
Introduction

Phosphate glasses with low dispersion and relatively 

high refractive indices were developed as achromatic 

optical elements about 100 years ago by Schott. 

Subsequent interest stemmed from their high trans-

parency for ultraviolet light. However, the poor 

chemical durability limited their application and dis-

couraged their further development. In the 1950s, in-

terest in phosphate glass was stimulated by their use 

in a variety of industrial applications, including se-

questering agents for hard water treatments and dis-

persants for clay processing and pigment manufacturing. 

The advent of solid state lasers in the 1960s heralded 

a new era of phosphate glass research. More recently, 

phosphate glasses have been developed for a variety of 

specialty applications such as hermetic seals, nuclear 

waste hosts or solid state electrolytes1).

Another important use of phosphate glasses is the 

application as biomaterials based on the calcium 

phosphate system. The capacity of the human body to 

regenerate bone components that are lost, damaged or 

diseased is limited in several situations. Thus synthetic 

materials to fill bone defects have been developed. 

Calcium phosphate materials have some outstanding 

properties, namely similarity in composition to bane 

mineral and ostoconductivity. Products in the bone 
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graft market based on HA and TCP have been used 

clinically. However, the success of these materials is 

limited mainly due to low toughness, low elasticity, 

low ability to be resorbable and lack of osteogenic 

properties2). 

Calcium phosphate glass may offer potential for 

hard tissue surgery because of their solubility behav-

ior, since their solubility may be controlled by alter-

ing their chemical composition3-4). Its similarities in 

composition to bone and teeth make them ideal 

candidates. The good bioactivity and compatibility of 

the phosphate glasses as potential medical materials 

attracted the attention of scientists in the field of bi-

omedical research in recent years. An idea of applica-

tion of calcium phosphate glass-ceramics to the dental 

crown was proposed firstly by Hosono et al. Calcium 

phosphate glass-ceramics are interesting biomaterials 

for bone and tooth implants because of their excellent 

mechanical strength and castability. Since calcium 

phosphate glass is easily fused and since the melt has 

a low viscosity, it is considered to be suitable for 

casting5). 

The properties that make phosphate glasses candi-

date for so many different applications are related to 

their molecular-level structure1-2). The basic building 

blocks of crystalline and amorphous phosphates are 

the P-tetrahedra that result from the formation of sp3 

hybrid orbitals by the P outer electrons (3s2 3p3). The 

fifth electron is promoted to a 3d orbital where strong 

π-bonding molecular orbitals are formed with oxygen 

2p electrons. These tetrahedra link through covalent 

bridging oxygens to form various phosphate anions. 

The tetrahedral structures are classified using the Qi 

terminology, where i represents the number of bridg-

ing oxygens per tetradegron. The networks of phos-

phate glasses can be classified by the oxygen-to- 

phosphate ratio, which sets the number of tetrahedral 

linkages, through bridging oxygens, between neigh-

boring P-tetrahedra. Zachariasen identified vitreous 

P2O5 as one of the prototypical‘random network’glass 

formers. Indeed, recent diffraction studies of v-P2O5 

are consistent with the Zachariasen description of an 

open, distorted network of Q3 tetrahedral. Phosphate 

glasses can be made with a range of structures, from 

a cross-linked network of Q3 tetrahedra (vitreous 

P2O5) to polymer-like metaphosphate chains of Q2 tet-

rahedra to invert glasses based on small pyro-(Q1) and 

orthophosphate (Q0) anions, depending on the [O]/[P] 

ratio as set by glass composition. 

Another important property of the calcium phos-

phate glasses is its ability to dissolve some elements, 

oxides or biological molecules that are insoluble or 

poorly soluble in glasses of other materials and crys-

talline compounds. Thus the calcium phosphate glass 

is believed to be one of the best approaches to obtain 

materials of great interest for bony defects associated 

with the release of biological therapeutic molecules. 

The calcium phosphate glasses offer significant ad-

vantages, compared to the commonly used bio-

degradable polymers. They are entirely amorphous. 

Their degradation rate is predictable and may easily 

change by altering the composition of the glass6). 

Synthesis of calcium phosphate glass

1. Dissolution and bioactivity

We synthesized amorphous calcium phosphate glass 

(CPG) by melting and subsequent quenching process. 

Batches in the system CaO-CaF2-P2O5-MgO-ZnO were 

prepared with 6 kinds of Ca/P ratios from 0.2 to 1.2 

using CaCO3, CaF2, H3PO4, MgO and ZnO as raw 

materials. The molar ratio of CaO/CaF2 was fixed to 9 

all the time. Both MgO and ZnO were added at 1% in 

weight, respectively. Mixed batches were dried at 80ﾟC 

and melted in a platinum crucible at temperatures 

ranging from 800 to 1550ﾟC depending on the composition. 

They were subsequently quenched onto the graphite 

plate at room temperature after melting7).

In order to determine the crystallinity and crystal-

line phases of the as-quenched samples, X-ray dif-

fraction analysis was performed using Philips APD 
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3720 X-ray diffraction apparatus with a fine focus 

copper target X-ray tube and double crystal 

monochrometer. There was no crystalline peak up to 

Ca/P of 0.6 as shown in Fig. 1. When Ca/P ratio was 

0.8, the sample exhibited the Zn3(PO4)2 as well as 

Ca2P2O7; the former had disappeared but the latter 

still remained. Ca2P2O7 phase partially transformed to 

Ca4P2O7 with increasing Ca/P ratio to 1.2. Crystallinity 

obtained from the XRD peak intensity decreased with 

increasing Ca/P ratio. 

As-quenched samples were also examined by IR 

analysis. Absorption spectra were collected using a 

Perkin-Elmer 983G quadruple grating spectropho-

tometer with scanning range from 4000 to 400 cm-1 

after mixing the samples with KBr powder and press-

ing at 10000 psi in a vacuum. Absorption spectrum 

with Ca/P of 0.4 showed broad peaks, which is a typi-

cal pattern in amorphous glass materials8-10) as pre-

sented in Fig. 2. There were five peaks including four 

fundamental vibration peaks for the phosphate 

structure. The first vibration peak of phosphate is the 

asymmetric stretching mode (ν3) observed in the range 

of 1230~1390cm-1, the second vibration peak of phos-

phate is the symmetric bending mode (ν4) observed in 

the frequency range of 780~940cm-1, the third vi-

bration peak of phosphate is the symmetric stretching 

(ν1) observed in the frequency range of 530~780cm-1, 

and the last vibration peak of phosphate is the har-

monics of symmetric bending and asymmetric stretch-

ing modes (ν2) observed in the range of 470~800cm-1. 

Another peak around 1100 cm-1 is due to F-O in phos-

phate [8] originating from CaF2 as a precursor. The IR 

peak which changed from broad to sharp shape with 

increasing Ca/P ratio indicates increasing crystallinity 

in accordance with the XRD results shown in Fig. 1.

As-quenched samples were reduced either powder 

less than 10μm or pellets sized 10×10×1mm using ball 

milling or low speed saw, respectively. Powders were 

employed in a dissolution test in buffer solutions and 

pellets were exposed to the simulated body fluid(SBF) 

as well as fetal bovine serum(FBS). Dissolution prop-

erties were investigated in acidic buffer solutions such 

as 0.1M tris-aminomethane with pH 3 and 7.3 and 

0.1M potassium acetate with pH 6 at 37ﾟC by immers-

ing 25mg of powder into 50ml of each buffer solution. 

