) deposition and 

biomineralization. Herein, we have utilized chondroitin sulfate (CS) as a 

backbone polymer for hydrogel formation and their potential application 

in bone tissue engineering. CS is ubiquitous glycosaminoglycan (GAGs) 

and part of the non-collagenous ECM in human bone[260]. The major 

role of CS within bone tissue is to coordinate osteoblastic cell attachment 

and indirectly involve in bone homeostasis [261].  Furthermore, stem 

cell lineage commitment and differentiation are regulated by the 

presence of CS in the niche of bone marrow stem cells [262]. For this 
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reason CS-based hydrogels with all of these ideal characteristics can 

serve as an ECM to provide structural support to the newly formed bone.  

Previous studies on CS-based hydrogels have been solely focused 

on its biochemical properties and the role of CS in bone formation has 

not been elucidated [263-267]. In this study, we evaluated the interaction 

between CS-based hydrogel and its surrounding environment. In 

particular, we focused on the interaction between negatively charged 

molecules within hydrogel with nearby ions for ion recruitment and 

biomineralziation kinetics. Through this study, we sought to elucidate 

ion recruitment and biomineralziation and gain insight into the bone 

stimulating scaffold design for potential clinical application. 

 

3.2 Materials and methods 

3.2.1 Preparation of methacrylate-chondroitin sulfate 

Chondroitin sulfate powder (CS; C0335, Tokyo chemical industry Co., 

Ltd.) was reacted   glycidyl methacrylate solution (GMA; 73 mM, 

Sigma-Aldrich) to conjugate meth acrylate functional groups as 

previously described [268]. Briefly, CS was dissolved in phosphate-



136 

 

buffered saline (PBS; pH 7.4, Gibco) with 10% w/v and reacted with 

GMA (73 mM) for 11 days. Methacrylated CS (MeCS) was then purified 

by dialysis membrane (3.5K MW; SnakeSkin) for 48 h, followed by 

free-drying, and then preserved at -20°C for long term storage. After 

preparation, products were analyzed via 1H-NMR spectra by dissolving 

in deuterium oxide for solvent. 

 

3.2.2 Preparation of hydrogel by photoencapsulation 

Both poly (ethylene glycol) diacrylate (PEGDA, MW=3,400; SunBio, 

Inc.) and synthesized MeCS were dissolved in PBS with concentration 

of 20% w/v separately. Then both solutions were mixed with final 

concentration of MeCS as 0, 1, 5, and 10% w/v. Cells were gently mixed 

with the polymer solution and mixture solution is polymerized with 

photoinitiator (Irgacure 2959, 0.05% w/v) using UV light (3.5 mW/cm2 ) 

for 5 min (Fig. 3.1a). The constructs were maintained at 37°C with 5% 

CO2 with cell culture medium for certain time. 
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3.2.3 Infrared spectroscopy 

Specific chemical bonding structures were investigated by Attenuated 

Total Reflection-Fourier Transform Infrared (ATR-FTIR, TENSOR27, 

Bruker Corporation) with the range of 800 to 4000 cm-1 at a 4 cm-1 

resolution. Each groups of the dried hydrogel were placed on the 

diamond plate and measured with 50 scans. IR peaks corresponding to 

PEGDA and MeCS related chemical structure was analyzed. 

 

3.2.4 Zeta potential analysis 

Synthesized hydrogel microparticle samples were dispersed in distilled 

water by sonication. The pH of the solutions was titrated from pH 2 to 9, 

using NaOH and HCl solution. The surface charge was measured with a 

zeta potential analyzer (Otsuka Model ELS-Z, Otsuka Electronics Co.,). 

 

3.2.5 Swelling and mechanical properties 

For each hydrogel, constructs were swollen and weighted in equilibrium-

swollen state by PBS. The constructs were subsequently lyophilized to 
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remove the retained water to obtain the dry weight. Swelling ratio (Q) 

was the calculated from the wet weight over dry weight [269] as follows: 

𝑄𝑄 (%) =
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑤𝑤 𝑤𝑤𝑒𝑒𝑒𝑒𝑒𝑒𝑤𝑤𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡𝑤𝑤𝑒𝑒 ℎ𝑦𝑦𝑒𝑒𝑒𝑒𝑜𝑜𝑤𝑤𝑤𝑤𝑒𝑒 𝑤𝑤𝑖𝑖 𝑃𝑃𝑃𝑃𝑃𝑃

𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑤𝑤 𝑒𝑒𝑒𝑒𝑤𝑤𝑤𝑤𝑒𝑒 ℎ𝑦𝑦𝑒𝑒𝑒𝑒𝑜𝑜𝑤𝑤𝑤𝑤𝑒𝑒
 x 100 

For enzymatic degradation profile, each sample (diameter of 6 mm and 

a height of 4 mm) was fabricated and incubated in enzyme-containing 

solution (0.5 U/mL, chondroitinase ABC; H3506; Sigma-Aldrich) at 

37°C. The weight remained of each sample was measured up to 9 days. 

Enzyme-containing solution was changed for every 3 days. For 

mechanical properties, hydrogels were equilibrated in PBS for 24 h and 

compression tests were performed using Instron (Instron 5966, Instron 

Corporation) with a 10-kN-load cell. The load, stress and strain values 

were recorded to calculate the young’s modulus.  

