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中 文 摘 要 ： 氧化鋯（ZrO2）陶瓷因其在醫療應用中的優異機械性能和體內化學
穩定性而備受關注。然而，該材料對細胞和組織的親和力差，這對
於骨植入物應用而言，需加以克服。因此，需要進一步開發ZrO2基
的高效能材料。矽酸鈣（CaSi）的材料由於其高成骨性，而越來越
受重視，用於骨移植替代物。本計畫致力於設計新的ZrO2基植體
，並添加CaSi以增強此結構植入物陶瓷的成骨性。評估CaSi對
ZrO2基骨植體的相組成，長期體外降解性和骨形成性的影響。實驗
結果顯示CaSi添加劑不影響ZrO2的四方-單斜相變。含5和10 wt%
CaSi的複合材料具有與ZrO2相比擬的三點彎曲強度和雙軸強度值
，而過量的CaSi導致強度降低。然而，15和20 wt% CaSi的複合材料
的三點彎曲強度在皮質骨彎曲強度範圍內。有趣的是，複合植入物
的彎曲模量隨著CaSi含量的增加而降低。對於體外降解，除了20wt%
CaSi植入物的輕微重量損失（小於1%）之外，隨著浸泡時間的增加
，所有骨植入物都沒有明顯變化。正如所料，較高的CaSi植入物明
顯增強了ZrO2植入物的生物學功能。結論是CaSi-ZrO2複合植體為
ZrO2用於承重骨植入物提供了一種很有前途的替代方案。

中文關鍵詞： 氧化鋯、矽酸鈣、複合植體，荷重應用，骨形成性

英 文 摘 要 ： Zirconia (ZrO2) ceramic has attracted much attention
because of its superior mechanical properties and chemical
stability in vivo for medical applications. However, this
material has a poor affinity to cells and tissues, which
needs to be overcome for bone implant applications. Thus,
further research is required to develop a high efficacy
ZrO2-based material candidate. Calcium silicate (CaSi)-
based materials have gained increasing interest for use as
bone graft substitutes because of their high osteogenesis.
Efforts have been oriented toward the design of novel ZrO2-
based systems where CaSi was added to enhance the
osteogenesis of the structural implant ceramics. The effect
of CaSi on the phase composition, long-term in vitro
degradation, and osteogenesis of the ZrO2-based osteo-
implants was evaluated. The experimental results revealed
that the CaSi additive did not affect the tetragonal-
monoclinic phase transformation of ZrO2. The 5 and 10 wt%
CaSi-containing composites had three-point bending strength
and biaxial strength values comparable to those of the ZrO2
control, whereas excessive CaSi resulted in the decreased
strength. However, the three-point bending strength of 15
and 20 wt% CaSi-containing composites was within the
reported bending strength for cortical bone. Interestingly,
the bending modulus of the composite implants decreased
with the increasing CaSi content. For the in vitro
degradation, there were no obvious changes for all osteo-
implants with the increasing soaking time, except the
slight weight loss (less than 1%) of the 20 wt% CaSi
implant. As expected, the higher CaSi implants appreciably



enhanced the biological functions of the ZrO2 implant. It
is concluded that the CaSi-ZrO2 composite osteo-implants
offered a promising alternative to ZrO2 for load-bearing
bone implant application.

英文關鍵詞： Zirconia, Calcium silicate, Composite implants, Load-
bearing application, Osteogenesis



 1 

1. 中文摘要 

氧化鋯（ZrO2）陶瓷因其在醫療應用中的優異機械性能和體內化學穩定性而

備受關注。然而，該材料對細胞和組織的親和力差，這對於骨植入物應用而言，需

加以克服。因此，需要進一步開發 ZrO2基的高效能材料。矽酸鈣（CaSi）的材料

由於其高成骨性，而越來越受重視，用於骨移植替代物。本計畫致力於設計新的

ZrO2基植體，並添加 CaSi 以增強此結構植入物陶瓷的成骨性。評估 CaSi 對 ZrO2

基骨植體的相組成，長期體外降解性和骨形成性的影響。實驗結果顯示 CaSi 添加

劑不影響 ZrO2的四方-單斜相變。含 5和 10 wt% CaSi的複合材料具有與 ZrO2相比

擬的三點彎曲強度和雙軸強度值，而過量的 CaSi 導致強度降低。然而，15 和 20 

wt% CaSi 的複合材料的三點彎曲強度在皮質骨彎曲強度範圍內。有趣的是，複合

植入物的彎曲模量隨著 CaSi含量的增加而降低。對於體外降解，除了 20wt% CaSi

植入物的輕微重量損失（小於 1%）之外，隨著浸泡時間的增加，所有骨植入物都

沒有明顯變化。正如所料，較高的 CaSi植入物明顯增強了 ZrO2植入物的生物學功

能。結論是 CaSi-ZrO2複合植體為 ZrO2用於承重骨植入物提供了一種很有前途的

替代方案。 

 

關鍵詞：氧化鋯、矽酸鈣、複合植體，荷重應用，骨形成性   

 

2. 英文摘要 

Zirconia (ZrO2) ceramic has attracted much attention because of its superior 

mechanical properties and chemical stability in vivo for medical applications. However, 

this material has a poor affinity to cells and tissues, which needs to be overcome for bone 

implant applications. Thus, further research is required to develop a high efficacy ZrO2-

based material candidate. Calcium silicate (CaSi)-based materials have gained increasing 

interest for use as bone graft substitutes because of their high osteogenesis. Efforts have 

been oriented toward the design of novel ZrO2-based systems where CaSi was added to 

enhance the osteogenesis of the structural implant ceramics. The effect of CaSi on the 

phase composition, long-term in vitro degradation, and osteogenesis of the ZrO2-based 

osteo-implants was evaluated. The experimental results revealed that the CaSi additive 

did not affect the tetragonal-monoclinic phase transformation of ZrO2. The 5 and 10 wt% 

CaSi-containing composites had three-point bending strength and biaxial strength values 

comparable to those of the ZrO2 control, whereas excessive CaSi resulted in the 

decreased strength. However, the three-point bending strength of 15 and 20 wt% CaSi-

containing composites was within the reported bending strength for cortical bone. 

