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Abstract 
Tricalcium silicate dental bioceramics are bioactive ceramics. They are used to repair 
and treat iatrogenic, and pathological communications between the oral environment 
and mesenchymal tissue through tooth structure, or as a retrograde root filling after root 
resection. They are placed in direct contact with mesenchymal tissues. Poor handling 
properties and high cost has led to the development of new formulations. These aim to 
improve on the original materials handling properties, and reduce material cost. 
This in vitro study looked at the biocompatibility of Biodentine (a new tricalcium 
silicate formulation), comparing it to the original tricalcium silicate material ProRoot 
MTA. The study used gingival and periradicular fibroblast cell cultures, with both direct 
and indirect material exposure methods. Several cell culture techniques were used to 
determine biocompatibility and bioactivity of tricalcium silicate-based materials: 

1) Visual observations of cell 
2)  Cell viability assays 
3) Immunocytochemistry 
4) Protein Biochemistry 
5) mRNA expression analysis 

Visual observations demonstrated differing changes in cellular morphology between our 
two main test materials and cell lines, with gingival fibroblasts demonstrating a more 
spindle like morphology, with reduced cytoplasmic volume when exposed to grey 
ProRoot MTA. Periradicular fibroblasts demonstrated a more stellate morphology when 
exposed to mineral precipitates of Biodentine.  
Immunocytochemistry and protein biochemistry demonstrated differences in vimentin 
expression between cell lines. Increased vimentin expression of a gingival fibroblast cell 
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line may indicate both an increased level of cellular stress and a reduced osteogenic 
potential. Reduced vimentin expression in periradicular fibroblasts may indicate the 
opposite, with better tolerance to tricalcium silicate materials and a greater osteogenic 
potential. 
Cell viability assays (MTT assay) demonstrated differing toxicity profiles between 
Biodentine and ProRoot MTA, with Biodentine showing a marked initial toxicity, and 
ProRoot MTA showing an increased toxicity between 14-21 days at high eluate 
concentrations.  Cell viability assay results also suggest that protective anti-apoptotic 
pathway is initiated. Vimentin upregulation may be involved in this protective 
mechanism. Although differences in cell morphology were seen between cell lines, 
similar cell viability assay (MTT assay) results between cell lines suggest that some 
changes in morphology are not due to toxicity.  
Analysis of RNA collected after gingival fibroblasts were exposed to tricalcium silicate 
samples for 35 days shows continued bioactivity of tricalcium silicates. Although not 
directly involved in osteogenesis, gingival fibroblasts may stimulate osteogenesis via 
recruitment of progenitor cells via growth factors and release of bioactive peptides units 
produced by extracellular matrix degradation. 
 



1  

 

 
BIOCOMPATABILITY OF CALCIUM SILICATE-
BASED DENTAL BIOCERAMICS MATERIALS  
1    Introduction 
Calcium silicate-based dental bioceramics are a class of materials with regenerative 
bioactive properties. The first commercial calcium silicate-based dental bioceramic was 
based on an ordinary type 1 Portland cement. Their use in modern endodontic 
procedures has risen due to their superior sealing ability, regenerative and antibacterial 
properties. However, cost, handling properties, extended setting time (with the potential 
to be washed out of their placement site), concerns over potentially harmful elements 
contained in the material  and aesthetic considerations is leading to the development of 
more user friendly calcium silicate-based materials. Removal of potentially toxic 
elements, engineering of the materials particle size, addition of setting accelerants, 
mixing and flow enhancing polymers and stabilisation  mixing gels have been used to 
enhance  calcium silicate-based materials.  
The cytotoxicity testing of both the original and new generation of calcium silicate-
based bioceramic materials has been inconsistent (2.5.1.1).  This thesis has looked at the 
cytotoxic and bioactive effects of these dental bioceramics to gain an understanding of 
the temporal changes in these properties. 
Bioactive materials will become more commonplace in dentistry. Tissue regenerative 
potential, rather than reliance on cellular tolerance of a cytotoxic material, will become 
the new bench mark. 
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2    Literature review- Calcium silicate-based dental bioceramics 
2.1   What is a bioceramic?  
  Ceramics are non-metal or metal compounds which are combined by heating at high 
temperatures. This results in the separate compounds being sintered together to form a 
material complex. Ceramics used for the repair and reconstruction of diseased or 
damaged parts of the musculo-skeletal system are termed bioceramics. They may be 
bioinert (such as zirconia), bioactive (such as hydroxyapatite), bioconductive (such as 
porous hydroxyapatite coated ceramics) or bioresorbable (such as tricalcium phosphate) 
(Hench, 1991). 

2.2   Ideal characteristics of root end and perforation repair materials 
Materials used in endodontics are frequently in direct, permanent contact with the 
periodontium (Torabinejad and Parirokh, 2010). The ideal material should prevent 
leakage of microorganisms and their by-products, should be non-toxic, non-
carcinogenic,  be biocompatible in tissue fluid and be dimensionally stable (Gartner and 
Dorn, 1992).  Additionally regeneration of tissue complexes (Holland et al., 2007), ease 
of use (Taddei et al., 2011) and visibility of the material on radiographs are  now also 
included in the material’s desirable properties. 
 Various materials have been used as root end fillings and to repair perforations in the 
root canal system. Studies of biocompatibility, micro-leakage, handling characteristics 
of various materials used historically in perforation and periradicular surgery do not 
show one material to be the master of all, merely adequate for some tasks and not for all 
applications. Materials are, at best, tolerated by the tissues they are placed in. 
Various cell culture techniques have been used to evaluate biocompatibility and 
bioactivity, including cell viability assays such as the MTT assay (Osorio et al., 1998), 
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genotoxicity investigations using the comet assay (Ribeiro et al., 2006), RNA analysis 
(Paranjpe et al., 2011, Zhao et al., 2012), protein expression (Perinpanayagam and Al-
Rabeah, 2009), and alkaline phosphatase (ALP) activity (Bryan et al., 2010). 

2.3   Chemical properties 
2.3.1   Chemical constituents and properties 

The term Mineral trioxide aggregate (MTA) was first used to describe the first 
experimental calcium silicate-based dental bioceramic (Lee et al., 1993). The original 
material is basically a refined medical grade type 1 grey ordinary Portland cement 
(OPC) with addition of bismuth oxide (Bi₂O₃- a metal oxide used to impart radio-
opacity to MTA) (Torabinejad and White, 1995). The basic main raw materials of OPC 
are a source of calcium, usually (limestone or chalk), silicates and aluminates (usually 
from clay, sand or shale) (Bye, 1999). Elemental constituents of OPC and MTA do not 
show significant differences (Funteas et al., 2003). United States patents for MTA, state 
that the preferred formula was based on the commercially available ‘Colton Fast-Set’  
brand of the California Portland Cement Company (Table 1) (Torabinejad and White, 
1995, Torabinejad and White, 1998). 

 
Table 1 –Preferred composition of type 1 Portland cement 
 Limestone or chalk, and clay, sand or shale are heated in a rotary cement kiln resulting 
in  formation of metal  oxides (Torabinejad and White, 1995) 
 

Composition  Cement chemist notation Percentage constituents
    (CCN)

CaO C 65%
SiO₂ S 21%

Fe₂O₃ F 5%
Al₂O₃ A 4%
MgO M 2%
SO₃ S 2.50%

Alkalies (Na₂O, K₂O) N,K 0.50%
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The raw materials are crushed, ground and combined in the desired proportions, then 
heated in a rotary kiln at between 1400-1650°C. The intense heat causes the limestone 
and clay to decompose into the basic raw material, which then combine to form a 
cement clinker. This process of conversion of the raw materials into a cement clinker is 
called calcination. The resultant clinker is cooled and pulverised to produce a fine 
powder. Gypsum (CaSiO₄.2H₂O) is then added to control (slow) the setting time of the 
resultant Portland cement (Bye, 1999). 
The main constituents of the cement clinker after calcination are tri-calcium silicate, di-
calcium silicate, tri-calcium alumino-ferrite, tricalcium aluminate, calcium sulphate, and 
bismuth oxide (Table 2). These main mineral constituents are also known as cement 
phases  (Belío-Reyes et al., 2009). Similarity between OPC and  the original grey 
formulation  of MTA (MTAG) have been confirmed by X-ray diffraction (XRD) (Islam 
et al., 2006). Trace elements are also present in both MTA and OPC (Chang et al., 
2010). 

 
Table 2 –Main Constituents (phases) of grey MTA  
After basic raw materials have combined in rotary kiln after calcination and addition of 
radio-opaque elements (Belío-Reyes et al., 2009). 
 
 White MTA (MTAW) was developed to overcome issues of tissue and tooth staining, 
caused by MTAG (Glickman and Koch, 2000, Karabucak et al., 2005, Antunes 
Bortoluzzi et al., 2007).  As with MTAG, MTAW elemental constituents do not show 

Main Constituents of Mineral trioxide aggregate
  Chemical Name   Common name   Chemical formula   Percentage 
  Tri-calcium silicate    Alite   (CaO)₃SiO₂ 52%
  Di-calcium silicate   Belite      (CaO)2.SiO2 23%
  Tetra-calcium alumino-ferrite   Ferrite   (CaO)4.Al2O3.Fe2O3 7%
  Tricalcium aluminate   Aluminate or Celite   (CaO)3.Al2O3 3.8%
  Calcium sulphate dihydrate   Gypsum   CaSO4.2H2O 1.3%
  Bismuth Oxide   Bi₂O₃ 20%
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significant differences from white Portland cement (wOPC) apart from the addition of 
Bi₂O₃  (Asgary et al., 2004).  

MTAG differs from MTAW in that the percentage of Al₂O₃, MgO and FeO are much 
higher in MTAG than MTAW (Al₂O₃-122%, MgO-133% and FeO-1000%) (Asgary et 
al., 2005).  Tricalcium alumino-ferrite imparts a grey colour to MTAG and grey 
ordinary Portland cement (gOPC) (Figure 1) (Camilleri and Pitt Ford, 2006). 
 

 
Figure 1- Tricalcium alumino-ferrite imparts the grey colour to grey ordinary Portland 
cement and MTAG  
 

 2.3.2   Heavy metal contamination 
gOPC was shown to have higher levels of heavy metals than both wOPC, MTAG and 
MTAW with levels of arsenic and lead being of particular concern (Chang et al., 2010). 
In another study, arsenic levels were found to be comparable between several Portland 
cement types and MTAG, but one commercial brand did have a higher arsenic 
concentration than others tested (Duarte et al., 2005), and although favourable 
constituent analysis and biocompatibility results have been demonstrated using 
commercial forms of both gOPC and wOPC, some authors  have stated  that it would be 
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unwise to use commercial Portland cements  due to potentially high concentrations  of 
heavy metals (Primus, 2006). Matsunaga found levels of arsenic in MTAG and MTAW 
to be below the 2ppm safety level required by ISO standard 991-7-2003 for dental water 
based cements (Matsunaga et al., 2010). Camilleri, in fact, found arsenic levels to be 
higher than that permitted by the ISO standard, but effective release in a simulated 
tissue fluid to be negligible (Camilleri et al., 2012). 
 Also, concerns over aluminium toxicity have led to production of calcium silicate 
cements without the aluminate phase of MTA based cements (Tomljenovic, 2011). 
Biodentine (BIOD- Septodont, St-Maur-des-Fossés, France) and Bioaggregate  (BA- 
Innovative Bioceramix Vancouver, BC, Canada) (recently introduced, laboratory 
produced calcium silicate cements without an aluminate phase)  have demonstrated 
similar arsenic levels to  OPC and MTAW  (Camilleri et al., 2012). More chemically 
pure calcium silicates have been produced which do not use raw materials such as 
limestone and clay in the MTA based materials (using a sol-gel production method) and 
this method may be adopted in future for calcium silicate cement production (Chen et 
al., 2009a). Interestingly, a new calcium aluminate cement (Endobinder) has also been 
developed which also demonstrates the presence of arsenic (Roberti Garcia et al., 2014).  

2.3.3    Particle size 
The fineness of Portland cement is measured by surface area and indicated by a 
cement’s Blaine number (measurement of surface area per gram of material) (Bye, 
1999, Torabinejad and White, 1995). A typical Portland cement has a Blaine number in 
the range of 3,200-5,500 cm²g⁻¹ or greater. In the US patent numbers 5,415,547 and 
5,769,638, the preferable Blaine number for MTA is between 4,500 4,600cm²g⁻¹, 
indicating a finer particle size than an ordinary Portland cement used in the construction 
industry (Torabinejad and White, 1995, Torabinejad and White, 1998). This also 
correlates to a reduced setting time and higher strength.  
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Comparison between particle sizes of commercial MTA variants show differences 
between colour and manufacturers. MTAW contains smaller particles and in a narrower 
range than MTAG. ProRoot MTA (Dentsply- Tulsa OK, USA) contain fewer larger 
particles compared to MTA Angelus (AMTA).  AMTA also contains finer particles than 
ProRoot MTA. AMTA particles also show less circularity (Komabayashi and 
Spångberg, 2008).  Although this analysis initially seems confusing, particle size and 
shape influence hydration and mineral release from a calcium silicate-based cement. 

 2.3.4   Setting of the MTA is via a hydration 
The setting process of calcium silicate-based cements is a dynamic process with the 
process of hydration occurring at varying rates dependent on ratios of component 
elements. No definitive description of the setting process is present in the dental 
literature, with experimental work analysing end products rather than addressing 
specific dynamics. Comparisons to setting of OPC have been used to explain the 
various phases of hydration, but specific interactions with phosphate containing tissue 
fluids produce specific differences between the setting of OPC and calcium silicate-
based dental cements via hydration with water alone, and a biological system in the 
presence of phosphate containing tissue fluids. On wetting of calcium silicate cements, 
a dynamic hydration reaction occurs, with hydration of the various material phases 
occurring at different rates. Calcium oxide hydrates rapidly, followed by tri-calcium 
aluminate.  A summary of the hydration mechanism is given in Table 3 (Darvell and 
Wu, 2011).
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1-  In the initial reaction, calcium oxide hydrates rapidly forming calcium hydroxide 
   C + H → CH₂      (Cement Chemist Notation (CCN) will be used for simplicity-see abbreviations used XVI ) 

2- Tricalcium aluminate reacts (hydrates ) rapidly and would produce a diffusion barrier to further reaction, this reaction would 
normally produce a flash set 
C₃A + H → C₄AH₁₉ → C₃AH₆ 

3- Sulphate present in gypsum competes with C₃A and this reaction dominates until the sulphate content is exhausted. Production of 
ettringite produces an initial set but further inhibits set via a producing a stronger diffusion barrier 
C₃A + S̅ + H → C₆AS̅₃H₁₂ → C₄AS̅H₁₂  (Ettringite) 

4- Diffusion of water through the barrier layer (termed a gel) eventually causes swelling and ‘bursting’ of the gel layer-normal 
hydration of the cement phases resumes. A diffuse amorphous calcium silicate hydrate is produced with a range of compositions. 
 C₃S, C₂S + H →  C-S-H + CH₂ 

5- The C₄AF phase behaves in a similar way to C₃A, but reduced solubility of Fe in high pH produces an almost circular, poorly crystalline 
material rich in Fe intermixed with needle like crystals and C-S-H 

 
Table 3- Hydration reactions of MTAG phases in order of reaction.  
Calcium oxide hydrates rapidly with a strong exothermic reaction.  Calcium hydroxide (CH) is produced and causes a rapid rise in pH. 
Calcium aluminoferrite phase (C₃A) also hydrates rapidly, but this forms a barrier to hydration of other cement phases. The hydration 
reaction is further inhibited by the presence of gypsum which results in the formation of a sulphate rich crystalline layer (ettringite) which 
further increases the diffusion barrier. Only after this is disrupted by water diffusion does this inhibitory barrier break down and allow the 
final hydration reaction of the calcium silicate main phases of the cement (Darvell and Wu, 2011)   
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Thus the setting reaction of Portland cement based calcium silicate cements can be 
simply summarised as a production of a mixed hydrated calcium aluminate, calcium 
sulphate aluminate, and amorphous hydrated calcium silicate matrix. Excess calcium 
hydroxide is also present as a dispersed crystalline form throughout the matrix. 
Scanning electron micrograph studies also confirms this complex mixture of mineral 
phases  (Asgary et al., 2009).When bismuth oxide is used as a radio-opacifier, it is seen 
randomly dispersed throughout the hydrated matrix. 

2.3.5   Hydroxyapatite formation 
The production of hydroxyapatite (HAP) crystals has been demonstrated when calcium 
silicate cements are immersed in a simulated tissue fluid (Sarkar et al., 2005), with 
globular precipitates being produced, which are composed of numerous smaller 
particles. X-ray diffraction (XRD) analysis revealed these globular precipitates to have a 
similar diffraction pattern to HAP.  This HAP formation is also observed between the 
MTA/dentine interface, due to Ca²⁺ ion release from MTA reacting with phosphates 
from the simulated tissue fluid. 
The formation of HAP may be via the reaction below: 
10Ca²⁺ + 6(PO₄)³⁻  + 2(OH) ⁻ → Ca₁₀(PO₄)₆(OH)₂  

Fluctuations in Ca²⁺ ion release has been observed with reduction in Ca²⁺ levels being 
seen over 72h, then an increase in Ca²⁺ being observed (Bozeman et al., 2006). No 
significant difference in Ca²⁺ release was observed between MTAG and MTAW, 
although in the same experiment, production of HAP was also seen to be higher in 
MTAG than MTAW, both in the simulated tissue fluid solution and on the surface of 
the material. It would thus be expected that MTAG may potentially produce a better 
biological seal (sealing of voids, air bubbles and capillary channels that may 
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inadvertently be present in the material) than MTAW, thus preventing penetration of 
bacteria and bacterial toxins. 