The dissolved quantity of Ca2+ ions was measured with 

Metrohm selective calcium ion electrode and automati-

cally transferred to a computer in every 30 sec while 

continuously stirring at 500rpm with a Caframo RZR 

2000 precision digital stirrer. They were recorded 

during 2, 1 and 4 hrs when the pH of the buffer sol-

utions was 3, 6 and 7.3, respectively. The extent of 

dissolved Ca2+ ions is shown in Fig. 3. Figs. 3(a) and 

(b) present the dissolved amounts with pH 3 and 7.3 

in 0.1M tris-aminomethane solution, respectively, 

while that after exposure to 0.1M potassium acetate 

solution with pH 6 is shown in Fig. 3(c). We observed 

that the lower extent of dissolution decreased with 

increasing Ca/P ratio in every measurement, possibly 

due to the decrease of crystallinity. It has already 

been reported that the amorphous calcium phosphate 

formed in the plasma-sprayed coatings on dental and 

orthopedic implants as well as metal substrates had a 

significant effect on the properties of the coatings; 

especially it increased the extent of dissolution11).

Pellet specimens were kept into both 15 ml of SBF 

and FBS for one week at 37ﾟC. The surface morphol-

ogy of the pellets was examined by JEOL 5400 scan-

ning electron microscope(SEM) after a thin layer of 

gold of a few angstrom was coated in a sputter coater 

both before and after soaking in SBF. After one week 

of suspension in SBF or FBS, the change of surface 

morphology examined by SEM is presented in Fig. 4. 

There was no crystallite on the surface of pellets prior 

to exposure to SBF or FBS as shown in Fig. 4(a). Tiny 

crystallites were formed on the surface of pellets after 

exposure to SBF as shown in Fig. 4(b), while the ag-

glomerated larger crystals were precipitated after 

suspension in FBS as exhibited in Fig. 4(c). Both 

crystals were characterized as hydroxyapatite phase by 

transmission Laue method using H700 Hitachi TEM.
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2. In vitro test

Rectangular pieces of CPG with 10×10×1 mm3 were 

employed to in vitro test12). Polystyrene in the same 

dimension was used as control sample. MC3T3-E1 cells 

extracted from the skull of newborn C57B/6 rats. Sudo 

et al. previously demonstrated that the clonally de-

rived, murine MC3T3-E1 cell line expresses parame-

ters of the osteoblast phenotype, including type I col-

lagen synthesis, alkaline phosphatase and nodular ex-

tracellular matrix mineralization resembling woven 

bone13). The cells were maintained in α-modified Eagle̓s 

Figure 2. IR absorption spectra of the as-quenched 

samples.

Wavenumber(cm
-1
)

Figure 3. Dissolution of Ca2+ ion at 37ﾟC in (a) pH 7.3 
and (b) pH 3  in 0.1M tris-aminomethane solution for 2 

and 4 hours, respectively, and (c) pH 6 in 0.1M potas-

sium acetate solution for 1 hr.

Figure 2. IR absorption spectra of the as-quenched 

samples.

Wavenumber(cm
-1
)

Figure 1. XRD patterns of the as-quenched samples. 

● and ■ denote Ca2P2O7 and Zn3(PO4)2, respectively.

Figure 4. SEM photographs of samples with Ca/P 

ratio of 0.6 (a) before and after exposure to (b) 

SBF and (c) FBS for 1 week at 37ﾟC.

(a)

(b)

(c)
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minimum essential medium (Gibco, NY, USA) supple-

mented with 10% fetal calf serum (Gibco, NY, USA), 

100 U/ml penicillin (Gibco, NY, USA) and 100μg/ml 

streptomycin (Gibco, NY, USA) in a humidified 5% CO2 

balanced-air incubator at 37ﾟC, the media being 

changed every other day. In order to induce the spon-

taneous differentiation into osteoblasts and mineral 

deposition of MC3T3-E1 cells, 10mMβ-glycerophosphate 

(Sigma, MO, USA) as well as 50μg/ml ascorbic acid 

(Sigma, MO, USA) was added to the culture medium 

since they are known to be essential in osteoblast 

differentiation in vitro14).

1) Effect on cell proliferation

MC3T3-E1 cells were seeded into five 6-well tissue 

culture plates at a density of 1.0×105 cells/well in the 

differentiation medium with calcium phosphate glass 

or polystyrene and incubated for 2, 4 and 6 days. 

After each incubation period, the well was dissociated 

with 0.05 trypsin (Sigma, MO, USA) and 0.5mM EDTA 

(Sigma, MO, USA), and centrifuged at 1500rpm for 15 

min after removal of the culture medium. They were 

rinsed with Hankʼs balanced salt solution (HBSS, 

Sigma, MO, USA) and 400ml of 1% Triton X-100 

(Sigma, MO, USA) was added and soaked at 4ﾟC for 
30min. The number of cells in each tissue culture 

plate was directly counted twice with the aid of a he-

mocytometer under light microscope (CK2, Olympus, 

Japan). The statistical significant differences of the 

results between the experimental and control groups 

were analyzed using an ANOVA with Kruskal-Wallis 

test at a level of 0.05. The significant differences 

among the incubation time were analyzed with 

Mann-Whitney test at a same level.

Changes of number and protein content of 

MC3T3-E1 cells cultured with and without the pre-

pared non-crystalline calcium phosphate glass are 

shown in Fig. 5 and Fig. 6, respectively. In all 

groups, both number and protein content were in-

creased with increasing incubation time (p＜0.05). 

They were increased dramatically till the 4th day and 

the growth rates were somewhat diminished after the 

4th day. At every incubation period, there was no sig-

nificant differences between the experimental and 

control groups (p＞0.05). It is suggest that this re-

duction was not attributed to the toxicity of the pre-

pared calcium phosphate glass, but might be due to 

the insufficient space of the petri dishes, because the 

control group also exhibited the same phenomenon, 

which is well known to be noncytotoxic. Hunter et al. 

reported that the major factor controlling the pro-

liferation rate of the osteoblast cells was the form of 

cell adhesion, so the reduction of the cell proliferation 

rate was observed when the cell shape was changed to 

a spheroid form15). In this study, the cell shape was 

changed to a spheroid form after the mono layer had 

been formed by the close cell contact, and this result 

agrees with that of Hunter et al. 

Owen et al. classified the progress of cell differ-

entiation into 3 stages in their study on the differ-

entiation of the osteoblast cells in Sprague-Dawley 

rats16). The initial stage is characterized as cell pro-

liferation and a high level of type I collagen gene ex-

pression, biosynthesis, and secretion, but the cells 

remain undifferentiated as evidenced by low levels of 

alkaline phosphotase activity, inability to effectively 

assimilate newly synthesized collagen into ex-

tracellular matrix, and the absence of mineralization. 