Interestingly, the bending modulus of the composite implants decreased with the 
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increasing CaSi content. For the in vitro degradation, there were no obvious changes for 

all osteo-implants with the increasing soaking time, except the slight weight loss (less 

than 1%) of the 20 wt% CaSi implant. As expected, the higher CaSi implants appreciably 

enhanced the biological functions of the ZrO2 implant. It is concluded that the CaSi-ZrO2 

composite osteo-implants offered a promising alternative to ZrO2 for load-bearing bone 

implant application.  

 

Keywords: Zirconia, Calcium silicate, Composite implants, Load-bearing application, 

Osteogenesis  

 

3. Introduction and purpose 

 Titanium and titanium alloys have been used as implant materials owing to its 

corrosion resistance, low density and superior mechanical properties, but they exhibits 

poor bioactive properties and fails to firmly bind to the bone tissues [1–3]. In addition, 

the problems like gingival tarnishing and peri-implantitis have been reported in the 

dentistry [4,5]. Ceramic materials have been considered as alternatives to metals for 

implant applications such as total hip and knee replacements and dental restorations 

[6−8]. Among the ceramics, zirconia (ZrO2) has been one of the most important ceramic 

materials and offers the highest fracture toughness due to transformation toughening [9–

12], in addition to good abrasion resistance, chemical stability in vivo. Moreover, an in 

vivo experimental study has reported that ZrO2 implants have no negative effects on soft 

and hard tissues as well as the similar osteointegration to titanium implants [13]. 

Nevertheless, this material has no direct bone bonding properties, only showing a 

morphological fixation with the surrounding tissues alone [14,15]. As an ideal implant 

material, to pursue the high biocompatibility is still a concerned theme, although 

commercial ZrO2 systems are available today. A number of articles have been reported 

regarding methods for endowing zirconia surface with biological activity. Pelaez-Vargas 

et al. [16] modified the surfaces of ZrO2 implants with micropatterned silica to enhance 

guided tissue regeneration on ceramic dental implants. On the other hand, the addition of 

bioactive materials to a zirconia matrix is another approach to solve the problem of 

bioinertness in zirconia-based implants [19–20]. For examples, the Yamashita’ group 

doped a small amount of hydroxyapatite to Yttria-stabilized tetragonal zirconia 

polycrystal (Y-TZP) to produce a composite biomaterial with a high bioactivity as well as 

sufficient mechanical strength and fracture toughness for a heavy load [18]. Marchi et al. 

[19] took advantage of the bioactivity of TiO2 ceramics to enhance the biological 

properties of ZrO2.  

Calcium silicate-based bone graft substitutes, such as bioactive glass [14,21] and 
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calcium silicate ceramic [22] have been developed for hard tissue applications. The in 

vitro cell culture studies have shown that the calcium silicate-based materials can 

expedite the osteogenesis of the human bone mesenchymal stem cell [23] and human 

pulp cell [24]. More importantly, newly formed bone tissue can grow on the surface of 

the calcium silicate-based materials, along with the deposition of a bone-like apatite layer 

at the tissue/material interface [25]. Hence, calcium silicate can be used as reinforcing 

phase for its higher osteogenesis. 

Aforementioned, further research is required to develop an effective and 

competitive zirconia-based material candidate as a clinical alternative to titanium 

implants for load-bearing applications. An ideal implant material would have the enough 

mechanical characteristics and excellent biological properties to match the properties of 

bone defect. To improve the osteogenesis of the dental zirconia ceramics the 

incorporation of the calcium silicate (CaSi) into zirconia was developed. The effect of 

CaSi on the mechanical properties, in vitro degradation, and in vitro osteogenic activity of 

the composite osteo-implants was evaluated.  

 

4. Materials and methods 

4.1. Preparation of composites 

The details of the procedure for the preparation of the sol-gel-derived calcium 

silicate powder as a starting material have been described elsewhere [22]. Reagent-grade 

tetraethyl orthosilicate (Si(OC2H5)4) (SigmaAldrich, St. Louis, MO, USA) and calcium 

nitrate (Ca(NO3)2·4H2O) (Showa, Tokyo, Japan) were used as precursors for SiO2 and 

CaO, respectively. Nitric acid was used as the catalyst, and ethanol was used as the 

solvent. The general sol-gel procedure, including hydrolysis and aging, was used here. 

Briefly, Si(OC2H5)4, was hydrolyzed by the sequential addition of 2 M HNO3 and 

absolute ethanol, with 1 h of stirring after each addition. Ca(NO3)2·4H2O was added to 

the Si(OC2H5)4 solution in an equimolar ratio, and the mixture was stirred for an 

additional 1 h. The molar ratio of (HNO3 + H2O)Si(OC2H5)4ethanol was 10:1:10. The 

mixture was sealed and aged at 60 °C for 1 day before vaporization of the solvent in an 

oven at 120 C. This dried calcium silicate powders was added to the submicro Y2O3-

stabilized ZrO2 powder (Sigma-Aldrich) at 5, 10, 15, and 20 wt% using a Thinky ARE-

250 defoaming mixer (Tokyo, Japan) at 1,000 rpm for 15 min and then ball-milled for 5 h 

in ethyl alcohol by a Retsch S 100 centrifugal ball mill (Hann, Germany) and dried in an 

oven at 120 C overnight. The sample code “ZCS10” represents the mixture containing 

10 wt% CaSi, as listed in Table 1. The mixtures were compacted into 24 mm  4 mm  4 

mm rectangular bars or 15 mm diameter cylindrical pellets by uniaxial pressing at 100 

MPa. After this, the green bodies were sintered at 1350 °C at a heating rate of 10 °C/min 
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for 2 h using a high-temperature furnace, then furnace-cooled to room temperature. Each 

sample was polished with a 1 μm diamond paste. 