 

3.2.6 Scanning electron microscopy and calcium 

accumulation assays 

The porous structure of the hydrogel was characterized by Field 

Emission Scanning Electron Microscopy (FE-SEM; JSM6701F, JEOL, 

Japan). After lyophilized, the samples were coated by platinum 
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sputtering and observed. For identifying each ion deposition on hydrogel, 

elemental mapping of energy dispersive spectroscopy (EDS) was 

observed. The samples were fabricated and soaked in 5mM CaCl2 

(dissolved in DI water and medium) solution and detected. To verify the 

accumulation of calcium and phosphate ions in vitro environment, each 

groups of hydrogels were soaked in 5mM of calcium included osteogenic 

medium for 21 days, then lyophilized in order to detecting each ions via 

X-ray photoelectron spectroscopy (XPS, K-alpha, Thermo VG Scientific, 

Massachusetts, USA). Al Kα X-ray radiation source (200W, 12kV, KE = 

1486.6eV) was used to record the photoelectron spectra under an ultra-

high vacuum. XPS spectra were recorded in the 0 – 1100eV range with 

a resolution of 1.0eV and pass energy of 50eV. XPS high resolution scans 

of each atom were performed using the Advantage data system (Thermo 

VG Scientific, Massachusetts, USA). 

 

3.2.7 Fluorescence assay for calcium determination 

Indo 1-AM (I3261, Sigma-Aldrich) fluorescence assay was performed 

to analyze Ca2+ accumulation on each group of hydrogel under 
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manufacturer’s protocol. Briefly, Indo 1-AM stock solution (1 mM, 

dissolved in DMSO) was diluted to 10 µM (100 µL). The each group of 

hydrogels were incubated in 5 mM CaCl2
 solution for 21 days, then were 

smashed and reacted with the Indo 1-AM solution at 37°C for 30 min. 

After centrifuged to settle down the hydrogel fragments, solution was 

detected with wavelength of excitation (λex) of 330 nm, and emission 

wavelength (λem) was observed in range of 370-390 nm for reacted Ca2+ 

ion and 450-470 nm for unreacted Ca2+ ion, respectively. 

 

3.2.8 Ammonium molybdate assay for phosphate 

determination 

For confirmation of phosphate deposition on the hydrogels, molybdate 

reagent solution (69888, Sigma-Aldrich) was used as manufacturer’s 

protocol. Standard curve of phosphate was prepared by potassium 

phosphate dibasic trihydrate (K2HPO4·3H2O, Sigma-Aldrich) with a 

concentration between 20 µM and 2 mM. The MeCS hydrogels (0, 1, 5, 

and 10% w/v) incubated in 5mM Ca2+ included medium were smashed. 

Then molybdate reagent solution, ascorbic acid (Sigma-Aldrich, 10 %), 



141 

 

and distilled water were mixed with a volumetric ratio of 2:1:2 and 

reacted with hydrogel fragments at 37°C for 90 min. After reaction, 

absorbance of each sample was measured at 820 nm. 

 

3.2.9 In vitro apatite forming ability 

The apatite forming ability of the hydrogels was investigated with 

immersed in Simulated Body Fluid (SBF) solution. The polymeric 

solution was polymerized within plastic mold with a diameter of 6 mm 

and a volume of 40 µL. These hydrogels were soaked in SBF solution 

and incubated at 37°C for a week and 2 weeks, followed by washing the 

hydrogel with D.I. water and lyophilized. The constructs were prepared 

for characterizing the formed apatite through Electron microscopy and 

EDS. 

 

3.2.10 Cell-encapsulated hydrogel preparation and 

viability 
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Human tonsil-derived mesenchymal stem cells (hTMSCs) were obtained 

from Ewha Womans University Medical Center, Seoul Korea. The 

reagents that used for in vitro studies were from Gibco if a word 

otherwise was not mentioned. hTMSCs were cultured in tonsil growth 

medium (Dulbecco’s modified Eagle’s medium; DMEM), which 

contained 10% fetal bovine serum (FBS; 10438-026), 1% penicillin-

streptomycin (15140122), 1% L-glutamine (25030-081), 1% anti-anti 

(15240-062). After trypsinized, 1 x 106 cells were suspended in the 

polymeric solution. 40 µL of cell-suspended polymeric solution were 

pipetted to plastic mold with a diameter of 6 mm and exposed to UV light 

(3.5 mW/cm2) for 5 min.  The hydrogel were incubated in tonsil 

osteogenic medium (OM), which contained DMEM, 10% FBS, 1% 

penicillin-streptomycin, 1.5 % dexamethasone (100X), 1.5% ascorbic-2-

phosphate (100X), and glycerol-2-phosphate (1mM, Sigma-Aldrich), at 

37°C with 5% CO2 for in vitro and in vivo study. For viability test, the 

samples, which incubated for day 1 and 21, were characterized by 

Live/Dead assay kit (L3224, Invitrogen) that consist of calcein-AM 

(green) and ethidium homodimer-1 (EthD-1, red) with used as a 

concentration of 0.5 µL and 2 µL per 1 mL PBS, respectively.  Images 



143 

 

were obtained using fluorescence microscope (AMF4300, EVOS, Life 

Technology), and viability was calculated as the number of live cells per 

the number of total cells. 

