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Abstract 

Since their initial development in the 1980s, calcium phosphate cements 

(CPCs) have been one of the most used biomaterial in clinical use for bone 

healing. They consisted of two main component, powder, which contains 

calcium phosphate materials, and liquid that contains various types of 

polymers for setting. So far, manipulating powder particle sizes were known 

for enhancement of mechanical strength of CPCs. However, poor research 

was investigated to verify the relationship between powder particle size of 

CPCs and cellular function. Consequently, in this research, CPCs with various 

particles size distribution were fabricated and various cells were seeded on the 

CPCs to reveal the association with particle size of CPCs and their cellular 

behaviors. First, CPCs were fabricated using horse bone powder with various 

powder size and chitosan solution. Their surface topography were measured 

numerically and showed that the higher particles sizes of starting powder led 
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to higher surface roughness whilst smaller particle sizes led to lower surface 

roughness. Next, cell behaviors on the CPCs were observed. In these results, 

high surface roughness led to better proliferation of cells, in contrast, high 

surface roughness led to better osteogenic differentiation. In conclusion, 

regulation of particle size could control surface roughness, and subsequently 

changed cellular behaviors, especially in osteogenic differentiation. Changing 

surface roughness of CPCs would be a promising method for regulating bone 

regeneration. 

 

 

Key words: Bone substitute, Horse bone, Bone powder size, Calcium 

phosphate cements, Bone tissue engineering. 
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1. Introduction 

 Tissue engineering is defined as an interdisciplinary field that applies the life 

sciences and the principles of engineering toward the development of 

biological substitutes that restore, maintain, or improve tissue function[1, 2]. 

Due to aging society and the increased leisure times including sports activities, 

the patients by bony defects were increased these days [3]. Three techniques 

such as autografts, allograft, and xenograft were well known for treating bone 

defects. Autograft is the method to extract patients’ own normal sponge bone, 

which has the best recover ability among all methods [4]. Allograft is the 

method to use donor’s bone implants into patient’s wounded area. Xenogrfat 

is the method to implant bone derived from other species, for instance, cow, 

pig, and horse. All implanting methods have several limitations; autograft 

needs additional surgery [4], allograft has limitation of lack of donors and the 

possibility of infection [5], and xenograft has adverse immune responses after 

implantation [6].  

Due to these reasons, alloplast, implanting synthetic materials, e.g. 

hydroxyapatite (HA) or tricalcium phosphate (TCP), were developed and 

continuously investigated for last few decades to overcome these limitations. 

There were tremendous reports related with calcium phosphate materials 

because the materials have been used for clinical cases since 1920s [8]. One 

of the most popular form of synthetic bone grafts is calcium phosphate cement 

(CPC), first created in the 1980s. It is composed of two main components, 

powder and liquid [9, 10]. Main component of powder is calcium phosphates. 
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Hydroxyapatite (HA) and tricalcium phosphate(TCP) were representative 

materials of calcium phosphate group and they were reported to have 

outstanding capability of biocompatibility and osteoconductivity [11, 12]. The 

typical methods to make CPCs were mixing the powder of calcium 

orthophosphate and liquid such as polymethylmethacrylate (PMMA) or other 

polymer solution. However, very high setting temperature above 100 ℃ 

during polymerization of PMMA happened, resulting in necrosis of 

surrounding tissues near implants region [13]. To overcome these limits, 

aqueous liquid which contain such as poly lactic-co-glycolic acid (PLGA) or 

chitosan was used as setting agents [14, 15]. However, they didn’t show 

adequate mechanical strength [7]. Hence, the studies related with CPCs 

devoted to enhance their mechanical strength. To improve mechanical 

strength, controlling particles size of powder was studied continuously. In 

these researches, it was reported that varying particle size distribution 

influenced ion solubility, setting time, porosity, and compressive strength of 

CPCs [16-18]. Not only ion solubility, setting time, porosity, and compressive 

strength, biocompatibility, bioactivity, biocompatibility, and bone recovery 

were also influenced by particle size distribution [16-18]. Likewise, regulation 

of particle size distribution changes surface topography of CPCs. It was 

reported that topography of cell attach region played an important role in cells 

behavior because it is well known that characteristic of cell-attached region 

affected cell morphology [20] and, sequently, determines cell fate [19]. 

Therefore, it is supposed that controlling the surface of CPCs can influence 
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morphology of adhered cells and modulate cellular function and fate. Up to 

date studies related with particle size distribution were mainly focused on 

mechanical properties and solubility of CPCs. However, no studies have been 

reported that related with interaction between topographical properties of 

CPCs and cell behavior. 

 In this thesis, therefore, correlation between particle size distribution of 

CPCs and cellular behavior was observed. First, CPCs were fabricated using 

horse bone powder with various powder size and chitosan solution. Their 

morphology was observed by scanning electron microscopy (SEM). 

Then,surface topography were measured numerically. Next, cell behaviors, 

cell viability, cell adhesion, osteogenesis, etc., on the CPCs were observed to 

verify the interaction between particle size distribution and cellular behavior. 
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2. Objectives 

 

It was assumed that changing the particle size distribution could control the 

properties of CPCs and it would sequently cellular behaviors of adhered cells 

on CPCs. The objective of this thesis was to develop CPCs using sintered 

horse bone with different particle sizes regulating cellular behaviors of 

adhered cells and promote bone regeneration. 

 

Detailed objectives were as follows: 

 

1) To develop and characterization horse bone powder with 3 types of particle 

size distribution. 

 

2) To fabricate CPCs with horse bone powder and to investigate their surface 

morphological characteristics. 

 

3) To evaluate the influence on osteoblasts and stem cells behavior. 
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3. Literature Review 

3. 1. Human bone structure 

The human bone is a complex that they were aligned own particular structure 

and composition depending on its specific form and function. These bones are 

classified according to their respective shapes, such as “long bones”, “short 

bones”, “flat bones” and “irregular bones” Every bone consists in varying 

proportions, of two basic osseous tissue types, cortical bone and cancellous 

bone [21]. Comprising 80 % 10 of the bone tissue in the human body, cortical 

bone is a dense, highly mineralized form of bone located on the surface of a 

complete bone. And they were played a role of a biomechanical, structural, 

and protective role. The structure of cancellous bone is macroscopically 

porous consisting of an interconnected array of hydroxyapatite mineral. And 

they are played import role of mineral homeostasis [22]. 

