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Abstract 

  

Bone tissue engineering is the process of designing and constructing 

artificial tissue replacements using biomaterials for treatment of bone defects. Although 

hydroxyapatite is widely used to fabricate the bioceramics scaffolds due to its 

biocompatibility with bone tissues, the disadvantage of hydroxyapatite implant is its low 

mechanical strength so it can be used only in small bone defects. Improvement of 

mechanical properties has been reported in the hydroxyapatite scaffolds containing 

silica compound. However, the optimal concentration of silica compound in silica doped 

hydroxyapatite has not been investigated. The aims of this study were to determine the 

bioactivity of silica doped hydroxyapatite scaffolds containing 0 to 10 percent of silica 

compound by weight with three different pore density (45 ppi, 60 ppi and 75 ppi). The 

human osteoblasts were cultured in the silica doped hydroxyapatite scaffolds for 4 to 14 

days. The cell morphology and adhesion were examined by stereomicroscopy after 

crystal violet blue staining and by scanning electron microscopy. Cell viability was 

analyzed by MTS assay and alkaline phosphatase activity was also determined. The 

results showed that human osteoblasts were adhered and spread well on the surface 

and inside the pores of silica doped hydroxyapatite scaffold after culture for 4 days. The 

cell density in silica doped hydroxyapatite scaffolds containing 3, 5, and 10 percent of 

silica compound was higher than the other groups. In addition, cell pro�ections called 

lamellipodia and filopodia were observed in human osteoblasts cultured on silica doped 

hydroxyapatite scaffolds. The analysis of cell viability in the silica doped hydroxyapatite 

scaffolds by MTS assay revealed that silica doped hydroxyapatite scaffolds containing 

3, 5, and 10 percent of silica compound had statistically significant higher cell viability 

than the other groups containing lower or without silica compound (p<0.05). In addition, 

the silica doped hydroxyapatite containing 0.5-5.0 percent of silica with pore density 45 



 (6)

ppi had significantly higher cell viability than the other groups with pore density 60 and 

75 ppi (p<0.05). For differentiation analysis, alkaline phosphatase activity assays 

demonstrated that, after culture for 7 and 14 days, human osteoblasts cultured on silica 

doped hydroxyapatite scaffolds containing 0.5 and 5 percent of silica compound had 

higher increase in alkaline phosphatase activity compared to the other groups. The 

silica doped hydroxyapatite with pore density 75 ppi showed significantly lower alkaline 

phosphatase activity than the other groups with pore density 45 and 60 ppi. In 

conclusion, silica doped hydroxyapatite scaffolds used in this study have good 

cytocompatibility with human osteoblasts and support cell adhesion. Finally, 5 percent of 

silica compound and pore density 45 ppi is most likely to be the optimal silica 

compound concentration and pore density to be used in silica doped hydroxyapatite 

scaffolds based on the good bioactivity as well as the stimulative effects on human 

osteoblast cell proliferation and differentiation. 
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1.1  
 

  

   

 

   

  (Allgrove, 

2007)   

 (bone graft transplants),  (implants of biomaterials) 

 (bone transportation methods) 

 

   (bone graft) 

 

  

 (Cancedda et al., 2007) 

 (osteoconductivity) 

 (bone tissue regeneration) 

   

 

   (hydroxyapatite, HA) 

   

   

 (tissue engineering) 

   (polymer) 

 (hydroxyapatite scaffold) 

 (Woo et al., 2007)  Huang  (2009) 

 (titanium)  

 (differentiation) 

 

1
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 (biocompatibility)  

(Kobayashi et al., 2006) 

       

 

  

 

  -

 

 (Toshitane and Kuniomi, 1999) 

 

 (De With et al., 1981) 

 (microporosity) 

   

(Woodard et al., 2007; MorejÓn et al., 2004) 

 

      

 (Silica , SiO2)  (Jia and Guo, 2007) 

 

 (scaffold)  

(Lopez-Alvarez et al, 2009) 

    

 

 

 (Bae et al., 2006)  

 

 (Silica doped hydroxyapatite scaffold) 
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1.2  
 

1.2.1 :   

 

 (specialized connective tissue) 

  

 (ossification)  (osteogenesis) 

 (organic matrix)  

   1 (type I collagen) 

 95  (extracellular matrix)  

5  (proteoglycan) 

 (non-collagenous protein)    

 (osteoblast),  (osteoclast)  

(osteocyte)   1 

 

 

 
 

 1     

( : http://www.roche.com/pages/facets/11/bone_cells2.jpg) 
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   Mackey  

(2007)  2   

 (high-trauma fractures) 

    

  (low-trauma fractures) 

 

 (Komaki et al., 
2006)  

  

 

 (Rimondini et al., 2005)  

  

 

  

 (Ingber et al., 2006) 

  

  

 (autografts)  (allografts) 

  

  2 
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 2  (autografts)   

( : http://www.thebarrow.org/Education_And_Resources/Barrow_Quarterly/205303)  

 

   

 (Carson and Bostrom, 2007) 

 

  

 13  (Mankin et al., 2005) 

 

 

  

 

     

(freeze-dried)  3  (demineralized) 

  (Mastrogiacomo et al., 
2005)   
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 3  (allografts)  

( : http://www.morningstarsurgical.co.za/pages/peridontical/allo_bone.htm)  

 

  

  (biomaterials) 

   

 

   

  (Porter et al., 2009) 

 

   

   

 (Hench, 1998)  

 

 

 (biomimetic) 

 

 

 

 (bone scaffold)   (Porter et al., 2009) 
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1)  

2)  (osteoid)  

3)   

  4 

4)  

5) 

 

6) 

 (osteointegration) 