 

3.2.11 Gene expression analysis  

Cell-laden hydrogel incubated with 5 mM Ca2+ included osteogenic 

medium for 21 days were crushed and subsequently total RNAs were 

extracted by Trizol (n=4). Using the SuperScript Synthesis System 

(Invitrogen), extracted RNAs were reverse transcribed into cDNA, 

followed by real-time PCRs through the SYBR® Green PCR Master mix 

and the ABI StepOnePlusTM Real-Time PCR system (Applied 

Biosystems). cDNA samples with a concentration of 100 ng per 1 µL for 

total volume of 20 µL per reaction were used for analyzing genes and 

GAPDH as housekeeping gene. The primers for interested genes were 

shown in Table 3.1. 
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Gene Primer 5’-3’ 

GAPDH 
F: TGT TGT GGA TCT GAC CTG CC 
R: TTC TTA GTG TGG CGG AGA TG 

RunX2 
F: ACT GGG CCC TTT TTC AGA 
R: GCG GAA GCA TTC TGG AA 

OCN F: GCC TTT GTG TCC AAG C 
R: GGA CCC CAC ATC CAT AG 

ALP 
F: ACG TGG CTA AGA ATG TCA TC 
R: CTG GTA GGC GAT GTC CTT A 

Col I 
F: ACG AGG CCT GAC AGG TCC CA 
R: GCC CAG CAA ATC CCG CTG GT 

 

Table 3.1 Primer sets for human genes used in this study. GAPDH was 
used as a housekeeping gene. [Alkaline phosphatase (ALP), type 1 
collagen (Col 1), osteocalcin (OCN), and Runt-related transcription 
factor 2 (RunX2] 
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3.2.12 Ethics statement 

All experiments were maintained and cared in accordance with the 

Guide for the Care and Use of Laboratory Animals by the Seoul National 

University. All operations were performed under Zoletil 50 (Virbac) and 

Rompun®inj (Bayer) anesthesia, and all endeavors were established to 

minimize animal suffering. 

 

3.2.13 Calvarial defect procedure and in vivo cell-laden 

hydrogel transplantation 

Female BALB/c mice (OrientBio Co., Republic of Korea) with 6 weeks 

were used for the animal experiments. After incubated for 1 week in 

vitro, the hTMSCs-laden hydrogels (0, 1, 5, and 10% MeCS) were 

prepared for in vivo implantation. After the mice were anesthetized, skin 

of surgical site was opened and calvarial defect was made using 4 mm 

diameter drills. The cell-encapsulated hydrogels were implanted to 

defect region, followed by suturing the skin. The animals were 
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monitored and harvested 8 weeks after implantation. Animals were 

assigned into four groups (0, 1, 5, and 10% MeCS). 

 

3.2.14 Micro-CT analysis 

Micro-CT analysis was used to estimate volume of bone regeneration 

within the cell-laden hydrogel. The animals were sacrificed with a CO2 

after 8 weeks, followed by collecting the defected site. The samples were 

fixed with 10% buffered formaldehyde for 2 days. The topographies of 

fixed hydrogels were performed using SkyScan 1172 (SkyScan, Belgium) 

at 59 kV, 167 μA, and an exposure time of 40 ms through non-filter.  

Volume and surface area of bone regeneration was estimated as follows: 

 

𝑃𝑃𝐵𝐵(𝑃𝑃𝑃𝑃)
𝑇𝑇𝐵𝐵(𝑇𝑇𝑃𝑃)

=
𝑅𝑅𝑤𝑤𝑤𝑤𝑤𝑤𝑖𝑖𝑤𝑤𝑒𝑒𝑒𝑒𝑡𝑡𝑤𝑤𝑒𝑒 𝐵𝐵𝑜𝑜𝑒𝑒𝑒𝑒𝑉𝑉𝑤𝑤 (𝑃𝑃𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒𝑆𝑆𝑤𝑤)

𝑇𝑇𝑜𝑜𝑡𝑡𝑒𝑒𝑒𝑒 𝐵𝐵𝑜𝑜𝑒𝑒𝑒𝑒𝑉𝑉𝑤𝑤 (𝑃𝑃𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒𝑆𝑆𝑤𝑤)
 𝑥𝑥 100 

 

3.2.15 Statistical analysis 
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Quantitative data were expressed as means ± standard deviations.  

Each experiment was conducted with more than 3 samples if a word 

otherwise was not mentioned. Statistical significance was estimated by 

paired student’s t-test and p values less than 0.05 were considered 

statistically significant (*p<0.05, **p<0.01, and ***p<0.001). 
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Figure 3.1 Preparation of PEGDA-MeCS hydrogel used for osteogenic 
differentiation of hTMSCs. The hTMSCs were encapsulated into 
negatively charged MeCS hydrogel for osteogenic differentiation (a). 
The MeCS synthesis was confirmed using 1H NMR analysis with CS as 
control (b). As preparing a serial concentration of MeCS with PEGDA 
(0, 1, 5, and 10 %), chemical bonding structure and its intensity of the 
hydrogels were estimated using ATR-FTIR at about 2500 to 4000 cm-1 
(c) and 800 to 1800 cm-1 (d). The higher intensity of peaks 
corresoponding to MeCS was revealed as increasing the MeCS contents, 
whereas lower intensity of PEGDA-peaks was detected. Surface zeta 
potential of hydrogel (0, 1, 5, 10 %) was measured that zeta poteintal 
become more negative as CS concentration increases (e). 
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3.3 Results 

3.3.1 Synthesis and characterization of methacrylated 
chondroitin sulfate hydrogel 

To synthesize a biomineralizing CS-based hydrogel, CS was chemically 

modified with methacrylate functional group. In figure 3.1b, both peaks 

at 6.207 and 5.768 ppm corresponding to vinyl protons were observed, 

indicating that methacrylated CS (MeCS) was successfully synthesized 

via 1H-NMR analysis (Fig 3.1a, b).  To further identify the presence of 

other functional groups, ATR-FTIR analysis was performed on pre-

polymerized solution with serial concentrations of MeCS solution (1, 5, 

and 10 w/v of 1% of MeCS per pre-polymeric 20% PEGDA solution). 