Down regulation of the replication and expression of 

the differentiated osteoblast function is characterized 

as the second stage, which occurs at approximately 

the 10th day after plating. The final stage of 

MC3T3-E1 maturation begins at about the 20th day 

and is defined by matrix calcification associated with 

progressive increases in extracellular matrix accumu-

lation and alkaline phosphotase activity. These dis-

tinct stages of replication, differentiation, and miner-

alization in MC3T3-E1 cell cultures are analogous to 

the respective stages of in vivo bone formation, 

namely, preosteoblast recruitment, osteoblast pre-

cursor differentiation to postmitotic matrix-producing 

osteoblasts, and osteoid mineralization by terminally 
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differentiated osteoblasts. In this study, based on the 

dramatic increase of cell proliferation till the 4th day 

and the slight decrease of the rate at the 6th day, this 

period is thought to be a transition point from the 

first stage to the second stage.

2) Effect on alkaline phosphatase activity

In order to evaluate the differentiation of 

MC3T3-E1 cells quantitatively, alkaline phospha-

tase(ALP) activity was determined by the method of 

Lowry17) every other day during 20 days. 40μL of the 

centrifuged supernatant was mixed with 2ml of assay 

kit (No. 245, ALP-10, Sigma, MO, USA), that includes 

16mM p-nitrophenyl phosphate. They were seeded in 

96-microwell plates at a density of 1.0×105 cells/well 

in the differentiation medium with calcium phosphate 

glass in 48 wells or polystyrene in the remaining and 

incubated for 20 days. The optical density at 405nm 

was measured at both 0.5 and 2.5min after mixing 

and compared with the value of a series of p-nitro-

phenol standards. The total cell protein was measured 

using a commercial assay kit (Bio-Rad, NW, USA) by 

the method of Bradford18) and the results expressed in 

nanomoles of p-nitrophenol produced per min per mg 

of protein.

The level of alkaline phosphatase activity in the 

experimental and control groups are shown in Fig. 7. 

The experimental and control groups exhibited max-

imum value at the 12th and 8th days, respectively. The 

activities in the control group at both the 8th and 10th 

days were significantly higher than at other days (p

＜0.05) and there was no significant differences in the 

activities among the other days (p＞0.05). The activ-

ities in the experimental group at both the 10th and 

12th days were significantly higher than at other days 

(p＜0.05). At the same incubation time, the ex-

perimental group showed higher activity than in the 

control group during 10~18th days (p＜0.05). 

Alkaline phosphotase activity was increased till the 

8th day, while it was decreased in the control group. 

In the experimental group, alkaline phosphotase ac-

tivity was increased up to the 8th day, similar to the 

control group, but it was significantly higher than 

that of the control group during the period from the 

10th to 14th days (p＜0.05). The maximum activity in 

the experimental group was observed at the 12th day, 

after which the activity abruptly decreased. Therefore 

the 8th day is thought to be a transition point from 

the second stage to the third stage. Gerstenfeld et 

al.19) and Siffert20) reported that alkaline phosphatase 

activity is associated with the maturation of the ma-

trix, but its major role is cell metabolism before bone 

formation. Another reported role of alkaline phospha-

tase activity is the formation of bone matrix before 

the crystallization of the calcium and phosphate ions. 

The activity is decreased once the calcification starts. 

The period showing the maximum activity depends on 

the condition of culture, such as the type of media, 

and the type and concentration of the enhancing agent 

for calcification, and the cell concentration in the in-

itial cultivation. According to the reports by 

El-Ghanuam et al.21) and Itakura et al.22) the activity 

exhibited the maximum at the 10th day, while it was 

gradually increased till the 31st day according to 

Quarles et al.14) Although the results in this study 

could not be compared directly with those of previous 

reports, it should be observed that a greater amount 

of bone nodule was formed in the experimental group 

than in the control group.

3) Effect on mineralized bone-like tissue formation

After the cell culture which is plated in petri dishes 

of 100mm diameter reached confluence, i.e. 2.0×10 

cells/cm2, incubated was continued in the differ-

entiation medium for 21 days in a humidified 5% CO2 

balanced-air incubator at 37ﾟC. On day 7, 12, 17 and 

21, the cultures in the plates were rinsed using an 

ice-cooled phosphate buffer saline and fixed with 95% 

ethyl alcohol. They were stained for 1 hr with 0.1% 

Alizarin red S (Sigma, MO, USA) to detect the calcium 

precipitates and followed by subsequent staining with 

0.1% light green SF yellowish (Sigma, MO, USA) for 
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30min to detect the collagen fiber15). After rising with 

0.1% acetic acid and ethanol, the dual-stained sam-

ples were observed under light microscope and the 

representative pictures were photographed.

Based on the appearance of MC3T3-E1 cells under 

optical light microscopy, various stages were 

identified. As shown in Fig. 8, these were composed of 

growth stage in Fig. 8(a), confluent monolayer stage 

in Fig. 8(b), and multilayer stage with nodule for-

mation in Fig. 8(c). In order to determine the time of 

nodule formation, cells were stained with Alizarin red S. 

Microscopic examinations were carried out after 

double-staining with Alizarin red S and light green 

SF yellow to identify the bone nodule formation. 

MC3T3-E1 cells grew in a mono layer with a similar 

shape to the fibroblast cells at the beginning, after 

which the nodule was formed with multiple layer cells, 

and finally calcification of the extracellular matrix 

started. The high alkaline phosphotase activity was 

investigated in the beginning stage of the nodule for-

mation at the same time. The light green SF yellow is 

an alkaline staining reagent and is generally used for 

common cell staining. Alizarin red S is widely used in 

the study of tissue structure associated with calcium 

due to its selective calcium binding ability23). Since 

two moles of calcium ions quantitatively bind to a 

mole of Alizarin red S reagent24), this staining method 

is useful in the identification of calcification with a 

high sensitivity in vitro. The center of cells preferring 

alkaline condition was highly populated in the dou-

ble-layered cells, so it was stained dark green by 

light green SF yellow whereas pale green was observed 

in the outer portion which is located far from the 

center and has a less dense cell population. As time 

elapsed the calcification began on the center portion 

stained with dark green color. Red brown or dark 

brown were stained at the beginning when calcium 

was precipitated, and a progressively dark red color 

was stained for the portion of carrying the great 

amount of bone nodule. So the center of a cell group 

stained with green color indicates a starting point of 

the bone nodule formation where the extracellular 

matrices are actively formed, and the portion stained 

with the red color indicates the bone nodule where the 

calcium was precipitated. Bruijin et al. reported that 

the calcification started from the center portion of the 

bone nodule, that its size was increased with time, 

and that it finally gave rise to a different phase be-

tween the non-calcified outside of the nodule and the 

highly calcified inside of the nodule25). This portion 

was called the transition zone which consists of 

non-fabric particles of 1μm diameter and 250μm 

thickness. These particles finally aid the adherence of 

collagen onto the grafted materials, and the transition 

zone is moved from the center to the outside.