2.3.6   New synthetic calcium silicate cements 
Biodentine (BIOD) and Bioaggregate (BA) are newly introduced calcium silicate-based 
dental cements.  
Production of BIOD is not specifically stated. It is assumed that BIOD is not produced 
by a clinkering of raw materials and is a synthetic tricalcium silicate-based material.  
BIOD is composed of tricalcium silicate (main component), dicalcium silicate (second 
main component), zirconium oxide (as a radio-opacifier), calcium carbonate, iron oxide 
(used as a colourant). BIOD is mixed with a supplied water, which contains the setting 
accelerant calcium chloride and a hydrosoluble polymer which acts as a water reducing 
agent. The surface area of BIOD is greater than AMTA. This results in a more rapid 
hydration and set of the cement when compared to MTA based cements (Biodentine, 
2010, Camilleri et al., 2013). It would be assumed that presence of heavy metal 
contaminants is thus reduced (Camilleri et al., 2013), but as stated previously, BIOD 
has an arsenic content, as well as a lead content, but release of these elements are low in 
simulated tissue fluid (Camilleri et al., 2012). 
Bioaggregate (BA) is a new nano-particulate material, which contains calcium silicate, 
calcium hydroxide, hydroxyapatite (HAP), and tantalum pentoxide as a radio opacifier. 
BA does not contain an aluminate phase, gypsum (CaSO₄), or bismuth oxide 
(Bioaggregate, 2012, Park et al., 2010). HAP has been shown to stimulate proliferation 
of human periodontal ligament fibroblasts (Kasaj et al., 2008), and can strengthen bone 
cements (Roether and Deb, 2004).  The modified formula of BA is an example of an 
enhanced calcium silicate cement and an evolution from the original MTA formula 
(Park et al., 2010). 
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2.4   Biocompatibility  
Calcium silicate-based materials were first reported in the dental literature in 1993 (Lee 
et al., 1993) . Early experimentation with sealing ability, dye penetration, bacterial 
penetration, antibacterial, mutagenic, cytotoxic, physical and chemical properties, and 
various in vivo experimental models strongly highlighted the therapeutic potential of 
calcium silicate-based materials (Lee et al., 1993, Torabinejad et al., 1993, Torabinejad 
et al., 1994, Torabinejad et al., 1995f, Torabinejad et al., 1995d, Kettering and 
Torabinejad, 1995, Torabinejad et al., 1995e, Torabinejad et al., 1995b, Ford et al., 
1995, Torabinejad et al., 1995c, Torabinejad et al., 1995a). Unfavourable handling 
properties, long setting time, tooth and tissue staining and high the cost of the original 
material have led to the development of improved calcium silicate-based cements.  
Calcium silicate-based materials have subsequently consistently been shown to be 
significantly more biocompatible than the previous generation of root end filling 
materials, which at best are merely tolerated or were severely cytotoxic. The need for a 
more user friendly and biocompatible restorative material filling material has driven 
both commercial and academic research. 
Assessment of success clinically is usually assessed by absence of symptoms, swelling 
sinus tract or other signs of infection, evidence of radiographic healing and continued 
normal function of the tooth (Johnson, 1999). The absence however of signs/symptoms 
and radiographic appearance cannot truly demonstrate healing and only histology can 
confirm true healing. This is not a method of assessment that can be used in clinical 
practice. 
Animal experiments have been used to assess the healing response of tissues to root end 
filling materials, but these animal studies should only be undertaken after other 
assessment methods have been employed.  



12  

 

2.4.1   In-vivo Studies 
In-vivo animal studies have been extensively used to evaluate tissue response to MTA. 

2.4.1.1   Perforation repairs 
 The root furcation or the lateral walls of a tooth root can be perforated during 
endodontic procedures, resulting in a poor long term prognosis for the tooth. Several 
studies have used animal models to test MTA as a furcation or lateral perforation repair 
material. Experiment protocols differ greatly, with the duration of experiment, 
comparison materials and presence of contamination of the experimental site varying. 
Thus direct comparisons between experiments are not always possible. The proximity 
of the gingival crevice to a furcal perforation presents a challenging environment in a 
dog experimental model, as it is more susceptible to bacterial contamination. Lateral 
perforations have a better prognosis, as being more remote from the gingival crevice, 
will be less prone to bacterial contamination. Additionally, for ethical reasons, some 
experimental protocols have dispensed with separate animal experimental controls in 
order to reduce numbers of animals being sacrificed (Noetzel et al., 2006) 
The first in vivo experiments with MTA involved the creation of furcation perforations 
in dog premolars (Ford et al., 1995). These were restored with either amalgam or MTA. 
Perforations were repaired immediately or after contamination in the oral environment. 
Immediate furcation repair showed significantly less inflammation with the 
experimental MTA than those treated after exposure to the oral environment. All MTA 
samples showed more favourable healing than amalgam at all time points. A high 
proportion of the immediately treated MTA cases in fact showed no inflammation at the 
end of the experimental period, with cementum seen to have formed over the MTA 
repair. Other workers further demonstrated the importance of immediate repair of such 
defects (Holland et al., 2007). Lateral perforations were created in premolars, then 
either repaired immediately, or left exposed to the oral environment for 7 days. 
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Perforations were then either repaired with MTA, or dressed with calcium hydroxide for 
a further 2 weeks before final MTA repair. Those cases immediately repaired with MTA 
showed more consistent re-establishment and organisation of the periodontal ligament. 
The presence of new cellular cementum covering the MTA repair material was a 
frequent finding. Both cases exposed to the oral environment before repair showed a 
less well organised periodontal ligament, and a less consistent deposition of cementum 
over the MTA repair. Inflammation ranged from acute to chronic, with varying degrees 
of intensity (Holland et al., 2007).  
Other bioceramics such as tricalcium phosphate cements (TCP-already used in bone 
regenerative procedures) was compared to ProRoot MTA (grey) in uninfected furcal 
perforations in dog experimental model (Noetzel et al., 2006). Inflammation associated 
with MTA was marginally better than TCP. This difference was statistically significant. 
Bone organisation was not significantly different. The time of perforation repair to 
histological examination was 84 days and lies between the times used by Holland et al 
(Holland et al., 2001c) (30 and 180 days). This again makes comparisons between other 
studies difficult as in this study inflammation was still present, and researchers stated 
that they could not confirm the high biocompatibility of MTA in other experiments.  
 Holland et al. created lateral perforations in previously root treated premolars of beagle 
dogs. These were immediately repaired with either MTA (Dentsply Tulsa) or Sealapex 
(Kerr Romulus M.I) (Holland et al., 2001c). Histological examination conducted at 30 
and 180 days showed more consistent cementum formation over MTA, compared to 
low levels of reduced cementum formation only at the peripheries of Sealapex 
specimens. Inflammation was not present in many specimens at all time points with 
MTA, but when present, was associated with an over fill and was classed as a mild, 
chronic inflammation. Some cases also exhibited small areas of ankylosis (fusion of 
bone to tooth structure with loss of periodontal ligament) adjacent to the perforation. 
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Sealapex had a higher number of specimens demonstrating chronic inflammation, mild 
ankylosis and necrosis of the periodontal ligament in direct contact with the material. At 
180 days Sealapex showed chronic inflammation on all specimens. No ankylosis was 
seen in any of the 180 day MTA or Sealapex specimens. Consistent cementum 
formation and reduced inflammation was also noted by Yildirim (Yildirim et al., 2005). 
Furcation perforations were created in previously root filled premolar and molar teeth of 
mongrel dogs. Repair was performed immediately using either MTA or Super EBA (a 
zinc oxide and ethoxybenzioic acid restorative material). Repair sites were 
histologically examined after 1, 3 and 6 months. After 6 months, all furcation 
perforations repaired with MTA showed cementum deposition over the MTA repair, 
with inflammation being completely absent.  Super EBA  still demonstrated 
inflammation, ranging from no inflammation through to severe. No note was made of 
cementum deposition over the Super EBA repairs (Yildirim et al., 2005).  
Additives can enhance mechanical and handling properties of MTA. MTA is chemically 
similar to a type 1 Portland cement. Both have poor compressive strength compared to a 
type II and V Portland cements, which because of the addition of either blast furnace 
slag or volcanic ash, have excellent resistance to compression. Biocompatibility of 
MTA compared to these type II and V Portland cement were similar (Silva Neto et al., 
2012) when used to repair artificially created furcation perforations in dogs teeth. 
Tissue responses to biologically active molecules osteogenic protein 1 (OP-1 or bone 
morphogenic protein 7 BMP-7), basic fibroblast growth factor (bFGF  or fibroblast 
growth factor 2-FGF2) and insulin like growth factor 1 (IGF-1) were also compared 
with MTA (control) in a furcation perforation repair experimental model (Zairi et al., 
2012). MTA demonstrated better healing than growth factors alone.  Authors suggested 
that the inclusion of bioactive molecules into MTA could promote better healing and 
regeneration of repair sites. However, within the organic matrix of both bone and 
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dentine, growth factors are present. As MTA has been shown to  release bioactive 
components from the dentine matrix, the ability of MTA to locally stimulate release of 
these growth factors at the tissue material interface may explain the materials 
regenerative potential (Tomson et al., 2007, Tomson et al., 2013). 

2.4.1.2    Apical-periradicular tissue response 
Deposition of cementum over artificially created apical lesions treated by root resection 
and retro-filling with MTA has been demonstrated in both dog and monkey 
experimental models (Torabinejad et al., 1995a, Torabinejad et al., 1997, Holland et al., 
1999). 
Additionally, accessory canals were also observed to have been sealed by cementum 
deposition (Holland et al., 1999).   
Cementum formation is not unique to MTA and has been demonstrated with other 
materials, such as the polyvinyl resin cement Diaket (ESPE-Premier, Norristown, PA, 
USA), and biological molecules ( BMP7) used to treat artificially created periradicular 
lesions (Regan et al., 2002, Shabahang et al., 1999, Williams and Gutmann, 1996). One 
study showed cementum deposition over MTA retrograde root fillings spreading over 
the MTA from the peripheries. Some isolated areas of cementum deposition were also 
seen, possibly demonstrating cementum derived from the periodontal ligament rather 
than existing cementum from the root surface (Baek et al., 2005). MTA remains 
bioactive after setting (Apaydin et al., 2004) with previously placed MTA root fillings 
still showing formation of cementum, and complete dentoalveolar healing  

2.4.1.3   Dental pulp 
Numerous animal and human studies have shown dentine bridge formation when MTA 
is used in experimental pulpotomies or pulp capping (Ford et al., 1996, Holland et al., 
2001a, Faraco and Holland, 2001, Menezes et al., 2004a, Briso et al., 2006, Asgary et 
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al., 2008, Zarrabi et al., 2010). Dentine Bridge formation is more predictable than for 
Ca(OH)₂, with well organised tubular dentine, continuous with the lateral dentine walls 
being a consistent finding in many studies (Faraco and Holland, 2001, Asgary et al., 
2008). A reduced, or lack of inflammatory infiltrate was often reported. An anti-
inflammatory effect of MTA was also demonstrated by RT-PCR performed on mouse 
pulps capped with MTA (Barbosa Silva et al., 2008). Incomplete and irregular dentine 
bridge formation was often seen with Ca(OH)₂. The poor sealing ability of Ca(OH)₂ 
could explain this less favourable response as Gram positive cocci were associated with 
Ca(OH)₂ pulpotomy cases that exhibited poor dentine bridge formation and 
inflammatory infiltrate (Faraco and Holland, 2001, Briso et al., 2006). One study 
comparing MTA and Ca(OH)₂ in a pulp capping experiment showed similar results 
between MTA and Ca(OH)₂. A more rigorous bonding protocol for the final restoration 
of the experimental site seems to have excluded bacteria and so resulted in a more 
favourable response of the pulp tissue to Ca(OH)₂ (Queiroz et al., 2005).  In a baboon 
dental pulp exposure experiment, pulpal tissue was exposed to the oral environment for 
a short period before placement of an MTA, OPC or a Ca(OH)₂ pulp cap. Although 
dentine bridge formation was thicker in the MTA and OPC groups, no tubular 
reparative dentine was reported, with dentine tunnel defects also seen. In comparison 
experiments, both gOPC and wOPC showed similar pulpal responses to commercial 
variants of MTA (Holland et al., 2001a, Menezes et al., 2004a, Menezes et al., 2004b).  
Pre-treatment of Pulpal exposures with biologically active molecules have given varied 
results (Andelin et al., 2003, Ko et al., 2010). Addition of BMP7 before placement of an 
MTA pulp cap did not increase dentine bridge formation compared to MTA alone. The 
dentine-bridge formed after BMP7/MTA pulp capping resembled bone in most cases. 
Dentine sialoprotein (DSP), a sialic acid rich glycoprotein expressed by odontoblasts 
and often used as an odontogenic marker, was not expressed as strongly in the 
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BMP7/MTA groups compared to MTA groups alone (Andelin et al., 2003). The pre-
treatment of rat pulps with BMP2 before placement of an MTA pulp cap also did not 
improve healing of the dental pulp. There was a slight reduction in inflammation with 
the BMP2/MTA group when compared to MTA alone, but this was not significant. Both 
BMP2/ MTA and MTA alone produced a complete hard tissue barrier, and was 
described as osteodentine due to cellular inclusions. An extended experimental period 
may have also seen the formation of more regular tertiary dentine as described by other 
workers (Ko et al., 2010).  
In a short term pulp capping experiment, one week after exposing pulp tissue to MTA, a 
crystalline layer was seen over the MTA pulp cap, consisting of both amorphous and 
oblong crystalline forms, together with a basophilic matrix adjacent to the pulp tissue 
(Tziafas et al., 2002). Pulpal cells were already showing elongation and polarisation 
adjacent the MTA and exhibiting an increased cytoplasmic ratio. X-ray analysis of the 
MTA and crystalline mineral deposits showed a difference in constituents, with the 
MTA showing main peaks of calcuim and silicon, but the crystalline deposits showing 
main peaks of calcium and phosphorus. Subsequent X-ray analysis at two weeks 
showed two main peaks of calcium and phosphorus. This would be consistent with 
hydroxyapatite formation. 
The human dental pulp provides an experimental model for pulp response to MTA. 
Teeth scheduled for orthodontic extraction have been used as an experimental model to 
test MTA and the ability of other bioceramics to form a reparative dentine bridge over 
an intentionally created pulpal exposure, or a pulpotomy. Results of such studies have 
thus confirmed the findings of animal experimental models in a human model (Nair et 
al., 2008, Chacko and Kurikose, 2006).  
The addition of chemicals to MTA can improve the physical properties. Calcium 
chloride (CaCl₂) will accelerate the setting of MTA.  One study found pulpal response 
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to MTA/CaCl₂ as favourable as MTA alone. Another study found MTA/CaCl₂ to have a 
less favourable response than MTA, but differences were not significant (Parirokh et al., 
2011, Bortoluzzi et al., 2008).  Response of pulp to BIOD (which contains CaCl₂ as a 
setting accelerant) produced a comparable pulpal response to MTA (Tran et al., 2012, 
Nowicka et al., 2013). Expression of DSP  and osteopontin (OPN), polarisation of the 
odontoblast layer, and the production of well organised tubular dentine were also 
similar.  

2.4.1.4   Implantation experiments 
Implantation of materials is commonly used to assess biocompatibility, with the ISO 
standard 10993-6 giving guidance for experimental procedure (ISO10993-6, 2009). 
MTA has been assessed using both bone, connective tissue and peritoneal implantation 
protocols. ISO 10993-6 states that implantation experiments should be conducted in 
tissues relevant to the intended use of the material (ISO10993-6, 2009). Thus 
implantation into soft connective tissue may not always be a relevant biological site for 
testing a material whose intended use is the repair of mineralised tissues. 
Numerous animal models have been used in implantation experiments, with calcium 
silicate-based bioceramics (Torabinejad et al., 1995c, Torabinejad et al., 1998, Moretton 
et al., 2000, Sumer et al., 2006, Yaltirik et al., 2004, Saidon et al., 2003, Holland et al., 
2001b, Holland et al., 2002). 
Implantation of MTA into the mandibles of guinea pigs showed favourable tissue 
responses to MTA when compared to amalgam IRM and super EBA after 80 days 
(Torabinejad et al., 1995c, Torabinejad et al., 1998) . Bone deposition was more 
consistently seen over the implanted MTA samples compared to amalgam, Super EBA 
and IRM. The MTA implanted samples showed no inflammation. However, all other 
tested material showed a degree of inflammation.  
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The initial soft tissue response to MTA is less favourable than mineralised tissues 
(Moretton et al., 2000, Sumer et al., 2006, Yaltirik et al., 2004). Subcutaneous implants 
in rats showed a more severe reaction than with implants of amalgam or Super EBA. 
MTA produced an initial severe inflammatory response that subsided over 30-60 days. 
In some studies, histological examination of the implant site showed coagulation 
necrosis, dystrophic calcification, fibrosis and foreign body giant cells (Moretton et al., 
2000, Yaltirik et al., 2004). Inflammatory infiltrate was made up of macrophages, 
lymphocytes and plasma cells. Other studies did not report this initial coagulation 
necrosis. Intraosseous implants of MTA and Super EBA, however elicited a less intense 
reaction and bony deposition was seen over the implanted samples. The researchers 
concluded that both materials were biocompatible and osteoinductive in mineralised 
tissues, but not osteoinductive in connective tissues (Moretton et al., 2000). Dystrophic 
calcification in soft tissue indicates mineralisation potential, but the disorganised nature 
of this calcification does not indicate hard tissue genesis merely passive calcification. 
Another study using guinea pigs, demonstrated a favourable response to MTA and 
Portland cement samples implanted into mandibles. Both materials demonstrated bone 
growth over the material implants, and concluded that both MTA and the cheaper 
Portland cement showed a similar tissue response (Saidon et al., 2003). Similar tissue 
responses were also noted with a new white formulation of MTA and Portland cement, 
when compared to the original MTA formulation (Holland et al., 2001b, Holland et al., 
2002). Dentine tubes were filled with MTAG, MTAW or OPC, then implanted 
subcutaneously into the dorsal region of rats. Both MTAG, OPC and MTAW produced 
a birefringent granular precipitate in close contact with material samples, and within the 
structure of the implanted dentine tubules (Figure 2). This optical property is 
characteristic of calcium carbonate or Calcite (CaCO₃). Calcite is formed from the 
reaction of Ca(OH)₂  with CO₂. Calcite is associated with fibronectin, whose presence 
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is associated with the initial mineralising matrix formation (Subburaman et al., 2006, Ba 
et al., 2010).  
 