The transmittance of PEGDA solution alone showed -CH2 stretching, -

C=O stretching, -CH2 bending, and -C-O- stretching, at 2,850, 1,726, 

1,342, and 1,098 cm-1, respectively. Percent transmittance of PEGDA 

specific peaks was reduced when MeCS solution volume was 

incremented (Fig 3.1c and d).  In response to increased MeCS solution, 

an overlap of –OH and –NH bonds at 3,436 cm-1 and an amide peak at 

1,636 cm-1 were profoundly observed.  After that, the CS-based 

hydrogel was synthesized by photoinitiator using UV light for 5 min. The 
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hydrogel constructs were maintained at 37°C with 5% CO2 in cell culture 

medium. 

We further characterized CS-dependent charge distribution 

within hydrogel by zeta potential analysis (Figure 3.1e).  CS-based 

hydrogels with varying MeCS concentrations were polymerized with 

ammonium persulfate (APS) and tetramethylenethylenediamine 

(TEMED). Prior to measurement, hydrogels were swollen in distilled (DI) 

water for overnight and lyophilized. Lyophilized hydrogels were 

chopped by sonication and were re-swollen by DI water. Charge 

distribution of 10% MeCS-hydrogel presented -2.123 to -61.23 mV and 

PEGDA hydrogel alone displayed 12.2 to -33.7 mV. Therefore, charge 

measurement shows higher concentration of CS group within hydrogel 

results additive negatively surface charge throughout pH 2 to 9 (Fig. 

3.1e). 
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Figure 3.2 Characterization of prepared PEGDA-MeCS hydrogels. 
Swelling ratio of hydrogels with a various MeCS concentration was 
measured and the values were increased in MeCS-rich (5 and 10 %) 
groups (a). The porous structure of hydrogels was observed using SEM 
and it revealed the hydrogels in all groups had highly porous structure, 
which allowed the hTMSCs to be encapsulated (b). Pore size and area 
were measured throughout the MeCS hydrogel groups (c-d). The 
hydrogels with higher portion of MeCS showed faster degradation than 
with lower portion of MeCS in chondroitinase enzyme solution 
containing (0.5 U/mL) enzymatic solution (e). Young’s modulus of the 
hydrogels was increased significantly after incubated in 5 mM Ca2+ 
environment in the case of MeCS-rich groups, which suggested that the 
negatively charged MeCS bound the Ca2+ ions, followed by calcification 
(f). In a-f, n = 4. *p < 0.05, **p < 0.001. ***p < 0.0001. 
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Figure 3.3 Calcium and Phosphate Ion bound by MeCS Hydrogel. The 
XPS analysis on MeCS hydrogels indicated that the negatively charged 
MeCS attracted chemical element Ca (a) and resulted in binding 
phosphate (b). Indo 1-AM assay also revealed the strong intensity of Ca2+ 
binding range in the case of MeCS-rich groups (c). Moreover, the 
ammonium molybdate assay for detecting phosphate ions suggested that 
MeCS-rich hydrogels had more P ions as well as Ca ions (d). In d, n = 6. 
*p < 0.05, **p < 0.001. ***p < 0.0001. 
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3.3.2 Calcium and phosphate ion deposition on CS-

based hydrogel 

Since sulfate groups create a negative charge, CS is able to bind positive 

ions and proteins[270]; thus, we quantified calcium and phosphate ion 

accumulation by placing CS-based hydrogels in PBS with 5 mM Ca2+ 

and PO4
-. After incubation up to 21 days, we performed X-ray 

photoelectron spectroscopy (XPS) analysis to detect binding energy 

related to calcium and phosphate ions around CS-based hydrogels. 

Results showed several peaks corresponding to each ion, the intensity of 

which gradually increased as MeCS concentration increased from 0 to 

10% (Fig 3.3a and b). 

In addition to XPS analyses, free Ca2+ concentration in 

hydrogels was estimated using Indo 1-AM calcium sensitive dye which 

showed similar trends to XPS in terms of the amount of reacting calcium 

ions in hydrogels. Indo 1-AM emits fluorescence at 380 nm and 450 nm 

with and without conjugated calcium ions. Moreover, a relatively high 

amount of unreacted Indo 1-AM was detected in low concentration of 

CS-based hydrogels, and vice versa (Fig 3.3c). For the phosphate 

accumulation analysis, we performed the ammonium 
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molybdate/ascorbic acid spectrophotometric assay. Since free phosphate 

ions reacts with ammonium molybdate to give phosphomolybdeum blue, 

the more phosphate ion synthesizes the more phosphomolybdeum 

become blue. From the calculation, 5 and 10% CS-based hydrogels have 

more than 300μM of free phosphate ions, which are three times higher 

than 0% PEGDA hydrogel only (Fig 3.3d). 
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Figure 3.4 Confirmation of accumulated Ca and Phosphate ions. The 
calcified regions on the cell-laden hydrogels were shown when the 
hydrogel were incubated in 5 mM Ca2+ included cell culture medium for 
21 days (a). The Ca ions were detected in these regions with EDS 
elemental mapping, and the higher amount of Ca ions were observed in 
MeCS-rich groups after incubated 21 days (b, dotted line represents the 
boundary of the hydrogel constructs)  
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Figure 3.5 In vitro calcium phosphate (CaP) forming ability and 
differentiation of hTMSCs. Calcium phosphate crystals were hardly 
formed on control groups (PEGDA, a), whereas a number of apatite 
particles could be observed in 5% MeCS hydrogels and high 
magnification of square box (b). Using SEM/EDS spot analysis, the 
chemical composition of both regions with and without particles was 
characterized that the particles was mainly composed of Ca and P ions 
(c-d). TEM analysis confirmed that these calcium phosphate has and 
hydroxyapatite crystalline structure (e). 
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Figure 3.6 Detection of accumulated phosphorous element within 
MeCS-rich hydrogels via EDS elemental mapping 
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Figure 3.7 Detection of accumulated calcium ions on MeCS hydrogels 
by Alizarlin’s staining. 
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Figure 3.8 X-ray diffraction pattern of hydroxyapatite accumulated onto 
the surface of MeCS hydrogel (a), and its calcium/phosphate ratio (b) 
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3.3.3 In situ formation of calcium phosphate 