Photographs of MC3T3-E1 cells after staining with 

Alizarin red S are presented in Fig. 9. Both at the 7th 

and 12th days, the experimental group showed more 

abundant green-stained region than in the control 

group as shown in Figs. 9(a)~(d). At the 17th day, the 

culture dishes of both the experimental and control 

groups were almost fully covered with green-stained 

regions as shown in Figs. 9(e) and 9(f). Small red 

spots were observed in the experimental group as 

shown in Fig. 9(f), while there was no red-stained 

area in the control group. At the 21st day, the control 

group also exhibited a small red-stained region, as 

shown in Fig. 9(g). In the experimental group a rela-

tively large, red-stained area was observed especially 

around the sample, as shown in Fig. 9(h).

Optical photographs are exhibited in Figs. 10 and 

11. The nodules could be observed at the 17th and 12th 

days in the experimental and control groups, 

respectively. The number of Alizarin red S positive 

nodules was more abundant in the experimental group 

at all times in this study. 

Microscopic observation after staining was carried 

out to examine the mineralized bond-like tissue 

formation. Lots of double-layered bone-like nodules 

appeared in many portions at the 7th day in the ex-

perimental group, while only two portions were ob-

served in the control group. The centered cells had 
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been changed into the body centered cells of similar 

size to the osteoblast cells, while the cells located 

outside of the nodule remained in a similar shape to 

the fibroblast cells. Since the number of cells and the 

protein contents were not significantly different be-

tween the experimental and control groups (p＞0.05), 

it could be concluded that cells were concentrated in 

the control group but were widely spread in the ex-

perimental group. This result might be attributed to 

the difference of the surface energy between the ex-

perimental and control samples. Since the surface en-

ergy of the experimental sample was greater than that 

of the control sample, cells were spread out wide 

enough to flow down to the petri dish when the cell 

supernatants had been poured onto the surface of 

each sample.

The local portion of the mineralized bone-like nod-

ule stained with dark brown color was first observed 

microscopically at the 12th day in both the ex-

perimental and the control groups. The size and num-

ber of the nodules were increased with increasing cul-

tivation time, and some of the cells were fused 

together. A white and opaque membrane visible to the 

naked eye was formed on the samples at the 17th day. 

This membrane is considered to be cross-linked colla-

gen fibers originated from the extracellular matrix of 

the MC3T3-E1 cells21). A greater number and quantity 

of the mineralized bone-like nodules could be ob-

served in the experimental group than in the control 

group. Alizarin red S positive staining on the sample, 

observed in the experimental group at the 17th day and 

in the control group at the 21st day, was widely spread 

out with time.

Figure 5. Number of MC3T3-E1 cells with incubation time.

Figure 6. Protein contents of MC3T3-E1 cells with incubation time.

Figure 7. ALP activities of MC3T3-E1 cells with incubation time.
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Figure 8. Micrographs showing the mineralized bone-like tissue formation of MC3T3-E1 cells in the experimental group 

with incubation time at (a) 2 days(×100), (b) 6 days(×100), and (c) 12 days(×40).

(a) (b) (c)

(a) (b) (c)

(d) (e) (f)

Figure 9. Photographs of MC3T3-E1 cells after 

double-staining with Alizarin red S and light 

green SF yellowish with incubation time of (a), 

(b) 7 days, (c), (d) 12 days, (e), (f) 17 days, 

and (g), (h) 21 days. Left and right-sided are 

control and experimental groups, respectively.

(g) (h)

(a) (b) (c)
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3. In vivo test

Sixty male Sprague-Dawley rats (20 per group), 

weighing 200 to 250g, were used for this experiment. 

Five animals each were caged with water and food 

supplied ad libitum. Animal selection and manage-

ment, surgical protocol, and preparation followed rou-

tines approved by the Institutional Animal Care and 

Use Committee, Yonsei Medical Center, Seoul, Korea26). 

The animals were anesthetized with an intramuscular 

injection (5mg/kg body weight) consisting of ketamine 

hydrochloride (Ketalar, Yuhan Co., Seoul, Korea). 

During surgery, routine infiltration anesthesia was 

applied at the surgical site using 2% lidocaine 

(Kwangmyung Pharm., Seoul, Korea) mixed with epi-

nephrine at a ratio of 1:100,000. The surgical site was 

shaved and scrubbed with iodine. An incision was 

made in the sagittal plane across the cranium. A 

Figure 10. Histochemical changes of the double-stained MC3T3-E1 cells with Alizarin red S and light 

green SF yellowish in the control group with incubation time of (a) 7 days(×100), (b) 12 days(×100), 

(c) 17 days(×100), (d) 17 days(×400), (e) 21 days(×100), and (f) 21 days(×400).

(a) (b) (c)

Figure 11. Histochemical changes of the double-stained MC3T3-E1 cells with Alizarin red S and light 

green SF yellowish in the experimental group with incubation time of (a) 7 days(×100), (b) 12 

days(×100), (c) 17 days(×100), (d) 17 days(×400), (e) 21 days(×100), and (f) 21 days(×400).

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)
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full-thickness flap including the periosteum was re-

flected, exposing the calvarial bone. Then, a crit-

ical-sized (8mm in diameter) circular and transosseous 

defect, which implies that the defect does not heal by 

itself during the lifetime of the animal, was created 

on the cranium using a saline-cooled trephine drill. 

In addition, we used calvarial defects that had pre-

viously been proven to be good models for investigat-

ing the effects of bone-graft materials. Freeman and 

Turnbull were the first to attempt the study of crit-

ical-sized defects in rat calvaria27). Tagaki and Urist 

reported that 8mm calvarial defects in six-month-old 

Sprague-Dawley rats were reduced to 5mm after four 

weeks and no further healing was noted after 12 

weeks28). The rat calvarial defect, compared with other 

experimental bone defects, is a convenient model for 

studying bone regenerative materials because of its 

lack of fixation requirements29). In addition, the 

Sprague-Dawley rat defects are both reproducible and 

native and induced healing processes have been well 

characterized30). Also, 8mm trephine calvarial defects 

in rats have been shown to be critical-sized de-

fects28-29, 31-32). 

Extreme care was used to avoid injury to the dura 

mater29). Each defect was filled with a constant weight 

of 0.5g CPG powder, having a mean diameter of 40μm, 

mixed with saline in the experimental group. As a 

control, the defect was left empty. The incisions were 

closed with absorbable sutures. 2, 4 or 8 weeks post-

surgery, the animals were sacrificed by CO2 asphyx-

iation; they were operated-on and the craniums were 

carefully dissected free of soft tissue. The craniums 

were immediately placed into vials and fixed in 10% 

neutral-buffered formalin for 10 days. 

1) Radiodensitometric analysis

All samples were radiographed using a dental X-ray 

unit (Digora, Soredex, Orion Co., Helsinki, Finland) 

with an exposure time of 0.1 seconds (70kVp, 7mA). 

The relative bone density of each radiograph was de-

termined using a computer-assisted Image-Pro Plus 

System (Media Cybernetics, Silver Spring, MD, USA), 

as shown in Fig. 12 and the relative bone density was 

calculated as follows. 