 
Figure 2- Formation of a birefringent layer within the dentine tubules  
after implantation of dentine tubes into dorsal rat connective tissue (MTA-mineral 
trioxide aggregate, D- Dentine, PL- polarised light shows birefringent layer which are 
characteristic of calcite crystals CaCO₃ which have been deposited in the dentinal tubules adjacent the MTA sample (Holland et al., 2001b)
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2.5   In-vitro studies 
Cell culture experiments are also used extensively to assess the cytotoxicity and 
bioactivity of MTA. Direct, or indirect exposure techniques are used to expose cell 
cultures to test materials. Indirect exposure methods usually involve exposure of cell 
cultures to elements leached from the test material into a solution (eluate). Another 
indirect exposure method involves placing material samples in a porous container held 
in close proximity to cell cultures such as an insert designed to fit a multiwell plate . 
Direct exposure experiments place cells in direct contact with a material sample.  

2.5.1   Cytotoxicity 
Several methods of cytotoxicity testing have been used to test the toxicity of MTA. An 
agar overlay and  a  radiochromium release method were initially used. L929 mouse 
fibroblasts were cultured with four materials used in endodontic surgery. The least 
cytotoxic material was found to be MTA followed by amalgam, Super EBA with most 
cytotoxic being IRM (Torabinejad et al., 1995e). 

2.5.1.1   MTT, XTT and MTS assay 
A more commonly used toxicity assay is the MTT assay, or derivatives, such as XTT of 
MTS assays. Cell cultures are exposed to leachable products from the test material in 
the form of an eluate. Eluates are produced by placing materials into a physiological 
solution (extraction vehicle) such as a cell culture media. Fluid extraction ratios may be 
based on either weight, or surface area of test material to volume of extraction vehicle 
(Osorio et al., 1998, Souza et al., 2006, Zhang et al., 2010a, Zhang et al., 
2010b).Variations in eluate concentrations occur due to differing extraction ratios, or 
the presence of an impermeable barrier such as a polythene tube into which test 
materials are placed (Vajrabhaya et al., 2006)  Not surprisingly, lower eluate 
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concentrations are less cytotoxic than higher eluate concentrations (Zhang et al., 2010a, 
Keiser et al., 2000). 
Another method used to expose materials to cell cultures is to place material samples 
into insert wells, which are then placed into a multi-well cell culture plate (Kim et al., 
2008, Salles et al., 2012).  Other methods used expose cells to materials include placing 
set material pellets directly into cell cultures (Jafarnia et al., 2009, Yan et al., 2010), 
crushing set materials before exposure to extraction vehicle to produce an eluate (Wang 
et al., 2013). Obviously, the leachate concentration between these experiments is vastly 
different so direct comparison cannot always be made 
Test material exposure to extraction vehicle has also varied between studies and 
typically range from 24 hours to 7 days, and may have several collection points. Cell 
exposure to leachate also varied and ranged between 24h- 7 days.  Few long exposure 
experiments have been performed (Bryan et al., 2010). 
 ISO 10993-5 and 10993-12 gives guidance on material sample production and eluate 
production for such MTT assays (Table 4). Following  these ISO standards is now 
recommended by some professional journals (Peters, 2013) and is used by some 
researchers, but not all (Laurent et al., 2008, Osorio et al., 1998, Souza et al., 2006, 
Silva et al., 2012, Zhang et al., 2010b), so with adoption of ISO standards for eluate 
production, comparison between  experiments is possible, although interpretation of the 
ISO standard vary between workers (Table 5).  
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Table 4- Extraction ratios of material surface area, characteristics and weight to 
extraction vehicle volume (taken from ISO 10993-12).   
Using  L929 mouse fibroblasts and human periodontal ligament fibroblasts, a leachate 
of MTA was significantly less cytotoxic than a leachate of glass ionomer, Super EBA 
and amalgam collected over a 72 hour period, and exposed to cell cultures for 72 hours 
(Osorio et al., 1998). This experiment followed ISO guidelines. Other workers did not 
find any significant differences in toxicity between leachates of MTA and amalgam 
when cultured with human periodontal ligament fibroblasts (Karimjee et al., 2006). 
Prolonged exposure of L929 fibroblasts to leachates prepared from both fresh and set 
MTA and CEM (calcium enriched mixture-an experimental calcium oxide, phosphate, 
silicate and sulphate developed to address some of the shortcomings of MTA) caused a 
reduction in cell viability over a 7 day period but toxicity was significantly less than 
IRM ( a zinc oxide/ eugenol based dental cement), which was severely cytotoxic over 
the whole experimental period (Mozayeni et al., 2012). MTA leachate dilutions ranging 
from 1:10-1:10,000 have also been shown to increase cell viability of the human U2OS 
osteosarcoma cell line  over a 24 hour period when compared untreated control cells 
(Huang et al., 2003). The effects of leachate concentration have also been demonstrated 
by Zhao, who found marked cytotoxicity at high leachate concentrations, increases in 

   Thickness                          Extraction ratio             Examples of forms of materials
          (Surface area or mass/volume)

             mm          ±10%
            <0.5             6cm²/ml                  Film,sheet, tubing wall
          0.5-1.0             3cm²/ml      Tubing wall, slab, small  moulded items
           >1.0          3cm²/ml                    Larger moulded items
           >1.0          1.25cm²/ml                    Elastomer enclosures

          Irregular shaped solid device             0.2g/ml                   Powder, pellets, foam,
          Non-absorbent moulded items

     Irregularly shaped porous devices             0.1g/ml                  Membranes, textiles
                (low density materials)
   NOTE While there are no standardised methods available at present for testing absorbents and hydrocolloids, asuggested
   protocol is as follows:
    -determine the volume of extraction vehicle that each 0.1g or 1cm² of material absorbs
   - then, in performing the material extraction, add this additional volume to each 0.1g or 1.0cm² in an extraction mixture
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cell viability at 10-100 dilutions, but no effect on cell viability at 1000 times dilutions 
(Zhao et al., 2012). 
Aged MTA based root canal sealers showed decreasing toxicity over a 5 week period. 
MTT assay showed severe cytotoxicity of the MTA based sealer at 24 hours, with 
toxicity decreasing markedly after 1 week, and classed as non-toxic by the third week.  
Interestingly in this experiment, an epoxy resin based sealer (AH+  Dentsply) showed a 
statistically similar toxicity profile to the MTA based sealer, but a zinc oxide eugenol 
based root canal sealer remained severely cytotoxic throughout the 5 week experimental 
period (Bryan et al., 2010). A shorter exposure time produced similar results with a 3T3 
mouse fibroblast cell, and demonstrated the higher cytotoxicity of Ca(OH)₂ when 
compared to MTA and a calcium aluminate dental bioceramic- EndoBinder (developed 
to address some of the shortcomings of MTA) and although the eluate collection and 
exposure time was short, the initial high cytotoxicity of Ca(OH)₂ was clearly shown. 
 Additions of some setting accelerants have been shown not to alter cell viability when 
compared to MTA alone (Ding et al., 2008, Jafarnia et al., 2009, Laurent et al., 2008). 
Calcium chloride, lidocaine, and sodium chloride, when added to grey and white 
ProRoot MTA, caused no reduction viability of mouse L929 fibroblasts in both fresh 
and set states (Jafarnia et al., 2009). 
 Comparisons between MTA variants show similar cytotoxicity (Damas et al., 2011, 
Guven et al., 2007, Hwang et al., 2011, De-Deus et al., 2009).  White ProRoot MTA, 
white MTA-Angelus and Endosequence Root Repair material showed no significant 
difference in viability from control cells.  Endosequence Root Repair putty did show a 
significant difference from control cells, but viability was still high being 92% of the 
control culture (Damas et al., 2011). Another study found no difference in cytotoxicity 
between ProRoot MTA and MTA Angelus, but did find a statistically significant 
reduction in cell viability compared to the control group cell culture (Guven et al., 
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2007). Experimental and commercial ‘building industry’ type 1 Portland cements also 
have similar cytotoxicity to ProRoot MTA (Hwang et al., 2011). Bioaggregate, a new 
laboratory produced calcium silicate-based material and containing hydroxyapatite 
(Innovative Bioceramix Inc., Vancouver Canada) also showed similar viability to MTA 
Angelus, in a simulated root model (De-Deus et al., 2009).  
Superplasticisers are used in the cement industry to improve cement flow 
characteristics, and workability (Camilleri et al., 2005b).  A commercial superplasticiser 
(Degussa Construction Chemicals, Manchester UK) was used to aid mixing and flow 
characteristics of experimental Portland cements. The improved Portland cement had 
similar biocompatibility to commercial forms of MTA (Camilleri et al., 2005b). 
The addition of growth factors (BMP2) has been shown to initially reduce cytotoxic 
effects of MTA up to 24 hours, after which no statistical significance was detected 
between MTA combined with BMP2 over MTA alone (Ko et al., 2010).
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Table 5- see page 28 for legend 

Study Extraction ratio highest effective Extraction Test period Dilution MTT assay specific
or extraction method  extraction ratio period hours range experimental conditions

Osorio 1998 0.2g ml⁻¹ as extraction 72 hours 24 hours ― Cells grown on membrane of transwell insert
Materials  set for 24 hours in UV light

Keiser 2000 3.2cm² ml⁻¹ 1.6ml cm² 24 hours 24 hours 1:1-1:16 Materials set for 24 hours in 100% humidity
eluates dilutions  1:1, 1:2, 1:4, 1:8, 1:16

Huang 2003 32cm² ml⁻¹ 3.2cm² ml⁻¹ 24 hours 24 hours 1:10-1:10,000 Medium added to fresh mixed materials
 1:10-1:10,000

Vajrabhaya 2006 0.04cm² ml⁻¹ as extraction 72 hours 72 hours ― Material placed in tygon tube- surface area is 
effectively tube end s only

Karimjee 2006 0.994cm² ml⁻¹ as extraction 24, 48 and 72 24 hours ― Also used a lactate dehydrogenase assay
 hours to determine cytotoxicity

Gorduysus 2007 0.5cm² ml⁻¹ as extraction 24 hours  24, 48 and — Three viability and cytotoxicity assays used-
and 72 hours  MTT + apoptosis assay and cell cycle analysis

Laurent 2008 0.5cm² ml⁻¹ as extraction 24 hours 24 hours neat-1:10 A simulated pulpal pressure extraction 
0.126mm² ml ⁻¹ as extraction 24 hours 24 hours neat-1:10 method was  used-this would result in a

 much higher dilution ratio
Kim  2008 10x1mm sample in as extraction direct in culture 12, 24, 48 ― Materials set for 24 hours before  

 transwell inserts and 72 hours direct exposured to cells. 
Ghoddusi 2008 0.2g ml⁻¹ as extraction 24 hours  24, 48 and neat-1:100 Fresh and  set  (24 hour) materials used

and 72 hours
Hwang 2009 0.994cm² ml⁻¹ as extraction 72 hours  24, 48 and — ―

and 72 hours
Jafarnia 2009 1x1mm pellet — direct in culture  24, 48 and — Direct exposure of fresh and set materials

 72 hours placed in cell culture (96 well plate)
Mozayeni 2009 3mm of material as extraction not stated 1,24 and — Fresh and set materials- unclear 

 placed in 96 well plate 168 hours extraction ratio
Kim 2009 7.07cm² ml⁻¹ as extraction 24 hours 48 hours ― Unsure if  individual samples placed in 1ml

 or 10 samples in 1 ml
AlAnezi 2010 2mg per 48 well plate with either as extraction 24 and 72 hours 24 hours ― High extraction vehicle volume to material

 300, 600 or 1000µl added ratio
Ko 2010 6.28cm² ml⁻¹ as extraction 24 hours 48 — Materials set over 1, 24, 48 and72 hours

Lessa 2010 0.19cm² ml⁻¹ as extraction 24 hours, 7 days 2 hours — Materials set for 4 hours
Zhang 2010 (1) 1.25cm² ml⁻¹ as extraction Not stated 24 — Materials set for 24 hours

Yuan 2010 Direct exposure of  cells to — direct in culture 24, 48 and  ― Materials allowed to set for 4 hours before
 3x1mm set material disc 72 hours  exposure
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Table 5- see page 28 for legend 
 

Study Extraction ratio highest effective Extraction period Test period Dilution range MTT assay specific
or extraction method  extraction ratio hours experimental conditions

Bryan 2010 a) 5x3mm set discs — Direct in Culture a+b) Discs  set for 24 hours, placed in a transwell 
in transwell inserts 72 hours 1:2-1:1,000 insert and cultured with cells for 72 hours. 
b) 5x3mm set discs 0.087 cm² ml⁻¹ 96 hours repeated over Discs then placed in  4ml of medium for 4 

 in 5ml medium 5 weeks days. Eluates collected for further experiment.  
(0.173 cm² ml⁻¹)  Assay cycle repeated for 5 succeding weeks

Yan 2010 3x1mm set disc ― Direct in Culture 24, 48 and ― Cells plated directly onto material samples
 72 hours  in 96 well plate after 4 hour set

Zhang 2010 (2) 0.141cm² ml⁻¹ as extraction 24 hours 24 hours neat-1:4  Fresh and 24 hour set samples used
Damas 2011 1.1cm² ml⁻¹ as extraction 24 hours 24 hours neat-1:5 Set for 7 days in 95% humidity

Zhao 2012 [111] 20mg  ml⁻¹ as extraction 168 hours 24,72 and neat-1:10,000 Incubated suspension for 7 days, then filterrd
120 hours large serial dilution range

Gomes-Filho 2011 1.1mm diametre tube as extraction direct in culture 24 hours ― Effective surface for eluate extraction
 is only tube ends ( diametre=1.1mm)

Chung 2011 0.707cm² ml⁻¹ as extraction 24 hours over 3 days 24 hours ― Eluates collected over 3 x24 hour consecutive
 time periods

Ma 2011 2.51cm² ml⁻¹ as extraction 24 hours 24,72 and neat-1:8 Assay conducted over 7 day period
168 hours

Ji 2011 0.2g ml⁻¹ as extraction 24 hours 24 hours ― Short time period for eluate and production 
and  exposure to cell line

Hakki 2012 1.6mm thick dentine slabs with 1mm ― direct in culture  48 and 96 hours ― Direct exposure to material in dentine slab
perforation filled with test material will have high dilution factor

Hirschman 2012 0.334cm² ml⁻¹ as extraction 48, 120 and 192 hours 24 hours neat- 1:5 Material discs allowed to set for 1 week
Silva 2012 1.25cm² ml⁻¹ as extraction 24 hours 24 hours ― Materials set for 48 hours

 (confirmed by author)
Salles 2012 6x2mm sample in transwell insert ― direct in culture 24, 48, 72 ― Materials set for 24 hours

and 168 hours ―
Lee 2013 0.2g ml⁻¹ 0.05g ml⁻¹ 24 hours over 3 days 72 hours 1:4 Matrials allowed to set for 2, 4, 8 

and 24 hours. Eluates diluted  4 times 
Gupta 2013 0.189ml cm² as extraction not stated 24 and 48 hours ― MTA compared to  glass ionomer and geristore
Dantas 2012 0.377ml cm² as extraction 24 hours 24 hours ― Experiment showed reduced viability of cells 

exposed to MTA compared to other materials
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Table 5- Cell viability studies showing varying eluate extraction ratios or exposure method used in cell culture experiments with 
mesenchymal cells. The extraction ratio and method, highest effective extraction ratio, extraction period, test period, dilution range and 
some specific experimental conditions are shown. 
(p26-28).

Study Extraction ratio highest effective Extraction period Test period Dilution range MTT assay specific
or extraction method  extraction ratio hours experimental conditions

Yoshino 2013 0.864ml cm² as extraction 72 hours 24, 48 and Neat-1:16 Eluates filtered after extraction period
72 hours

Wang 2013 200mg ml⁻¹ of set, ground  material 20mg ml⁻¹ 168 hours 0, 24, 48, 72, 20mg-2µg  ml⁻¹ Eluates made from set powdered materials,
 120, 168 hours 1:10-1:100,000  then serially diluted before use

Naghavi 2014 100mg ml⁻¹ 1000µg mL⁻¹ Not stated 24 hours 0-1,000 µg  ml⁻¹ material mixed to form slurry with DDW or 
(author contacted) phosphate  solution (PBS?)

Attik 2014 1cm spherical particles in medium as extraction 24 hours over 3 days 24, 72 and ― Biodentine and wMTA tested- no information
120 hours  on extraction ratio

Wang 2014 200mg ml⁻¹ of set, ground  material 20mg ml⁻¹ 168 hours 0, 24, 48, 72, 20mg-2µg  ml⁻¹ Eluates made from set powdered materials, 
 120, 168 hours 1:10-1:100,000 then serially diluted  before use
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2.5.2   Cytokine  
2.5.2.1   Interleukin 

Koh first demonstrated the ability of MTA to upregulate various cellular pathways. The 
human osteosarcoma cell line MG63 was grown in the presence of MTA demonstrated 
an increase in interleukin (IL)-1α (IL-1F1) IL-1β (IL-1F2) and IL-6 (Koh et al., 1997, 
Koh et al., 1998).  Osteocalcin (OCN) and ALP levels were also raised over 8 day 
period by MTA (Koh et al., 1997). The same upregulation of cytokines and bone matrix 
proteins did not occur with a polymethylmethacrylate based bone cement, IRM and a 
glass ionomer (Koh et al., 1997, Koh et al., 1998, Abdullah et al., 2002) . Another study 
confirmed the upregulation of IL-6 as well as IL-8, but found no increase in IL1F1 and 
IL-11 (which are involved in osteoclast activation) (Mitchell et al., 1999) . An addition 
of the setting accelerant CaCl₂ to a Portland cement also upregulated IL1-L2, IL-6 and 
IL-8 and OCN, in a similar manner to MTA (Abdullah et al., 2002).  

2.5.3   Growth factors 
The ability of calcium silicate-based materials to induce growth factor expression, 
further enhance their biologic effect via an autocrine and paracrine induction. 