derivatives on the surface of CS-based hydrogels 

Not only ion binding to CS-based hydrogel was confirmed, but 

interestingly, “white particulate coating” also formed on surface of the 

hydrogel. (Fig 3.4a). We hypothesized this white particulate to be 

calcium phosphates (CaPs), and to further analyze composition of these 

particulate coating, boundaries were visualized via energy dispersive X-

ray spectrometry (EDS) elemental mapping at 5 and 21 days of 

incubation (Fig 3.4b and 3.6). As MeCS concentration increased, greater 

amounts of calcium and phosphate ions (green dots) were detected at the 

peripheries of hydrogels. This phenomena was also confirmed by alizarin 

red S in which an intense red color was observed in MeCS-rich groups 

(Fig. 3.7a and b). 

To confirm these white depositions are in vitro formation of CaP 

derivatives, 0 and 5% MeCS hydrogel samples were investigated by 

SEM analyses. 5% MeCS group exhibited rough surfaces compared to 

0 % control hydrogel and a large amount of particles were deposited on 

the surface (Fig 3.5a and b). To characterize these particles, we 

performed EDS analysis between particles and hydrogel surfaces. 
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Particles (red circle) contained higher amounts of calcium, oxygen and 

phosphate ions compared to hydrogel surface (blue circle) (Fig 3.5c and 

d). From HR-TEM diffraction analyses, newly precipitated CaP had a 

hydroxyapatite (HAP) crystal structure, indicating that surface of CS-

based hydrogel can stimulate HAP formation (Fig 3.5e). Moreover, XRD 

performed on the hydrogel with CaP particles confirmed the expected 

Ca/P ratio (~1.63) and typical reflections, (0 0 2) and (1 1 2), for 

crystalline HAP (Figure 3.8). 
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Figure 3.9 In vitro cell studies on MeCS Hydrogel. Encapsulated 
hTMSCs was identified with Live/Dead fluorescent assay (Green; Live, 
Red; Dead) (a), and it had moderate viability until 21 days (b). 
Osteogenic genes were expressed with higher levels within MeCS-rich 
hydrogels (c). In c, n = 3. *p < 0.05, **p < 0.001. ***p < 0.0001. 
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3.3.4 In vitro biocompatibility and gene expression 

profiles of hTMSCs 

For examining cytotoxicity from hydrogels, Live/Dead viability assay 

was performed with stem cells (Fig 3.9a). All scaffolds supported tonsil 

mesenchymal stem cells (hTMSCs) viability over 2 days of culture. 

Quantitative analysis of cell viability showed that 84.8% of encapsulated 

cells showed moderate viability after 21 days of culture (Fig 3.9b). Since 

biomaterials containing CaP moieties have been shown to support 

osteogenic differentiation of stem and progenitor cells and bone tissue 

formation, we further compared the mineral microenvironment-

dependent osteogenic differentiation of hTMSCs. Prior to cell seeding, 

they hydrogels were mineralized in PBS with 5 mM calcium and 

phosphate ions. hTMSCs cultured with osteogenic medium on the 

surface of 4 different groups of hydrogels. On day 14 of hTMSCs 

differentiation, quantitative Real time-PCR analysis of osteo-specific 

genes, such as the runt-related transcription factor 2 (RUNX2), 

osteocalcin (OCN), alkaline phosphatase (ALP) and collagen type I (COL 

I) confirmed that the expression of all four genes were significantly 

upregulated in hydrogels with higher concentrations of CS (Fig 3.9c). 
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Specifically, cells grown in 5% and 10% MeCS hydrogels had relatively 

higher (> 50 times higher) ALP and RUNX2 expression than those grown 

in 0% and 5 % MeCS hydrogels. 
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Figure 3.10 In vivo hydroxyapatite forming. (e) In vivo formation of 
bone mineral MeCS gel implant, After 8 weeks, surface morphology of 
the hydrogels was observed with SEM, which revealed that 
hydroxyapatites were formed within the collected specimen (b). 
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Figure 3.11 In vivo transplantation and bone regeneration. The cell-
laden hydrogels were transplanted into mouse cranial defect models, 
which were created using 4 mm-diameter drill and covered with the 
hydrogels. Bone regeneration was confirmed with MicroCT images of 
the cranial tissue after 8 weeks implantation (a) and the regenerative rates 
in terms of both surface area and volume were calculated (b-c). 
Histomorphometirc analysis with H&E staining (d), MTC (e), and 
Collagen I staining of implants and tissue specimens. In b-c, n = 4. 
*p < 0.05, **p < 0.001. ***p < 0.0001. 
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3.3.5 In vivo bone tissue regeneration of cell-laden 

hydrogels 

Next, we examined whether these MeCS hydrogels could serve as a bone 

scaffold materials in vivo. To estimate in vivo bone tissue regeneration, a 

calvarial defect model were prepared using 6-week-old mice, and 

synthesized acellular MeCS hydrogels were applied to the defect area for 

8 weeks as well as subcutaneous injection (Fig 3.10a). After 8 weeks, a 

rough morphology with bone-like apatite was created on the surface of 

the MeCS hydrogel (Fig 3.10b). For quantitative analysis, each defect 

area and scaffolds were analyzed by micro-CT (Fig 3.11a). Among the 

groups, 5% and 10% hydrogels have two- to threefold higher regenerated 

volume and area than in the controls by post-mathematical pixel 

reconstruction (volume 8.82 ± 0.26% and 12.36 ± 0.87% and area 20.70 

± 0.50% and 29.12 ± 0.77%, respectively (Fig 3.11b and c). 