7)  

 

8)  

9)    

10)  

  

11)  
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 4 

   

( : http://www.rsc.org/images/b706654f-250-for-tridion_tcm18-95841.jpg) 

 

   

  

 (osteoconductive),  (growth factor) 

 (osteoinduction) 

  (Cancedda et al., 2007)  

 

 

  

 (growth factor based)  (cell 

based)  

 

   (bone morphogenetic proteins  

BMPs) 

    5 

 

2 (recombinant human bone morphogenetic proteins-2  rhBMP-2)  

 7  (recombinant human bone morphogenetic proteins-7 



 9

 rhBMP-7)  

 (Cook and Rueger, 1996; Rosen and Wozney, 2002)        

 

  

 
 

 5   

( : http://www.wisconsinfootandankleinstitute.com/img/research/Recombinant-Bone-

Morphogenetic-Protein_fig2.jpg) 

 

   

 (mesenchymal stem cells) 

 (Friedenstein et al., 1987)  Ohgushi  

 

 (paracrine signals) 

 (bone matrix) 

  (femur) 

 (Ohgushi et al., 1989)  (Bruder et al., 1998)  (Kon et al., 2000) 

 

 (skull)  (mandible)  (Shang et al., 
2001; Schliephake et al., 2001)  (Kruyt et al., 2004)   
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 (osteoinductive scaffold) 

 (Meijer et al., 2007)  

   

(calcium phosphates) (Welch et al., 2003; Trenholm et al., 2005)  

(Calcium sulfates) (Moed et al., 2003) 

 

 (ceramic) 

  3 

  

 (bioabsorbable ceramics),  (bioactive 

ceramics)  (bioinert ceramics) 

(Yamamuro, 1994)  
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1.2.2   

 

    

(demineralized bone matrix  DBM),  (synthetic polymer),  

(metal),  (ceramics)   (composite scaffold) 

  . . 1965 Urist  

  

 

 

    (cortical bone) 

 

 (cancellous bone) 

 

  

   (Poly-L-Lactide  PLLA) 

 Gogolewski  (1997) 

 

  (Poly-L-co-D, L-lactide  PLDL) 

 (calcium carbonate) 

  

  Peter 

 (Poly(lactide-co-glycolide)) 

 

 

 (Peter et al., 1998)  Peter  

 ( ) (Poly (propylene fumarate)) 

 (biodegradable bone cement) 

 (Peter et al., 1999) 
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 (phase)  

 (single crystals),  (polycrystalline)    

,  (glass),  (glass-ceramics) 

 

 

    

    

 

 (Mastrogiacomo et al., 
2005)  

  

 (Habraken et al., 2007) 

   (Aluminum oxide  

Al2O3),  (Zirconium oxide  ZrO2)  

(Titanium oxide  TiO2)  

 

  

 /   (tricalcium phosphate  

TCP) 

 

 

 

  

 (Le 

Geros, 2002)   Ca5(PO4)3(OH) (

 6) 

 

   10-
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20×5×5  

   

 

 

 
 

 6      

( : http://www.chemicalbook.com/CAS%5CGIF%5C68439-86-1.gif) 

  

   

 

 (hydroxyapatite bioceramics) 

 (  7)   

 

  

  

 

 

 

  (resorbability) 

 

  (Sopyan et al., 2007)  

 (Poly vinyl butyral  PVB)  

 (Liu, 1997) 

 (ceramic foaming)   Nishikawa 

 (interconnected) 

 (calcium hydroxyapatite ceramic)  2  
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  150  300  

  Le Huec  (1995) 

 

 

   Sopyan 

  

 

 

    

 

 

 
 

 7   

( : http://www.engr.iupui.edu/~tgchu/myweb/images/all_2.jpg) 

 

 (  8) 

  2003  

 (nano-hydroxyapatite)  

(poly(L-lactic acid))  3   

  (Wei and Ma, 2004)  Tieliewuhan  
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 -  (carbonate apatite-

collagen sponge)  

-   

 2006 Smith   MC3T3-E1 

 (nano hydroxyapatite scaffold) 

 (micro hydroxyapatite scaffold) 

 5   

 

 
 

 8  

(calcium phosphate scaffold)  (SEM)  

( : http://www.emeraldinsight.com/content_images /fig /1560110507009.png) 
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 (alkaline phosphatase) 

 (early differentiation marker)   

 

 10  (Lian et al., 1998)  

 (osteocalcin) 

 (late differentiation marker) 

  

   

  

 (SiO2)   

   (quartzite) 

 

 (biomineralization)  

   (Borum and Wilson Jr., 2003)  

  Hench   (1973) 

  

 (silica ceramics) 

   (resistance ability) 

 (corrosion-resistance ability),  

 (heating shock-resistance ability) 

 (microwave penetrability) 

  Jia 

 Guo (2007)  

 (flexural strength)  

 50  

 700   78  

 (cyclohexanone) 

 1.65  
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  Porter   2003 

 

 0.8  1.5   

 

 

(Hydroxyapatite/SiO2-CaO-P2O5)   

 5.0-20.0 

 

  

 

    

  

 

   

 

 1988  

  60  

 50-100   200-400  

 50-100  

 4  (Eggli et al.,1988) 

 90   70  

(Lamina)   6  

(Nagashima et al., 1995)  Cerroni  (2002) 

  

 30-40   50-60  
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 (Cerroni et al., 2002) 

 

 48  73   450 

  

 (Bae et al., 2006)  Yang  (2009) 

  (Gelatin-alginate) 

 microwave vacuum drying  

  2010   

    1 

 1000  27  (Chan et al., 

2010) 
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1.3  
 

  

 

1.  