2.5.3.1   Transforming growth factor-β1 and bone 
morphogenic protein 2 

Transforming growth factor β1(TGF-β1) and bone morphogenic protein 2 (BMP2) 
protein expression were upregulated by MTA in human gingival and periodontal 
ligament fibroblasts (Guven et al., 2007, Maeda et al., 2010). BMP2 mRNA was 
upregulated by MTA, but BMPR1 mRNA expression remained similar to control cell 
culture of human periodontal ligament fibroblasts (Maeda et al., 2010). BIOD also 
induced TGF-β1 expression in human dental pulp cells (Laurent et al., 2012) 
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2.5.3.2   Fibroblast growth factor 2 
A synergistic effect of fibroblast growht factor 2 (FGF2) has been demonstrated in an in 
vivo furcation healing experiment using FGF2 and tricalcium phosphate tubules (Saito 
et al., 2013). There appears to be no specific published data on FGF2 induction by 
calcium silicate-based materials. 

2.5.3.3   Vascular endothelial growth factor 
An in vivo experiment using direct observations of implanted MTA visible through a 
rabbit ear chamber. The rabbit ear chamber is surgically implanted either side of the 
rabbit’s ear.  Epithelial tissue is denuded over a raised central area of the implant 
(viewing platform) and a thin layer of inert, optically transparent material (mica) placed 
over the raised viewing platform. A thin layer of tissue proliferates between the raised 
viewing platform and the transparent mica. Within the viewing platform is a chamber 
into which biomaterials can be inserted, thus dynamic observations of tissue response to 
biomaterials may be observed through the mica widow (Matlaga and Salthouse, 1976, 
Masuda et al., 2005). This demonstrated better vascular proliferation around the 
implanted MTA sample compared to a Ca(OH)₂ implant (Masuda et al., 2005).  
Vascular endothelial growth factor (VEGF) protein expression levels were found to be 
upregulated when human dental pulp cells were plated directly onto MTAG material 
samples. However, indirect exposure of MTAG to the same cell line (by placing into a 
transwell insert) did not upregulate VEGF. Thus direct exposure of cells with the 
MTAG sample seems to be an important factor in the upregulation of VEGF (Paranjpe 
et al., 2011).  

2.6   Transcription factors 
Calcium silicate-induced expression of transcription factors associated with osteogenic/ 
odontogenic differentiation have been demonstrated in several cell lines.  
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The transcription factor Runx2  is a marker of osteogenic/ odontogenic differentiation 
(Perinpanayagam and Al-Rabeah, 2009, Paranjpe et al., 2010, Hakki et al., 2012, Hakki 
et al., 2013, Matsumoto et al., 2013). As with cell viability experimental protocols, 
methods again vary greatly with Runx2 being downregulated at high eluate 
concentrations, but similar to control cells at lower concentrations (Hakki et al., 2013). 
Hakki also used a different experimental protocol, using materials placed in dentine 
slabs, onto which human periodontal ligament fibroblasts were seeded. Runx2 mRNA 
expression was seen to be upregulated by both MTA and IRM samples (Hakki et al., 
2012).  As IRM has been shown to be severely cytotoxic, and non osteoinductive, 
Runx2 expression may be upregulated not just due an induced osteogenic potential, but 
as a stress-induced response. 
Human alveolar bone and human dental pulp cells have also been shown to express 
Runx2 (Perinpanayagam and Al-Rabeah, 2009, Paranjpe et al., 2010) when seeded 
directly onto set MTA samples.  However, BIOD and MTA did not cause upregulation 
of Runx2 when a spheroidal cell culture model was used, and in fact published graphical 
results, suggest a downregulation of Runx2 (Perard et al., 2013). Temporal expression 
of transcription factors also differs in osteoblast and odontoblast differentiation  with 
Msx2 preceding Runx2, Osx and Dlx5 in osteogenic differentiation, but  Msx,Runx2, 
Osx and Dlx5 being expressed concurrently in odontogenic differentiation (Zanini et al., 
2012). As with the MTT/MTA/XTT cell viability published work, material sample 
production, exposure methods, eluate concentrations and exposure times vary greatly 
between experiments with calcium silicate materials moving from a cytotoxic state to a 
bioactive state. 
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2.7   Signalling Pathways 
Calcium ions have been shown to influence cellular differentiation via both calcium 
channels and via MAPK/ERK signalling pathways (Tada et al., 2010). The 
MAPK/ERK pathway has also been shown to be activated by calcium silicate-based 
materials (Chen et al., 2011). The calcium channel blocker nifedipine, which acts on the 
voltage dependent L-type calcium channel, inhibited MTA-induced odontogenic 
differentiation markers,  and phosphorylation of ERK, JUN MAPK, but not p38 MAPK 
(Woo et al., 2013). Specific inhibitors of the ERK pathway also resulted in 
downregulation of odontogenic differentiation markers (Zhao et al., 2012, Du et al., 
2013). Zhao found inhibition of the p38 and JNK MAPK pathway did not result in a 
reduction in odontogenic markers in one experiment (Zhao et al., 2012), whereas 
recently, Luo found inhibition of both ERK and JNK MAPK pathway reduced 
odontogenic differentiation, when dental pulp cells were exposed to BIOD. Given the 
heterogeneity of cell lines used in these in-vitro experiments, this seems to suggest that  
JNK  as well as ERK MAPK may be involved in  early odontogenic differentiation 
induced by BIOD (Luo et al.). Thus initial Ca²⁺ induced odontogenic differentiation 
appears to be both via L type calcium channels, ERK and JNK pathways. 
 The MAPK pathway is also involved in odontoblastic differentiation via the BMP-2 
induced p38 MAPK pathway (Qin et al., 2012) and is also by MTA in numerous cell 
lines (Zhao et al., 2012, Huang et al., 2003). When dental pulp cells were treated with 
recombinant BMP-2, upregulation of ALP activity and expression of odontogenic 
differentiation markers was observed. Both gene knock down of the p38 MAPK gene 
via retrovirus transfection, and suppression of p38 MAPK by the specific p38 MAPK 
inhibitor SD-282 resulted in reduced ALP activity, mineralisation and expression of 
odontogenic differentiation markers. This may indicate that initial odontogenic 
differentiation is via Ca²⁺ activation of L type calcium channels and the ERK and JNK 
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pathways, then additionally maintained via BMP induction of the p38 MAPK pathway 
(Qin et al., 2012).  
  Although both Smad and p38 MAPK pathways have been shown to be induced by 
BMP and TGFβ (Lee et al., 2002), no literature has been published on calcium silicate 
induced differentiation via Smad pathways, although Runx2 has been shown to be 
induced by MTA , BIOD (Matsumoto et al., 2013, Perinpanayagam and Al-Rabeah, 
2009) and calcium chloride alone  (Matsumoto et al., 2013) 
 

2.8   Mineralisation markers  
Upregulation of osteogenic, and odontogenic markers by MTA and calcium silicate-
based cements, has been demonstrated by mRNA analysis in several cell lines. 

2.8.1   Odontoblasts 
 Dental pulp cells exposed to an eluate of MTA showed an increase in mRNA 
expression of ALP, dentine sialophosphoprotein (DSPP) COL1, OCN and BSP, with the 
lower concentrations of eluate resulted in the greatest  mRNA expressions (Zhao et al., 
2012). As concerns exist over the heavy metal content of MTA formulations (Camilleri 
et al., 2012), and long term detrimental effects of aluminium  to health (Tomljenovic, 
2011), purer forms of tricalcium silicates have been formulated to reduce toxic 
contaminants (Chen et al., 2009a). A laboratory synthesised tricalcium silicate powder 
also resulted in a similar mRNA expression of odontogenic markers (Peng et al., 2011, 
Du et al., 2013).  
Temporal expression of transcription factors differ in osteogenic and odontogenic 
differentiation (Stein et al., 2004, Chen et al., 2009b, Ducy et al., 1997, Bidder et al., 
1998, Komori, 2006) . Zanini found BIOD enhanced odontoblast differentiation, with 
increased cell proliferation, and similar initial mRNA expression of Msx2, RunX2, Dlx5, 
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and Osx transcription factors to control odontoblast cell cultures. The later expression of 
OCN was also similar, but mineralisation was higher in odontoblast cell cultures 
exposed to BIOD (Zanini et al., 2012). 

2.8.2   Cementoblasts 
The murine cementoblast cell line OCCM 30 also demonstrated up-regulation of COL1, 
BSP mRNA at a lower eluate concentrations of MTAW. OPN and OCN mRNA 
expression were similar to negative control cells (Hakki et al., 2009). A direct exposure 
experiment, using the same OCCM 30 cell line exposed to set MTA samples prewashed 
for 72 hours before cells were seeded, showed comparable mRNA expression of 
osteogenic markers to the control cells (Thomson et al., 2003). The setting time, and 72 
hour wash in media will have effectively reduced the toxicity of the MTA samples, and 
so mimic several days post placement in an in vivo experiment. IRM was used as a 
comparison material in this experiment, but no mRNA was detected due to the materials 
cytotoxic effect on OCCM 30 cells. One recent experiment exposed OCCM 30 
cementoblasts to eluates of an MTA based endodontic sealer. This resulted in a far less 
favourable evaluation of the biocompatibility, and cementogenic potential of an 
orthtograde MTA based endodontic sealer, suggesting that epoxy resin-based root canal 
sealers exhibit more mineralised tissue associated gene expression (Hakki et al., 2013).  

2.8.3   Osteoblasts 
The  mouse calvaria osteoblast cell line MC3T3 showed an upregulation of the 
osteogenic markers COL1 and OCN when indirectly exposed to set MTAW (Tani-Ishii 
et al., 2007). In a direct exposure experiment using the same MC3T3 cell line, the  new 
enhanced formulation of calcium silicate-based material, Bioaggregate (BA) 
(Innovative Bioceramix , Vancouver, BC, Canada), showed greater mRNA expression 
of  the osteogenic markers OCN and OPN compared to the control cell cultures and 
cells cultured with standard MTA (Yuan et al., 2010). The smaller particle size of BA, 



35  

 

and the addition of hydroxyapatite may explain the increased osteogenic potential of 
BA over MTA (Garrault et al., 2006, Camilleri et al., 2005b, Kasaj et al., 2008). 
Although osteosarcoma cell lines can differ from primary osteoblast cell lines (Pautke et 
al., 2004), they have been used as alternatives to primary osteoblasts (Mitchell et al., 
1999). MG63 human osteosarcoma cells cultures show upregulation of osteogenic 
markers when exposed to MTA based materials, producing an mRNA upregulation of 
BSP, OCN, OPN and protein expression of BSP and OCN, when exposed to a calcium 
silicate-based  root canal sealer iRootSP (SSB) over a six day period (Zhang et al., 
2010a). mRNA Upregulation of OPN, together with BSP and OCN was also shown in a 
separate experiment but using the same MG63 (Choi et al., 2013).    
 One study claimed that MTA did not initiate osteoblastic differentiation. However, the 
short experimental period of 3 days and the direct exposure method used in the 
experiment, may explain this apparent lack of differentiation as determined by reduced  
ALP, COL, and OCN mRNA expression (Nakayama et al., 2005). As in previous 
studies, the method of eluate production and cell exposure method can significantly 
affect cell cultures.  Thus, all results are valid but have to be taken in context, with 
reduced eluate concentrations resulting in higher expression of osteogenic markers, 
compared to higher eluate concentrations, where toxicity will have a more significant 
effect 
 

2.8.4   Periodontal ligament and gingival fibroblasts 
Although it can be argued that many differentiated mesenchymal cells are merely more 
specialised fibroblasts (Ducy et al., 2000) , oral fibroblasts are a potential source of 
progenitor cells. Few studies have looked at mineralisation markers expressed by oral 
fibroblasts. ALP and COL1 mRNA expression was induced by MTA and BA in a direct 
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exposure experiment using periodontal ligament fibroblasts (Yan et al., 2010).  In an in-
vitro simulated root perforation experiment using dentine slabs, an increase in Runx2 
and COL1 mRNAs was induced by various root end filling materials (Hakki et al., 
2012).  Cytotoxicity was also tested in this experiment, and cell viability and 
mineralisation marker expression was higher in cells exposed to MTA than other root 
repair materials. Effective eluate concentration however, will be low in this experiment, 
due to the material’s isolation from the cell culture by the surrounding dentine slab.  
Another study looked at gene expression after prepared materials were fabricated, 
crushed and then washed for 14 days in media, to remove toxic by-products (Bonson et 
al., 2004). This experimental model represents a post placement environment, after any 
operative procedural effect may have subsided. Periodontal ligament (PDL) and 
gingival fibroblasts (GF) were used in this experiment, with differences in cell 
proliferation and mRNA expression seen between gingival and periodontal ligament 
fibroblasts. PDL fibroblasts demonsted higher proliferation rates and mineralisation 
gene expression when exposed to both fresh and washed MTA particles, with washed 
MTA particles resulting in greater cell proliferation. PDL fibroblasts exposed to MTA 
particles showed increased mRNA expression of ALP and periostin when compared to 
control cells. Gingival fibroblasts exposed to MTA particles showed increased mRNA 
expression of ALP and OPN, but no such expression of these mineralisation markers 
were seen in GF control cell culture.  Other workers, have in fact, found GF fibroblasts 
to demonstrate higher proliferation rates than PDL fibroblasts, but less protein synthesis 
when stimulated by extracellular matrix components (Giannopoulou and Cimasoni, 
1996).
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2.9.1   Conclusion  
Biocompatibility and bioactivity of calcium silicate-based dental bioceramics has been 
established using in vitro and in vivo experimental methods, but consistency of 
methodology, especially within cellular viability testing  can give a false understanding 
of the  biocompatible dynamics of  calcium silicate-based  dental bioceramics. Some 
experimental in-vitro procedures may be criticised for using experimental procedures 
which may either support or dispute claims of biocompatibility. Generally the 
biocompatible characteristics are favoured. 
Dynamics of hydration will play a role in the temporal cellular response of calcium 
silicate-based dental bioceramics.  

2.9.2  Aims 
The aim of this project are to:   
1-   Compare biocompatibility of new calcium silicate dental materials to the original 
material formulations over an extended time period using direct observations and cell 
viability assays 
2-   Investigate long term bioactivity of calcium silicate materials
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3    Materials and methods 
The primary aim of the study was to examine the cellular response to a range of newly 
introduced calcium silicate-based dental bioceramics. Methodologies for determination 
of cellular viability vary greatly between workers and so the study attempted to 
correlate visual observations of cellular responses to a more precise analytical method 
of cell viability determination.  
The calcium silicate bioceramics used in the initial experiment were: 
ProRoot MTA original-grey (MTAG) – The original formulation of calcium silicate 
cement (section 2.3.1) - Dentsply-Tulsa OK, USA 
ProRoot MTA-white (MTAW) – a calcium silicate-based material with similar 
composition to MTAG but without tricalcium alumino-ferrite (which imparts a grey 
colour to the cement) Dentsply- Tulsa OK, USA 
Biodentine (BIOD) –capsulated bioceramic containing the setting accelerator- calcium 
chloride and a hydrosoluble polymer which improves handling properties-Septodont, 
France 
MTA Plus (MTA+) - a white Bioaggregate with a novel gel mixing fluid, designed to 
enhance handling properties and have a shorter setting time. 
Smart Seal Bio (SSB)-ready mixed paste used in conventional root canal obturation- 
Smartseal DRFP Limited Sheffield, UK (rebranded I Root SP) 
The study also briefly looked at the extended bioactivity of calcium silicate materials.  
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The study used cell the following techniques: 
 Visual observations    

o Determination of effects of materials on cell morphology 
o Determination of  extent of mineral precipitate released by 

materials 
 Cell viability (MTT assay) 

o Determination of  the effects of the materials leachable 
products on cell viability 

 Immunocytochemistry (ICC) 
o Determination of effects of materials on cell intermediate 

structural fibres using immunostaining 
 Protein biochemistry 

o Determination of effects of materials on cell intermediate 
structural fibres 

 RNA analysis 
o Determination of effects of materials on cell intermediate 

mRNA cellular levels after extended period of cell culture 

3.1  Cell culture reagents 
The following reagents were used in cell culture experiments: 

3.1.1   Cell lines 
- MM1 normal human oral mucosa fibroblast cells (donated by Dr Michaelna 
Macluskey, University of Dundee)- harvested from  from the operculum of an 
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impacted wisdom tooth  of a 24 year old male healthy doner during a surgical 
procedure. General ethical approval already exists for this cell line. 
-WPS1 periradicular human oral fibroblast cells (donated by Professor William P 
Saunders, University of Dundee)-harvested from the bony crypt of a periradicular 
lesion of endodontic origin. The donor was a healthy 42 year old non-smoker. All tissue 
within the bony crypt was excised as part of necessary treatment of the periradicular 
lesion and  the patient was not subjected to any additional surgical procedures. Thus 
ethical approval was not required. The patient consented to the operative procedure and 
for the use of collected pathalogical tissue to be cultured and used in cell culture 
experiments. 
-WPS9 periradicular human oral fibroblast cells (donated by Profesor William P 
Saunders, University of Dundee)- harvested from the bony crypt of a periradicular 
lesion of endodontic origin. The donor was a healthy 57 year old non-smoker. All tissue 
within the bony crypt was excised as part of necessary treatment of the periradicular 
lesion and  the patient was not subjected to additional procedures. As before, consent 
was gained from the patient and ethical approval was not required. 
.  