Relative bone density (%) =

  (bone density in bT-bone density in Oa) / 

  (bone density in Tc-bone density in Oa) × 100 

where, Oa=OT/10; low densitometric reference area

Tc=OT/10; high densitometric reference area

bT=OT/2; determined area in this study

The results of radiodensitometric analysis are 

shown in Fig. 13. At 2 weeks postsurgery, the mean 

relative density of new bone for the control and ex-

perimental group amounted to (15.88±2.38)% and 

(30.23±0.88)%, respectively. At 4 weeks postsurgery, 

the corresponding values were (21.77±6.68)% and 

(33.66±8.22)%. At 8 weeks postsurgery, they were 

(26.49±6.48)% and (37.31±10.58)%. Both in the con-

trol and experimental groups, the relative bone-fill of 

the new bone-formed increased with increasing graft 

duration. However, there were no significant differ-

ences between the control group and experimental 

group (p＜0.05), except at 8 weeks. Only the control 

group at 8 weeks showed a significant difference 

compared to that of 4 weeks (p＜0.05).

2) Histological observation

Following the radiographic procedures, all samples 

were decalcified in EDTA-HCl for 7 days and em-

bedded in paraffin. 3μm thick coronal sections 

through the center of the circular defects were stained 

with hematoxylin and eosin.

After 2, 4 and 8 weeks in the control group, thin 

connective tissue was abundant at the defect site, as 

shown in Fig. 14. Also, there was a minimal quantity 

of new bone formation originating from the defect 

margins. The defect center was collapsed. 

In the experimental group, 2 weeks after surgery, 

there were dense, fibrous connective tissues at the 
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defect site, as shown in Fig. 15. A large number of 

residual calcium phosphate glass particles were pres-

ent within the fibrous connective tissue at the defect 

site. More abundant new bone formation was observed 

than in the control group. Inflammatory cell infiltra-

tion was minimal at the defect site. At 8 weeks, the 

histological observations were similar to the 2-week 

observations. Residual calcium phosphate glass par-

ticles were fewer in number and the quantity of new 

bone was greater than that observed at 2 weeks. 

The experimental group at 2 weeks showed a clear 

healing condition. Only minimal inflammatory cell in-

filtration was observed at the defect site. The calcium 

phosphate glass powder was partially resorbed and 

new bone was formed with plenty of dense and fibrous 

connective tissues. At 8 weeks, the calcium phosphate 

glass was almost completely resorbed and the defect 

was nearly completely filled with new-formed bone. In 

a study reported by Kamakura33), new bone was 

formed in the upper side of the defects as well as at 

the defect margin and the dura mater in the larger 

powder group, while bone formation was restricted 

within the defect margin and dura mater in the con-

trol and smaller groups. These results by Kamakura 

indicated that the larger calcium phosphate glass 

powder is biodegradable in vivo and the larger grafted 

powder might act to increase osteoconductive activity 

into the free space and among particles to promote 

bone regeneration. 

3) Histomorphometric analysis 

After a conventional microscopic examination, length 

and area of the new bone formation were measured us-

ing a computer-assisted Image-Pro Plus System (Media 

Cybernetics, Silver Spring, MD, USA). Length and area 

of the new bone formation were expressed in mm and 

mm2, respectively. Statistically significant differences 

in the results between the experimental and control 

groups were analyzed using an ANOVA with a 

Kruskal-Wallis test at a level of 0.05. Significant dif-

ferences during the sacrifice period were analyzed with 

a Mann-Whitney test at the same level. 

The results of histomorphometric analysis are shown 

in Fig. 16. At 2 weeks postsurgery, mean length of new 

bone for the control and experimental group amounted 

to (0.93±0.07)mm and (1.75±0.10)mm, respectively. At 

4 weeks postsurgery, the corresponding values were 

(1.18±0.19)mm and (2.21±0.13)mm. At 8 weeks post-

surgery, they were (1.66±0.14)mm and (2.38±0.13)mm. 

In both control and experimental groups, the length of 

new bone-formed increased with increasing graft 

duration. At 2 weeks postsurgery, mean area of new 

bone for the control and experimental group amounted 

to (0.28±0.04)mm2 and (0.96±0.11)mm2, respectively. 

At 4 weeks postsurgery, the corresponding values were 

(0.46±0.04)mm2 and (1.41±0.19)mm2. At 8 weeks post-

surgery, they were (0.86±0.09)mm2 and (1.53± 

0.18)mm2. Similar to the length of new bone, in both 

the control and experimental groups, the area of new 

bone increased with increasing graft duration. 

Significant differences between the control group and 

the experimental group as well as between grafting pe-

riods are denoted in Fig. 4. In both the length and area 

of new bone-formed in all grafting periods, there are 

significant differences between the control group and 

experimental group (p＜0.05). Both control and ex-

perimental groups at 4 weeks show significant differ-

ences between either 2 weeks and 8 weeks (p＜0.05), 

except in the experimental group, it was between 4 

weeks and 8 weeks.

Figure 12. A schematic diagram depicting a 

radiodensitometric analysis using an image 

analyzer program.
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Figure 13. Radiodensitometric analysis of the newly formed 

bone density. 

  (#: significant difference from the control group(p＜0.05), 

  a: significant difference between 2 and 4 weeks(p＜0.05), 

  b: significant difference between 4 and 8 weeks (p＜0.05), 

  c: significant difference between 2 and 8 weeks(p＜0.05)).

Figure 14. Representative microphotographs of the H-E stained control group at (a) 2, (b) 4, and (c) 8 

weeks postsurgery with magnification of ×200.

(a) (b) (c)

Figure 15. Representative microphotographs of the H-E stained experimental group at (a) 2, (b) 4, and 

(c) 8 weeks postsurgery with magnification of ×200.

(a) (b) (c)

Figure. 16. Histomorphometric analysis of (a) length and (b) area of new bone. 

(#: significant difference from the control group(p＜0.05), 

a: significant difference between 2 and 4 weeks(p＜0.05), 

b: significant difference between 4 and 8 weeks (p＜0.05), 

c: significant difference between 2 and 8 weeks(p＜0.05)).

(a) (b)
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Application of calcium phosphate 

glass to tissue engineering

1. Fabrication and structure

Calcium phosphate glass slurry was prepared by 

dispersing the prepared calcium phosphate glass pow-

ders into distilled water with organic additives such as 

binder, dispersant and a drying chemical control addi-

tive(DCCA). Polyvinyl alcohol, polyethylene glycol and 

dimethyl formamide were selected as binder, dis-

persant and drying chemical control additive, re-

spectively34). First, polyvinyl alcohol (PVA; Du Pont, 

CA, USA) was hydrolyzed and stirred in distilled water 

at a temperature of 50ﾟC at various amounts from 2 

to 8wt%. After cooling to the room temperature, poly-

ethylene glycol (PEG-400, Duksan Pure Chemical Co., 

Gyeonggi, Korea) was added at 5wt%, and followed by 

addition of dimethyl formamide (DMF; Aldrich, MO, 

USA) up to 10wt%. Preparation of the calcium phos-

phate glass slurry was completed by dispersing the 

glass powder into distilled water containing the or-

ganic additives from 10 to 40wt%. 

Reticulated polyurethane ester sponges (Regicell, 

Jehil Urethane Co., Korea) were used as a template in 

this experiment. These sponges have 45~60 three-di-

mensionally interconnected open pores per linear inch. 

Prior to the infiltration process, the surface layer of 

the sponge was treated in a 2% NaOH solution for 

20min ultrasonically to improve the wetting of aque-

ous slurry on it via improvement of hydrophilicity. 