 

4.2. Phase composition and morphology 

Phase analysis was performed using an X-ray diffractometry instrument (XRD; 

Bruker D8 SSS, Karlsruhe, Germany) with Ni-filtered Cuk radiation operating at 40 kV, 

100 mA and a scanning speed of 0.5 °/min. A Fourier transform infrared spectroscopy 

apparatus (FTIR; Bruker Vertex 80v, Ettlingen, Germany) in reflection absorption mode 

with a spectral resolution of 1 cm
−1

 in a wavenumber range of 400−4000 cm
−1

 was used 

to characterize the various functional groups. The microstructure was observed by field-

emission scanning electron microscopy (SEM; JEOL JSM-7800F, Tokyo, Japan) on the 

mirror polished surface. The samples were coated with gold using a JFC-1600 (JEOL) 

coater and examined by SEM operating in the lower secondary electron image mode at 3 

kV accelerating voltage. 

 

4.3. Mechanical properties 

4.3.1 Three-point bending strength 

Three-point bending test was conducted, according to the ISO 6872:2008 standards 

[26], on a static mechanical testing machine AG-1000E (Shimadzu, Kyoto, Japan) with a 

10 kN load cell at a crosshead speed of 1 mm/min. After sintering at 1350 °C, the final 

dimensions of rectangular specimens were about 18 mm × 3 mm × 3 mm. Prior to the 

bending strength test, the dimensions of the specimens were measured with a digital 

micrometer (Absolute Digimatic Caliper, Mitutoyo, Tokyo, Japan) to an accuracy of 0.01 

mm. Span length was 16 mm. With the bending of samples, ultimate bending strength (σb) 

and Young’s bending modulus (Eb) were calculated as follows [27]: 

 

                          and      

where Fmax is the maximum load (N), L the support span (mm), w and t are width (mm) 

and thickness (mm) of specimen, respectively, ∆F/∆l the slope of the initial linear elastic 

portion of the load–deflection curve (N/mm). The data provided for each group were the 

mean of twenty independent measurements. 

 

4.3.2. Biaxial flexural strength 

Each cylindrical specimen was placed centrally on three hardened steel balls (with 

the diameter of 3 mm, positioned 120 apart on a support circle with a diameter of 10 mm. 

The polished surface of the specimen was the tension side while the unpolished surface 

was loaded with a flat punch (1.2 mm in diameter). The biaxial flexural strength was 
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obtained using an AG-1000E where the load was applied at a constant speed of 1 

mm/min until fracture occurred. The load that led to the initial separation of specimens 

was obtained in Newton (N) and converted to MPa using the following equation, 

according to ISO 6872 [26]: 

S = -0.2387P(X-Y)/d
2
 

where ‘S’ is the maximum center tensile stress (MPa), ‘P’ is the total load causing 

fracture (N); 

X = (1+)In(r2/r3)
2
+[(1-)/2](r2/r3)

2
 

Y = (1+)[1+In(r1/r3)
2
]+(1-)(r1/r3)

2
 

: Poisson ratio. If the value for the ceramic concerned is not known, a Poisson’s ratio = 

0.25 is used; r1: radius of support circle (mm); r2: radius of loaded area (mm); r3: radius 

of specimen (mm); d: specimen thickness at fracture origin (mm). 

 

4.3.3. Weibull analysis 

To understand the level of the structural reliability of the materials, a Weibull 

analysis was commonly used to analyze historical failure data and produce failure 

distributions. The twenty measurements of failure strength from each group were ranked 

in order from the weakest to the strongest. The description of the Weibull distribution was 

given by the formula: 

F(σ) = 1- exp [-(σ/σo)m]                                                       

where F(σ) is the failure probability (defined by the relation of F(σ) = i/(N+1), in 

which i is the rank order of the compressive strength and N is the number of specimens), 

σ is the strength at a given F(σ), σo is the characteristic strength (scale parameter) at the 

fracture probability of 62%, and m is the Weibull modulus (shape parameter) [28].  

 

4.4. In vitro degradation 

The simulated body fluid (SBF) solution, an extracellular solution with an ionic 

composition similar to that of human blood plasma, was used as the supporting solution 

for the in vitro degradation tests. In order to simulate the constant circulation of 

physiological fluids in the body, continuous exchange (dynamic condition) of SBF may 

be a more effective assay which makes more precise predictions of the degradation than a 

static assay (the lack of SBF exchange). Exchange of solution could maintain the ionic 

concentration and pH of SBF almost constant and close to plasma, which provides a fresh 

solution [27]. It consisted of 7.9949 g of NaCl, 0.3528 g of NaHCO3, 0.2235 g of KCl, 

0.147 g of K2HPO4, 0.305 g of MgCl2•6H2O, 0.2775 g of CaCl2, and 0.071 g of Na2SO4 

in 1000 mL of distilled H2O and was buffered to pH 7.4 with hydrochloric acid (HCl; 

Merck, Darmstadt, Germany) and trishydroxymethyl amino methane (Tris, 
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CH2OH)3CNH2; Sigma–Aldrich). All used chemicals were of reagent grade and used as 

obtained. After soaking for specific time duration (1, 3, 6, and 12 months), twenty 

specimens were removed from the vials to evaluate biaxial strength. The other specimens 

were dried in an oven at 60 °C for the analyses of weight loss, phase composition, and 

morphology. For the measurement of weight loss, the dried specimens were weighed 

until reaching a constant weight before (day 0) and after immersion using a four-digit 

balance (AE 240S, Mettler-Toledo AG, Greifensee, Switzerland). Twelve repeated 

specimens were examined for each of the materials investigated at each time point.  