Solid phase of bone is mainly composed of hydroxyapatite (HA) and type-1 

collagen. The total weight ratio of bone was 66.7 percent of hydroxyapatite 

and 33.3 percent of collagen. However, there is a different between HA from 

human bone and synthesized one. OH- and PO4
3- were known as the main 

component of hydroxyapatite, but in human bone, many CO3
2- was substituted 

for OH- and PO4
3- [23]. Carbonate could increase the solubility of the 

hydroxyapatite crystal [24]. 

 

3. 2. Bone graft substitute 

 In order to satisfy the needs of bone tissue regeneration, the ideal bone graft 
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material has to have four characteristics. First one is osteointegration, the 

ability to make chemical binding with surface of bone without any coupling 

medium such as fibrous tissue or chemical layer. Second one is 

osteoconduction, the ability to make space for bone mineral deposition on its 

surface[25]. Third one is osteoinduction, the ability to stimulate 

undifferentiated and pluripotent cells to specialize in the bone-forming cell 

lineage. The last one is osteogenesis, the ability to form new bone by 

osteoblastic cells within the graft material [26]. 

 Autogenous cancellous bone is the only material for satisfying with these 

abilities. Autograft means that autogenous cancellous bone implants into 

wounded region. Due to some limitations such as increased operative time, 

would complications, chronic pain, and donor site pain [27], another methods 

were developed to overcome these limitations. Allograft is the method that 

another person’s cancellous bone implants into wounded region. However, 

supplies is also short and disease transmission is still existence [21]. 

Xenograft is the method that anther animal’s cancellous bone implants into 

wounded region. This method occurs many problems such as infection, 

disease transfer, and immunological defensive reaction [28]. The last method 

is synthetic bone graft that synthesized materials were filled into bone defect 

region. Although this method couldn’t be satisfied ideal bone graft 

characteristics, synthetic bone graft materials were actively studied because of 

possibilities in improvement its characteristics. There are some types of 

synthetic bone graft materials; the common are calcium phosphate, calcium 

sulphate, and bioglass [29-31].  
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3.3. Calcium phosphate materials as bone substitutes 

CPCs were first developed in the 1980s, by Brown and Chow [9]. After then, 

many CPCs with varying compositions have been developed and are available 

commercial products [32]. Calcium phosphate cement is made by mixing 

powder with liquid. Due to chemical reaction between powder and liquid, the 

mixture would be hardened. When they were mixed they made a paste form 

and then they were harden due to chemical reaction. The representative 

materials for calcium phosphate powder phase are tricalcium phosphate and 

hydroxyapatite [33]. They are usually used because of their biocompatibility, 

osteoconduction, non-toxicity and bioactivity. And water or solution that 

contained calcium or phosphate ion [9] were used for liquid phase, and some 

other solutions were used such as chitosan [34, 35], alginate [36, 37], 

hyaluronic acid [38, 39], gelatin [40, 41], citric acid [42, 43]. 

CPC can be injected into the wounded region and easily hardened in vivo at 

body temperature [44]. CPCs form a viscous paste when they mixed together, 

this paste can be easily made to irregular shape because the viscosity of paste 

is enough to support the shape [45]. Bone cement with polymethylmethacrlate 

(PMMA) has also these advantages. However, heat is produced during the 

hardening process (polymerization) of bone cement. The heat can cause 

necrosis of surrounding tissue [46]. In contrast, there is slight heat generating 

during the hardening of CPCs. But the mechanical strength of CPCs is weaker 

than Bone cement with PMMA [44]. 
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3. 4. Hydorxyapatite for powder phase of CPC 

 H. Fernandez-Moran et al, was observed rod-shape particles in the bone 

section using low-angle X-ray scattering crystallographic and polarized light. 

And they were proved the particles were aligned along the collagen matrix in 

1957 [47]. In 1964, J. M. Holmes et al. were proved that the main crystal of 

bone is hydroxyapatite using gas adsorption technique [48]. In 1998, Craig 

Friedman et al. was reported that biocompatibility of hydroxyapatite cement 

was good at skeletal repair [49]. And then, osteoblast were cultured on 

polymethylmethacrylate(PMMA)-hydroxyapatite composite by Amr M. 

Moursi et al. in 2002. They were proved that HA was enhanced biological 

properties of PMMA, such as proliferation of osteoblast, production of 

extracellular matrix and mineral deposition [50]. There are many reports 

about HA that they could be improved cellular response and skeletal healing. 

Therefore, there are many studies about bone graft materials containing 

hydroxyapatite because of its ability to enhancing biological response. 

  

3. 5. Sintered natural bone for hydroxyapatite sources 

 In 1999, Taniguchi et al. reported the results of treatment of benign bone 

tumors with sintered bovine cancellous bone. They were conducted the 

follow-up survey for 22 patient during 11 years. They were proved that 

sintered bovine cancellous bone could promote osteogenesis, and 

osteoconductance [51]. Up to this time, sintered animal bone has emerged as 
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the useful bone graft materials because it inherits some properties of raw 

materials such as chemical composition and structure. In 2003 and 2006, 

Krzysztof Haberko et al. was reported properties of hydroxyapatite from 

bovine bone and pig bone. They were observed that the rest of organic 

compounds were disappeared at 350 degree Celsius using TG-DTA. CA/P 

molar ratio in animal cortical bones was higher than synthetic materials. At 

the temperature above 700 degree Celsius, CaO and carbonate groups were 

eliminated from this material. Increasing sintering temperature, the crystal of 

hydroxyapatite became bigger than the low temperature [52, 53].  