 

 

 

2.  

 

 

 

 

 
 



 2 

   
 

1.   
 

1.1.  

 

  

-Alpha-Modified Eagle s Medium 

-Fungizone (Amphotericin) 

-Penicillin-Streptomycin 

-Fetal bovine serum 

-Trypsin-EDTA 

-Crystal violet blue 

-CellTiter 96 AQueous MTS  

-Magnesium chloride (MgCl2) 

-2-amino-2-methy-1-propanol (AMP) 

-4-nitrophenylphosphate (4NPP) 

-Sodium hydroxide (NaOH) 

-BCA protein assay 

Life Technologies Corporation, IL, USA 

Life Technologies Corporation, IL, USA 

Life Technologies Corporation, IL, USA 

Biochrom AG., Berlin, Germany 

Life Technologies Corporation, IL, USA 

Sigma-Aldrich Corporation, MO, USA 

Promega Corporation, WI, USA 

Merck, Darmstadt, Germany 

Sigma-Aldrich Corporation, MO, USA 

Sigma-Aldrich Corporation, MO, USA 

Finechem, Australia 

Thermo Fisher Scientific, IL, USA  

 

   

 

 

 
20 
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1.2.  

 

 2 : Microflow Advanced Bio Safety Cabinet     

  Class II, USA 

 

 (Incubator)    : Heraeus  HERAcell 240, Germany  

 

 4    : SHARP  SJ-D53M, Japan 

 

 -80    : Domestic  UF 756, USA    

 

 -20    : Puffer Hubbard, USA 

 

 (centrifuge)   :  Savant  HSC 15R, USA 

 

          : Hettich zentrifugen  Mikro 22R, 

Germany 

 

 (vortex)    : Vortex-Genie 2, USA 

 

 96  (microplate reader) : Titertek Multiskan, Germany 

 

 24   : Costar, Sigma-Aldrich Corporation, USA 

 

 96   : Nunc, Thermo Fisher Scientific, USA 

 

 75  : Costar, Sigma-Aldrich Corporation, USA 
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1.3.   

   

   

   6   0, 0.5, 

1.0, 3.0, 5.0  10.0   1 

 3   45, 60  75 ppi 

 

 10   5   

   (replication method) 

 Polymeric Foam  (Template)   

Polyurethane (PU) Foam  3   45, 60  75 ppi 

    

  

(SiO2)  0.5, 1.0, 3.0, 5.0  10.0  

  80   24 

  (Electric Oven) 

 (Electric Furnace)  1,300   4  

 

   

 9  10 
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 1 

 

 

 

  

 

HA-0.0s 0.0 

HA-0.5s 0.5 

HA-1.0s 1.0 

HA-3.0s 3.0 

HA-5.0s 5.0 

HA-10.0s 10.0 

 



 24

 

 

 

 

 

 

 

 

 

 

 9  (HA-0.0S) 

 (HA-10.0S) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 10 

 (45 ppi, 60 ppi,  75 ppi) 
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1.4.     

 

 (Normal human 

osteoblast  NHOst)  Lonza Group Ltd., Switzerland 

 (tibia)   11 

 

 
 

 
 

 11   NHOst 

 (Phase contrast microscope)  

40  100   (  (scale bar)  100 ) 

100 µm

100 µm
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2.    

 

2.1  

 

 75  

  Alpha-Modified Eagle s Medium (α-MEM), 

Fetal Bovine Serum 20 ,  (Penicillin) 100  

,  (Streptomycin) 100   

(Fungizone) 2.5  

 (CO2) 5   37 

   2-3   90 

 -

 (Trypsin-EDTA)  0.05  

   

(Passage) 3-7  

 

2.2 

 

 

  

  30  

 5    

-   0.05   

 8,000   5  

  (hemocytometer) 

 10,000    5  

 24   1   

 37  

  5  
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2.3. 

 

 

2.3.1 

 (Stereomicroscopy) 

  

   4  

  

 (phosphate buffer saline solution) 2-3   

(glutaraldehyde)  2.5   4  

 16-18    

(phosphate buffer solution)  10    

3   (crystal violet blue)  4 

  20   

  30  

   40  100  

 

2.3.2    

 (Scaning Electron Microscopy) 

  

 

 4  

  2-3  

 2.5   4   16-18  

   10 

   3   (dehydration) 

  50   10   

2   60, 70, 80, 90  100  

 10   2  

 (hexamethyldisilazane)  100  

 10   30  



 28

 (stub) 

   300  1500  

 

2.4  (cell cytotoxicity)  (MTS assay) 

 

   

  (mitochondrial 

dehydrogenase)  (Methyl Tetrazol 

Sulfate  MTS)   (3-(4,5-dimethylthiazol-2-gl)-5-(3-

carboxymethoxyphenyl)-2-(4 sulfophenyl-2H) -tetrazolium)  

(formazan)  

 4   

 3    0.5 

  (Phenazine Methosulfate)  0.92 

  CellTiter 96 AQueous MTS kit 

  37 

  5 

  4   500 

  96  

 

 

2.5   

 

  

 

 (ascorbic acid)  50 

  14   

 2  

 (lysis buffer)     15  

   4 

    10-15   15,000  

 4   2   
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 BCA protein assay 

  

  (AMP  2-Amino-2-Methyl-1-Propanol)  

0.1   10.5  (MgCl2)  

2   96  /

 (AMP/MgCl2)  (4-nitrophenyl 

phosphate  4NPP)  4   

 37    30  

 (NaOH)  0.1  

 96  405  

 

 

 

 

2.6  

 

 

 (Normality test) -

 (Shapiro-Wilk test)  

 (Two-way 

ANOVA)  (Three-way ANOVA) 

 (multiple comparison)  (Tukey s)  (Scheffe) 

 95  (  4-5 

) 

 

 

 
 

 

 

 

 



 3 
 

 
1.  