 

4.5. In vitro osteogenic activity 

4.5.1. Cell culture 

MG63 human osteoblast-like cells (BCRC 60279; Hsinchu, Taiwan) were used to 

evaluate cell behavior. They were suspended in Dulbecco’s modified Eagle medium 

(DMEM; Gibco, Langley, OK) containing 10% fetal bovine serum (FBS) (Gibco) and 

1% penicillin (10,000 U/mL)/streptomycin (10,000 g/mL) solution (Gibco) in 5% CO2 

at 37 °C. Prior to cell incubation, the samples were sterilized by soaking in a 75% ethanol 

solution and exposure to ultraviolet (UV) light for 2 h. MG63 cell suspensions at a 

density of 10
4
 cells/mL were seeded over each of the samples.  

 

4.5.2. Cell attachment and proliferation 

To assess attachment, cells were cultured for 6 h, 12 h, and 1 day. Proliferation was 

assessed at days 3 and 7. After the established incubation period, cell viability was 

examined using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; 

Sigma−Aldrich) assay, in which tetrazolium salt is reduced to formazan crystals by the 

mitochondrial dehydrogenase of living cells. Briefly, 4 h before the end of the incubation 

period, 200 µL of 0.5 mg/mL MTT solution in DMEM containing 1% 

penicillin/streptomycin and 200 µL of dimethylsulfoxide (Sigma−Aldrich) were added to 

each well. The plates were then shaken until the formazan crystals had dissolved, and 100 

µL of the solution from each well was transferred to a 96-well tissue-culture plate. Plates 

were read in a Sunrise microplate reader (Tecan, Salzburg, Austria) at 570 nm, with a 

reference wavelength of 690 nm. The results were reported in terms of absorbance. The 

results were obtained in six independent measurements.  

 

4.5.3. Alkaline phosphatase activity 

To evaluate the effect of CaSi content on early cell differentiation, the alkaline 

phosphatase (ALP) activity assay was carried out using a TRACP & ALP assay kit 

(Takara, Shiga, Japan) according to the manufacture’s instructions. ALP catalyzes the 
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hydrolysis of the colorless organic phosphate ester substrate, p-nitrophenyl phosphate 

(pNPP), to p-nitrophenol, a yellow product, and phosphate. To perform the assay, after 7 

and 14 days of incubation, the cells were washed with physiological saline (150 mM 

NaCl) and lysed in 50 μL of lysis buffer (1% NP40 in 150 mM NaCl). For measurement 

purposes, 50 μL of the substrate solution (20 mM Tris–HCl, 1 mM MgCl2, 12.5 mM 

pNPP, pH = 9.5) was added to each well and allowed to react at 37 °C for 30 min in the 

dark. The reaction was stopped by the addition of 50 μL of 0.9 M NaOH and read at 405 

nm using a Sunrise microplate reader. Three dependent measurements were made. 

 

4.5.4. Calcium quantification 

The mineralized matrix synthesis was analyzed using an Alizarin Red S staining 

method, which identifies calcium deposits. After culture for 7 and 14 days, the cells were 

washed with PBS and fixed in 4% paraformaldehyde (Sigma–Aldrich) for 10 min at 4 ºC. 

This was followed by staining for 10 min in 0.5% Alizarin Red S (Sigma–Aldrich) in 

PBS at room temperature. Cells were completely washed with PBS and then observed 

using an optical microscope (BH2-UMA; Olympus, Tokyo, Japan). To quantify matrix 

mineralization, the calcium mineral precipitate was destained by 10% cetylpyridinium 

chloride (Sigma–Aldrich) in PBS for 30 min at room temperature. The absorbance of 

Alizarin Red S extracts was measured at 562 nm using a Sunrise microplate reader. Mean 

absorbance values were obtained from three independent experiments. Three 

measurements were made. 

 

4.6. Statistical analysis 

One-way analysis of variance (ANOVA) was used to evaluate the significant 

differences between the means in the measurement data. Scheffe’s multiple comparison 

testing is used to determine the significance of the standard deviations in the 

measurement data of each specimen for different experimental conditions. In all cases, 

the results are considered statistically different at p-value of less than 0.05.   

 

5. Results 

5.1. Phase composition and microstructure 

XRD patterns of initial calcium silicate powder, as-received ZrO2 powder, and the 

sintered bodies are shown in Fig. 1. From the broad nature of the peaks, the initial CaSi 

powder revealed the amorphous phase because of unsintering (Fig 1a). The as-received 

ZrO2 powder had tetragonal zirconia (t-ZrO2) phases (Fig. 1b) mainly consisting of 2θ = 

30.2°, 35.0°, 50.1°, and 59.7° attributed to (101), (110), (112), and (211) crystal faces 

[12], along with small amounts of monoclinic zirconia (m-ZrO2) phased at 2θ = 28.2° 
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(−111) and 31.5° (111). In addition, the (200), (220), and (−203) monoclinic crystal faces 

overlapped with the (110), (112), and (211) tetragonal phases, respectively [12]. After 

sintering, in addition to the increased peak intensity of t-ZrO2 due to the elevated 

temperature, no new peaks were observed for the ZrO2 control in contrast, when 20 wt% 

CaSi powder was added to the ZrO2 powder, the sintered composite mainly exhibited t-

ZrO2 phase, along with possibly appearing the CaZrO3 phase at 2θ = 31.7° [28] and 

CaSiO3 at 30.1° [29] (overlapped with t-ZrO2), and other undetected calcium zirconium 

silicate phase [30].  