 

3. 6. Particle size effects on the calcium phosphate 

cements 

The main physical characteristics of CPCs is setting (hardening) time, 

cohesion, anti-washout ability, injectability, compressive strength, fracture 

toughness, and mechanical reliability [54]. It was considered to be generic 

methodology that was controlling particle size of solid phase of CPC to 

improve properties of CPC. The first observation of effects of particle 

distribution on mechanical strength of CPC was conducted by Makoto Otsuka 

et al. in 1995. They made CPCs which were made by tetracalcium phosphate 

(TECP, Ca4[PO4]2O) and dicalcium phosphate dehydrate (DCPC, 

CaHPO42H2O), and which have various particle distribution. The smaller 

particles made the lager specific surface area (Sw), the harder cement had a 

larger Sw. The compressive strength of CPC had linear relationship with Sw 
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[55]. In 2004, M.P. Ginebra et al. reported that the final structure and 

properties of the cement with the various particle size of the powder phase 

were observed. Two types of powder which have median size 10.88 micro 

meter and 2.22 micro meter respectively was prepared. Cohesion time and 

initial and final setting time was reduced by decreasing particle sizes. And 

compressive strength was not significant different [56]. Afterwards the study 

that related with the particle size was continuously about the alpha-TCP. 

During the process of setting of CPC, alpha-TCP was transformed into 

calcium-deficient hydroxyapatite (CDHA) with releasing heat. Marc Bohner 

et al. were reported that the results was observed by isothermal calorimetry 

data to determine setting kinetics of alpha-TCP. The alpha-TCP was made 

with various particle sizes by controlling ball milling time in ethanol. They 

found that powder with longer milling time with has smaller particle size has 

higher heat releasing using the isothermal calorimetry. It means smaller alpha-

TCP particle has higher ability to transformed into CDHA [57]. In 2007, 

Tobias J. Brunner et al. were conducted similar experiment that was observed 

isothermal calorimetric data of during setting process of CPC. They prepared 

alpha and beta TCP with various particle size, 13, 40, 100, 230, 520, 640, 

1300 nm. The powder with smaller particle size has better setting ability, to be 

completed within 30 to 60 minutes [58]. The more analytical study about 

setting mechanism of CPC was conducted by M. Bohner et al. in 2008. They 

observed the parameters: mean particle size of the powder, the phosphate 

concentration and pH of the aqueous solution. They was reported the main 

parameter setting time was TCP particle size, because other factors could not 
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reduce the total reaction time [59]. Many studies related with particle size 

distribution of CPC were conducted about only single component. In 2011, S. 

Tadier et al. were reported the properties of CPCs with various particle size 

distribution using two components. They used dicalcium phosphate dehydrate 

(DCPD, CaHPO42H2O) and CaCO3. They reported that setting time of 

unground DCPD powder was 140 minutes, setting time of gournd DCPD was 

90 minutes and co-ground solid phase (DCPD-CaCO3) was 75 minutes. They 

assume that the contact area was increasing between the two reactive powders 

by milling processing. This phenomena were lead to initial cement strength 

and setting [60]. 

 

3. 7. The effects of surface topography on animal cells 

behavior 

 To regulate animal cell fate, many methods were used such as adding 

chemical factors and controlling cell culture conditions. Owing to 

advancement of micro- and nano-patterning technique, it was available to 

control the cell attach region. Cell attach region is very closely related with 

cell phenotype, which could determine the cellular behavior. 

 In 1988, Fiona M. Watt et al. were prepared dishes imprinted with the 

circular and rectangular shape, ranging from 400 to 5000 μm2. They observed 

that the shape of cells on smaller cell attach region was doughnut-like. And 

the shape of cells on larger cell attach region was flat. Additionally, 

percentages of cells synthesizing DNA and expressing involucrin varied from 
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the cell shape [61]. Christopher S. Chen et al. cultured endothelial cell on the 

micro patterned substrates. Three types of substrate were made: circular shape 

pattern with diameter 20 μm and 50 μm, and multiple 5 μm circles patterned 

that put the distance with 10 μm. And the square shape pattern were made. In 

square patterns, cells on smaller patterns were shape of spear and cell on lager 

patterns were shape of spreading circle. They showed that cells were more 

growth on lager substrate [62]. Afterward the studies about observing stem 

cell behavior on patterned surfaces were continuously conducted. Micro and 

nano groove pattern is one of the most popular surface, so many studies 

related with it were reported. In 2013, Kim et al. were reported that behavior 

of human mesenchymal stem cells (hMSCs) was influenced by 

nanotopographical density. They made 3 types of nanogroove patterns that 

have different groove sizes (ridge:groove, ridge=500nm, 1:1, 1:3, 1:5). They 

observed that the shapes of cells on the each patterns were long and narrow as 

increasing groove width and the behavior of cell such as osteo- and 

neurogenesis were different between the cell shapes [63]. 
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4. Materials and Methods 

4.1. Powder preparation and characterization 

 4.1.1. Preparation of horse bone powders 

Horse bones that be used main source of this study were supplied from Jeju-

do, Korea. Source material was provided a mixture of flesh and bone. It was 

then soaked in tap water for 2 hours and this step was repeated 3~4 times until 

there is no blood in the water. For the next step, source materials were soaked 

in hydrogen peroxide with 3:1 (v/v) ratio for 48 hours and cut out flesh on the 

bones. Source bones were dried in the shade for 48 hours. After the drying, 

the source bones were put in an alumina crucible (10x10x20, mm) and 

sintered in the electrical furnace at 600 during 2 hours. After first sintering, 

sintered bone was crushed into small pieces under 2 mm using mortar and 

pestle into coarse powder under 2 mm particle size. And the powder was put 

in the alumina crucible, and sintered at 1300 during 10 hours. 

 

 4.1.2. Horse bone powder production and classification 

 After the sintering process, sintered bone powder was ground into fine 

powder with using a miller (A10, IKA, Germany). After milling, the fine 

powder was classified into four part its particle size using sieves had different 

pore sizes. The powers could not pass the 135 um sieve were ground again 

using the miller (A10, IKA, Germany). The powder could pass the 135 um 

sieve and could not pass the 106 um sieve was named 100 um powder. The 
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powder could pass the 75 um sieve and could not pass the 45 um was named 

50 um powder. The powder pass the 45 um was ground using an air jet mill () 

into average particle size 5 um and named 5um particle. After the sieving, 

three samples were prepared and then were then measured particle size 

distribution using laser diffraction (Malvern, Master sizer S, USA).  