With the treatment in NaOH solution, much more 

slurry could be homogeneously coated on the surface 

of sponge, due to increased surface roughness and 

specific surface area; this resulted in an elevated 

surface energy state of the sponge. There appeared to 

be many impurities on the surface of sponge before 

NaOH treatment, which may have caused non-uni-

formity of the slurry coating layer and given rise to 

defects such as abnormal grain growth during 

sintering. For these reasons, these impurities need to 

be eliminated before the slurry coating. In this cur-

rent experiment, chemical treatment of sponge was 

best with a 2% NaOH solution for 20min, and beyond 

that time, the chemical degradation and spring-back 

properties of sponges were considerably decreased. 

After cleaning and drying, the porous sponge was 

subjected to an infiltration process. It was immersed 

into the glass slurry and taken back several times, 

followed by rolling it through the teflon twin rollers 

whose spacing was controlled to compress and shrink 

the sponge up to 75% in thickness. This was done in 

order to remove the excess residual slurry from the 

sponge. Compressed air was blown into the pores of 

the sponge to perforate the clogged pores. After in-

filtration it was then dried at room temperature and 

heat-treated in a kanthal furnace. The condition of 

the heat-treatment was based upon a thermal analysis 

using TG/DTA (STA 1500, Netsch Co., Ltd., Germany). 

First, the temperature was raised up to 600ﾟC very 
slowly at 1ﾟC/min in order to burn out the sponge en-

tirely, and the temperature was held there constant 

for 2hr to volatize the organic additives such as bind-

er, dispersant and drying chemical control additive. 

Then the remaining calcium phosphate glass was sin-

tered for 2hr at various temperatures from 650 to 850

ﾟC. The full procedure listed above was repeated twice 

to thicken the framework of the porous block. 

Photographs of the polymeric sponges after in-

filtration of the calcium phosphate glass slurry with 

various contents of the calcium phosphate glass pow-

der and PVA using an optical microscope are repre-

sented in Fig. 17. When the content of the calcium 

phosphate glass powder was lowest as 10wt%, a thin 

film of the slurry clogged the pores. This was due to 

its low surface tension. With increasing the content of 

the glass powder up to 25wt%, the thin film formation 

was eliminated, however, the viscosity of the slurry 

was still low. When the content of the glass powder 

was fixed, coating efficacy was improved with in-

creasing the binder content. The best condition for 

homogenous-thick coating of the slurry in this study 
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was 40wt% glass powder and 8wt% binder. This clog-

ged pore phenomena could be also observed using a 

scanning electron microscope S4200, Hitachi, Japan), 

as is shown in Fig. 18. 

PVA is used as a binder and a large amount of 

slurry could be coated onto the sponge as the PVA 

content was increased for the same powder concentration. 

This is because of the relatively higher powder con-

centration in the slurry and an increased thixotrophy 

are available as the PVA content is increased. For ex-

ample, in case of powder concentration of 40wt% with 

2wt% PVA (a relatively low binder content), the slurry 

coated onto spongeʼs surface seemed to be slightly 

separated into agglomerated particles and water. This 

is thought to happen because the added amount of 

binder is not enough to surround each particle effec-

tively and also, a much higher thixotropy is required. 

When increasing the binder content up to 8wt%, this 

enabled an effective envelopment of particles and a 

homogeneous slurry coating behavior.

The next step for the porous scaffold fabrication is 

drying. Without DCCA, lots of cracks were formed and 

the surface of the coated film was very rough and 

heterogeneous, as is exhibited in Fig. 19. The surface 

was much smoother and more homogeneous with 5wt% 

DMF as the DCCA. However, the cracks were still 

present. When the addition of DMF increased up to 10 

wt%, you can see the absolutely prevention of crack 

formation during the drying process.

The final step for scaffold fabrication is the 

heat-treatment. The role of heat-treatment is to 

eliminate the polymeric sponge and organic additives 

at a temperature of around 600ﾟC. After that, the re-

maining calcium phosphate glass was sintered at vari-

ous temperatures from 650 to 850ﾟC, as is shown in 

Fig. 20. The glass powders sintered at 650ﾟC just 

contacted with surrounding powders. With increasing 

the sintering temperature, the voids between the 

powders were decreased. You can see that the dense 

microstructure after sintering at 850ﾟC is without 

voids and cracks.

The heating rate of as-dried porous samples turned 

out to be one of the important factors for obtaining 

successful results. The samples that were heat-treated 

faster than a rate of 3ﾟC/min were collapsed locally or 

the samples were very weak. This resulted from a 

softening and elimination of the sponge before the 

formation of necking particles and the lack of suffi-

cient binding strength of the particles. In case of 

samples heat-treated as slowly as 1ﾟC/min, the origi-

nal configuration with a three-dimensionally inter-

connected open pore system was maintained well after 

firing and the struts of porous skeletal consisted of 

homogeneous and dense grains. 

The slurry was prepared in an aqueous system in-

cluding water, and defects like cracks on the slurry 

coating layer may occurred on drying due to abrupt 

and large shrinkage caused from the high surface 

tension of water. In a process using a polyurethane 

sponge for porous ceramics, it is known that these 

microcracks on the coating layer may appear from a 

non-uniform coating thickness, the presence of a lo-

cally un-coated layer, the difference in coefficient of 

thermal expansion between polymeric sponge and the 

coated layer, the vapor pressure generated by sponge 

evaporation on firing or the residual internal stress 

due to the drying35-36).

These are the reasons microcracks need to be con-

trolled; otherwise, the mechanical strength will be 

considerably decrease due to them37-38). In order to 

control these cracks, various organic additives can be 

added as a DCCA. Of these additives, DMF is a very 

good candidate because of its lower surface tension 

and higher evaporation temperature when compared to 

those of water. Therefore, though the water evapo-

rates on drying, DMF can be still remained between 

the particles and moderate local surface tension of the 

coating layer to prevent abrupt shrinkage, and so the 

microcracks can be eliminated. It was shown that mi-

crocracks did not appear with 10wt% of DMF. 

As-dried calcium phosphate porous glass specimens 

are crystallized and sintered by heat-treatment. The 
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determined glass transition temperature of the glass 

powder was 595ﾟC for setting up at an optimum 

heat-treatment temperature. The prepared porous 

samples were heat-treated at different temperatures 

ranging from 650 to 850ﾟC. The specimen fired at 650ﾟC 

showed gray color, which means that there are some 

remains of the sponge or additives. In contrast, sin-

tering at 850ﾟC enabled the specimens to be white po-

rous glass with a dense microstructure of struts; this 

was thought to be the optimum firing temperature.

We repeated this process to thicken the frames of 

the scaffold. After sintering at 850ﾟC, slurry was in-

filtrated again and dried and sintered at 850ﾟC. With 

this repeating process, pore size, porosity and the 

thickness of struts of the scaffolds were examined by 

X-ray micro-computed tomography (Skyscan 1076). 