The surface features of the osteo-implants were further analyzed by FTIR-DRIFT 

technique (Fig. 2), which revealed different functional groups on the surface of the 

samples with and without CaSi component. As expected, all samples revealed Zr–O bond 

vibration at about 610 cm
−1

 [31]. The band at 2370 cm
−1

 can be attributed to C–O 

stretching [32]. When CaSi was added to the ZrO2, the bands at about 700 cm
−1

 were 

ascribed to CaSiO3 [29], along with new band between 1550 and 1650 cm
−1

. A mall peak 

observed at around 960 cm
−1

 corresponded to the Si–O–Zr bonds [33], suggesting the 

formation of a zirconia and silica phase.  

Broad-face SEM micrographs of the specimens are shown in Fig. 3. The ZrO2 

control (ZCS0) appeared rather dense looking without pores. It seems that the low 

amount (5 and 10 wt%) of the CaSi additive did not induce the change of the 

microstructure on the control surfaces. Contrary to the findings, 15 and 20 wt% CaSi 

would result in the formation of the micropores. 

 

5.2. Mechanical properties 

5.2.1. Three-point bending strength and modulus 

Table 1 lists the relationships between the three-point bending and modulus for the 

implants, along with letter codes from Scheffe’s post hoc multiple comparison. The 

samples showed non-monotonous changes in strength and a significant difference (p < 

0.05) among the osteo-implants was found. Interestingly, the 5 and 10 wt% CaSi-

containing groups had a three-point bending strength value comparable to the strength of 

the control without CaSi (183 MPa). After the addition of 15 and 20 wt% CaSi, the three-

point bending strength of the composite implants decreased to 162 and 132 MPa, 

respectively, which were significantly lower values than the ZrO2 control. The values of 

the mean elastic moduli were in the range of 24.5 to 19.0 GPa, indicating the trend to 

decrease with the increasing CaSi content, along with a significant difference (p < 0.05).   

 

5.2.2. Biaxial flexural strength 

There were significant differences (p < 0.05) in biaxial flexural strength among the 
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samples, as presented in Table 1. The composite implant containing 5 wt% CaSi had a 

biaxial strength value of 354 MPa on average, slightly higher than the control (335 MPa). 

The addition of 10, 15, and 20 wt% CaSi to the ZrO2 implant led to the biaxial strength of 

324, 223, and 164 MPa, respectively.   

 

5.2.3. Weibull analysis 

Fig. 4 demonstrates a double logarithmic plot of the experimental data of three-point 

bending strength and biaxial strength for Weibull analysis. The data points fell 

approximately along a straight line, revealing that the two-parameter Weibull distribution 

was a reasonable assumption for the strength distribution of the five samples. When 

subjected to three-point bending stress, the Weibull modulus decreased from the 17.9 

down to 10.2 with increasing CaSi amount in the composites (Table 1). In the case of 

biaxial stress mode, the Weibull modulus values were similar but showed an appreciable 

reduction for the higher CaSi composite implants. 

 

5.3. In vitro degradation 

5.3.1. Phase composition and microstructure 

The potential variations in the properties of the materials during long-term soaking 

in a physiological solution were addressed. After soaking in the SBF solution, there were 

no obvious changes for all samples with the increasing soaking time in the resulting XRD 

patterns (Fig. 5). Similarly, the FTIR spectra of all samples did not change significantly 

throughout soaking periods up to 12 months (Fig. 6). 

The failure to see significant changes in the XRD patterns did not necessarily imply 

that nothing had happened at the very surface during soaking in an SBF solution. The 

difficulty for XRD to detect small changes on immersed surfaces was largely resolved by 

utilizing the SEM technique. After soaking in SBF for 12 months, the surface 

morphology of all samples was found to alter with the presence of numerous etching-

induced micropores, in particular, for higher CaSi content specimens (Fig. 7). 

 

5.3.2. Weight loss 

The effect of the soaking time on the weight loss of the samples is presented in Fig. 

8. There were almost no weight changes during the soaking time, independent on the 

types of osteo-implants. At the end of the soaking duration (12 months), the weight loss 

of approximately 0.1%, 0.3%, 0.2%, 0.1%, and 0.4% were measured for ZCS0, ZCS5, 

ZCS10, ZCS15, and ZCS20, respectively.  

 

5.3.3. Biaxial flexural strength 
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The relationship between the CaSi content and the biaxial flexural strength of the 

implants after soaking in an SBF solution is shown in Fig. 9. The results revealed that 

soaking time did not significantly (p < 0.05) affect the biaxial strength of all groups.  

 

5.4. In vitro osteogenic activity 

5.4.1. Cell attachment and proliferation 

The quantification of adherent MG63 cells on different surfaces was performed 

using the MTT assay. Fig. 10 presents that the absorbance steadily increases in all of the 

samples on hour 6 through day 7, which indicates the increasing number of viable cells. 

Of note, the cell attachment and proliferation gradually increased with increasing amount 

of CaSi added to ZrO2. As expected, the cell attachment and growth to the composite 

ceramics were faster than those observed in the ZrO2 control. More cells initially attached 

to the 20 wt% CaSi-containing composite (ZCS20) than the ZCS0 control during initial 1 

day culture, indicating a statistically significant difference (p < 0.05). On day 7, ZCS20 

revealed a significant (p < 0.05) increase of approximately 35% in the absorbance value 

referenced to the control.  

 

5.4.2. Cell differentiation 

The ALP activity was monitored for up to 14 days to investigate the influence of 

composition formulation on cell differentiation. The cells seeding on the higher CaSi 

content implants produced greater ALP levels than the cells on the lower CaSi content 

samples at all culture times (Fig. 11). On day 14, a significant increase (p < 0.05) in the 

ALP level was measured for ZCS15 and ZCS20 compared to ZCS0.  