 

4.1.3. Horse bone powder characterization 

Functional group of horse bone powder was measured to check whether the 

presence or not of anions partially substituting PO4
3- and OH- groups and the 

residues of organic compounds. FT-IR spectrometer (Nicolet 6700, Thermo 

Scientific, USA) was used to measure infrared spectra of samples and used 

from 4000-650 cm-1 with a resolution of 8 cm-1. 

 Crystal structure of the sintered horse bone powders and other control 

materials were examined by X-ray diffractiometer (D8 ADVANCE with 

DAVINCI, Bruker, Germany). The X-ray diffraction patterns were measured 

Cu-Kα radiation (λ=0.154 nm) at 40 kV and 40 mA. Scans were obtained 

from 20 to 60 degrees two theta in 1 degree/min. Additionally, TOPAS 

(Bruker, Germany) software were used to determined crystal sizes of samples 

from X-ray diffraction spectra. 

The X-ray fluorescence analysis of bone powder and other materials was 

conducted using WDXRF spectrometer S4 Pioneer (Bruker, AXS, Germany) 

equipped with a Rh X-ray tube with 4 kW. 
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4.2. Fabrication and characterization of calcium 

phosphate cements with horse bone powder 

 4.2.1. Preparation of chitosan solution 

 Chitosan solution was prepared with chitosan powder (CH-002, YB BIO 

Cooperation, Republic of Korea) with 89% of deacetylation and 2% (v/v) 

lactic acid solution. 490 mL of distilled water were filled in the beaker. And 

lactic acid 10 mL were added into the prepared distilled water. After making 2% 

of lactic acid solution, x grams of chitosan power were add into lactic acid 

solution, and it stirred 24 hours at 120 rpm. After stirring, chitosan solution 

was filtered. 

 

4.2.2. Fabrication of calcium phosphate cements using 

horse bone powder 

 Calcium phosphate cements were fabricated according to the previous 

methods. Mixing ratio of powder and liquid was 1 grams to 0.5 mille liter. 

After the mixing, calcium phosphate paste was injected into the Teflon mold 

(6 x 12, diameter x height, mm). Teflon molds with calcium phosphate paste 

were incubated 48 hours at 37 ehC and 98 % humidity. 

 

 4.2.3 Characterization calcium phosphate cements 

4.2.3.1. X-ray fluorescence spectrometry (XRF) 

The X-ray fluorescence analysis of bone powder and other materials was 
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conducted using WDXRF spectrometer S4 Pioneer (Bruker, AXS, Germany) 

equipped with a Rh X-ray tube with 4 kW. 

4.2.3.2. Compressive strength 

Compressive strength was measured by the texture analyzer (information of 

the product). After hardening for 48 hours, hardened calcium phosphate 

cements were prepared 6 x 12 mm (diameter x height). The compressive load 

on the samples were measured at a loading rate of 0.01 mm/sec using stainless 

plate type probe.  

 

4.2.3.3. Surface Roughness Profiler 

 Surface roughness tester (Surftest SJ-410, Mitutoyo America corporation, 

USA) with a 2 um radius diamond tip and 60eh cone angle was used to obtain 

the surface roughness of the calcium phosphate cements with horse bone 

powder. The hardened calcium phosphate cements of each powder size were 

prepared. The roughness of samples were measure by ISO 1997 with 8 um 

range, 0.05 mm/sec measuring speed, 0.75mN measuring force and 2.5 mm 

total measure length. The measurements were repeated 5 times each sample 

group. 

 

4.3. In vitro test 

4.3.1. Proliferation test 

To evaluate cell proliferation rate quantitatively with in calcium phosphate 

cements, four kinds of osteoblast cells, MC3T3-E1 (CRL-2593, ATCC, USA), 
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hABMSC, hPULPSC and hPDLSCs, were cultured on four types of bone 

cements and TCPS. These cells were cultured for 7 days in proliferation 

media that was alpha MEM supplemented with 10% fetal bovine serum (FBS, 

# Mconday), 1% antibiotics at incubation within 37℃ in 5% CO2 conditions.  

Cell proliferation was evaluated by measuring optical density with 

commercially available kit EZ-Cytox(# EZ3000, Daeillab Service Co., Korea) 

cell viability assay kit. For proliferation test, the extraction media were 

prepared at 1 day, 3 days and 7 days after cell seeding. To prepare the 

extraction media, media change was prior to add the EZ-Cytox kit. After 2 

hours incubation at 37 and 5 conditions, all mixing media with EZ-Cytox 

transfer into 1.7 ml something, and to precipitate residues in all 1.7 ml 

something centrifuge methods were conducted. The supernatant liquid of the 

extraction media was transferred into the 96-wells. The optical densities of the 

ecah samples were observed by the spectrophotometer. 

 

4.3.2. Alizarin red stainning assay 

 First, the calcium phosphate cements were fabricated with 6 x 2 (diameter x 

height, mm). Human alveolar bone marrow stem cells were seeded on the 

CPC with 1 x 106 cells/ml with proliferation media for 24 hours. For 

osteogenic behavior of the cells, osteogenic media were used and the media 

were replaced with fresh media every two days. The osteogenic media was 

alpha MEM supplemented with 10% Fatal bovine serum, 1% antibiotics, 

ascorbic acid, beta-glicerophosphate and dexametasone. 
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 To assess calcium mineral deposition, alizarin red staining was conducted 

with 2 weeks and 3 weeks cultured cells on CPCs. The samples were rinsed 

twice with PBS, fixed with 4% paraform aldehyde, rinsed with PBS three 

times, and stained with alizarin red solution for 30 minutes under room 

condition. And then, the specimens were destained with ethylpyridium 

chloride, then the extracted liquids was transferred to 96 well. And the 

transmittance at 570 nm was measured by absorbance reader. 