 
 
1.1 

           
 

   4   
 

  
 

   12 
   
  

  13  14 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

30



 31

100 µm

100 µm

 
 

 12  40  
 (  (scale 

bar)  100 ) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 13  40  
  4 

  (   100 ) 
 



 32

 
 

 14  100  
  4 

  (   100 ) 
 

 4 
 

  40    
 

  
 15   100  

 
  

16 
 
 
 



 33

 
 
 
 

 15  40  
 10 

 45 ppi 
 4  (   100  

 ) 
 

 
 
 
 
 
 

 

100 µm



 34

 
 

 16  100  
 3 

  60 ppi 
 4  (   100  

 ) 
  

  4   
   17 

 
 3, 5,  10 

 0, 0.5  1   

100 µm 



 35

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 17  40  
  

 75 ppi  4  
 (   200 ) 

 

HA-0.0S HA-0.5S 

HA-1.0S HA-3.0S 

HA-5.0S HA-10.0S 



 36

 

 

 3  
 45 ppi 

 60 ppi  75 ppi 
 60 ppi 

 70 ppi  18 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 18  40  
 3 

  (A= 75 ppi, B= 60 ppi, C= 
45 ppi)  4   (

  200 ) 
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1.2         
 

 (Scaning Electron Microscopy  SEM) 
 

 4     
  

 
(flatting)   

  (lamellipodia)  (filopodia) 
  19  20 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 19  
 3  

 60 ppi  4  (
  30    

) 

30 µm 



 38

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 20  
 5  

 75 ppi  4  (
  10    
)  

 
  

  
  21 

  
  

      
 (3, 5 

 10 )   
 

10 µm 



 39

 (0.5  1 ) 
  22 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 21  
 

 4  (   500 ) 

500 µm 

500 µm 



 40

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 22  
   

   
 4  (   100 ) 

 
 

HA-0.5SHA-0.0S

HA-1.0S

HA-10.0SHA-5.0S

HA-3.0S
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  23  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 23  
  

 (A= 75, ppi, B= 60 ppi, C= 45 ppi) 
 4  (   70 ) 
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2.  
 

 

   
 

 (   1) 
 95 

  
 3, 5  10 

 0, 0.5  1  (p 
< 0.05) 

 5   3  
10  (p < 0.05)  24 

   

 45 ppi  60 ppi  
75 ppi  (p < 0.05) 

 60 ppi 
 75 ppi  (p < 0.05) 

 3 
 45 ppi  

 
 
 



 43

 
 
 

 24 
 

  4  
 (*, **, *** p<0.05 

 # p<0.05 
) 
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3.      
  

 

 (   2) 
  

, , 

  
 95  

 0.5  5  1  3 
 (p < 0.05) 

 75 ppi 
 60 ppi  45 ppi   (p < 0.05) 

 7   14  

 14   
7    (p < 0.05) 

 0.5  45 ppi  14 

  25 
 



 45

 
 
 

 25 
   

 
 7  14  (* p<0.05 

 # p<0.05 
) 

 
 

 
 5  45 ppi 

 (p < 0.05)  
 
 



 4 

 
 

 

 

  

  

 

 

  polymeric 

sponge 

     

 

  

  

 (Guo et al., 2007; �iu et al., 2008; Huang et al., 2009)  

, 

  (chondroitin)  (Zhao et al., 
2009)  

  

 

  

 (�u and Khor, 2007) 

 

 

  

 

 

  

 

  

 Cerroni   2002 

46



 47

 (toluidine)  1  

 

 

  

 

   

   

  

   

 (Actin filament) 

 

 (Mattila and �appalainen, 2008; Yang and Svitkina, 2011) 

  

 (cell adhesion) 

 (Brown et al., 2008) 

 

 

 

 (  3, 5  

10 ) 

 (   0, 0.5  1 ) 

  2005 

 60  80  

 (Huang et al., 2005) 

 

(Fibronectin)  (Osteonectin)  

MC3T3-E1  

   (Ribeiro et 
al., 2010) 



 48

  

   

 1 

 (Holthaus et al., 2010) 

   (  

 )  

  

 

 3  10 

 

 

  

  

   

  

  

 

 3  10 

  0.5  1 

 

 5  

  

  

(Padilla et al., 2006; Hing et al., 2006) 

 spark plasma sintering  



 49

 1  5  

 (�u et al., 2008)  

 

   

  

  (Wang et al., 2007) 

   7 

 14  

 

 (�ian et al., 1998)  

 0.5  

  5 

 

 

 (Carlisle, 1980) 

  (Orthosilicic acid; H4SiO4) 

 1 

 (Reffitt et al., 2003) 

 

   (Thain et al., 2006) 

 2008  �u  (2008) 

 5  spark plasma sintering 

  

  

 

  
 

  



 50

  �u  (2008)  

 (Beta-Tricalcium 

Phosphate, β-TCP) 

 spark plasma sintering  

   

 

Polymeric sponge 

   

 

 

 

 

 (45 ppi) 

 (60 ppi  75 ppi) 

 

 45 ppi  

 300-500  

 60  75 ppi 

 

 45 ppi, 60 ppi  75 ppi 

 

 60 ppi  45 ppi 

 75 ppi 

 14   7  

 

    Bae   2006 

 450  

 48  73  

    2007 

 32  56 
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 3   650  

 (Gupta et al., 2007) 

 

(Polycaprolactone)  380  405  

   186  200 

 (Oh et al., 2007)  Pamula 

 (2008) ( ) 