3.1.2   Cell culture reagents 
- Dimethyl sulphoxide (DMSO) (SIGMA # D-5859, Sigma-Aldrich Company Ltd. 
Dorset, United Kingdom).  
- EGTA (SIGMA # E-8145, Sigma-Aldrich Company Ltd. Dorset, England).  
-  Ethanol 70% in distilled water.  
- Foetal Calf Serum (FCS) (SIGMA # D-5859, Sigma-Aldrich Company Ltd. Dorset, 
United Kingdom).  
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- Hanks balanced salt solution (HBSS) (SIGMA # H-4641, Sigma-Aldrich Company 
Ltd. Dorset, United Kingdom).  
- L-Glutamine (SIGMA # G-7513, Sigma-Aldrich Company Ltd. Dorset, United 
Kingdom).  
-Methanol- (SIGMA # 32213, Sigma-Aldrich Company Ltd. Dorset, United Kingdom).  
- Minimum Essential Medium Eagle (MEM) (SIGMA # M-0275, Sigma-Aldrich 
Company Ltd. Dorset, United Kingdom).  
- Penicillin-Streptomycin stabilised (SIGMA # P-4333, Sigma-Aldrich Company Ltd. 
Dorset, United Kingdom).  
- Phosphate buffered saline (PBS) (SIGMA # P-4417, Sigma-Aldrich Company Ltd. 
Dorset, United Kingdom).  
-Pierce BCA protein assay kit (THERMO-SCIENTIFIC # 23225, 23227, Life 
technologies Ltd. Paisley, United Kingdom) 
-Trypan Blue (BIO-RAD # 145-0021, Bio-Rad Laboratories Ltd. Hertfordshire, United 
Kingdom) 
- Trypsin (SIGMA # T-4549, Sigma-Aldrich Company Ltd. Dorset, England).  
-Tris (Tris(hydroxymethyl)aminomethane) (SIGMA # 77-86-1, Sigma-Aldrich 
Company Ltd. Dorset, United Kingdom).  
-Triton X-100 (4-(1,1,3,3-Tetramethylbutyl)phenyl-polyethylene glycol) (SIGMA # 
9002-93-1, Sigma-Aldrich Company Ltd. Dorset, United Kingdom).  
-Tween 20 (Polysorbate 20) (SIGMA # P9416, Sigma-Aldrich Company Ltd. Dorset, 
United Kingdom).  
- 3-(4,Dimethylthiazzol-2yl)-2,5-diphenyltetrazolium bromide (MTT) (SIGMA # M-
2128, Sigma-Aldrich Company Ltd. Dorset, United Kingdom). 
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3.1.3   Antibodies 
-Vimentin (CELL SIGNALLING #3932, Cell Signalling Technology, Hertfordshire, 
United Kingdom) 
-α Smooth Muscle Actin (EPITOMICS #S0010-Epitomics, Burlingame, California 
United States)   
-Normal Goat serum (VECTOR # S-1000, Vector Laboratories Ltd. Peterborough, 
United Kingdom) 
Neg IgG-Normal Rabbit Negative Control (DAKO # X0903 - Dako UK Ltd, 
Cambridgeshire, United Kingdom) 
Anti-rabbit IgG (H+L), F(ab')2 Fragment (Alexa Fluor® 488 Conjugate) (CELL 
SIGNALLING # 4412, , Cell Signalling Technology, Hertfordshire, United Kingdom) 
Anti-rabbit IgG (HRP-linked) (CELL SIGNALLING # 7074, , Cell Signalling 
Technology, Hertfordshire, United Kingdom) 
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3.2   Determination of effects of materials on cell morphology 
In order to test the visible effects of material on oral fibroblasts, cells were cultured with 
material samples over an extended period. Cells were monitored using light microscopy 
and photographed at 7 day intervals. 

3.2.1   Material sample preparation 
Two sample formats were used before deciding on a material sample format. Both a 5 x 
4mm rubber washer, and an 8 x 1mm PTFE mould were trailed before deciding on the 
best material sample format. 

3.2.1.1   5 x 4 mm material samples 
Materials were mixed according to manufacturer’s instructions. Materials were then 
placed into the centre of a rubber washer with an internal diameter and height of 5 x 
4mm, thus producing a cylinder of material of the same dimensions. The materials were 
allowed to set for at least 24 hours, then removed and stored dry in sealed containers 
until required. 
Samples were then glued to the centre of a 60mm plastic cell culture dish using a small 
amount of Shera Mega cyanoacrylate glue (Shera Mega 2000- Shera Werkstoff 
Technologies, Espohsraße 53, Lemforde, Germany), placed in a CL II biological cabinet 
and sterilised by UV light for 24 hours. Samples were then washed for 24 hours in 
HBSS at least 3 times before oral fibroblasts were then seeded into the culture dish 
containing the material samples. 

3.2.1.2   8 x 1mm material samples 
Custom 8 x 1mm cylindrical moulds were made from 1mm thickness 
polytetrafluoroethylene (PTFE) sheet drilled to produce 8mm diameter holes. This was 
then supported by another 1mm PTFE sheet, and the whole assembly bolted to a 2 or 
3mm stainless steel plate drilled and tapped to accept M4 stainless steel bolts (Figure 3). 
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All components of the material moulds were sterilised by heat or autoclaving before 
use. 

Figure 3- Construction of custom moulds for production of material disc 
Components used were chosen to allow autoclave and dry heat sterilisation. PTFE was 
also chosen to allow easy removal of set material samples. The PTFE components of the 
mould were bolted onto a rigid metal base plate (b). This produced a more even flat 
material sample that could be more easily glued to the cell culture dish with minimal 
cyanoacrylate glue. 
 
Materials were mixed in a class II biological cabinet as per manufacturer’s instructions, 
and loaded into the 8 x 1mm moulds. The moulds were then placed in sealed containers 
in the presence of gauze squares soaked in deionized, filtered water to provide a 95-
100% saturated environment during the setting process. These containers were then 
placed in a cell incubator for 7 days at 37°C to allow the material to set, and allow easy 
handling without breaking. 
After setting, the materials were removed from the moulds and glued to the centre of a 
60mm petri dish using a small amount of Shera Mega cyanoacrylate glue (Figure 4 a). 
The material samples were then sterilised under UV light for at least 24h in a Cl II 
lamina flow biological cabinet. The material samples were washed for 24 hours in 
HBSS at least 3 times before oral fibroblasts were then seeded into the culture dish 
containing material samples (Figure 4 b). 

b a 
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Figure 4- Attachment of material sample to 60 mm culture dish 
using cyanoacrylate glue (a). The addition of HBSS resulted in a precipitate ring 
around BIOD samples (b)  

3.2.2   Cell culture procedure 
Oral fibroblasts were obtained from the cell bank of the Department of Cell and 
Molecular Biology, School of Dentistry, University of Dundee, and cultured on 90mm 
plastic petri dishes. Cells were incubated in a cell incubator at  a constant 37°C, 95% 
humidity and 5% CO₂ in 7ml of  normal growth medium (MEM supplemented with 
10% heat inactivated foetal calf serum and 1% L-glutamine (20 mmol/l)). Growth 
medium was changed every 48-72 until the cells were confluent. Cultures were then 
passaged by trypsinisation.  
Briefly, culture dishes were opened in a class II biological cabinet. Growth medium was 
then aspirated and the cell culture dish was washed twice in 4ml of Hanks balanced salt 
solution (HBSS). 2ml of trypsin/EGTA was then added to the culture for dish and then 
placed on a   warming plate for 10 minutes to suspend the cells. 2ml of growth medium 
(containing 10% FCS) was then added to the culture to inactivate the trypsin and the 
cell suspension transferred to a centrifuge tube and centrifuged in a bench top centrifuge 
at 900 rpm for 5 minutes to produce a cell pellet. The supernatant was then aspirated off 
the cell pellet and the cells re-suspended in 7.5 ml of growth medium. One x 90mm 
confluent cell culture dish was used to seed five x 60mm experimental culture dishes. 

a b 
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1.5ml of cell suspension was then added to each culture dish containing the material 
sample. An additional 3.5ml of normal growth medium was added to each culture dish. 
Culture dishes were then returned to the cell incubator. 
Growth medium was changed every 72-96 hours in a Cl II biological cabinet, then 
returned to the cell incubator. 

3.2.3   Observations 
Cells were observed usually at days 7, 14, 21, 28, 35. Photomicrographs were taken of 
close and remote areas around the material sample (with a remote area being classed as 
≥ 1.5cm from the material sample) using an Olympus IX70 microscope. A grading 
system was used to assess the cell morphology based on the grading system in ISO 
10993-5 standard (Table 6). An additional grading has been added, although not used, 
and represents an observable increase in cell numbers compared to control cell cultures. 

Grade Morphology 
0 Increased cell density compared to control cell cultures 
1 Normal morphology, cell density and viability as control cultures 
2 Altered morphology and small gaps between cells  
3 Altered morphology-large gaps between cells with reduced cell density 
4 Few visible cells- signs of toxicity, cytoplasm rounding/lysis 
5 No Viable cells- cells death 

 
Table 6 - Visual grading system used to assess cell morphology and viability 
 Adapted from ISO 10993-5 and from the National Toxicology Program (US department 
of health and Human Services) 
 
Cell morphology was graded using a photomicrograph taken at the time of observation. 
Typical images of graded cell cultures were used as reference images (Figure 5-10). 
SPSS software version 21 was used to analyse data using a non-parametric Kruskal-
Wallis test and post hoc testing to identify significant differences between groups. 
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Visual grading reference images for assessment of fibroblasts exposed 
to calcium silicate-based dental bioceramics- 
Grade 0- increased cell density  

 

0a- Cells show increased density compared to 
controls- difficult to qualitatively assess.WPS1 

cell line initially showed no contact inhibition as a 
monolayer, and cell populations were seen in 

multilayer- some MM1 multilayer cultures were 
also observed in both control and material sample 
cultures. MM1 gingival fibroblasts grown against 

Shera Mega cyanoacrylate glue possibly show 
increased cell density 

0a- WPS1 cell line growing from explant  

 

0b- Cell conglomerations (knots) visible. Some 
images of MM1 gingival fibroblasts show cell 
knots, but majority of images do not show this 
characteristic. WPS1 and WPS9 cell lines often 

show this cell knot throughout culture plate 

0b-WPS9 cells forming cell knot       

 

0c- Example of high density of cells. To be 
graded as 0, cells would have to be compared 

with control cells. No real increase in 
proliferation has been seen in our cells when 
compared to control cells with no materials. 

WPS1 cells have shown a slower rate of 
proliferation. This image graded against slow 
growing cells at same time point thus may be 

graded as 0 

0c-WPS9 cells at high density-       
  
Figure 5- Images for visual grading of cell cultures (grade 0).
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Grade 1 
 

 

1a- MM1 gingival fibroblasts growing in 
monolayer with typical fibroblast morphology 

and graded as 1. 

1a-Grade 1 MM1 fibroblasts grown with Shera Mega cyanoacrylate glue  

 

1b- Typical MM1 fibroblasts at 28 days of culture 
showing typical fibroblast morphology. Grade 1 

1b-MM1 fibroblasts         

 

1c-Different cell lines show varying rates of 
proliferation- thus an MM1 fibroblast reference 

image may not be appropriate for a WPS9 
fibroblast, which is a larger fibroblast, and taking 

longer to reach confluence. Grade 1. 

1c- WPS9 fibroblast control culture not yet confluent- graded 1        
  
Figure 6- Images for visual grading of cell cultures (grade 1).
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Grade 2 
 

 

2a- Cells show thinning and elongating of 
cytoplasm cell line initially showed no contact 
inhibition as a monolayer, and cell populations 
were seen in multilayer- some MM1 multilayer 
cultures were also observed in both control and 

material sample cultures. MM1 gingival 
fibroblasts grown against Shera Mega 

cyanoacrylate glue possibly show increased cell 
density. Grade 2 

2a- MM1 fibroblasts showing thinned cytoplasm  

 

2b- Cells show thinning, elongated cytoplasm. 
Additionally, granular precipitate present and 

appears to be clumped along cytoplasm 
extensions. Small gaps exist between cells. Grade 

2. 

2b- MM1 fibroblasts with thinned cytoplasm but high cell density       

 

2c- Cells again show thinned, elongated 
cytoplasm, high cell density. High mineral 
precipitate in this view obscures some cell 

morphology. Grade 2. 
 

2c- Thinned cytoplasm of cells close to dense mineral precipitate       
 
Figure 7- Images for visual grading of cell cultures (grade 2)
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Grade 3- reference images 
 

 

3a-Cells show decreased cell density and thinned 
cytoplasm. Spaces between cells are larger than 
previous grading, and cell density has reduced 

over the time period of the experiment. Grade 3. 

3a-shows low cell density and altered morphology  

 

3b-MM1 fibroblasts showing thinned, elongated 
cytoplasm and large spaces between cells. Grade 

3. 

3b- MM1 fibroblasts showing low cell density        

 

3c-MM1 fibroblasts showing thinned cytoplasm 
and large spaces between cells. Grade 3. 

3c-  MM1 fibroblasts showing low cell density       
 
Figure 8- Images for visual grading of cell cultures (grade 3).
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Grade 4- reference images 
 

 

4a-Cells show cytoplasmic rounding (bright cells-
arrowed). Cell ghosts are seen indicating rapid 
cell death. The cell ghosts have not yet fully 
disintegrated, and remnants of cytoplasmic 

processes are still seen. Grade 4. 

4a- Cells exposed to IRM demonstrating cytoplasmic rounding  

 

4b-Cell cytoplasm showing contraction to a 
rounded appearance. Traces of previous 

cytoplasmic extensions are seen. Grade 4. 

4b- cells exposed to IRM demonstrating contraction of cytoplasm       

 

4c- Cell ghosts seen, cells with rounding 
cytoplasm. Some other cells also show 

cytoplasmic shrinkage of cytoplasmic extensions. 
Cell density is very low. Grade 4. 

4c- Cells exposed to IRM demonstrating 
reduced cell density, cytoplasmic 

rounding and altered cell morphology 
 

 
Figure 9- Images for visual grading of cell cultures (grade 4).
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Grade 5 
 

 

5a-Represents total cell death. With either 
evidence of previous cell population, ghosts, or 
rounded fossilised cells embedded in mineral 

precipitate. Grade 5. 

5a- No visible cells are present. Fine granular structures are clearly visible  

 

5b-Only cytoplasmic debris is visible in this view, 
with any cell. Grade 5. 

5b- Feint cell ghosts and granular appearance of cytoplasmic debris       

 

5c- this image is probably grade 4 as cytoplasm 
are visible, although very thinned. Grade 5. 

5c       
 Figure 10- Images for visual grading of cell cultures (grade 5). 
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3.2.4   Methodology development-pilot experiment 
The initial experiment tested experimental procedures and observed the effect of direct 
exposure of a gingival fibroblast cell line (termed MM1) to  the calcium silicate-based 
materials.  
The calcium silicate materials used were MTAG, MTAW, BIOD, MTA+ and SSB 
(Table 7). Materials were prepared using the 5 x 4mm moulds and glued to 60mm cell 
culture dishes as described in 3.2.1  

    
 Material samples (n)  

      
 MTAG 13  
 MTAW 7  
 BIOD 14  
 MTA+ 13  
 SSB 6  
 Total  53  
    Table 7- Material samples used in initial culture experiment  

MM1 gingival fibroblasts were cultured with material samples between 28-56 days. 
Cell morphology was observed at various time point over the course of the experiment.  
MM1 gingival fibroblasts were cultured and seeded onto culture dishes containing 
material samples as described in 3.2.2. Negative controls were cells cultivated without a 
material sample. The cell density was typically in the region of 1.66 x 10⁴ cells  per ml. 
Cells were maintained in a cell incubator at 37°C 95% humidity with 5% CO₂. The 
medium was changed every 72-96 hours. All stages were carried out in a class II 
biological cabinet. Samples were maintained for an extended period ranging from 28-56 
days. 
Cells were observed at varying time points over the culture period. Photomicrographs 
were taken of close and remote areas around the material sample previously described 
(3.2.3).  
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The material is permanently implanted in direct contact with periodontal tissues, during 
clinical use, therefore the samples were maintained for an extended period ranging from 
28-56 days. Photomicrographs were taken to allow retrospective evaluation of the cells.  
Images of the 5 x 4 material discs were difficult to interpret as the depth of the material 
sample was similar to the depth of the medium added to the culture dish, producing a 
meniscus around the material causing light diffraction, resulting in very light almost 
transparent images of fibroblasts, where this meniscus was present. The same effect was 
observed around the circumference of the culture dish due to the same optical effect. 
Larger volumes of media, were not used to combat this effect as this would have a high 
dilution effect on the materials. This problem was subsequently overcome by making 
material samples with a larger circumference but shallower depth (8 x 1 mm). This 
sample format was subsequently adopted for future experiments. Additionally several 
cultured dishes were lost due to fungal infections, thus moulds used to manufacture 
material samples were redesigned, using components that could be either dry heat, or 
autoclave sterilised. To further reduce the incidence of contamination, bioceramic 
materials were mixed in a class II biological cabinet. 
Initially 53 material disc samples were cultured with MM1 fibroblasts with the loss of 6 
samples to fungal contamination, but not due to cell death caused by the material 
(Figure 16e, f).  
After this preliminary experiment. MTAG, MTA+ and BIOD were chosen to culture 
further with both 5 x 4mm and 8 x 1mm being used so as to compare effect of material 
sample size on cells. A high number of MTA+ samples were disgarded due to fungal 
contamination. Further experiments with MTA+ were abandoned due to poor mixing 
and handling properties and high fungal infection rates when compared to the other 
materials mixed in similar circumstances. 
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The fibroblasts were examined microscopically (Olympus-IX70) at the time of medium 
change and also photographed at various time intervals (4, 5, 14, 16, 21, 28, 35 and 
42days).  
At the end of the culture period, the cells were either fixed in methanol for 
immunohistochemical examination (see cell fixation protocol 3.5.2), or lysed and used 
for protein analysis by SDS page electrophoresis and Western blotting (see cell lysis 
protocol 3.6.1). Cell culture plates used for immunostaining were labelled and stored in 
a cold store (≤5°C) and covered with phosphate buffered saline (PBS) to protect the 
methanol fixed cells from desiccation. Cell lysates used for Western blotting were 
labelled and stored in Eppendorf tubes at -20°C. 

3.2.5   Culture of MM1 fibroblasts over 35 days in the 
presence of BIOD and MTAG bioceramic discs 

Materials were mixed in a class II biological cabinet as per manufacturer’s instructions, 
and loaded into the 8 x 1mm moulds as previously described (3.2.1).   Previously made 
5 x 4mm MTA material samples were also used to compare against the 8 x 1mm sample 
format. Material samples were glued to 60mm cell culture dishes, sterilised and washed 
in HBSS (3.2.1). 
MM1 gingival fibroblasts were then grown to confluence and seeded onto culture dishes 
containing material samples and maintained for 35 days as previously described (3.2.2). 
The toxicity of the Shera Mega 2000 cyanoacrylate glue was also tested by depositing a 
large drop of glue in the middle of a 60mm culture dish. The cyanoacrylate was allowed 
to set, and the same procedure used to sterilise, wash and plate cells as for the material 
samples. The number material samples and controls is shown in table 8. 
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Cell line 
MM1 Material 

Control 
 no cells 

Shera mega 
cyanoacrylate 

BIOD MTAG 
5 X 4mm 

MTAG 
8 X 1mm 

number 3 3 5 5 5 
 
Table 8- Materials used in direct exposure experiment with MM1 gingival fibroblasts 
MM1 gingival fibroblasts were cultured with material samples for 35 days. Cell 
morphology was observed at days 7,14,21,28 and 35. 
  