After removing the hydrogel portion, H&E and Masson’s 

trichrome staining revealed that 10% MeCS hydrogel group had highly 

integrated with the native bone tissue (OB), and the hydrogel was 

thoroughly infiltrated by the cells showing osteoconductivity to its 

material (Fig 3.11d and e). Analysis of the staining images showed 
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maximum amount of bone formation (NB) in the 10 % MeCS hydrogel 

group in which the mineralized tissue development and osteocyte cell 

infiltration could be observed at focal sites in the defect area (between 

black arrows) with ossification occurring around the material. In the 1 

and 5 % MeCS hydrogel groups, the amount of mineralized tissue 

formed was less than 10 % MeCS group and there is limited amount of 

cell infiltration and its interconnectivity throughout the scaffold. 

Mineralization and defect filling were the lowest in the 0 % MeCS 

hydrogel group where only bone formation, which happened, was at the 

periphery of the defect site, while rest of the defect was filled with 

fibrous tissue (FB) only.  Moreover, we have performed the 

immunostaining of defect area for Col-I (Fig 3.11). Staining was 

homogeneously distributed for 10 % MeCS hydrogel throughout the 

entire defect area (white arrows) of the mineralized scaffold sections, 

whereas in 0 and 1 % MeCS hydrogel, with minimum of 

premineralization, positive staining was mostly restricted to the scaffold 

surface and detected amount was insignificant compared to the 5 and 10 % 

MeCS group. MTC and Col-I immunostaining directly indicated an 
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increase in bone matrix deposition over time for different concentration 

of MeCS.  

 

3.4 Discussion 

 
During the bone regeneration, biomineralization is an important process 

to harden or stiffen existing tissues. The most common biominerals are 

the calcium and phosphate that formed apatite crystals in combining with 

organic polymer such as collagen fibrils to give structural support to our 

bones. The collagen can control CaP nucleation with the negatively 

charged amino acids acting as nucleation sites for apatite formation [271]. 

In this study, we utilized CS as a nucleation site and describe the 

development of CS-based hydrogel for application in bone tissue 

engineering.  In addition, we also demonstrate the effective 

biomineralization by CS-based hydrogels via effective initial recruitment 

of positive calcium ions. Our study also suggests that the accumulated 

calcium ions attracted the following negative ions such as phosphate for 

mineralized calcium phosphates (CaPs) deposition, resulting in 

accelerated biomineralizaiton process. 
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Our group previously demonstrated the use of acrylate-based 

photo-polymerization to modify a methacrylate group onto the CS 

backbone to synthesize hydrogel scaffold.[272] A major factor that 

influences hydrogel sensitivity of surroundings is the properties of the 

polymer [273, 274]. Increasing fraction of MeCS in hydrogel and its 

hydrophilicity was easily distinguishable by their FTIR peaks, due to 

greater exposing of hydroxyl and amide groups (Fig 3.2c and d). To 

evaluate the sensitivity of the hydrogel by surrounding factors, the 

swelling ratio was measured in a timely manner. The swelling behavior 

of hydrogels is affected by the hydrophilic group present in the polymer 

chains. We demonstrated that the swelling ratio increased along with 

higher MeCS fraction, which indicated that higher fraction of MeCS 

contains more hydroxyl group within their backbone, providing more 

hydrogen bonds to the environments, and thereby absorb much more 

water with greater amount of surrounding ions. 

The biomineralization of the hydrogels is also modulated by the 

electrostatic interactions. Negatively charged sulfate group on MeCS 

hydrogel selectively attracts positively charged ions such as calcium or 

sodium from the environment, which eventually allows neutralizing 



171 

 

phosphate and carbonate ions, which the permit further calcium ion 

binding to the surface (Scheme 1). The driving force is, therefore, the 

affinity of calcium ions to negatively charged sulfate surface for the 

neutral nucleation sites [275]. Moreover, when MeCS hydrogels degrade 

by enzymes such as chondrotinase in vitro accelerate the immobilization 

of minerals via the in situ formation of insoluble CaP by free CS polymer 

reaction with free calcium ion present because, in the normal 

physiological condition, phosphate exists in a state of metastable 

equilibrium. This equilibrium may shift phosphate on contact with the 

surface of hydrogel, resulting in local CaP precipitation [276, 277]. 

Higher concentrations of MeCS also triggered much faster degradation 

of hydrogel in enzymatic solution, which can expect their better 

degradability in vivo (Fig 3.3e).  

Furthermore, the degradation of hydrogel helps physically 

anchor the CaP by replacing the site and prevents the biomineral from 

being extracted out of the hydrogel [277]. According to our data, after 

incubating hydrogels for 3 weeks in culture media, the compressive 

modulus was significantly increased in higher concentration of MeCS 

hydrogel by the accumulation of CaP layer around the edges (Figure 3.3f 
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and 4). An increased CaP derivatives are associated with increased 

mechanical abilities, such as the ratio of hardness and modulus[278]. 

Even though, the local strain varied along the long axis of the hydrogel 

scaffold, the modulus of the scaffold theoretically matched that of 

mineralized bone tissue.[279]  

According to other research groups, the scaffolds were 

alternately soaked in SBF solution, which are containing calcium and 

phosphate-based to accelerate and mimic biomineralization.[280, 281] 

In our study, the effect of negatively charged hydrogels in vitro on apatite 

formation was successful without SBF solution treatment. Small CaP 

particles comprising from little amount of calcium and phosphate in 

medium accumulated on the surfaces of hydrogels with high MeCS 

concentrations (Fig 3.5b). The calcium and phosphorus peak intensities 

were comparable when deposited particles and hydrogel portions were 

determined by EDS analysis (Fig 3.5c and d).  