 600   

 

 

 (Choi et al., 2010) 

   

 

 

 5 

 45 ppi  

   

 0.5 

 45 ppi 

  

 5  45 ppi 

 

  

    

 
 



 5 
 

 
 

 
 

  
 5.0  45 

ppi  
  

 5.0 
 45 ppi 
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 2 

  

 4   

 

    
75 ppi 22.11834 6.061559 

60 ppi 21.78656 3.160869 

45 ppi 24.99861 3.944940 

HA-0.0s 

Total 22.96784 4.475250 

75 ppi 22.50173 8.838344 

60 ppi 23.55731 2.581000 

45 ppi 38.05262 3.521381 

HA-0.5s 

Total 28.03722 9.038844 

75 ppi 19.65689 5.097500 

60 ppi 21.05929 1.281510 

45 ppi 29.51020 3.217490 

HA-1.0s 

Total 23.40879 5.580812 

75 ppi 25.61965 5.942001 

60 ppi 30.67194 1.102949 

45 ppi 70.41030 4.610305 

HA-3.0s 

Total 43.05982 21.670215 

75 ppi 30.92365 8.011458 

60 ppi 52.25296 1.719860 

45 ppi 62.53351 4.738302 

HA-5.0s 

Total 48.30698 15.039865 

75 ppi 38.07112 7.921567 

60 ppi 41.45455 2.618021 

45 ppi 40.86312 6.334040 

HA-10.0s 

Total 40.12959 5.803667 
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1.2  

 

Tests of Between-Subjects Effects 

Dependent Variable:% Cell survivor    

Source 

Type III Sum of 

Squares Df Mean Square F Sig. 

Corrected Model 18182.707a 17 1069.571 41.273 .000

Intercept 102569.777 1 102569.777 3957.983 .000
Gr 8482.800 5 1696.560 65.467 .000
Ps 5064.254 2 2532.127 97.710 .000
gr * ps 4513.013 10 451.301 17.415 .000
Error 1814.026 70 25.915   
Total 122084.556 88    
Corrected Total 19996.733 87    

a. R Squared = .909 (Adjusted R Squared = .887)   
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Post Hoc Tests: Pore density 
Multiple Comparisons 

Dependent Variable:% Cell survivor      

 95% Confidence Interval 

 
(I) pore 

density  

(J) pore 

density  

Mean Difference (I-

J) Std. Error Sig. Lower Bound Upper Bound 

60 ppi -4.62482* 1.337664 .003 -7.82794 -1.42170 75 ppi 

40 ppi -17.91283* 1.314399 .000 -21.06024 -14.76542 

75 ppi 4.62482* 1.337664 .003 1.42170 7.82794 60 ppi 

40 ppi -13.28801* 1.337664 .000 -16.49113 -10.08489 

75 ppi 17.91283* 1.314399 .000 14.76542 21.06024 

Tukey HSD 

40 ppi 

60 ppi 13.28801* 1.337664 .000 10.08489 16.49113 

60 ppi -4.62482* 1.337664 .004 -7.97041 -1.27923 75 ppi 

40 ppi -17.91283* 1.314399 .000 -21.20023 -14.62543 

75 ppi 4.62482* 1.337664 .004 1.27923 7.97041 60 ppi 

40 ppi -13.28801* 1.337664 .000 -16.63360 -9.94242 

75 ppi 17.91283* 1.314399 .000 14.62543 21.20023 

Scheffe 

40 ppi 

60 ppi 13.28801* 1.337664 .000 9.94242 16.63360 

Based on observed means. 

 The error term is Mean Square(Error) = 25.915. 

    

*. The mean difference is significant at the .05 level.    
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Homogeneous Subsets 
% Cell survivor 

 Subset 

 pore density N 1 2 3 

75 ppi 30 26.48190

60 ppi 28 31.10672

40 ppi 30 44.39473

Tukey HSDa 

Sig. 1.000 1.000 1.000

75 ppi 30 26.48190

60 ppi 28 31.10672

40 ppi 30 44.39473

Scheffea 

Sig. 1.000 1.000 1.000

Means for groups in homogeneous subsets are displayed. 

 Based on observed means. 

 The error term is Mean Square(Error) = 25.915. 

a. Uses Harmonic Mean Sample Size = 29.302. 
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Post Hoc Tests: % silica 
Multiple Comparisons 