Cells were observed at days 7, 14, 21, 28, 35, photographed and graded using as 
previously described (3.2.3).  
 

SPSS   software version 21 was used to analyse the data using a non-parametric 
Kruskal-Wallis test and post hoc testing to identify significant differences between 
groups. 
At the end of the culture period, the cells were either fixed in methanol for 
immunohistochemical examination, or lysed and used for protein analysis by SDS page 
electrophoresis and western blotting.  

3.2.6   Culture of WPS1 fibroblasts over 35 days in the 
presence of BIOD, MTAG and MTA+ bioceramic discs 

The above experiment was repeated with two further periradicular cell lines harvested 
from active periradicular lesions. These cell lines were termed WPS1 and WPS9 
Materials used in this experiment were BIOD, MTAG and MTA+ mixed with either the 
supplied water or gel. Negative controls were both cells alone and cells grown in the 
presence of a large drop of set Shera mega cyanoacrylate glue, which was used to glue 
the material samples to the petri dish (Table 9). 
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Cell line WPS1 Material 
Control no 
Materials 

Shera mega 
cyanoacrylate 

BIOD MTAG MTA+ gel MTA+H2O 

Number 3 3 5 5 5 5 
Contaminated 0 0 0 0 1 4 
Samples remaining 3 3 5 5 4 1 

 
Table 9 - Materials used in direct exposure experiment with WPS1 periradicular 
fibroblasts. 
WPS1 periradicular fibroblasts were cultured with material samples for 35 days. Cell 
morphology was observed at days 7,14,21,28 and 35. 
 
Material samples were made and attached to 60mm culture dishes as before, following 
the manufacturer’s instructions, and using 8 x 1mm PTFE moulds (3.2.1.2).  
WPS1 periradicular fibroblasts were then grown to confluence and seeded onto culture 
dishes containing material samples, and cultures maintained for 35 days as previously 
described (3.2.2). 
Cells were observed at days 7, 14, 21, 28, 35, photographed and graded using as 
previously described (3.2.3).  
SPSS   software version 21 was used to analyse data using a non-parametric Kruskal-
Wallis test and post hoc testing to identify significant differences between groups. 
At the end of the culture period, the cells were either fixed in methanol for 
immunohistochemical examination, or lysed and used for protein analysis by SDS page 
electrophoresis and western blotting.  

3.2.7   Culture of WPS9 fibroblasts over 35 days in the 
presence of BIOD, MTAG bioceramic discs and IRM 

Materials used for this experiment were BIOD, MTAG and IRM -a zinc oxide/ eugenol 
restorative material that has historically been used in numerous restorative applications 
including root end fillings following surgical root resection). IRM was chosen for 
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known cytotoxic effects and so was an effective positive control. MTA+ was excluded 
from this experiment due to previous issues with fungal contamination. 
Material samples used in this experiment are listed in Table 10. 

Cell line 
WPS9 Material 

Control no 
Materials 

BIOD MTAG IRM PTFE disc 

number 3 5 5 5 3 
 
Table 10- Materials used in direct exposure experiment with WPS9 periradicular 
fibroblasts. 
 WPS9 periradicular fibroblasts were cultured with material samples for 35 days. Cell 
morphology was observed at days 7,14,21,28 and 35 
 
A PTFE disc was also included in the experiment as a negative control and to test 
physical presence of a known inert material on fibroblast growth. PTFE discs were 
made to approximately 8 x 1mm disc and autoclaved at 137°C before being attached to 
the centre of a petri-dish with Shera Mega cyanoacrylate glue. 
Material samples were made as before following manufacturer’s instructions using the 8 
x 1mm moulds (3.2.1.2). IRM was mixed in a cl II lamina flow cabinet to a firm, non-
tacky putty consistency and loaded into the PTFE moulds as before. These were then set 
in sealed sterilised plastic containers and placed in a cell incubator at 37°C for 7 days. 
Material samples were attached to 60mm culture dishes as before (3.2.1). 
WPS9 periradicular fibroblasts were then grown to confluence and seeded onto culture 
dishes containing material samples and cultures maintained for 35 days as previously 
described (3.2.2). 
Cells were observed at days 7, 14, 21, 28, 35, photographed and graded using as 
previously described (3.2.3).  
SPSS software version 21 was used to analyse data using a non-parametric Kruskal-
Wallis test and post hoc testing to identify significant differences between groups. 
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At the end of the culture period, the cells were either fixed in methanol for 
immunohistochemical examination, or lysed and used for protein analysis by SDS page 
electrophoresis and Western blotting. 
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3.3   Determination of extent of mineral precipitate formation around 
material samples 
Precipitate formation around BIOD appeared to be more extensive than other calcium 
silicate materials. As this precipitate may represent bioactive particulate matter, a 
simple assessment of precipitate production was devised, based on the surface area 
formed around material samples. 

3.3.1   Material sample production 
Samples of MTA and BIOD were prepared as before using 8x1mm PTFE moulds in a 
class II lamina flow biological cabinet (3.2.1.2). Samples were then glued to the base of 
a 60mm cell culture dish with Shera Mega cyanoacrylate glue. A phosphate containing 
medium (sterile PBS) was then added to the culture dishes and maintained for 4 days. 
Five samples were prepared for each material. 

3.3.2   Analysis of precipitate formation 
Culture dishes were then photographed using a Nikon D70s and a Micro-Nikkor 
105mm f2.8 macro lens. A Carl Zeiss Optima Pico operating microscope with an 
attached Nikon D5100 digital camera was used to photograph the material fine surface 
morphology. The area of mineral precipitation was calculated using ImageJ software. 
SPSS version 21 was used to analyse data. 
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3.4   Determination of effects of material leachable products on cell 
viability 
In order to test the effects of leachable products from calcium silicate-based cements on 
gingival and periradicular fibroblast, eluates were produced from calcium silicate-based 
materials, then exposed to cells grown in 96 well cell culture plates. An MTT assay was 
used to assess cell viability. 

3.4.1   MTT assay 
The MTT assay is a colourmetric assay that can be used to measure cell proliferation or 
cell viability. 
The MTT assay-tests for mitochondrial enzyme activity. Mitochondrial succinate 
dehydrogenase reduces the yellow tetrazolium salt 3-(4, 5-dimethyl thiazole-2-yl)-2, 5-
diphenyl tetrazolium bromide succinate to insoluble purple formazan crystals. The 
amount of formazan corresponds to mitochondrial activity and is dependent on cell 
numbers (proliferation) or cellular activity (viability). The insoluble formazan crystals 
are then dissolved in either dimethyl sulphoxide (DMSO) or acidified ethanol. The 
amount of formazan can then be quantified by measurement in a spectrophotometer 
(Mosmann, 1983).  
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Yellow tetrazolium salt Purple insoluble formazan salt 
Figure 11– Reduction of yellow tetrazolium salt to purple formazan salt  
The yellow tetrazolium salt is reduced in the mitochondria of viable cells to an insoluble 
purple formazan salt. This is then dissolved in DMSO.  This can then be quantitively 
measured by an ELISA spectrophotometer, and is a measure of cellular activity.  

3.4.2   Materials and method 
3.4.2.1   Eluate production 

An eluate is a solution produced by exposing a material (e.g. solids, powders or gels) to 
an appropriate solvent or eluent. Leachable substances are released from the material 
into the  eluent (termed extraction vehicle in ISO 10993-12). Eluents are either polar 
(e.g. water,  physiological saline or normal growth medium) or non-polar (e.g. 
pharmacological grade vegetable oils) and should be appropriate for material. The 
resultant eluate containing the leachable products of the test material can then be used in 
experimental procedures. 
All stages of the eluate production were carried out in a Cl II biological cabinet. All 
components of the PTFE mould (PTFE and stainless steel components) were either dry 
heat or autoclave sterilised. 
Materials used in the experiments were MTAG, BIOD and IRM. Materials were mixed 
according to manufacturer’s instructions.  Materials were then placed into PTFE moulds 
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(previously used to manufacture material samples 3.2.1.2), and allowed to set at 37°C, 
5% CO₂ and 95% humidity for 24 hours in a cell incubator. 
Material samples were then removed from the PTFE moulds, then placed in 60 mm cell 
culture dishes. The extraction vehicle (i.e. the solution used to dissolve leachable 
products from a test material) used was serum free MEM ( normal growth medium) and 
was added to the material sample at a surface area to volume ratio of 3cm²ml⁻¹ 
(ISO10993-12, 2012).  Material samples were left in contact with the extraction vehicle 
for 168 hours (7 days). ISO 10993-5 states that if materials being tested are permanently 
implanted, a longer eluate extraction time can be used. A longer extraction time and 
higher surface area to volume ratio was used compared to some previous studies. This is 
because in clinial use, the test materials are placed in direct and permanent contact with 
mesenchymal cells of the oral environment (ISO10993-5, 2009). 

The eluate was removed then stored in sterile centrifuge tubes at <5°C until required. 
Fresh serum free growth medium was then added to the material samples at the same 
surface area to volume ratio, and left for a further 7 days. This process was repeated 
over 35 days producing five eluates from different time points.  

3.4.2.2   Counting cells prior to plating  
All stages were carried out in a Cl II biological cabinet. 
MM1 gingival fibroblast and WPS9 periradicular fibroblast cell lines were cultured on 
90mm cell culture dishes to confluence, then trypsinated to produce a single cell 
suspension as previously described (3.2.2). 
10µl of cell suspension was then placed in an Eppendorf tube. 10µl of trypan blue (Bio-
Rad Laboratories, Hertfordshire, England ) was then added to the cell suspension, 
mixed thoroughly, then 10µl of the cell suspension and trypan blue mixture was placed 
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into the chamber of a cell counting slide. Cells were then counted in a Bio-Rad TC 10 
automated cell counter to give the cell density of the single cell suspension. 

3.4.2.3   Plating of 96 well plates 
Cell density for these experiments had previously been optimised at 5 x 10⁴ cells ml ⁻¹ 
for MM1 gingival fibroblasts, and 1 x 10 ⁵ cells ml ⁻¹ for WPS9 periradicular 
fibroblasts. Eluate dilutions and normal growth medium used as controls or optical 
blanks was supplemented with FCS at an optimised concentration of 1% (v/v) ( section 
8.2.2) 
The plating pattern for the MTT assay was devised  for 96 well culture plates, with 
concentrations of eluates being neat, 1:2, 1:4, 1:10, 1:20, 1:100 and  1:1000 eluate 
dilution (Table 11).  Three replicates for each eluate dilution were used. Wells not 
containing an eluate dilution were used as controls (n=25), or optical blanks (n=8). 
The number of cells required to plate the 96 well plate at the required density for each 
cell line (in accordance to the experimental plating pattern-Table 11) was calculated. 
This was then divided by the cell density of the single cell suspension (as determined by 
the Bio-Rad TC 10 automated cell counter). This gave the volume of single cell 
suspension required for the experiment (Figure 12) in accordance to the previously 
devised plating pattern for the experiment (Table 11). 
 

 
 
 Figure 12-   Calculation used to determine volume of single cell suspension required 
for MTT assay.  
 

volume of cell suspension 
required for experiment

Optimised cell density x number of wells x volume  per well
cell density of single cell suspension =
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The required volume of single cell suspension was transferred to a centrifuge tube and 
centrifuged in a bench top centrifuge at 900 rpm for 5 minutes to produce a cell pellet. 
The supernatant was then aspirated off the cell pellet. 
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Table 11- Plating pattern for MTT assay. 
 MM1 cells were seeded at 5x10⁴ cells ml⁻¹ and WPS9 cells were seeded at 1x10⁵   (previously determined by optimisation experiments). 
Eluates were used at concentrations from a neat (1:1) to a 1:1000 concentration.

1 2 3 4 5 6 7 8 9 10 11 12
A Cells Cells Cells Cells Cells Cells Cells Cells Cells Cells Cells No Cells

MTAG MTAG MTAG BIOD BIOD BIOD IRM IRM IRM No No No   - MTAG samples 
Neat Neat Neat Neat Neat Neat Neat Neat Neat Eluate Eluate Eluate

B Cells Cells Cells Cells Cells Cells Cells Cells Cells Cells Cells No Cells
MTAG MTAG MTAG BIOD BIOD BIOD IRM IRM IRM No No No   - BIOD samples 

1:2 1:2 1:2 1:2 1:2 1:2 1:2 1:2 1:2 Eluate Eluate Eluate
C Cells Cells Cells Cells Cells Cells Cells Cells Cells Cells Cells No Cells

MTAG MTAG MTAG BIOD BIOD BIOD IRM IRM IRM No No No   - IRM samples 
1:4 1:4 1:4 1:4 1:4 1:4 1:4 1:4 1:4 Eluate Eluate Eluate

D Cells Cells Cells Cells Cells Cells Cells Cells Cells Cells Cells No Cells
MTAG MTAG MTAG BIOD BIOD BIOD IRM IRM IRM No No No   - Cells only

1:10 1:10 1:10 1:10 1:10 1:10 1:10 1:10 1:10 Eluate Eluate Eluate
E Cells Cells Cells Cells Cells Cells Cells Cells Cells Cells Cells No Cells

MTAG MTAG MTAG BIOD BIOD BIOD IRM IRM IRM No No No   - Media only
1:20 1:20 1:20 1:20 1:20 1:20 1:20 1:20 1:20 Eluate Eluate Eluate

F Cells Cells Cells Cells Cells Cells Cells Cells Cells Cells Cells No Cells
MTAG MTAG MTAG BIOD BIOD BIOD IRM IRM IRM No No No 
1:100 1:100 1:100 1:100 1:100 1:100 1:100 1:100 1:100 Eluate

G Cells Cells Cells Cells Cells Cells Cells Cells Cells Cells Cells No Cells
MTAG MTAG MTAG BIOD BIOD BIOD IRM IRM IRM No No No 
1:1000 1:1000 1:1000 1:1000 1:1000 1:1000 1:1000 1:1000 1:1000 Eluate Eluate Eluate

H Cells Cells Cells Cells Cells Cells Cells Cells Cells Cells Cells No Cells
No No No No No No No No No No No No 

Eluate Eluate Eluate Eluate Eluate Eluate Eluate Eluate Eluate Eluate Eluate Eluate
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Cells were then re-suspended in a volume of normal growth medium (supplemented 
with 5% (v/v) FCS) calculated to give the optimised cell density for the cell line being 
used in the experiment, and allow plating of required the number of wells with 150µl of 
single cell suspension at the optimised cell density for the cell line being used. Wells not 
containing eluate dilutions were either plated with a cell suspension and used as 
controls, or plated with normal growth medium and used as optical blanks.  
The 96 well plates were then placed in a cell incubator and maintained at a constant 
37°C, 95% humidity and 5% CO₂. Cells were allowed to attach for 24 hours 
commencement of the eluate exposure experiment 

3.4.2.4   Exposure of fibroblasts to material eluates 
Four 96 well plates were used per cell line (MM1 and WPS9) and per eluate sample 
collection period (day 0-7, day 7-14, day14-21, day 21-28 and day 28-35). The 96 well 
plates were prepared as previously described (3.4.2.3) (Table 12 ). 

 
Table 12- Eluate extraction periods and number of plates used in eluate exposure 
experiment.  
Eluates were collected over 5 time periods. Eluates were then used in exposure 
experiments. A total of four plates were used for each extraction period to test the 
immediate and cumulative effect of leachates released from the aging materials.   
After 24 hours, cells were checked to confirm attachment. A baseline MTT assay was 
performed on one 96 well plate. (Plate 1-see MTT assay of 96 well culture plates 
3.4.2.5), then the normal growth medium was exchanged for the previously prepared 
eluates (3.4.2.1). 

Eluate collection Number of plates used at each time point
 Period Total Baseline Day 1 Day4 Day7
Day 0-7 4 1 1 1 1

Day 7-14 4 1 1 1 1
Day 14-21 4 1 1 1 1
Day 21-28 4 1 1 1 1
Day 28-35 4 1 1 1 1



68  

 

All stages were performed in a Cl II biological cabinet. Briefly, Eluates of MTAG, 
BIOD and IRM were diluted with serum free normal growth medium to give eluate 
dilutions of 1:1 (neat), 1:2, 1:4, 1:10, 1:20, 1:100, 1:1000. Eluate dilutions were then 
supplemented with 1% (v/v) FCS. Normal growth medium supplemented with 1% FCS 
was used for controls and optical blanks. Normal growth medium was removed from the 
remaining three 96 well plates by gently inverting and tapping the plates onto absorbent 
paper towels.  Then 150µl of an eluate dilution was pipetted into the wells as per 
previously determined plating pattern (Table 11). Normal growth medium supplemented 
with 1% (v/v) FCS was pipetted into the controls and optical blanks. The 96 well plates 
were then returned to a cell incubator. 
After 24 hours (day 1), an MTT assay was performed on one of the 96 well plates (plate 
2-as described in 3.4.2.5). After 96 hours (day 4) of exposure to eluates, a further MTT 
assay was performed on one of the 96 well plates (plate 3).  Eluates, control and optical 
blank medium was also exchanged at 96 hours (day 4) in the remaining 96 well plate 
(plate 4). An MTT assay was performed on the remaining 96 well plate (plate 4) after 
168 hours (day 7). 

3.4.2.5   MTT assay of 96 well plates 
MTT assays were conducted on 96 well plates at baseline (after conformation of cellular 
attachment), days 1, 4 and 7.  
All stages involving vital cells were carried out in a Cl II biological cabinet. Briefly, the 
experimental medium was removed from the 96 well plate by inverting and gently 
tapping onto absorbent paper towels. The wells were then gently washed twice with 
200µl of HBSS. The HBSS was removed as before by inversion and tapping of the plate 
onto absorbent paper towels. 100µl of working MTT solution was then added to each 
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well and then placed back in a cell incubator tor 3 hours. The MTT solution was then 
removed as before by inversion and tapping the plate onto absorbent paper towels. 