Our XRD, EDS and TEM analysis indicate that these 

accumulated CaP biomineral display as a form of hydroxyapatite 

crystalline structure. From previous studies, it is known that the 

morphology of particles was dissimilar from naturally existed apatite 
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created on the surface of metals and/or ceramic-containing materials[282, 

283]. However, interestingly, hydroxyapatite, naturally occurring 

mineral form of CaP, was formed on the surface of MeCS hydrogels in 

vivo following implantation (Fig 3.5e and Fig 3.8), which interprets that 

MeCS hydrogel attracted the ionic species relevant to naturally existed 

apatite formation and resulted in osteo-friendly environment.  

This biomineralized matrix can provide high ion concentration 

niche to help osteogenic differentiation of stem cells and progenitor cells 

through SLC20a1 and Magt1 ion channel protein along with prevention 

of osteoclast activation [19]. This is accordance with our data that have 

implicated the role of CaP, in particular, upregulation of ALP and RUNX2 

gene expression as well as Col I and OCN, on osteogenic differentiation 

markers of MSCs. Recently, CS-dependent bone homeostasis has been 

elucidated where CS mediates estrogen-induced osteoanabolic process 

in osteoporosis model[284]. These findings led to the idea that CS-based 

scaffold can provide not only the osteo-friendly environment but also 

optimal osteoanabllic milieus for estrogen-cadherin pathways[285]. 

Bone integration is another important criterion for biomineralizing 

scaffolds. Based on this findings, we transplanted MeCS hydrogels into 
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calvarial defect model, full integration of murine cranium was observed 

after 8 weeks. Micro-CT analysis indicated smooth contour and 

integration with surrounding native tissues, and BMD with histological 

analysis also confirmed that biomineralized hydrogel showed higher 

bone regeneration (Fig 3.11). 

 

3.5 Summary 
 

The overall concept of this research is that negatively charged 

biomaterial, chondroitin sulfate, has potential to accumulate of ions, 

including calcium and phosphate to induce biomineralization process as 

well as osteogenic differentiation of hTMSCs in vitro and in vivo. MeCS 

hydrogel have potential as bone formation biomaterials and may useful 

for bone tissue engineering. 
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4 CHAPTER FOUR: CONCLUDING 

REMARKS 

4.1 Summary 

In this thesis, in order to comprehend formation mechanism and function 

of the bone in living system, we investigated new types of calcium 

phosphate based on multi-disciplinary efforts that imparts the concept of 

material science engineering, chemistry, physics and biology. We tried to 

provide our foundation mechanism with detailed biological cascade in 

order to inspire and induce subsequent studies of other researchers to 

further reveal unknown mechanism in our bone regeneration system. 

 In the first part of this dissertation, we have presented current 

technologies and types of biomimetic materials and reviewed fabrication 

approaches that are currently being utilized for biomimetic scaffold 

design. For successful bone tissue regeneration, a variety of materials has 

been investigated to fabricate the optimal scaffolds. A lot of 

biocompatible and biodegradable polymers have been explored to make 

bone scaffold frame, and osteoinductive materials such as metal ions, 

growth factors have been incorporated to bone scaffolds. Furthermore, 
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various techniques have been developed to construct the three 

dimensional porous bone scaffolds like natural bone tissue. Those 

traditional strategies have been innovated for years, and various cell 

sources optimized for osteogenesis have been applied to bone tissue 

engineering. In this way, we expected to overcome current challenges 

and critical-sized bone defects from accidents and diseases. 

 In the second part of the thesis, we have demonstrated that 

synthetic whitlockite (WH: Ca18Mg2(HPO4)2(PO4)12) nanoparticles can 

recapitulate early-stage of bone regeneration through stimulating 

osteogenic differentiation, prohibiting osteoclastic activity, and 

transforming into mechanically enhanced hydroxyapatite (HAP)-neo 

bone tissues by continuous supply of PO4
3- and Mg2+ under 

physiological conditions. In addition, based on their structural analysis, 

the dynamic phase transformation from WH into HAP contributed as a 

key factor for rapid bone regeneration with denser hierarchical neo-bone 

structure. Our findings suggest a groundbreaking concept of 'living bone 

minerals' that actively communicate with the surrounding system to 

induce self-healing, while previous notions about bone minerals have 

been limited to passive products of cellular mineralization. 
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In the last part of the thesis, we have fabricated methacrylated 

PEGDA/CS-based hydrogels with varying CS concentration and 

investigated them as biomineralizing three-dimensional scaffolds for 

charged ion binding and depositions. Due to its negative charge from the 

sulfate group, CS exhibited an osteogenically favorable 

microenvironment by binding charged ions such as calcium and 

phosphate. Particularly, ion binding and distribution within negatively 

charged hydrogel was dependent on CS concentration. Furthermore, CS 

dependent biomineralizing microenvironment induced osteogenic 

differentiation of human tonsil-derived mesenchymal stem cells in vitro. 

This PEGDA/CS-based biomineralizing hydrogel platform can be 

utilized for in situ bone formation in addition to being an investigational 

tool for in vivo bone mineralization and resorption mechanisms. 