Dependent Variable:% Cell survivor      

 95% Confidence Interval 

 (I) % silica (J) % silica 

Mean Difference 

(I-J) Std. Error Sig. Lower Bound Upper Bound

HA-0.5s -5.06938 1.858841 .083 -10.51604 .37727

HA-1.0s -.44095 1.858841 1.000 -5.88761 5.00570

HA-3.0s -20.09198* 1.891743 .000 -25.63504 -14.54892

HA-5.0s -25.33914* 1.891743 .000 -30.88220 -19.79608

HA-0.0s 

HA-10.0s -17.16175* 1.858841 .000 -22.60841 -11.71510

HA-0.0s 5.06938 1.858841 .083 -.37727 10.51604

HA-1.0s 4.62843 1.858841 .141 -.81822 10.07508

HA-3.0s -15.02260* 1.891743 .000 -20.56566 -9.47954

HA-5.0s -20.26976* 1.891743 .000 -25.81282 -14.72670

HA-0.5s 

HA-10.0s -12.09237* 1.858841 .000 -17.53902 -6.64572

HA-0.0s .44095 1.858841 1.000 -5.00570 5.88761

HA-0.5s -4.62843 1.858841 .141 -10.07508 .81822

HA-3.0s -19.65103* 1.891743 .000 -25.19409 -14.10797

HA-5.0s -24.89819* 1.891743 .000 -30.44125 -19.35513

HA-1.0s 

HA-10.0s -16.72080* 1.858841 .000 -22.16745 -11.27415

HA-0.0s 20.09198* 1.891743 .000 14.54892 25.63504

HA-0.5s 15.02260* 1.891743 .000 9.47954 20.56566

HA-1.0s 19.65103* 1.891743 .000 14.10797 25.19409

HA-5.0s -5.24716 1.924083 .083 -10.88498 .39066

HA-3.0s 

HA-10.0s 2.93023 1.891743 .634 -2.61283 8.47329

HA-0.0s 25.33914* 1.891743 .000 19.79608 30.88220

HA-0.5s 20.26976* 1.891743 .000 14.72670 25.81282

HA-1.0s 24.89819* 1.891743 .000 19.35513 30.44125

HA-3.0s 5.24716 1.924083 .083 -.39066 10.88498

HA-5.0s 

HA-10.0s 8.17739* 1.891743 .001 2.63432 13.72045

HA-0.0s 17.16175* 1.858841 .000 11.71510 22.60841

HA-0.5s 12.09237* 1.858841 .000 6.64572 17.53902

HA-1.0s 16.72080* 1.858841 .000 11.27415 22.16745

HA-3.0s -2.93023 1.891743 .634 -8.47329 2.61283

Tukey HSD 

HA-10.0s 

HA-5.0s -8.17739* 1.891743 .001 -13.72045 -2.63432
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 95% Confidence Interval 

 (I) % silica (J) % silica 

Mean Difference 

(I-J) Std. Error Sig. Lower Bound Upper Bound
HA-0.5s -5.06938 1.858841 .205 -11.43518 1.29642

HA-1.0s -.44095 1.858841 1.000 -6.80675 5.92484

HA-3.0s -20.09198* 1.891743 .000 -26.57046 -13.61351

HA-5.0s -25.33914* 1.891743 .000 -31.81762 -18.86066

HA-0.0s 

HA-10.0s -17.16175* 1.858841 .000 -23.52755 -10.79596

HA-0.0s 5.06938 1.858841 .205 -1.29642 11.43518

HA-1.0s 4.62843 1.858841 .300 -1.73737 10.99423

HA-3.0s -15.02260* 1.891743 .000 -21.50108 -8.54412

HA-5.0s -20.26976* 1.891743 .000 -26.74823 -13.79128

HA-0.5s 

HA-10.0s -12.09237* 1.858841 .000 -18.45817 -5.72657

HA-0.0s .44095 1.858841 1.000 -5.92484 6.80675

HA-0.5s -4.62843 1.858841 .300 -10.99423 1.73737

HA-3.0s -19.65103* 1.891743 .000 -26.12951 -13.17255

HA-5.0s -24.89819* 1.891743 .000 -31.37666 -18.41971

HA-1.0s 

HA-10.0s -16.72080* 1.858841 .000 -23.08660 -10.35500

HA-0.0s 20.09198* 1.891743 .000 13.61351 26.57046

HA-0.5s 15.02260* 1.891743 .000 8.54412 21.50108

HA-1.0s 19.65103* 1.891743 .000 13.17255 26.12951

HA-5.0s -5.24716 1.924083 .205 -11.83638 1.34207

HA-3.0s 

HA-10.0s 2.93023 1.891743 .790 -3.54825 9.40870

HA-0.0s 25.33914* 1.891743 .000 18.86066 31.81762

HA-0.5s 20.26976* 1.891743 .000 13.79128 26.74823

HA-1.0s 24.89819* 1.891743 .000 18.41971 31.37666

HA-3.0s 5.24716 1.924083 .205 -1.34207 11.83638

HA-5.0s 

HA-10.0s 8.17739* 1.891743 .005 1.69891 14.65586

HA-0.0s 17.16175* 1.858841 .000 10.79596 23.52755

HA-0.5s 12.09237* 1.858841 .000 5.72657 18.45817

HA-1.0s 16.72080* 1.858841 .000 10.35500 23.08660

HA-3.0s -2.93023 1.891743 .790 -9.40870 3.54825

Scheffe 

HA-10.0s 

HA-5.0s -8.17739* 1.891743 .005 -14.65586 -1.69891

Based on observed means. 

 The error term is Mean Square(Error) = 25.915. 

    

*. The mean difference is significant at the .05 level.    
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Homogeneous Subsets 
% Cell survivor 

 Subset 

 % silica N 1 2 3 

HA-0.0s 15 22.96784   
HA-1.0s 15 23.40879   
HA-0.5s 15 28.03722   
HA-10.0s 15  40.12959  
HA-3.0s 14  43.05982 43.05982

HA-5.0s 14   48.30698

Tukey HSDa 

Sig.  .089 .628 .071

HA-0.0s 15 22.96784   
HA-1.0s 15 23.40879   
HA-0.5s 15 28.03722   
HA-10.0s 15  40.12959  
HA-3.0s 14  43.05982 43.05982

HA-5.0s 14   48.30698

Scheffea 

Sig.  .216 .786 .184

Means for groups in homogeneous subsets are displayed. 

 Based on observed means. 