Then 100µl of DMSO solution was added to each well and the 96 well plate then placed 
on an orbital shaking plate for 20 minutes at room temperature to dissolve the insoluble 
formazan salt produced by mitochondrial activity.  
The 96 well plate was then placed in a BMG Labtech Fluostar Optima ELISA plate 
reader. Optical densities were read at wavelengths 550 and 620nm. Results were 
analysed using Microsoft Excel 2013 and IBM SPSS version 21 
 

3.4.2.6   Data conversion and normalisation process. 
Optical readings were converted to percentages relative to the average experimental 
negative controls for that time period ( 
Figure 13), allowing data from all time points to be directly compared. Statistical 
analysis was performed using Microsoft Excel 2013 and IBM SPSS version 21. 
Univariate ANOVA and post hoc Tukey testing was used to identify significant 
differences between treatment groups. 

 
 
Figure 13- Normalisation equation used to convert data to allow data comparison.  

Absorbance value of treatments
Mean absorbance of control cells x  100Normalised data value =
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3.5   Determination of effects of materials on cell intermediate and 
micro filaments using immunostaining 
 After cell cultures had been maintained in the presence of calcium silicate-based 
materials for 35 days, they treated in one of three ways: 

 Fixed in methanol for use in immunocytochemistry. 

 Lysed for analysis of protein expression 

 mRNA extraction  and microarray analysis 
At the end of the visual observation period, some culture dishes were selected for 
immunocytochemistry (ICC). MM1 gingival fibroblasts and WPS1 fibroblasts were 
immunostained for vimentin and α smooth muscle actin (αSMA). 

Recognised cytoskeletal markers were used to identify cell phenotypes. Vimentin, an 
intermediate cytoskeletal filament, and is a recognised marker for mesenchymal cells. 
Vimentin has also been shown to be expressed consistently when exposed to calcium 
silicate-based dental cements (Bonson et al., 2004). Vimentin also influences cell 
morphology (Evans, 1998, Mendez et al., 2010) 
 The contractile protein α SMA is a recognised marker for smooth muscle, and is also 
expressed by myofibroblast. αSMA is also found in some fibroblasts populations 
(Giannopoulou and Cimasoni, 1996). Fibroblast morphology can also be determined by 
αSMA (Khouw et al., 1999). 
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3.5.1   Materials 
The following reagents were used: 
Hanks Balanced salt solution- HBSS 
Methanol-  
Phosphate buffer solutions: 
PBS 
PBS+ 0.2% Triton X-100 
 PBS-T       PBS+0.1% Tween 20 PBS-T 
-Vimentin (CELL SIGNALLING #3932, Cell Signalling Technology, Hertfordshire, 
United Kingdom) 
-α Smooth Muscle Actin (EPITOMICS #S0010-Epitomics, Burlingame, California 
United States)   
-Normal Goat serum (VECTOR # S-1000, Vector Laboratories Ltd. Peterborough, 
United Kingdom) 
Neg IgG-Normal Rabbit Negative Control (DAKO # X0903 - Dako UK Ltd, 
Cambridgeshire, United Kingdom) 
Anti-rabbit IgG (H+L), F(ab')2 Fragment (Alexa Fluor® 488 Conjugate) (CELL 
SIGNALLING # 4412, , Cell Signalling Technology, Hertfordshire, United Kingdom) 

3.5.2   Cell fixation 
After cells had been grown for 35 days in the presence or absence of material samples, 
some cell cultures were selected for immunocytochemistry.  
Cell fixation was carried out after the desired culture period in a class II lamina flow 
cabinet. Spent medium was aspirated off the cell culture dish with a glass Pasteur 
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pipette. Cells were washed 3 times in PBS, then ice cold methanol was then added to the 
culture dish for 20 minutes.  
The methanol was then aspirated and the cells were washed 3 times in PBS at room 
temperature for 5 minutes.  
The cells were then washed in PBS containing 0.2% (v/v)Triton X for 5 minutes on an 
automatic tipping plate. The PBS/ Triton X was then tipped off the cells and three 
further 5 minute washes were performed with PBS on an automated tipping plate. 

3.5.3   Antibody preparation 
Enough normal goat serum (NGS) stock solution was prepared using 5% (v/v) NGS 
combined with PBS supplemented with 0.1% (v/v) Tween for all stages of ICC.  
The primary antibodies were prepared by adding either vimentin antibody or α smooth 
muscle actin antibody to the NGS stock solution. Optimisation experiments determined 
that a 1:100 dilution of the primary antibody gave the best results and was therefore 
used for identification of both vimentin and α SMA 
The secondary antibody was prepared by combining the NGS stock solution with Alexa 
Fluor® 488 Conjugate in a ratio of 1:1000. 

3.5.4   Blocking stage 
The cell culture dish was marked  with an indelible pen on the under surface with 
approximately 1cm diameter circles and  then labelled to identify the antibody to be 
applied to this area. These areas were then carefully drawn round with an immunopen to 
confine the antibodies used to the specific marked area (Figure 14). For cells cultured 
with material discs, an area close to and remote from the material sample was marked 
for each antibody together with control areas.   
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Figure 14- Example of culture plate marked for ICC.  
100µl of NGS/ PBS-T was then added to the areas labelled and ringed with the 
immunopen. This was incubated at room temperature for 1 hour. The NGS/ PBS-T was 
then rinsed off with PBS-T to remove unbound immunoglobulin. The culture dish was 
then washed twice with PBS for 5 minutes on an automatic tipping plate. 

3.5.5   Primary antibody stage 
100µl of the appropriate concentration of 1° antibody was then added to each specific 
ringed area of the culture dish. Stock NGS/ PBS-T was applied to the control areas of 
the dish. The primary antibody was then incubated in a humidified chamber at room 
temperature for either 2 hours, or overnight at 5°C. After the 1° antibody incubation 
period, the culture dish was rinsed with PBS then washed twice with PBS-T then once 
with PBS on an automated tipping plate for 5 minutes. 

3.5.6   Secondary antibody stage 
100µl of the secondary antibody (Alexa flour 488 in NGS stock solution) was applied to 
all ringed areas of the culture dish which was then incubated for 1 hour at room 
temperature. The secondary antibody was then rinsed off with PBS then washed twice 
with PBS-T and once with PBS on an automated tipping plate for 5 minutes. 
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3.5.7   Viewing cells 
A small drop of cover slip mounting solution was placed on each ringed, 
immunostained area of the culture dish and a glass cover slip placed over each area. The 
cells were then photographed using visible and fluorescent emmission light microscopy 
using an Olympus IX70 microscope.
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3.6   Protein biochemistry 
After cells had been grown for 35 days in the presence of material samples, some cell 
cultures were selected for analysis using polyacrylamide gel electrophoresis (SDS 
PAGE). Materials samples used were BIOD, MTAG, MTAW and MTA+. 
 The cell lines used were MM1 gingival fibroblasts and WPS1 periradicular fibroblasts.  
MM1 gingival fibroblasts were exposed to MTAG, MTAW, and BIOD samples. WPS1 
periradicular fibroblasts were exposed to MTAG, BIOD and MTA+ samples 

3.6.1   Cell lysis  
3.6.1.2   Materials 

Ice cold (filtered) PBS  

RIPA buffer with protease inhibitors: See 8.1.1 for buffer formula 

3.6.1.3   Method 
In a class II biological cabinet, spent medium was aspirated off the cell culture dishes 
and replaced with serum free MEM.   The culture dishes were then washed 3 times with 
ice cold PBS.  Ice cold RIPA buffer containing cOmplete protease inhibitor (Roche) 
was then added to the culture dishes and left for 10 minutes on an ice tray. Culture 
dishes were then scraped and washed over with the added RIPA buffer to collect 
maximum quantity of cell contents. The cell lysates were then aspirated off the culture 
dish with a plastic pipette and placed into a labelled Eppendorf centrifuge tube. Lysates 
were stored at -20°C until required. 

3.6.2    Determination of total protein content 
3.6.2.1   MM1 gingival fibroblasts 

A Pierce BCA protein assay kit (Thermo Scientific cat no.23225, 23227) was used to 
determine the total protein content of the collected cell lysates of MM1 gingival 
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fibroblasts. The assay is based on the reduction of copper ions by a protein in an 
alkaline medium, which results in a colour change. This can be detected by a 
colorimeter. A series of dilutions of a known concentration of protein are used to 
produce a protein complex, whose colour intensity is lineally proportional to the total 
amount of protein present in the solution. Comparison of colormetric readings from 
protein lysates are compared to colormetric readings obtained from known protein 
concentrations supplied with the kit. This is then used to determine total protein content 
of the cell lysate for subsequent loading into the SDS PAGE gel.  

3.6.2.2   WPS1 periradicular fibroblasts 
Protein concentration was determined by using  both a Pierce BCA protein assay kit, 
and BioRad Mini-PROTEAN TGX Stain-Free gels (BioRad cat no.456-8025). Gels 
were loaded with equal volumes of lysates treated with Laemmli buffer processing (see 
below). A total protein normalisation method using Image Lab version 5.1 (Bio-Rad 
Laboratories, Hertfordshire, UK) was used to quantify protein expression. 
 

3.6.3.  SDS PAGE 
3.6.3.1   Materials  

Laemmli Loading buffer See 8.1 for buffer formula 

Running Buffer (TGS): See 8.1 for buffer formula 

Gel  Stain:  
 

Pierce GelCode Blue containing Coomassie 
R250 

Molecular weight marker: Magic Marker XP Invitrogen Ltd Paisley UK 
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Gel: BioRad Mini PROTEAN any kD precast gel-
Bio-Rad Laboratories, Hertfordshire, UK 
BioRad Mini-PROTEAN TGX Stain-Free 
precast gel- Rad Laboratories, Hertfordshire, 
UK 
 

3.6.3.2   Method 
For MM1 fibroblasts, results from Pierce BCA protein assay kit were used to calculate 
volume of cell lysates required to load the SDS PAGE gel with a consistent weight of 
total protein per well. This was 1.2 µg of 10 well gels and 1.0µg per well for a 15 well 
gel.  
The volume of   lysate required to give the desired protein loading was calculated. 
For WPS1 fibroblasts both a Pierce BCA kit and Bio-Rad stain free gels were used to 
calculate protein loading of gels. Calculations of protein loading using Pierce BCA kit 
was as for MM1 fibroblasts. For Bio-Rad GTX stain- free gels, equal volumes of lysate 
and Laemmli buffer containing 5%(v/v) 2-mercaptoethanol were used (15µl per gel 
well), and the protein levels calculated  before immuno-blotting was performed. 
Cell lysates were thawed, centrifuged at 13000 rpm for 5 minutes. The calculated 
volume of cell lysate was combined with an equal volume of Laemmli loading buffer 
with the addition of the reducing agent 2-Mercaptoethanol. The lysates were then heated 
at 95°C for 5 minutes. 
A Bio-Rad precast gel was placed in a mini-PROTEAN tetra electrophoresis tank with 
tris glycine running buffer. The lysates were then loaded into a Bio-Rad precast gel, 
together with 3µl of magic marker for molecular weight estimation. A power supply 
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was connected to the electrophoresis tank and gels were run at a constant 110-150 volts 
until the blue dye indicator had passed the black line at the bottom of the gel.  The gel 
cassette was then opened and the gel used for Western blotting 

3.6.4   Western blotting 
3.6.4.1   Materials 

Transfer Buffer: See 8.1 for buffer formula 

Blocking  Buffer: See 8.1 for buffer formula 

10x TBST: See 8.1 for buffer formula 

Thick blotting paper: Bio-Rad 

Nitrocellulose membrane (0.2 µm): Bio-Rad 

Bio-Rad Trans-Blot SD Semi-Dry Electrophoresis cell  

Bio-Rad Immun-Star WesternC Chemiluminescence kit 

Antibodies: 1°antibody Vimentin –Cat No 39399  -Cell Signalling Technology- 
Hertfordshire, SG4 0TY UK- 

 α Smooth Muscle Actin –Cat No S0010-Epitomics, 
Burlingame, California 94010-1303  

  2° antibody Anti-rabbit IgG (HRP-linked)– Cat no 7074 – Cell 
signalling technology, Wilbury Way UK 

3.6.4.2   Western blotting (protein transfer) 
Two pieces of Bio-Rad extra thick blotting paper were cut slightly larger than the gels, 
then soaked in transfer buffer. The first piece of soaked paper was placed on the anode 
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plate of a semi-dry transfer cell. Next the nitrocellulose membrane, cut slightly larger 
than the gel, was wet with distilled water then with transfer buffer and placed on top of 
the first piece of blotting paper and marked with a pencil to aid subsequent orientation 
and identification of lysates used. 
The gels were trimmed and washed in transfer buffer and placed on top of the 
nitrocellulose membrane. The second piece of blotting paper was then placed on top of 
the gel, and gentle rolling pressure applied with a small beaker to eliminate air bubbles. 
The semi-dry transfer cell was then assembled and ran at a constant 15V for 42 minutes. 

3.6.4.3   Developing blot 
The semi-dry transfer cell was then opened, and the nitrocellulose membrane 
removed.The nitrocellulose membrane was then placed in blocking buffer and then 
placed on an orbital shaking plate for 30 minutes. The blocking buffer was then tipped 
off and replaced with the blocking buffer containing a 1:1000 dilution of the primary 
antibody (either anti- vimentin or anti α SMA) and placed on an orbital shaking plate for 
4 hours or overnight in a sealed container at 19°C. The primary antibody was then 
rinsed off with TBST, then washed 3 times with TBST on an orbital shaking plate for 
20 minutes. 
The secondary antibody (linked to horseradish peroxidase) was then applied to the 
nitrocellulose membrane and placed on an orbital shaking plate at room temperature for 
60 minutes. The nitrocellulose membrane was then washed 3 times in TBST for 20 
minutes on an orbital shaking plate. The nitrocellulose membrane was then rinsed with 
TBST then TBS before developing for 5 minutes with Bio-Rad Immun-Star WesternC 
chemiluminescence kit. Blots were then read  in a BioRad Gel DocTM  XR+. Blots were 
then analysed using BioRad Image Lab 5.1 software. 
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3.7   mRNA analysis 
After cells had been grown for 35 days in the presence of material samples, some cell 
cultures were randomly selected for analysis of mRNA expression using a Qaigen RT2 

Profiler PCR human osteogenesis  microarray plate (#PAHS-026 Qiagen- Venlo, 
Limburg, Netherlands). Genes analysed are given in the osteogenesis microarray plate 
are given insection 8.5. Cells used were MM1 gingival fibroblasts cultured alone or 
with MTAG samples. RNA was collected from 2 MM1 gingival fibroblast control cell 
cultures, and 2 MM1 gingival fibroblast cultures cultured with MTAG material samples. 

3.7.1   Materials 
 

PBS  SIGMA # P-4417, Sigma-Aldrich Company Ltd. Dorset, 
England 

RNEASY kit QIAGEN #74104, Qiagen N.V. Holdings Venlo, 
Netherlands, Kit Contents: 
 
RLT buffer + 1:1000 β mercaptoethanol 
 

 RW1 buffer 
 

 RDD buffer combined with DNase stock solution 
 

 RPE buffer     200µl ethanol required add 4 vol of ethanol 
(96-100%) 
 

Screen Tape Sample 
buffer  

ALIGENT #5067-557, Aligent Technologies, Edinburgh, 
Scotland  

Tape electrophoresis 
mini gel  

ALIGENT #5067-5576, Aligent Technologies, Edinburgh, 
Scotland 

RT² Easy First Strand 
Kit (#330421 

QIAGEN #330421, Qiagen N.V. Holdings Venlo , 
Netherlands 
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RT² SYBR Green 
Mastermix  

QIAGEN #330600, Qiagen N.V. Holdings Venlo , 
Netherlands 
 

RT2 Profiler PCR Array  
Human Osteogenesis 

QIAGEN #PAHS-026, Qiagen N.V. Holdings Venlo , 
Netherlands 
 

3.7.2   Method 
3.7.2.1   Cell lysis 

Reagents were prepared in the RNeasy kit as per manufacturer’s instructions. Materials 
samples were removed from the culture dishes if present, then the cells were washed 
twice  with PBS. Then cells were then lysed by adding 350µl of RLT buffer containing 
β mercaptoethanol to each culture dish. The cell culture dish was then scraped with a 
plunger from a 0.5 ml disposable syringe to ensure maximum collection of the cell 
lysate products. The cell lysates were then collected in an Eppendorff pipette. All these 
stages were carried out in a cl II biological cabinet and with sterile instruments and 
disposable plastic items free of any RNAase contamination. 

3.7.2.2   Shredding cells 
A clean spin shredder column supplied in the RNEASY kit was placed into a 2ml 
collection tube and the cell lysates were then placed into the middle of the spin shredder 
and centrifuged at 10,000 rpm for 2 minutes. An equal volume of 70% ethanol was 
added to the collected flow through, and the spin shredder discarded. 
A new spin column was then placed into a 2ml collection tube. The collected flow 
through was combined with ethanol, then pipetted into the middle of the spin column 
and centrifuged at 1000 rpm for 15 seconds. The flow through was then discarded 
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3.7.2.3   gDNA removal 
350µl of RW1 buffer was then added to the centre of the spin column and centrifuged at 
8000 rpm for 15 seconds. The flow through was again discarded. 80 µl of RDD buffer 
combined with DNase stock solution was then added to the middle of the spin column 
and incubated at room temperature for 15 minutes. 350µl of RW1 buffer was then added 
to the centre of the spin column and centrifuged at 10,000 rpm for 15 seconds. The flow 
through was again discarded. 

3.7.2.4   Purification of RNA 
500µl of RPE buffer was then added to the centre of the spin column and centrifuged at 
10000 rpm for 15 seconds. The flow through was again discarded. A further 500µl of 
RPE buffer was added to the centre of the spin column and centrifuged at 10,000 rpm 
for 2 minutes. The flow through was again discarded. The spin column was again 
centrifuged at 10,000 rpm for a further 1 minute to dry the spin column. 