 

5.4.3. Mineralization 

Quantification of calcium mineral deposits by the Alizarin Red S assay showed that 

with increasing culture time, mineral deposition increased for the cells cultured on all 

samples (Fig. 12). Greater mineral deposition was found for samples with higher CaSi 

content. The calcium content in the 15 and 20 wt% CaSi-containing osteo-implants was 

significantly (p < 0.05) higher than those obtained for the ZCS0 seeded with cells after 7 

and 14 days of culture.  

 

6. Discussion 

Much effort has been dedicated to designing osteo-implants to match the mechanical 

and osteogenic properties of the repaired bone tissue. In this study, the incorporation of 

CaSi into zirconia was developed and corresponding mechanical properties, long-term in 

vitro degradation, and osteogenic activity aiming at bone implant applications was 
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determined. All samples indicated t-ZrO2 as the dominant phase associated with relatively 

small m-ZrO2 amount. The CaSi components did not affect the tetragonal-monoclinic 

phase transformation of ZrO2, although a diffusion reaction between Ca/Si and ZrO2 to 

form the small amounts of secondary phases such as calcium silicate, calcium zirconium 

silicate, and calcium zirconate was detected. Stabilization of t-ZrO2 has been observed at 

high temperatures when low percentages of calcia (CaO), magnesia (MgO), and yttria 

(Y2O3) are incorporated for the preparation of binary oxides [34]. Shuai et al. found that 

the addition of CaSiO3 to nano-ZrO2 scaffolds promoted the phase transformation of 

monoclinic phase (m-ZrO2) into tetragonal phase (t-ZrO2) [35]. On the other hand, the 

formation of micropores on the higher CaSi-containing implant surface was possibly due 

to grinding effect of fragile CaSi powder [36]. 

Given that mechanical properties of commonly used ZrO2 materials are far greater 

than those of the cortical bone, uneven stress concentrations and easy bone fracture may 

occur due to difference in strength, when bonding to a host bone [20]. Ideally, the flexural 

strength and modulus of the developed implant materials should be comparable to those 

of the replaced cortical bone (bending strength: 50–150 MPa, Young’s modulus: 7–30 

GPa) [37]. In this study, the biaxial flexural strength and three-point bending strength of 

the composite implants with a CaSi content of up to 10 wt% hardly changed when 

compared to those of the ZrO2 control, but it decreased markedly at 15 wt% CaSi. This 

decrease can be due to the inherent low mechanical strength and Young's modulus of the 

CaSi component, acting more or less like structure flaws [17], which was evidenced by 

SEM. It is reasonable to suggest that microstructural and mechanical characteristics 

strongly depended on preparation conditions such as the additive content and sintering 

temperature. The surface characterization of CaSi was affected by the sintering 

temperature [29]. It is worthwhile to note that 15 and 20 wt% CaSi-containing composite 

osteo-implants had average three-point bending strength values of 162 and 132 MPa, 

respectively, which was within the reported bending strength for cortical bone [37]. 

Additionally, the ZrO2 control had a lower bending or biaxial strength than those reported 

in the previous studies [38–40]. This can arise from the differences in the used raw 

material, sintering temperature, and applied pressure [38–40]. It is well known that 

strength could be improved by increasing the sintering temperature and applied pressure, 

which may favor coalescence of the powders. Regarding Weibull modulus (m), larger 

values implied more reliably reproducible materials in a narrower distribution of values. 

The lower value represents more flaws and defects in the tested material and thus less 

reliability. Most ceramics are reported to have m values in the range of 5–15 [27]. 

Weibull modulus identified in the control is consistent with an earlier study that reported 

Weibull modulus values ranging from 9.8 to 12.9 for Y-TZP using biaxial test [39].  
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The improvement of the mechanical features of load-bearing materials is 

fundamental to reach an equilibrated biomechanical loads distribution at the bone-implant 

interface and reducing mismatch to favor the osteointegration process [41]. When the 

implant material has a higher Young’s modulus than bone, they can cause stress shielding 

and lead to bone resorption [42–44]. Elastic modulus of commercial ZrO2 (200 GPa) 

products are around ten times greater than that of cortical bone (about 20 GPa). This 

disparity leads to complications in biomechanical compatibility between ZrO2 implant 

and bone tissue. In a word, the higher elastic modulus of ZrO2 than that of cortical bone 

can cause stress concentrations within the surrounding bone tissue, resulting in bone 

fractures and reduced device lifetime. Hence, further research is required to develop a 

high efficacy zirconia-based material candidate with elastic modulus comparable to that 

of the cortical bone. In fact, introducing micro-pores into the structure [17,20] and 

development of composite may reduce the Young's modulus of the ZrO2 implant. In the 

case of the composite implants, the incorporation of CaSi indeed reduced the modulus of 

the ZrO2. For example, the addition of 15 wt% CaSi lowered the modulus of the ZrO2 

control by about 20%. Intrinsically, the CaSi component was not stiffer than the 

surrounding ZrO2 ceramic matrix, it was reasonable to speculate that the modulus of the 

composite implants decreased with the increasing CaSi content.  

According to the literature [45], the ZrO2 material should possess long-term clinical 

survival and be in service within the oral environment for many years. Since ZrO2 is 

sensitive to slow crack growth and aging; thus, it is important to perform degradation test 

to insure superior stability at long durations in contact with body fluid. Biodegradation of 

biomaterials can be characterized by changes in the physicochemical properties and 

mechanical strength of the materials after implantation or after soaking in a physiological 

solution [46]. One concern was that the incorporation of CaSi might result in degradation 

of the properties of the novel implant systems. The present results indicated that the long-

term soaking in the pH 7.4 SBF solution did not remarkably influence the phase 

composition from the resulting XRD patterns and FTIR spectra, and biaxial strength. The 

continuous impact of water molecules from SBF into the lattice sites of t-ZrO2 did not 

give rise to in the t-m phase transformation for all groups.  