 The error term is Mean Square(Error) = 25.915. 

a. Uses Harmonic Mean Sample Size = 14.651. 
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 3 

 

  7 14   
 

     
7  430.40 102.366 

14  643.00 190.175 

75 ppi 

Total 536.70 182.446 

7  311.20 56.703 

14  809.80 249.971 

60 ppi 

Total 560.50 313.459 

7  236.60 47.147 

14  680.00 116.377 

45 ppi 

Total 458.30 248.232 

7  326.07 106.644 

14  710.93 193.744 

HA-0.0S 

Total 

Total 518.50 248.835 

7  230.20 74.211 

14  264.60 65.194 

75 ppi 

Total 247.40 68.304 

7  182.20 17.210 

14  1227.80 214.988 

60 ppi 

Total 705.00 569.528 

7  194.80 35.989 

14  1667.00 214.333 

45 ppi 

Total 930.90 789.329 

7  202.40 49.705 

14  1053.13 628.562 

HA-0.5S 

Total 

Total 627.77 615.712 
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7  290.60 57.400 

14  471.80 107.255 

75 ppi 

Total 381.20 125.290 

7  242.40 37.984 

14  953.60 131.196 

60 ppi 

Total 598.00 385.737 

7  291.20 20.401 

14  443.80 115.770 

45 ppi 

Total 367.50 112.295 

7  274.73 45.085 

14  623.07 265.898 

HA-1.0S 

Total 

Total 448.90 257.863 

7  408.60 52.657 

14  899.80 242.029 

75 ppi 

Total 654.20 307.065 

7  373.00 49.985 

14  471.00 133.581 

60 ppi 

Total 422.00 108.208 

7  309.40 52.823 

14  373.00 65.158 

45 ppi 

Total 341.20 65.197 

7  363.67 64.088 

14  581.27 281.280 

HA-3.0S 

Total 

Total 472.47 228.962 
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7  289.20 36.065 

14  588.20 53.570 

75 ppi 

Total 438.70 163.362 

7  392.60 66.116 

14  1146.40 147.612 

60 ppi 

Total 769.50 411.660 

7  325.40 71.315 

14  744.80 155.871 

45 ppi 

Total 535.10 248.834 

7  335.73 70.993 

14  826.47 270.556 

HA-5.0S 

Total 

Total 581.10 316.310 

7  458.20 155.453 

14  529.60 193.049 

75 ppi 

Total 493.90 169.469 

7  235.40 37.407 

14  523.00 111.043 

60 ppi 

Total 379.20 170.523 

7  428.20 103.432 

14  849.60 227.933 

45 ppi 

Total 638.90 277.799 

7  373.93 144.232 

14  634.07 232.183 

HA-10.0S 

Total 

Total 504.00 231.449 
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2.2 
 

 

Tests of Between-Subjects Effects 

Dependent Variable:% ALP    

Source 

Type III Sum of 

Squares Df Mean Square F Sig. 

Corrected Model 1.911E7 35 546137.996 34.789 .000
Intercept 4.970E7 1 4.970E7 3165.806 .000

Silica 682234.911 5 136446.982 8.692 .000
Pore 423218.744 2 211609.372 13.480 .000
Day 8143432.200 1 8143432.200 518.737 .000
silica * pore 3839392.789 10 383939.279 24.457 .000
silica * day 1974397.667 5 394879.533 25.154 .000

pore * day 1033485.233 2 516742.617 32.917 .000
silica * pore * day 3018668.300 10 301866.830 19.229 .000
Error 2260594.800 144 15698.575   
Total 7.107E7 180    
Corrected Total 2.138E7 179    

a. R Squared = .894 (Adjusted R Squared = .869)   
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Post Hoc Tests: Pore density  
Multiple Comparisons 

Dependent Variable:% ALP      

 95% Confidence Interval 

 
(I) pore 

density 

(J) pore 

density 

Mean Difference 

(I-J) Std. Error Sig. Lower Bound Upper Bound 

60 ppi -113.68* 22.875 .000 -167.86 -59.51 75 ppi 

45 ppi -86.63* 22.875 .001 -140.81 -32.46 

75 ppi 113.68* 22.875 .000 59.51 167.86 60 ppi 

45 ppi 27.05 22.875 .466 -27.12 81.22 

75 ppi 86.63* 22.875 .001 32.46 140.81 

Tukey HSD 

45 ppi 

60 ppi -27.05 22.875 .466 -81.22 27.12 

60 ppi -113.68* 22.875 .000 -170.26 -57.10 75 ppi 

45 ppi -86.63* 22.875 .001 -143.21 -30.05 

75 ppi 113.68* 22.875 .000 57.10 170.26 60 ppi 

45 ppi 27.05 22.875 .499 -29.53 83.63 

75 ppi 86.63* 22.875 .001 30.05 143.21 

Scheffe 

45 ppi 

60 ppi -27.05 22.875 .499 -83.63 29.53 

Based on observed means. 

 The error term is Mean Square(Error) = 15698.575. 

   

*. The mean difference is significant at the .05 level.    
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Homogeneous Subsets 

% ALP  

 Subset 

 
Pore 

density  N 1 2 

75 ppi 60 458.68

45 ppi 60 545.32

60 ppi 60 572.37

Tukey HSDa 

Sig. 1.000 .466

75 ppi 60 458.68

45 ppi 60 545.32

60 ppi 60 572.37

Scheffea 

Sig. 1.000 .499

Means for groups in homogeneous subsets are displayed. 

 Based on observed means. 