Biomimetic scaffold-mediated in situ bone remodeling and rapid 

bone regeneration in this thesis will be useful to understand the 

mechanism and the role of biomineral and biopolymer in the bone 

regeneration system. We believe that this study will directly contribute 

to make more bone-like scaffold or implants and provide inspiration and 

foundation knowledge to the other various research fields. 
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4.2 Further suggested research ideas 

In future study, we will follow up the previous researches by introducing 

a new calcium phosphate-based material, whitlockite (WH), in 

fabricating the scaffolds for bone tissue engineering through various 

additive materials [42, 43]. While a mineralized microenvironment 

around stem cells was confirmed by using WH nanoparticles, we are 

developing extra steps of bone formation by introducing a 

neovasculargeneis environment in order to enable blood vessel formation 

inside of bone scaffold, eventually supply continuous amount of 

nutrients, oxygen and growth factors since the building of new blood 

vessels during the bone formation process could facilitate to form an 

intact natural bone near scaffold [303-306]. Among various strategies to 

induce blood vessel formation, a well-known growth factor (VEGF) of 

both angiogenesis and vasculogenesis was preferred to derive 

neovascularization inducing blood friendly microenvironment [307-309]. 

This future work will aim to demonstrate the effect of vascularization on 

bone regeneration and the synergistic enhancement of osteogenesis on 
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hTMSCs by both vascularized and mineralized environment in our body 

system. Consequently, the microenvironment composed of these factors 

will propose possible clinical applications in bone tissue engineering and 

regenerative medicine for critical-sized bone defects. 
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요약(국문초록) 

골 리모델링 및 급속 골 재생을 위한 Whitlockite 

나노물질과 고분자 기반 생체모사 지지체에 관한 연구 

 

생체 모사 지지체를 이용한 골 조직공학 한계점을 극복하기 

위한 전 세계 연구자들의 노력이 계속 되고 있다. 이전부터 

생체 모사 지지체는 인체 내에서 조직생성을 위한 줄기세포의 

안정적인 정착과 분화에 크게 도움을 주는 플랫폼으로 인식 

되어 왔다. 최근에 들어서는, 골 유도성을 증가 시키는 

무기물질을 첨가하여 줄기세포의 골 재생에 적합한 

미세환경을 만들어 주는 연구가 지속되고 있다. 또한 마이크로 

사이즈의 구조를 가지는 지지체를 개발하여 성공적인 골 

재생을 유도하는 연구도 더불어 발전하고 있다. 이러한 

연구들의 연속으로, 지지체 개발의 많은 방법들이 개발되고 

많은 연구자들이 시간을 투자해 왔다. 그 결과물로, 3D 

프린팅과 같은 혁신적인 기술들을 사용하여 숙주 줄기세포의 
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재료 투과성을 향상 시키고, 영양분의 공급을 용이하게 하며, 

주변 환경에 혈관생성 과 세포 분화에 영향을 주는 방향으로 

나아가고 있다. 이 논문의 첫 번째 챕터에서는 골 생체모사를 

위한 재료 및 제작 방법에 대하여 소개하였다. 성공적인 골 

재생을 위하여 많은 재료들이 최적화를 거쳐왔다. 

생체친화적인 재료와, 생체분해 성이 용이한 고분자들이 골 

형성을 위한 지지체의 기초 뼈대를 형성하고 골 유도 성을 

위한 금속 이온들이나 단백질들을 이 지지체 뼈대 위에 증착 

시킨다. 이것뿐만 아니라, 3 차원적 多공성 골 지지체의 

구조물로 만들어 실제 뼈와 같은 형태를 유지하게 하는 

연구가 진행 중이다. 전통적인 방법들은 계속 혁신을 겪어 

왔고, 많은 세포 종류도 골 재생에 최적화 되어가고 있다. 

이런 방법을 통하여 우리는 골 질환을 치료하는데 큰 도움을 

줄 것이라고 예상한다. 

이 논문의 두번째 챕터에서는 인공적으로 개발된 

Whitlockite 나노입자를 이용하여 골재생의 초기단계에 

개입하여 골 재생을 촉진 시키고 파골 세포의 활동을 
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중지시키며, 많은 양의 이온공급을 통한 무기물질의 재생을 

도와주는 형태의 연구를 진행하였다. 게다가 많은 구조적 

분석을 통하여 Whitlockite 나노입자가 Hydroxyapatite 형태로 

상 변화를 일으킨다는 것을 밝혀 내고 이것이 빠른 골 재생에 

주요한 메커니즘이라는 사실을 밝혀 내었다. 우리의 발견이 

‘살아있는 골 미네랄’을 이해하는 최초의 지식이 될 것이며 

이것으로 말미암아 주변환경과 상호작용하는 세포와 재료의 

관계를 이해하는 데에도 크게 도움이 될 것이라고 생각한다. 

마지막 챕터에서는, 생체고분자인 콘드로이틴 황산의 

전하를 이용하여 이온들의 바인딩과 증착을 유도, 재료의 

미네랄화를 촉진시키는 실험을 진행하였다. 황산 그룹에 음성 

전하가 칼슘과 포스페이트와 같은 이온들의 리쿠르팅을 

발생시키고, 이 리쿠르팅 된 이온들에서부터 무기물질이 

생성되며 미네랄화가 진행되는 것이다. 또한 콘드로이틴 

황산에 의한 미네랄화는 줄기세포의 골분화를 촉진시키는 

매개체로 사용된다. 이 생체고분자 기반의 하이드로겔 



246 

 

지지체는 생체 내에서도 골 재생을 유도하는 데에 큰 도움을 

주었다. 

본 논문에서 제시한 생체모사 기반의 지지체를 통한 

골 리모델링과 급속적인 골 재생에 관한 연구는 자연계에 

존재하는 무기물질이 여러 메커니즘을 통하여 세포간의 

상호작용을 이해하는 데에 큰 도움이 되리라 본다. 그리고 

앞으로 보다 생체 골과 유사한 재료를 구현하는 데 

직접적으로 이바지 할 것으로 전망하며, 생체재료 분야 

이외에도 다양한 연구 분야에 기반이 되리라 기대된다.\ 
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