 

4.3.3. Western blot test 

 Calcium phosphate cements were coated on cell culture dish with 100 mm 

diameter (NUNC) each r cell culture dish for 60 seconds. After plasma treated, 

calcium phosphate pasted were covered on culture dishes. After coating, the 

dishes were incubated on the hot plate at 60 degree celcius for 24 hours. The 

coated dishes were sterilized with 100, 50, 30 % ethanol for 30 minutes each 

steps, and soaked with 30 % ethanol for 24 hours in the ultraviolet condition. 

Before the cell seeding, coated dishes were rinsed with PBS three times for 1 

hours each steps. MC3T3-E1 were seeded with coated culture dishes with PM 

and were incubated 24 hours. After cell attached, OM were used for culture 

medium and changed fresh media every two days. 

 After 2 weeks since adding osteogenic induciton media, the samples were 

rinsed one time with PBS, and added 10 mL of PBS. Cells and calcium 

phosphate cements were scraped into 50mL tube using cell scraper. The 50 

mL tube with cells and calcium phosphate cements were centrifuged for 5 

minutes at 3000 rpm. After centrifuging, PBS on the pellet of cells and 
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calcium phosphate were eliminated as much as possible. RIPA were then 

treated into each pellet, and then incubated 20 minutes at 4 degree Celsius. 

After incubating, all samples were centrifuged at 13000 rpm and then 

extracted supernatant liquid. 

 For protein quantification, the agent (I don’t know exectly model) were used 

with the supernatant liquid of each samples. The 200 μL of the agent were 

added in 96 well with 10uL of each supernatant. And the samples were 

incubated at 37 degree Celsius and 5% CO2 for 30 minute. After incubation, 

optical density of samples was observed at wavelength of 560 nm. The given 

equation that could calculate concentration of protein in liquid were used to 

determine quantity of protein in each supernatant 

 To determine protein levels, a BCA protein assay kit (Thermo scientific, MA, 

USA) was used to measure the protein concentrations. After measuring, the 

protein of each samples were extracted from supernatant solution for all 

samples have equal quantity of protein (25 ug). And the solution with protein 

were separated by a Novex NuPAGE 4 – 12% SDS-PAGE gel (Life 

technologies, CA, USA), transferred to nigrocellulose membrane using iBlot 

(iBlot, Invitrogen, USA). After transferring, the non-specific binding sites in 

the transferred membrane were blocked with 5% skim milk for 1 hours at 

room temperature, and the membrane was treated with anti-osteocalcin 

(millpore, ,USA) antibodies (1:500 dilution) overnight at 4 degree Celsius. 

Then, the membranes were incubated with secondary anitibody (1:1000 

dilution) conjugated with HRP (Invitrogen, Carlsbad, CA, USA). The 

characteristic bands were observed using a ChemiDocTM XRS+ (Biorad, CA, 
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USA).  

 

4.3.4. Morphological observation 

 Cell morphology was observed by field emission scanning electron scanning 

microscopy (FE-SEM). Firstly, each group of cells on calcium phosphate 

samples were fixed for 30 minutes with 4% paraformaldehyde since 3 days 

after seeding. And then, 2 mL of modified Karnovsky's fixative solution was 

added in the 24 well plate and stored for 2 hours at 4℃ for primary fixation. 

The primary fixing solution was then eliminated, and the bone cement 

specimens with cells were rinsed with 0.05M sodium cacodylate buffer three 

times at 4℃ for 10 min. The samples were soaked in 2mL of 1% osium 

tetroxide solution for 2 hours for post fixation. After the post fixation, the 

samples was rinsed two times briefly with distilled water at room temperature. 

The samples were dehydrated in 30, 50, 70, 80, 90, and 100% ethanol at room 

temperature for 10 min each. After dehydration with series of ethanol, the 

samples were soaked with hexamethyldisilazane (HMDS) for 15 min two 

times for drying, FE-SEM analysis were carried out with Zeiss Supra 55VP 

field-emission scanning electron microscope. 

 To observe the cytoskeleton of cells, the fluorescence immunocytochemistry 

was conducted. The osteocalcin of the MC3T3-E1 of the experimental groups 

was used. The morphology of cells were observed at 2 and 3 weeks after 

adding OM. Each samples were washed briefly 3 times with PBS, were then 

fixed with 4 % paraformaldehyde for 30 minutes. After fixation, triton-X was 
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treated for 30 minutes, then PBS washing conducted three times. After 

washing, the samples were blocked with phosphate-buffered saline (PBS) 

supplemented with 0.05% BSA (PBS-BSA) for 45 minutes in room 

temperature. After blocking, the samples were treated with primary antibody 

(rabbit-gout , 1 : 1000 in PBS-BSA) for 1 hour, and were washed 2 times with 

PBS supplemented 0.02% tween 20. After treated primary antibodies, the 

samples were treated secondary antibodies (). After secondary antibodies treat, 

the samples were treated with DAPI stain solution for 10 minutes at room 

temperature and were briefly washed with PBS three times. After washed with 

PBS three times, and covered with cover glass and mounting solution. The 

stained samples were observed using confocal laser scanning microscopy (). 

  

4.4. Statistical data analysis 

Statistical analysis was carried out using the statistical analysis system (SAS) 

for Windows v9.3 (SAS Institute, Inc., USA). Statistical significance between 

control and treatment groups was compared with one-way ANOVA at 

*p<0.05. The data were reported as the mean ± standard deviation, n=3.  
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5. Results and Discussion 

5.1. Characteristics according to the particle size of horse 

bone powder 

5.1.1 FT-IR 

 The most well-known functional groups of hydroxyapatite has PO4
3- and 

OH-. PO4
3- group forms intensive IR absorption bands at 560 and 600 cm-1 and 

at 1000 – 1000 cm-1. And water has relatively wide adsorption band from 3600 – 2600 

cm-1 with a specific band at 3570cm-1. CO32- group has weak peaks between 870 and 

880 cm-1 and more intensive peaks between 1460 and 1530 cm-1. OH- group has weak 

peak at 3570 cm-1. Sythesized hydroxyapatite has different chrateristic bands 

according to thermally treatements. There are only two groups adsorption band, PO4
3- 

and OH-, according to thermal treatment with above 1000 degree Celsius. Figure 2 

shows some characteristic bands of synthesised hydroxyapatite and sintered hores 

bone powder separted by its particle size. 
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Figure 1. FTIR spectra according to particle size of horse bone powder. (Blue: 5 
micro meter powder, Orange: 50 micro meter powder, Gray: 10 micro meter powder, 
Yellow: hydroxyapatite) 

.  