The scaffolds were placed with the height and width 

parallel to the scanning plane. The resolution was set 

at 35μm and an averaging of three was employed to-

gether with a filter of 0.025mm titanium, a rotation 

step of 0.6 ,゚ and a rotation angle of 180 .゚ A cubical 

region of interest (ROI) with 3.52mm as the length 

and the width, and a height (approximate 3.5mm) was 

chosen by selecting 100 slices of scanned data for the 

scaffolds. After estimating the volume of the scaffold 

within the ROI, the empty space was obtained by sub-

tracting the scaffold volume within the ROI from the 

volume of the ROI. Dividing the volume of the empty 

space by the volume of the ROI gave porosity39).

Fig. 21 shows the 3D model and cross-sectional im-

age of the 15th slice of scanned calcium phosphate 

glass scaffolds after once and twice processes using a 

polymer with 45 ppi. Fig. 22 shows the 3D model and 

cross-sectional image of the 15th slice of scanned 

calcium phosphate glass scaffolds after once and twice 

processes using a polymer with 60 ppi. The porosity of 

the calcium phosphate glass scaffolds after once and 

twice processes using a polymer with 45 ppi was 

(90.3±1.2)% and (80.7±2.3)%, respectively. The each 

that of the calcium phosphate glass scaffolds after 

once and twice processes using a polymer with 60ppi 

was (85.3±1.5)% and (78.7±1.0)%. The mean strut 

spacing, which means the pore size of the scaffold, 

was (703.2±17.1)μm in the calcium phosphate glass 

scaffold after one process using a polymer with 45ppi, 

(569.6±4.4)μm in the calcium phosphate glass scaffold 

after twice processes using a polymer with 45ppi, 

(390.6±11.2)μm in the calcium phosphate glass scaf-

fold after one process using a polymer with 60ppi, and 

(371.6±12.8)μm in the calcium phosphate glass scaf-

fold after twice processes using a polymer with 60 

ppi. The mean strut thickness was (186.0±4.3)μm, 

(204.2±12.9)μm, (163.5±5.8)μm, and (171.7±2.0)μm 

in the calcium phosphate glass scaffolds after once 

and twice processes using a polymer with 45ppi and 

60 ppi, respectively. 

The maximum compressive load of each of the 10 

porous blocks (5mm in diameter and 8mm in height) 

was determined by a universal testing machine (4501, 

Instron, USA) at 1.0mm/min of the crosshead speed. 

Rubber plates of 0.2mm in thickness were placed be-

tween each surface of the block and the compression 

punches in order to eliminate any unexpected effects 

due to an uneven horizontal surface level. The com-

pressive strength was calculated from the determined 

maximum compressive load. As a result, the com-

pressive strength was increased by almost two twice, 

as is shown in Fig. 23. However, there was no sig-

nificant difference (p＞0.05).

In summarize, macroporous calcium phosphate glass 

scaffold could be fabricated with 250~700mm and 

three-dimensionally interconnected open pore system 

using a polymeric sponge as a template in order to 

apply to the tissue engineering. 
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Figure 17. Photographs of polyurethane ester sponge foams infiltrated by the calcium phosphate 
glass slurry with various contents of the calcium phosphate glass powder and PVA.
    (a; powder 10wt%, PVA 2 wt%, b; powder 10wt%, PVA 4wt%, c; powder 10wt%, PVA 8wt%,

d; powder 33wt%, PVA 2 wt%, e; powder 33wt%, PVA 4wt%,  f; powder 33wt%, PVA 8wt%,
g; powder 67wt%, PVA 2 wt%, h; powder 67wt%, PVA 4wt%, i; powder 67wt%, PVA 8wt%)

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 18. SEM photographs of polyurethane ester sponge foams infiltrated by the calcium  phos-

phate glass slurry with various contents of the calcium phosphate glass powder and PVA.

   (a; powder 10 wt%, PVA 2 wt%, b; powder 10 wt%, PVA 4 wt%, c; powder 10 wt%, PVA 8 wt%, 
d; powder 33 wt%, PVA 2 wt%, e; powder 33 wt%, PVA 4 wt%, f; powder 33 wt%, PVA 8 wt%,
g; powder 67 wt%, PVA 2 wt%, h; powder 67 wt%, PVA 4 wt%, i; powder 67 wt%, PVA 8 wt%)

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)
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Figure 19. SEM photographs show the polyurethane ester sponge foams after infiltration and subsequent 

drying at 60ﾟC with various content of dimethyl formamide. (a; 0wt%, b; 5wt%, c; 10wt%)

(a) (b) (c)

(a) (b) (c)

Figure 20. SEM photographs show the polyurethan ester sponge foams 

after sintering at (a) 650ﾟC, (b) 700ﾟC, (c) 800ﾟC, and (d) 850ﾟC.

(d)

Figure 22. Images of (a, c) 3D reconstruction and (b,d) cross-section of 15th slice of the calcium phos-

phate glass scaffold after (a, b) once and (c, d) twice using 60 ppi sponge.

(a) (b) (c) (d)

Figure 21. Images of (a, c) 3D reconstruction and (b, d) cross-section of 15th slice of the calcium phos-

phate glass scaffold after (a, b) once and (c, d) twice using 45 ppi sponge.

(b) (c) (d)(a)
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2. In vitro test

In order to evaluate the cell affinity of the calcium 

phosphate glass scaffold in vitro, human mesenchymal 

stem cells(hMSCs) was cultured within the calcium 

phosphate glass scaffolds. Commercial HA scaffold was 

employed as a control in this experiment40). Typical 

SEM photographs of the calcium phosphate glass scaf-

fold and HA scaffold are represented in Fig. 24(a) and 

(b), respectively.

Bone marrow cells were collected from the healthy 

human donors aged 4~0 years at Yonsei University 

Medical Center. Then the mononuclear cells were iso-

lated by centrifugation over a Percoll density gradient 

(Sigma, MO, USA) at 1300rpm for 30min at 4ﾟC. The 
cells were maintained in low-glucose DMEM supple-

mented with 10% fetal bovine serum, 100 U/ml pen-

icillin, and 100μg/ml streptomycin in a humidified 5% 

CO2 balanced-air incubator at 37ﾟC, the media being 

changed every other day. On 3rd day, nonadherent 

marrow cells were removed by washing with phos-

phate-buffered saline. 

Before seeding of hMSCs on the scaffolds, the scaf-

folds were prewetted with 70% alcohol overnight. 

Suspension of hMSCs was loaded on the scaffold at 

1×106 cells/scaffold and placed on 60mm Petri dishes 

for 2hr. Then incubated on orbital shaker at 30rpm in 

a humidified 5% CO2 balanced-air incubator at 37ﾟC, 
the media being changed every other day. After 2, 4, 

6, and 8 weeks, hMSCs/scaffold were fixed in 10% 

buffer formalin and embedded in paraffin. Each four 

specimens were sliced mesiodistally from paraffin 

blocks and stained with hematoxylin and eosin. Both 

extracellular matrix and the proliferative cells on the 

scaffolds were observed under optical microscope 

histologically.

The histological observations of the control and ex-

perimental groups are shown in Fig. 25~28. It was 

observed that the stem cells were seeded continuously 

proliferated both in the experimental and control 

groups at every incubation period. The cell counts on 

the 3rd and 7th day showed an increase more than 

twice during 4 days. The number of cells was higher 

in the experimental group than that of the control 

group at every incubation period, however, there was 

no significant difference (p＞0.05). After the cells 

were treated with osteogenic supplements, there was a 

distinct decrease in the number of cells, which is 

analogous to the number of cells when they were in-

cubated firstly. 