When soaked in the dynamic SBF solution, the ZrO2 control has a considerably 

small ionic release from the result of weight loss, consistent with in vivo results [47], 

although numerous etching-induced micropores on the implant surfaces were found. This 

can be explained by the fact that water/ions easily infiltrated the inner portion of the 

material through structural imperfections. Concerning the composite, the greatest CaSi 

content in the ZCS20 sample had the highest weight loss because the release of soluble 

fractions (CaSi), but it revealed a relatively small degree of weight loss of less than 1% 
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even after a 12-month soaking time. The extremely low-degradation ability of the ZrO2-

based implant systems was necessary for a long-term clinical application. As expected, 

the CaSi components can be preferably dissolved when compared to the ZrO2 matrix. 

Ionic dissolution products of CaSi-based ceramics could lead to mineral deposition at the 

material-bone interface [48].  

The implant materials should support cell and tissue growth, enhancing 

osteogenesis. Zirconia is used for dental applications because of its low toxicity and 

beneficial mechanical properties, but it has no biological activities and is covered by a 

non-adherent fibrous layer at the interface after implantation [14,19,20]. Intriguing 

research is to focus on zirconia-based materials alternative to Y-TZP, especially for long-

term implantation applications for which the osteogenesis is of importance. Matsumoto et 

al. fabricated a composite material having compressive strength similar to cortical bone 

with high cell and tissue affinities by compounding ZrO2 and hydroxyapatite [20]. Cell 

functions associated with an implant are closely related to the surface chemistry of the 

materials used [3,22,49]. To elucidate the effects of the CaSi additives on osteogenic 

activity, cell attachment, proliferation, differentiation, and mineralization of MG63s 

cultured on the various osteo-implants were evaluated.  

First of all, the initial responses of MG63 cells on the various material surfaces were 

evaluated, which early cell-material interactions affected subsequent differentiation and 

mineralization. Cell attachment and proliferation on higher CaSi implants were 

significantly higher than those on the control without CaSi. The results of the present 

study clearly demonstrated that CaSi was an effective promoter of biological functions of 

cells in supporting the attachment and proliferation of MG63s. Cell differentiation 

studies, like cell proliferation assay results, also showed a significant impact of CaSi, 

with an emphasis on the importance of material compositions [3]. Indeed, ALP activity 

increased with increasing CaSi content in the composite osteo-implants. ALP enzyme 

activity is also associated with bone formation, and it is produced in high levels during 

the bone formation phase [24]. An increase in the specific activity of ALP in bone cells 

reflects a shift to a more differentiated state.  

To more fully assess the role of CaSi in cell function, mineralization ability was 

assayed. Alizarin Red S staining is a common histochemical technique used for detecting 

calcium deposits in mineralized tissues and cultures [12,50]. The ability of cells to 

produce a mineralized matrix and nodules in materials is important for bone regeneration. 

Among the five samples, mineralized nodule formation was most noticeable on the higher 

CaSi implant surfaces, speculating that this composite implant will produce more 

mineralized tissue formation upon implantation. Recent studies also show that calcium 

silicate could stimulate the mineralization [22]. Overall, the increased proliferation, 
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differentiation, and mineralization of MG63 cells consistently addressed that the CaSi 

component in the ZrO2-based implants was responsible for the enhanced cell growth, 

which enhanced its potential clinical applications. 

 

7. Conclusions 

For the first time, a series of ZrO2 composite implants containing calcium silicate 

have been evaluated to enhance the osteogenesis of the ZrO2 osteo-implant. In light of the 

results obtained in this study, a bioactive calcium silicate not only reduced the modulus of 

tough ZrO2 implant, but also it enhanced biologic properties of the implants. Taking the 

mechanical properties and osteogenic activity into account, 15 wt% calcium silicate-

containing ZrO2 implant was the best choice for cortical bone repair. The current work 

opens up possibilities of producing high bioactive calcium silicate-ZrO2 composite 

implant with a mechanical compatibility that can meet the reconstruction requirement of 

cortical bone. 

 

7.  Evaluation 

The three-year project focuses on evaluation of mechanical properties, in vitro 

degradation and osteogenesis of ZrO2–based composite implants. The results have been 

accepted by Applied Materials Today. Nevertheless, the further investigation on the 

development of bioactive ZrO2 bone implants with antibacterial activity will be needed in 

the future.  
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Table 1 

Mechanical property of the ZrO2-based composite osteo-implants as a function of the 

CaSi content. 

Sample 

code 

Three-point bending Biaxial strength 

Strength 

(MPa) 

Young’s modulus 

(GPa) 

Weibull 

modulus 

Strength 

(MPa) 

Weibull 

modulus 

ZCS0 186±11
a
 24.5±2.4

a
 17.9 335±29

a
 12.4 

ZCS5 194±12
a 22.4±3.2

a,b,c 17.3 354±36
a
 10.5 

ZCS10 192±13
a 23.1±5.2

a,b 15.0 324±23
a 14.7 

ZCS15 162±16
b 20.1±4.8

b,c 10.6 223±24
b 9.7 

ZCS20 132±14
c
  19.0±4.3

c 10.2 164±18
c 9.8 

Mean values followed by different superscript letters were significantly different (p < 

0.05) according to Scheffé post hoc multiple comparisons. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. XRD patterns of (a) calcium silicate (CaSi) gel powder, (b) as-received ZrO2 

powder, and sintered ZrO2 osteo-implants with (c) 0, (d) 5, (e) 10, (f) 15, and (g) 20 wt% 

CaSi. 
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Fig. 2. FTIR spectra of various sintered ZrO2 osteo-implants containing different CaSi 

content. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Surface SEM images of sintered ZrO2 osteo-implants containing (a) 0, (b) 5, (c) 

10, (d) 15, and (e) 20 wt% CaSi. 
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Fig. 4. Weibull strength distribution plots of various sintered ZrO2 osteo-implants 

containing different CaSi content subjected to (a) three-point bending and (b) biaxial tests. 