 All adsorption bands were appeared at 963, 1000 - 1140 cm-1 and 3570 cm-1. 

Synthesized-hydroxyapatite only have broad adsorption bands at 3600 – 2600 

cm-1 of water. Another sintered bone powder groups did not have adsorption 

of water because of heat treatment. Mainly crystal of all samples is 

hydroxyapatite because all of those have adsorption peak at 3570 cm-1, 

another calcium phosphate group such as beta-TCP doesn’t have adsorption 

band of OH- at 3570 cm-1. And there are no adsorption bands of organic 

compounds.  

 

5.1.2 XRD 
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 XRD analysis of the samples were showed with the XRD results of the 

synthetic hydroxyapatite as a control and sintered horse bone powder. X-ray 

diffraction pattern of hydroxyapatite has relatively broad peaks than horse 

bone samples because larger crystals have narrow peak then the smaller one. 

It is same crystal that has X-ray diffraction patterns that have same diffraction 

angles. According to characteristic bands of FT-IR and X-ray diffraction 

patterns, the main crystal of all horse bone powder was could identified 

hydroxyapatite that has bigger crystal then synthetic one.  

 

Figure 2. XRD patterns according to particle size of horse bone powder and synthetic 

HA. ( Blue: 5 micro meter powder, Orange: 50 micro meter powder, Gray: 10 micro 

meter powder, Yellow: hydroxyapatite) 

 

 

5.1.3 XRF 

To investigate the inorganic elements of horse bone powers, XRF analysis 
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were conducted. In comparison with synthetic hydroxyapatite, animal bone 

powder has other elements such as sodium, potassium, fluorine, and chloride. 

In addition XRF analysis were carry out to determine the Ca/P molar ratio of 

horse bone powders. Table 1 shows results of XRF observation of all horse 

bone powders. 
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Table 1. XRF results of according to particle size of horse bone powder 

Formula 
Concentration (wt.%) 

5 micrometer 50 micrometer 100 micrometer 

Ca 41.452  42.295  43.753  

O 39.573  39.287  38.791  

P 17.169  16.759  15.956  

Na 1.016  0.972  0.730  

Mg 0.521  0.463  0.615  

S 0.039  0.041  0.029  

Si 0.035  0.029  0.000  

Al 0.029  0.000  0.000  

Sr 0.045  0.051  0.042  

Cl 0.052  0.046  0.040  

K2 0.034  0.031  0.029  

Fe 0.018  0.021  0.015  

Cu 0.009  0.000  0.000  

Zn 0.008  0.006  0.000  

Ca/P molar ratio 1.866 1.950 2.112 
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Ca/P molar ratio of synthetic hydroxyapatite was known as 1.67 according to 

its crystal structure. However, table 1 showed that all sintered bone powder 

have higher Ca/P molar ratio then synthetic hydroxyapatite. It is a very 

common results on animal bone powder, and there were some reports with 

similar results. The main reason of high Ca/P molar ration on animal bone 

powder is that component of hydroxyapatite in animal bone is differ from 

synthetic hydroxyapatite. Generally, hydroxyapatite crystal consists of Ca2+, 

OH- and PO4
3-, and they make ionic bonds. But hydroxyapatite in animal bone 

contains CO3
2- ions, which substitute PO4

3- [23, 52, 53]. Thermal treatment is 

also a main factor to change Ca/P molar ratio because hydroxyapatite crystal 

is destroyed by heat treatment above 700 degree Celsius. For example, tri-

calcium phosphate were generated from synthetic hydroxyapatite by heat 

treatment at 1300 degree Celsius in the air to hydroxyapatite [52,53]. 

Also, Ca/P molar ratio of all bone powder samples have different 

respectively. All sintered bone was conducted same process before milling 

and sieving. According to the XRF analysis and process of powder processing, 

it was assumed that, during milling and sieving, an external force that could 

influence on crystal structure was applied at the crystals of horse bone powder. 

 

5.1.4 Particle size analysis 

 The particle size distribution of horse bone powder after milling processing was 

showed Figure 3. The results showed that the graph of 5 micro meter horse 

bone powder first reached 100 %. It means that the particles in the powder 

contains smaller particles. 50 micro meter horse bone powder contained 
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particles above 30μm in diameter more than 5 micro meter horse bone powder. 

100 micro meter horse bone power mainly composed of particles that had 

above 100μm in diameter. Figure 4 showed the morphology of the each horse 

bone power specimen. In this study, commercially available hydroxyapatite 

(Hydroxyapatite, Sigma Aldrich, USA) was used for control groups. 

According to the manufacturer, the particle size of hydroxyapatite was below 

than 200 nm. It could be assumed that the classification of horse bone powder 

with particles size distribution was conducted successfully from these results.  
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Figure 3. (A) Graphs of cumulative volume weighted distribution of particles. (B) 
Table of the diameter of the each powders (d 0.1: 10% of the volume distribution is 
below this value. d 0.5: The volume median diameter where 50% of the distribution is 

above and 50% is below. D 0.9: 90% of the volume distribution is below this value) 

 

 

 

 

(B) 
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Figure 4. Images of field emission scanning electron microscopy (FE-SEM) of 

hydroxyapatite (A) and sintered horse bone powders (B: 5μm, C: 50μm, D: 100μm).  
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5.2. Fabrication and characteristics according to the 

particle size of horse bone powder 

 5.2.1. Observation of chemical characterization 

 To investigate inorganic chemical compounds alteration after mixing with 

chitosan solution, XRD and XRF were used to observe chemical composition 

and crystal structure of calcium phosphate cements. 
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Table 2. XRF results of calcium phosphate cements according to particle size 
of horse bone powder 

Formula 
Concentration (wt.%) 