On the 2nd week, definite presence of osteocalcin 

was found in parts of cellular cytoplasm on the 2nd 

week. By the 4th week, ostecalcin was detected in most 

of the cellʼs cytoplasm and diminutive amount was al-

so found in the extracellular matrix. Following the 6th 

week, the intensity of ostecalcin expression within the 

extracellular matrix had increased. Extracellular ma-

trices could be observed at the 2nd and 4th days in the 

experimental and control groups, respectively. The 

extracellular matrices were more abundant in the ex-

perimental group at all periods. 

Figure 23. Compressive strength of calcium phosphate 

glass scaffold after sintering at 850ﾟC.
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Figure 24. SEM photographs of (a) calcium phosphate 

glass and (b) HA scaffolds.

Figure 25. Surgical sections of the control group after 6 weeks (a; ×4, b; ×10, c; ×20).

(a) (b) (c)

Figure 26. Surgical sections of the control group after 8 weeks (a; ×4, b; ×10, c; ×20).

(a) (b) (c)

Figure 27. Surgical sections of the experimental group after 6 weeks (a; ×4, b; ×10, c; ×20).

(a) (b) (c)

Figure 28. Surgical sections of the experimental group after 6 weeks (a; ×4, b; ×10, c; ×20). 

(a) (b) (c)

(b)(a)
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3. In vivo test

Six male adult beagle dogs were used in vivo test of 

the calcium phosphate glass scaffold41). The surgical 

procedure was performed under the general anesthesia 

induced by the intravenous injection of atrophin 

(0.04mg/kg) and the intramuscular induction with the 

compound of xylazin and ketamin, followed by the ap-

plication of enflurane through inhaling. Routine dental 

infiltration anesthesia (2% lidocaine hydrochloride 

with 1/80000 epinephrine) was used at the surgical 

sites. The mandibular first and third premolars had 

been extracted in advance of the experimental sur-

geries, and the extraction sites had been allowed to 

heal for 8 weeks. 12 intrabony defects from 6 beagle 

dogs with 4×4 mm 1-wall intrabony defects were 

surgically created in the bilateral mandibular second 

and fourth premolars. Following root planing, a ref-

erence notch was made with ¼ round bur on the root 

surface at the base of the defect. The experimental 

group was treated with the calcium phosphate glass 

scaffold and chitosan membrane together as shown in 

Fig. 29, while the control group was treated with a 

chitosan membrance without calcium phosphate glass 

scaffold. The subjects were sacrificed 12 weeks after 

surgery. 

For the histometric analysis, the cementoenamel 

junction(CEJ) and the notch were used as reference 

points(bN) and the histometric parameters included 

defect height(DH), junctional epithelium(JE), con-

nective tissue adhesion(CT), cementum re-

generation(NC) and alveolar bone regeneration(NB) 

were determined as shown in Fig. 30. 

Histomorphometric recordings from the four sections 

from each defect were used to calculate mean score 

for each animal. Statistical analysis was compared by 

Mann-Whitney U test. Root resorption and ankylosis 

was dischotomously scored when can be observed in 

one or more of the four sections for each tooth. 

Histologically, the juctional epithelium migrated 

apically, and imflammatory cell infiltration was mini-

mal in all defect sites. Connective tissue adhesion was 

observed parallel to the long axis of tooth beneath the 

juctional epithelium. The periodontal ligament was 

organized mainly with irregular collagen fibers. No 

root resorption of ankylosis was observed in all groups 

as shown in Fig. 31~32. The experiemental group 

showed that a large amount of new cementum and 

new bone was formed more than that in the control 

group. The residual membrane was not observed in 

experimental group. In the experimental group, sev-

eral calcium phosphate glass scaffolds remnants could 

be observed in the defect area and were surrounded 

with a provisional connective tissue which will even-

tually transform into bone tissue. The edge of the 

particles exhibited irregular features and the presence 

of multinucleated giant cells indicating that resorption 

of dissolution process. In mature new bone portion, 

osteoclasts observed on the surface of a secondary os-

teon within the bone trabeculae suggesting an active 

remodeling process as shown in Fig. 32(c). 

The results of the histomorphometric analysis were 

summarized in Table 1. The amount of junctional epi-

thelium migration was (44.51±14.46)% and (33.23 

±13.20)% in the control group and experimental 

group, respectively. No significant difference was 

found between the control group and experimental 

group (p＞0.05). The amount of connective tissue ad-

hesion was (28.57±13.91)% and (11.42±5.08)% in the 

control group and experimental group, respectively. 

No significant difference was found between the con-

trol group and experimental group (p＞0.05). The 

amount of new cementum regeneration was (26.91± 

13.90)% and (55.34±14.31)% in the control group and 

experimental group, respectively. A significant differ-

ence was observed between the control group and the 

experimental group (p＜0.05). The amount of alveolar 

bone regeneration was (30.37±4.13)% and (52.32± 

14.34)% in the control group and experimental group, 

respectively. A significant difference was observed 

between the control group and the experimental group 

(p＜0.05). 
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The experimental group demonstrated that the sig-

nificant greater gain in the bone regeneration as well 

as the cementum regeneration. The calcium phosphate 

glass scaffold resorbed and was subsequently replaced 

to bone tissue. This process is dynamic reconstructive 

healing process for bone transplantation, as it is 

called“creeping substitution”42). The resorption of the 

calcium phosphate glass may be the result of cell 

mediated phagocytosis of biologic chemical dissolution, 

or both43). Nery et al. reported the combination of 

Ca/P in the ceramic implant enhanced repopulation of 

cells, new periodontal tissue attachment, and bone 

regeneration within the space of a periodontal osseous 

defect44). It has been hypothesized that the biphasic 

nature of this ceramic provides two basic functions; i) 

initiates cell growth and differentiation, and ii) acts 

as a scaffold for cell maturation and bone formation; 

i.e., having the property of osteoinductivity45).

In summarize, the calcium phosphate glass scaffold 

demonstrated the beneficial effects to 1-wall in-

trabony defects of beagle dogs. Based on the histo-

logical results, the calcium phosphate glass scaffold 

successfully functioned as an osteoconductive scaffold 

for invading cells of host.

Table 1. Histomorphometric Analysis of the Calcium Phosphate Glass Scaffold

Control group Experiment group
Mean S.D. Mean S.D.

DH (mm) 4.41 0.42 4.92 0.62
JE/DH (%) 58.56 13.07 33.23 13.20
CT/DH (%) 10.73 5.10 11.42 5.08
NC/DH (%) 30.70 14.57 55.34* 14.31
NB/DH (%) 28.29 14.82 52.32* 14.34
*: Statistically significant difference compared with surgical control group, P＜0.05.

Figure 29. Surgically created 1-wall defects treated (a) with the calcium phosphate  glass scaffold 

and (b) subsequent covering with chitosan membrane.

(a) (b)

Figure 30. A diagram depicting parameters used in histo-

morphometric analysis.
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