 The error term is Mean Square(Error) = 15698.575. 

a. Uses Harmonic Mean Sample Size = 60.000. 
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Post Hoc Tests: % silica 

Multiple Comparisons 

Dependent Variable:% ALP       

 95% Confidence Interval 

 (I) % silica (J) % silica 

Mean Difference 

(I-J) Std. Error Sig. Lower Bound Upper Bound 

HA-0.5S -109.27* 32.351 .012 -202.71 -15.82 

HA-1.0S 69.60 32.351 .267 -23.84 163.04 

HA-3.0S 46.03 32.351 .713 -47.41 139.48 

HA-5.0S -62.60 32.351 .385 -156.04 30.84 

HA-0.0S 

HA-10.0S 14.50 32.351 .998 -78.94 107.94 

HA-0.0S 109.27* 32.351 .012 15.82 202.71 

HA-1.0S 178.87* 32.351 .000 85.42 272.31 

HA-3.0S 155.30* 32.351 .000 61.86 248.74 

HA-5.0S 46.67 32.351 .701 -46.78 140.11 

HA-0.5S 

HA-10.0S 123.77* 32.351 .003 30.32 217.21 

HA-0.0S -69.60 32.351 .267 -163.04 23.84 

HA-0.5S -178.87* 32.351 .000 -272.31 -85.42 

HA-3.0S -23.57 32.351 .978 -117.01 69.88 

HA-5.0S -132.20* 32.351 .001 -225.64 -38.76 

HA-1.0S 

HA-10.0S -55.10 32.351 .532 -148.54 38.34 

HA-0.0S -46.03 32.351 .713 -139.48 47.41 

HA-0.5S -155.30* 32.351 .000 -248.74 -61.86 

HA-1.0S 23.57 32.351 .978 -69.88 117.01 

HA-5.0S -108.63* 32.351 .013 -202.08 -15.19 

HA-3.0S 

HA-10.0S -31.53 32.351 .925 -124.98 61.91 

HA-0.0S 62.60 32.351 .385 -30.84 156.04 

HA-0.5S -46.67 32.351 .701 -140.11 46.78 

HA-1.0S 132.20* 32.351 .001 38.76 225.64 

HA-3.0S 108.63* 32.351 .013 15.19 202.08 

HA-5.0S 

HA-10.0S 77.10 32.351 .169 -16.34 170.54 

HA-0.0S -14.50 32.351 .998 -107.94 78.94 

HA-0.5S -123.77* 32.351 .003 -217.21 -30.32 

HA-1.0S 55.10 32.351 .532 -38.34 148.54 

HA-3.0S 31.53 32.351 .925 -61.91 124.98 

Tukey HSD 

HA-10.0S 

HA-5.0S -77.10 32.351 .169 -170.54 16.34 
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 95% Confidence Interval 

 (I) % silica (J) % silica 

Mean Difference 

(I-J) Std. Error Sig. Lower Bound Upper Bound 
HA-0.5S -109.27* 32.351 .050 -218.42 -.11 

HA-1.0S 69.60 32.351 .466 -39.56 178.76 

HA-3.0S 46.03 32.351 .845 -63.12 155.19 

HA-5.0S -62.60 32.351 .588 -171.76 46.56 

HA-0.0S 

HA-10.0S 14.50 32.351 .999 -94.66 123.66 

HA-0.0S 109.27* 32.351 .050 .11 218.42 

HA-1.0S 178.87* 32.351 .000 69.71 288.02 

HA-3.0S 155.30* 32.351 .001 46.14 264.46 

HA-5.0S 46.67 32.351 .837 -62.49 155.82 

HA-0.5S 

HA-10.0S 123.77* 32.351 .015 14.61 232.92 

HA-0.0S -69.60 32.351 .466 -178.76 39.56 

HA-0.5S -178.87* 32.351 .000 -288.02 -69.71 

HA-3.0S -23.57 32.351 .991 -132.72 85.59 

HA-5.0S -132.20* 32.351 .007 -241.36 -23.04 

HA-1.0S 

HA-10.0S -55.10 32.351 .715 -164.26 54.06 

HA-0.0S -46.03 32.351 .845 -155.19 63.12 

HA-0.5S -155.30* 32.351 .001 -264.46 -46.14 

HA-1.0S 23.57 32.351 .991 -85.59 132.72 

HA-5.0S -108.63 32.351 .052 -217.79 .52 

HA-3.0S 

HA-10.0S -31.53 32.351 .966 -140.69 77.62 

HA-0.0S 62.60 32.351 .588 -46.56 171.76 

HA-0.5S -46.67 32.351 .837 -155.82 62.49 

HA-1.0S 132.20* 32.351 .007 23.04 241.36 

HA-3.0S 108.63 32.351 .052 -.52 217.79 

HA-5.0S 

HA-10.0S 77.10 32.351 .344 -32.06 186.26 

HA-0.0S -14.50 32.351 .999 -123.66 94.66 

HA-0.5S -123.77* 32.351 .015 -232.92 -14.61 

HA-1.0S 55.10 32.351 .715 -54.06 164.26 

HA-3.0S 31.53 32.351 .966 -77.62 140.69 

Scheffe 

HA-10.0S 

HA-5.0S -77.10 32.351 .344 -186.26 32.06 

Based on observed means. 

 The error term is Mean Square(Error) = 15698.575. 

   

*. The mean difference is significant at the .05 level.    
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Homogeneous Subsets 

% ALP  

 Subset 

 % silica N 1 2 3 

HA-1.0S 30 448.90 

HA-3.0S 30 472.47 

HA-10.0S 30 504.00 504.00

HA-0.0S 30 518.50 518.50

HA-5.0S 30  581.10 581.10

HA-0.5S 30  627.77

Tukey HSDa 

Sig. .267 .169 .701

HA-1.0S 30 448.90 

HA-3.0S 30 472.47 472.47

HA-10.0S 30 504.00 504.00

HA-0.0S 30 518.50 518.50

HA-5.0S 30  581.10 581.10

HA-0.5S 30  627.77

Scheffea 

Sig. .466 .052 .837

Means for groups in homogeneous subsets are displayed. 

 Based on observed means. 

 The error term is Mean Square(Error) = 15698.575. 

a. Uses Harmonic Mean Sample Size = 30.000. 

 
 