5 M 50 M 100 M 

Ca 41.536 42.290 43.378 

O 39.620 39.101 39.103 

P 17.111 16.481 16.021 

Na 1.016 1.012 0.829 

Mg 0.481 0.516 0.396 

S 0.039 0.041 0.029  

Si 0.035 0.021 0.000  

Al 0.029 0.000 0.000  

Sr 0.028 0.041 0.042  

Cl 0.052 0.041 0.040  

K2 0.019 0.031 0.029  

Fe 0.018 0.021 0.015  

Cu 0.009 0.000 0.000  

Zn 0.008 0.006 0.000  

Ca/P molar ratio 1.876 1.983 2.093 

 

 There was no significant difference between Table 1 and Table 2. The results 

showed that the concentration of inorganic elements were changed very 

slightly. However, the Ca/P molar ratio were each particle size were no 

significant differences.  
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5.2.2. Compressive strength of calcium phosphate cements with horse 

bone powder 

 

 To clinical use of calcium phosphate cements, appropriate compressive 

strength were very important property because of endurances against 

compressive forces. Compressive strength of calcium phosphate with horse 

bone powder were showed Figure 5.  
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Figure 5. Compressive strength of calcium phosphate cements with horse bone 

powder. Average value of 5 μm CPC is 1.857 Mpa, 50 μm CPC is 1.286 Mpa and 

100 μm CPC is 1.842 Mpa. Means with the same letter are not significantly different. 

Error bars represent standard deviation, n=5 

 

 Calcium phosphate cement with horse bone powder of 5 micro meters (5 μm 

CPC) was measured 1.98 MPa, 50 μm CPC was measured 1.36 MPa and 100 

μm CPC was measured 1.96 MPa. Compressive of commercially available 

calcium phosphate cements was above 20 MPa. However, compressive 

strength of early calcium phosphate cements with chitosan was below than 1 

a 
a 

b 
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MPa. There was no another treatment to enhance compressive strength in this 

study. The compressive strength of each samples were accordance with that 

reason. 

 

5.2.3. Surface roughness and morphology of calcium phosphate cements 

with horse bone powder 

 There were many reported that surface topography of cell attach region were 

very strongly affected cell behavior. It was valid assumption that surface 

topography of calcium phosphate cements were influenced the attached cell 

behavior. Therefore, to express numerical of topography differences between 

each calcium phosphate cements, surface roughness were measured. Figure 6 

showed the surface roughness of each samples.  
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Figure 6. Surface roughness of calcium phosphate cements with different particle 

sizes. Height profile graph is (A-C). Each parameter of surface roughness was shown 

(D). 

  

 The cements with bigger size horse bone powder was induced higher Rz 

value. Rz value was determined to average of highest 5 value and lowest 5 

values. The Rz of specimens were 23.199 μm for 5 μm CPC, 43.274 μm for 

50 μm CPC and 69.701 μm for 100 μm CPC. These results means that 100 

μm CPC has most rough surfaces among all samples. The assumption could 

be supported by the images of surfaces of each specimens. The top view 

images using FE-SEM of the surfaces on each specimens are shown in Figure 

7 SEM observation revealed different surface morphological features brought 

about by different particle sizes. Large particle could lead to nonuniform 

surfaces, the surface of the 100 μm CPC has more pores than other samples 

(figure 7).  
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Figure 7. FE-SEM top view images of surface of the calcium phosphate 

cements: (A) hydroxyapatite cement, (B) 5 μm CPC, (C) 50 μm CPC, (D) 100 

μm CPC. 

 

 The contour maps of the each specimens could be obtained using CLSM. It 

could be supporting date to the Rz values. Blue colors in the figure 8 indicates 

lower region and red colors indicates higher region. The results showed the 

bigger size particles led to severe different of altitude.  
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Figure 8. CLSM images of surface of the calcium phosphate cements: (A) 

hydroxyapate, (B) 5 μm CPC, (C) 50 μm CPC, (D) 100 μm CPC. 
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5.3. The results of In vitro study 

5.3.1. Proliferation of cells on calcium phosphate cements 

Various type of cells were cultured in this study. MC3T3-E1, 

hABMSC(human alveolar bone marrow stem cell), hDPSC(human dental 

pulp stem cell), hPDLSC(human periodontal ligament stem cell) were culture 

for 7 days with PM on calcium phosphate cements. All cultured cells were 

osteogenic cells. The proliferation data were showed in figure 9. 

 

 

 

Figure 9. Cell proliferation on the calcium phosphate cements. Error bars represent 

standard deviation, n=5. 

 

Observation of absorbance values at 1 day revealed that cell attachment on 

the CPCs were easily occurred on the surface of 100M. Absorbance value 

showed a tendency to increase on the 100M. It means that cell proliferation 
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was strongly occurred on the surface of 100M. And the small differences 

between 5M and 50M were observed. These results could lead to the 

assumption that the cell attach region of 100M was promoting cell attachment 

and proliferation. 

 

 

5.3.2. Mineral deposition assay using alizarin red staining 

To observe ability to enhance osteogenic behavior, alizarin red staining of 2 

and 3 weeks samples were conducted. Figure 10 was showed the results of 

optical density that was destained using Alizarin red destainning solution. 

 

Figure 10. Alizarin red assay of hABMSCs on calcium phosphate cements with 

horse bone powder. Error bars represent standard deviation, n=3. 

 

Generally it takes about at least three weeks to accumulate cellular mineral 

after treating osteogenic agent. Optical density of two weeks on every calcium 
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phosphate cements were below 0.01. These results indicated that deposition of 

bone mineral was very low. After 3 weeks adding osteogenic agent, 

differences optical density value between 2 and 3 weeks were observed. 

Although osteogenic behavior were occurred on all samples, the capability of 

osteogenesis on 100 μm CPC was the lower than others.  

 

5.3.3. Observation of cell morphology on calcium phosphate cements 

 

 It was very well-known that surface topography of cell attach region is 

performed very important role. One of the most important reason is that 

morphology of cells were very strongly influenced by surface topography. 