F is the failure probability and σ is the strength. The solid line represents the regression 

line.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. XRD patterns of various ZrO2 osteo-implants containing (a) 0, (b) 5, (c) 10, (d) 15, 

and (e) 20 wt% CaSi before and after soaking in an SBF solution for predetermined time 

durations. 
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Fig. 6. FTIR spectra of various ZrO2 osteo-implants containing (a) 0, (b) 5, (c) 10, (d) 15, 

and (e) 20 wt% CaSi before and after soaking in an SBF solution for predetermined time 

durations. 
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Fig. 7. Surface SEM images of various ZrO2 osteo-implants containing different CaSi 

content after soaking in an SBF solution for 12 months.  
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Fig. 8. Weight loss of various ZrO2 osteo-implants containing different CaSi content after 

soaking in an SBF solution for predetermined time durations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Biaxial flexural strength of various ZrO2 osteo-implants containing different CaSi 

content before and after soaking in an SBF solution for predetermined time durations. 
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Fig. 10. MTT assay of MG63 cells cultured on the samples to demonstrate cell 

attachment and proliferation at various culture time points. *Statistically significant 

difference (p < 0.05) from the ZCS0 control. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. ALP assay on MG63 cells presented as absorbance for cell differentiation on 

various samples after 7 and 14 days of culture. *Statistically significant difference (p < 

0.05) from the ZCS0 control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Quantification of calcium mineral deposits by Alizarin Red S assay of MG63 

cells cultured on various samples after culture for 7 and 14 days. *Statistically significant 

difference (p < 0.05) from the ZCS0 control. 
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INTRODUCTION 

Zirconia has been currently used in the femoral head of hip prostheses and dental restoration 

because of its excellent mechanical properties, good abrasion resistance and chemical stability. 

However, this material has no direct bone bonding properties or osteogenesis. To pursue the high 

bone bonding ability is still a concerned theme, although commercial ZrO2 systems are available 

today. Calcium silicate-based bone graft substitutes have been developed for hard tissue 

applications. Newly formed bone tissue can grow on the surface of the calcium silicate-based 

materials, along with the deposition of a bone-like apatite layer at the tissue/material interface
1
. To 

improve the osteogenesis of the dental zirconia ceramics, the incorporation of the calcium silicate 

into zirconia was developed. The objective of the study was to assess the effect of calcium silicate 

on the physicochemical properties and in vitro osteogenic activity of the ZrO2-based ceramics.   

 

EXPERIMENTAL METHODS 

The details of the procedure for the preparation of the sol-gel-derived calcium silicate powder as 

a starting material have been described elsewhere
2
. This dried calcium silicate powders was added 

to the ZrO2 powder at 5, 10, 15, and 20 wt% using a mixer and then ball-milled for 5 h in ethyl 

alcohol and dried in an oven over night. After this, the green bodies were sintered using a 

high-temperature furnace, then furnace-cooled to room temperature.  

Phase analysis was performed using an X-ray diffractometer (XRD). A digital microhardness 

tester with a four-sided diamond pyramid was used to evaluate the Vickers hardness (Hv) of the 

various specimens. MG63 human osteoblast-like cells were used to evaluate cell behaviour. MG63 

cell suspensions at a density of 5×103 cells/mL were seeded over each of the samples. After 

different culture time points, cell viability was examined using the MTT 

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide). In addition, alkaline phosphatase 

(ALP) activity and calcium quantification were also evaluated to understand in vitro osteogenic 

activity. One-way analysis of variance (ANOVA) was used to evaluate significant differences 

between means in the measured data. In all cases, results were considered statistically significant for 

a p-value of less than 0.05.  

 

RESULTS AND DISCUSSION 

The XRD results indicated that three characteristic peaks located at around 30.2°, 34.6° and 

49.9° can be attributed to (101), (110) and (112) tetragonal crystal faces of ZrO2 (t-ZrO2). The 

calcium silicate-related phases such as calcium silicate, calcium zirconium silicate, silica and 

calcium oxide were not found, indicating the phase stability of the t-ZrO2 phase by the addition of 



calcium silicate. The Hv values of the five samples decreased with increasing calcium silicate 

content of the composites in the range of 718-457, indicating significant differences (p < 0.05). It 

can be noted that the doped calcium silicate can make the ZrO2 implant softened.  

The bone implant materials should support cell and tissue growth. To elucidate the effects of the 

addition of calcium silicate on in vitro osteogenic activity, firstly we investigated MG63 cell 

viability on the composites. As a result, the absorbance steadily increased in all of the specimens on 

hour 6 through day 7, which indicated the increasing number of viable cells. Of note, the cell 

viability gradually increased with increasing amount of added calcium silicate. Cell differentiation 

studies, like cell viability assay, showed a significant impact of calcium silicate, with an emphasis 

on the importance of material composition. Unsurprisingly, ALP activity increased with increasing 

calcium silicate content. The results of mineralization ability confirmed that the more calcium 

silicate, the higher calcium deposits were. There is a statistically significant difference (p < 0.05) in 

cell viability, differentiation and mineralization levels between the implant specimens. The 

increased cell viability, differentiation, and mineralization ability of MG63 consistently showed that 

the doped calcium silicate in the ZrO2 implants was responsible for the cell growth, which was the 

purpose of this study. 

 

CONCLUSION 

A novel ZrO2–based implant system was developed. In light of the present results, it is 

concluded that in vitro osteogenic activity of the ZrO2 implants were effectively increased because 

of calcium silicate.  
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