Figure 9 and figure 10 was the FE-SEM image of MC3T3-E1 and hABMSCs 

cultured on the each CPCs. Cell morphology was analyzed by the FE-SEM 

images using Image J software. Each cell was regarded as an ellipse, and the 

major and minor axis of them were measured. Figure 13 shows those 

parameters, height length means major axis, width means minor axis. The 

cells cultured on the higher Rz value were more longer shape than others. The 

results showed that cells on calcium phosphate cements with smaller particles 

were more circular shapes. Additionally the results of morphology of cells 

using CLSM were observed similar with FE-SEM images.  
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Figure 11. FE-SEM images for the MC3T3-E1 on calcium phosphate cements with 

various horse bone powders: (1st line) cells on 5 μm CPC, (2nd line) cells on 50 μm 

CPC, and (3rd line) cells on 100 μm CPC. 

 

 

 

Figure 12. FE-SEM images for the MC3T3-E1 on calcium phosphate cements with 

various horse bone powders: (1st line) cells on 5 μm CPC, (2nd line) cells on 50 μm 

CPC, and (3rd line) cells on 100 μm CPC. 
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Figure 13. Morphological parameter of cells on the each CPCs. (A, B) Height length 
means longer axis, and width means shorter axis. (C) Height/Width ratio. Error bars 

represent standard deviation, n=3. 

 

 

 

Figure 14. CLSM(confocal laser scanning microscopy) images for the hABMSC on 
the calcium phosphate cements: blue colors was bone cements and red colors were 
cells. 

 

 It could be assumed that the shape of the cells was influenced on the cell 

behavior, such as osteogenesis and proliferation of cells. And the cellular 
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morphology was influenced by cell attach region, surface roughness was used 

to determine the degree of surface topography in this study. The cells with 

higher height/width ratio value was better cell growth, the cells with the lower 

value was good at osteogenic differentiation. 

 

5.3.3. The results of western blot 

 

 Figure 15 showed the results of protein expression, in this study, osteocalcin 

(OCN) was used for the marker of osteoblasogenesis. Expression of OCN was 

differences between each samples and the expression band were appeared on 

5M and 50M. It was very similar with alizarin red assay results. 

 

Figure 15. Western blot assay of the cells cultured on each CPCs. The cells 

were cultured for two weeks with osteogenic media. The bands of OCN were 

appeared on 5 μm CPC and 50 μm CPC.  
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6. Conclusions 

 

The objectives of this thesis were to develop calcium phosphate cements 

using different powder sizes and to evaluate the ability to enhance 

proliferation and differentiation. In this study, the followings are the main 

results: 

 

1) There was no significant differences between result of FT-IR and XRD 

patterns with different particles sizes horse bone powder. It was signified 

that milling process could not influenced with crystal and functional 

groups. 

 

2) The mechanical properties of calcium phosphate with horse bone powder. 

The sintered horse bone powders could be controlled by grinding using 

two types of milling machine and sieving. Compressive strength of each 

bone powder samples were similar values each samples. The surface 

roughness of calcium phosphate cements were induced by horse bone 

particle sizes. The bigger sizes of particles led to rough surface. 

 

 

3) It was assume that the Ca/P molar ratio could be affected by milling 

process. In milling process, all sources were same powder that be 
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conducted thermal treatment at 1300 degree Celsius using an electric 

furnace for 10 hours. After milling and sieving, the XRF results of horse 

bone powder were showed that smaller particles had higher Ca/P molar 

ratio. The phenomena could be made inferences two possible reasons. 

First possible reason is that the heat generated caused milling was 

affected crystal of horse bone powder. Second possible reason is that the 

phosphate group was easily scattered than calcium during the collapse of 

amorphous region. 

 

4) Cell behavior were influenced by surface roughness of calcium 

phosphate cements. Morphology of the cells were strongly influenced by 

surface roughness that could be expressed Rz value. Higher Rz led to 

longer shapes of cells and lower Rz led to circular shapes of cells. 

Additionally, it could be expressed that higher Rz value had more 3D 

structure than lower Rz value. In this study, the calcium phosphate 

cement that had higher Rz value was investigated better proliferation 

ability than others. And, the calcium phosphate cement that had lower 

Rz value was investigated better differentiation ability than others. 
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골 재생을 한 입도 크기가 조 된 말뼈로 제조된 

골시멘트의 개발 

서울대학교 대학원 

바이오시스템‧소재학부 바이오시스템공학 공 

장 경 제 

 

초 록 

산칼슘 시 트(Calcium Phosphate Cements, CPCs)는 1980 에 처  

개발  후 골 재생  한 상 로 가장 많  사용 는 생체 재로 

알려  다.  시 트는 산칼슘계 물질들  포함하는 말과 고

 포함하여 경  역할  하는 액상   가지 재료로 루어지  

근 지 말  도 크  함 로  시 트  강도  강 시키는 연

가 발하게 루어 다. 하지만 시 트에 사용  말  도가 포 

능에 주는 향에 한 연 에 한 사례는 보고  바가 고 말  도에 

 효과에 한 고찰 역시 하다. 에 본 연 에 는 산칼슘 시 트

 말  도 크  3 로 하여 만들어진 산칼슘 시 트  

하고, 포  배양시켜 그 능  사하 다. 산칼슘 시 트는 말뼈  

결하여 크 별로 한 3  말과 키토산  용하여 작 었다. 

 거칠  용하여 각각  시 트   태  수치 하여 나타냈  

, 작  도  가지는 말  용하여 만든 시 트보다 큰 도  가지는 
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말  용하여 만든 시 트가 큰 값   거칠  가지는 것  하

다. 각각  시 트 에  포  능에 한 연 에 는 낮   거

칠  가지는 시 트는 포  골 에 리하고, 높   거칠  가

지는 시 트는 포 증식에 리한 결과  하 다. 

 연 결과  통해 산칼슘 시 트에 사용 는 말  도 크 에 변  

주어  거칠  하고,  통해  포  나 포 증식과 같

 포  능  향상시킬 수  하 다.  반 로 산칼

슘 시 트에 사용 는 말  도 크  하여 생체 내 골 재생 효과  

증진시키는  여할 수  것 로 한다. 
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