3.7.2.5   RNA collection 
The spin column was then placed into a new clean collection tube and 30µl of RNA free 
water placed into the centre of the spin column and centrifuged at 10,000 rpm to release 
the bound RNA from the spin column. 
The collected RNA was then frozen at -20°C until required for our microarray.  

3.7.2.6   RNA quantification 
RNA quantificaton was performed using  a General Electric (GE) NanoVue  
Spectrophotometer (GE, Buckinghamshire, England). RNA naturally absorbs light at 
260nm which is proportional to concentration. RNA  also shows a characteristic dip in 
light absorption at 230nm. Protein contamination of RNA shows maximum absorption 
of light at 280nm. After calibration, 2µl of undiluted RNA samples were placed 



83  

 

between the the two sample plates of the GE Nanovue. Absorption readings  of RNA 
samples were taken at 260nm to calculate RNA concentration and displayed as µg/ml. 

Additional readings at 230 and 280nm were also taken. The absorption ratio  A₂60/A280  

was then calculated. Ratios  greater than 2.0 indicates RNA good purity. The absorption 
ratio A260/A230 was also calculated to further test  for sample impurities. Ratios greater 
than 2.0 also indicate sample purity. 

3.7.2.7   RNA qualitative analysis 
Samples of RNA were analysed using  the Lab901 Tape Station automated 
electrophoresis instrument (Aligent technologies , Edinburgh, Scotland). 1µl of sample  
was mixed with 10µl of Screen Tape Sample buffer ( #5067-5577 Aligent 
Technologies, Edinburgh, Scotland) by gentle pipetting and loaded  into the Tape 
Station together with an RNA Screen Tape electrophoresis mini gel (#5067-5576 
Aligent Technologies, Edinburgh, Scotland).  
The tape station was then automatically loaded, and the samples were then separated by  
by electrophoresis and analysed. Results are  expressed as a RNA intergrity number 
equivalent ( RINᵄ) value indicating mRNA concentration and sample purity/ 
degridation. 

3.7.2.8   cDNA synthesis 
cDNA was synthesised  using  a Qiagen RT² Easy First Strand Kit (#330421 Qiagen 
N.V. Holdings Venlo, Netherlands). Prior to cDNA synthesis, genomic DNA was 
removed.  

1µg of RNA (calculated from  RNA quantification and qualtative analysis) was addded 
to 2µl of gDNA elimination mixture,which was then made up to 10µl with RNAse-free 
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water and heated to 37°C for 5 minutes, then immediately placed on ice for a minimum 
of 1 minute.   

Next, the reverse transcription mix was prepared for 2 reactions by mixing 8µl of buffer 
BC3 with 2µl of control P2 and 6µl of RNAse free water, making sufficient cDNA for 
both microarray plates. 10µl of  RNA mixture from the gDNA elimination step was then 
added to 10µl of the reverse transcription mix. The reagents were then mixed by 
pipetting up and down. 
This was then incubated at 42°C for exactly 15 minutes, then immediately heated to 
95°C for 5 minutes to stop the reaction. 91µl of RNAse free water was then added to 
each cDNA sample and mixed using a pipette.The resultant cDNA was then stored at 
⁻20°C until used  in the RT-PCR experiment. 

3.7.3   Real time RT-PCR 
3.7.3.1   PCR- component mix. 

1350µl  of RT² SYBR Green Mastermix (#330600 Qiagen- Venlo, Limburg, 
Netherlands) was  mixed with the 111µl of prepared cDNA  samples and 1248µl of 
RNAse-free water per cDNA sample. 

3.7.3.2   Loading PCR array plate 
The PCR array plate (#PAHS-026 Qiagen- Venlo, Limburg, Netherlands) was removed 
from its sealed packaging, and 25 µl of PCR component mix was added to each well of 
the PCR array plate. The Array plate was then sealed and centrifuged at 1000g to 
remove bubbles, then placed in the PCR cycler  machine and  PCR cycler protocol ran 
at 95°C for ten minutes to activate  the reaction.  

40 PCR cycles were then performed by heating to 95°C for 15 seconds, then the 
temperature was reduced to 60°C for 1 minute. Fluorescent data collection was 
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performed during the 60°C temperature cycle, and results analysed using Qiagen RT² 
Profiler PCR array data analysis software.
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4    Results 
4.1   Visual observations 

4.1.1   Methodology development-pilot experiment 
The initial experiment tested experimental methods and allowed observations of MM1 
gingival fibroblast cellular responses to 5 calcium silicate-based material over an 
extended period. 
Both MTAG and Smart Seal Bio (SSB) caused a change in cell morphology, with cell 
cytoplasm becoming reduced and spindle like and larger spaces being present between 
cells (Figure 15c, 16a, b). Cell density was also reduced in the immediate vicinity of the 
MTAG and SSB samples. This change occurred between 7 and 14 days. 
MTAW and BIOD did not show this same change in cell morphology, or reduction in 
cell population in the immediate vicinity of the MTAW and BIOD samples (Figure 15e, 
16c). Some small areas showed a marked localised inhibition of cells around the 
circumference of the material samples. MTA+ samples suffered from fungal 
contamination and so it was hard to fully assess this material (Figure 16 e,f).  
Visual assessment of cells was made more difficult by the material format of 5 x 4mm, 
with the size of the material producing an optical distortion due to a meniscus around 
the material sample, thus the format of the material sample was changed to an 8 x 1mm 
format.  
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  15a- MM1 fibroblasts-21 days of culture 
 

15b- MM1 fibroblasts- 35 days of culture 
 

  15c- MTAG close to material sample-28 days of 
culture 
 

15d- MTAG remote from material sample- 14 
days of culture 
 

  15e- MTAW close to material sample – 35 days 
of culture 
 

15f- MTAW remote from material sample 35 
days of culture 
 Figure 15- Images of MM1 fibroblasts cultured alone or with ProRoot MTA original 

(MTAG) or ProRoot MTA white (MTAW) material samples. MTAG induced a change in 
cell morphology to a   thin spindle like cell (c, d). This change was not observed with 
MM1 control cells (a, b) or cells cultured with MTAW (e, f). 
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  16a- SSB close to material sample- 35 days of 
culture 
 

16b- SSB remote from material sample- 42 days 
of culture 
 

  16c- BIOD close to material sample- 42 days of 
culture 
 

16d- BIOD remote from material sample 35 days 
of culture 
 

  16e- MTA+ demonstrating fungal contamination 
 

16f- MTA+ contamination resulting in cell death 
 

Figure 16- Images of MM1 fibroblasts cultured with Smartseal BIO (SSB), Biodentine 
(BIOD) or MTAplus (MTA+) material samples. SSB caused a similar change in cellular 
morphology to MTAG (a, b). BIOD did not cause such a change in morphology (c, d). 
MTA+ samples cultures suffered from fungal contamination (e, f). 
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4.1.2   Culture of MM1 fibroblasts for 35 days in the 
presence of BIOD, MTAG bioceramic discs 

To aid comparison between experimental groups, photomicrographs were  taken of cell 
cultures. Both images close to, and remote from material samples were used to grade 
cellular response and compared to cell density and morphology of control cell cultures. 
Images were graded using the visual grading system described in 3.2.3. Cell 
morphology, density and viability could thus be graded (Table 13). A non-parametric 
Kruskal-Wallis test was performed on data. A post hoc Tukey test was used to identify 
significant differences between groups. SPSS version 21 was used to analyse the data. 
Post hoc Tukey testing is displayed in section  8.3.1  

4.1.2.1   MM1 gingival fibroblast control cell culture  
At day 7 all areas of the culture dish showed high densities of cells, but were not 
completely confluent, with some spaces clearly visible between cells (Figure 17a). Cells 
were multipolar, demonstrating normal cytoplasmic branched extensions (filopodia, 
lamellipodia) usually associated with actin fibrils and motility. A similar appearance 
was seen at day 14, 21, 28 and 35 appearance with some intercellular spacing still 
present up to day 35 in some areas (Figure 18a,19a, 20a, 21a). Cell density increased in 
all areas with a more aligned, tiled, bipolar appearance. 

4.1.2.2   MM1 gingival fibroblasts cultured with Biodentine 
(BIOD)  

At all time points, MM1 fibroblasts demonstrated similar cell morphology and cell 
density when cultured with BIOD samples. There was a slight change in cell 
morphology in one of the sample dishes at day 7 in remote areas of the culture dish. 
However, most cell cultures’ appearance was similar to control cells (Figure 17a, b, c), 
and by day 14, cells in  the anomalous sample had a similar appearance to control 
(Figure 18a, b, c). At day14, one culture dish showed cells close to the material sample 
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with altered morphology, and a reduced cell density . But when observations from  all 
cell culture dishes was taken into account, this was not statistically significant 
(p=0.439). At 21, 28, and 35 days no significant changes in cell morphology were 
observed (p=1.00) when compared to negative control cell cultures (Figures19a, b, c, 
20a, b, c, 21a, b, c). 
An adherent precipitate was observed around all BIOD samples (Figure 17b, 18b, 19b, 
20b, 21b).  Four samples showed a fine granular precipitate preventing a clear view of 
the material border. One sample showed much larger crystalline structures interspersed 
with a much less dense granular precipitate. Cell density at this material border 
appeared to be reduced.  
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 Table 13- Visual grading of MM1 Fibroblast cultures exposed to calcium silicate 
material samples

0 1 2 3 4 5
MM1 day 7 Control (n=6) 0 6 0 0 0 0

 Close (n=6) 0 6 0 0 0 0
Remote (n=6) 0 6 0 0 0 0
Close (n=6) 0 1 2 0 3 0

Remote (n=6) 0 6 0 0 0 0
Close (n=6) 0 6 0 0 0 0

Remote (n=6) 0 6 0 0 0 0
Close (n=6) 0 6 0 0 0 0

Remote (n=6) 0 6 0 0 0 0
MM1 day 14 Control (n=6) 0 6 0 0 0 0

 Close (n=6) 0 6 0 0 0 0
Remote (n=6) 0 6 0 0 0 0
Close (n=6) 0 0 3 3 0 0

Remote (n=6) 0 3 3 0 0 0
Close (n=6) 0 3 1 0 0 2

Remote (n=6) 0 6 0 0 0 0
Close (n=6) 0 6 0 0 0 0

Remote (n=5) 0 5 0 0 0 0
MM1 day 21 Control (n=6) 0 6 0 0 0 0

Close (n=7) 0 7 0 0 0 0
Remote (n=6) 0 6 0 0 0 0
Close (n=6) 0 3 0 3 0 0

Remote (n=6) 0 3 3 0 0 0
Close (n=6) 0 0 2 4 0 0

Remote (n=6) 0 6 0 0 0 0
Close (n=6) 0 6 0 0 0 0

Remote (n=6) 0 6 0 0 0 0
MM1 day 28 Control (n=9) 0 6 0 0 0 0

 Close (n=6) 0 6 0 0 0 0
Remote (n=6) 0 6 0 0 0 0
Close (n=6) 0 2 0 3 1 0

Remote (n=6) 0 3 2 1 0 0
Close (n=6) 0 0 3 3 0 0

Remote (n=6) 0 0 4 2 0 0
Close (n=3) 0 3 0 0 0 0

Remote (n=6) 0 9 0 0 0 0
MM1 day 35 Control (n=6) 0 6 0 0 0 0

 Close (n=6) 0 6 0 0 0 0
Remote (n=6) 0 6 0 0 0 0
Close (n=6) 0 0 0 6 0 0

Remote (n=6) 0 3 0 3 0 0
Close (n=6) 0 0 0 5 1 0

Remote (n=6) 0 0 6 0 0 0
Close (n=6) 0 0 0 0 0 0

Remote (n=6) 0 0 0 0 0 0Sheramega Day35

MTAG 8X1 day 21
Sheramega Day21

fibroblasts exposed to materials
Visual assessment of MM1 gingival 

MTAG 8X1 day 28
Sheramega Day 28

BIOD day 35
MTAG 5X4 day 35
MTAG 8X1 day 35

Sheramega Day 14

BIOD day 21
MTAG 5X4 day 21

BIOD day 28
MTAG 5X4 day 28

MTAG 8X1 day 7
Sheramega Day7

BIOD day 14
MTAG 5X4 day 14
MTAG 8X1 day 14

Visual Assessment Grade 

BIOD day 7
MTAG 5X4 day 7
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4.1.2.3   MM1 gingival fibroblasts cultured with ProRoot 
MTA (MTAG 5 x 4mm and 8 x 1mm samples)  

Interpretation of images from 5 x 4 material samples was far more difficult due to an 
optical distortion caused by a meniscus associated with the increased depth of the 
sample. Focusing around the material sample was difficult, and contrast was also poor. 
To combat this optical effect, a greater volume of growth medium would be required. 
This greater volume of growth medium would dilute leachable products released from 
our material samples and thus potentially alter cell response to material samples. 
The volume of a 5 x 4mm material sample is greater than  8 x 1mm samples (78.5mm3 
compared to 50.2mm3), however surface area of 8 x 1mm samples is greater than 5 x 
4mm samples (125mm2 compared to 102mm2). Overall, over the 35 day experimental 
period, there were no statistical differences between sample sizes (p= 0.059 close, p= 
0.587 remote). Thus for future experiments, the 8 x 1mm sample format was adopted as 
better optical properties, reduced volume of material and increased circumference, 
allowed more observation points around the material sample. 
At day 7, all MTAG 5 x 4mm samples showed a range of cellular responses, from no 
visible change in morphology or cell density to a marked morphology change, with 
cytoplasmic extensions reducing to a thin, spindle like form .These changes occurred 
close to the material sample. The mineral precipitate also differed with both a fine, 
diffuse grain-like precipitate being the most common, and a larger crystalline precipitate 
seen in one specimen. Changes within the cell population were observed close to 
material samples when compared to controls (p=0.000), but no changes were observed 
in areas classed  as remote from the material samples when compared to the negative 
control (p=1.000). MTAG 8 x 1mm samples did not show any significant change in cell 
morphology or cell density at day 7 in both close and remote areas compared to the 
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negative control ( p=1.000) (Figure 17d, e). Unlike BIOD, 8 x 1mm MTAG samples did 
not produce a granular or crystalline precipitate. 
By day 14, changes in cell morphology were observed in cultures exposed to both 
material sample formats (5 x 4 and 8 x 1mm). Cells close to the material samples 
showed the greatest change in morphology with cell cytoplasm becoming thinned, and 
more spindle like (MTAG 5 x 4mm p=0.000, MTAG 8 x 1  p= 0.001) (Figure 18d). 
Cells cultured with 5 x 4mm material samples showed a slightly reduced cell density, 
and thinning of cell cytoplasm in areas remote from the material sample. A fine granular 
precipitate formed around the MTAG 5 x 4mm sample. Within this precipitate, larger 
crystalline forms were also frequently seen to be developing. Cells cultured with 8 x 
1mm material samples had a similar appearance and cell density to control cell cultures 
(Figure 18a, e). The precipitate was not found around MTAG 8 x 1mm samples.  
From days 21 to 35, both 5 x 4mm, and 8 x 1mm material samples caused cumulative, 
statistically significant effects on MM1 gingival fibroblasts. Cells close to material 
samples were affected more (Figure 19d, 20d, 21d) than cells in remote areas of the 
culture dish (Figure 20e, 21e), apart from day 21, when remote areas of cultures 
containing 8 x 1mm material samples were not statistically different from control cell 
cultures (p=0.160) (Figure 18e) but statistically different from remote areas of cultures 
containing 5 x 4 1mm material samples (p=0.028). Otherwise all MTAG sample 
formats significantly affected close and remote locations within the cell culture when 
compared to control cell cultures (p= 0.000-0.004). Cell cytoplasm became thin with a 
granular precipitate forming clumps around some cell bodies (Figure 20d, e, 21d, e).  
Cell density was reduced, and changes in cell morphology were always more 
pronounced close to the material samples. A precipitate was always associated with the 
MTAG 5 x 4 samples, with the predominant form being a fine granular precipitate, and 
one dish showing  larger crystalline forms. With increasing cell culture time, a diffuse, 
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grainy precipitate formed throughout the culture dish. It was assumed this was a mineral 
precipitate. 
Changes in cell morphology and density were also not even over all the material 
samples circumference, with one 5 x 4mm sample showing areas of very low cell 
density in one area and almost normal cell appearances in other sites around the material 

4.1.2.4   MM1 gingival fibroblasts cultured with Shera 
Mega cyanoacrylate glue 

 MM1 fibroblasts appeared normal for all time periods, and in both close and remote 
areas of the culture dish during the experiment (Figure 17f, 18f, 19f). Cells exhibited 
high density, large spreading cytoplasm, with good cell to cell contact. The appearance 
of cell populations close to the cyanoacrylate glue possibly suggested an increase in cell 
density compared to negative control cell cultures ( p=1.00), but as areas of high cell 
density were also seen in negative control cultures, Shera Mega cell cultures were not 
graded to reflect a higher cell proliferation/ viability rate. 
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  17a- MM1 fibroblasts- day 7 
 

17b- MM1 fibroblasts cultured with BIOD  
close to material sample-day 7 

 

  17c- MM1 fibroblasts cultured with BIOD  
remote from material sample – day 7 

 
17d- MM1 fibroblasts cultured with MTAG  
close to material sample- day 7 

 

  17e- MM1 fibroblasts cultured with MTAG 
remote from sample- day 7  
 

17f- MM1 fibroblasts cultured with Shera Mega 
close to material sample- day 7 
  

Figure 17- Images of MM1 fibroblasts cultured alone or with Biodentine (BIOD), 
ProRoot MTA original (MTAG) or Shera Mega cyanoacrylate material samples-day 7 
of culture. 
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  18a- MM1 fibroblasts- day 14 
 

18b- MM1 fibroblasts cultured with BIOD  
close to material sample- day 14 

 

  18c- MM1 fibroblasts cultured with BIOD  
remote from material sample- day 14 

 
18d- MM1 fibroblasts cultured with MTAG  
close to material sample- day 14 

 

  18e- MM1 fibroblasts cultured with MTAG 
remote from material sample- day 14 
 

18f- MM1 fibroblasts cultured with  
Shera Mega close to sample- day 14 
  

Figure 18- Images of MM1 fibroblasts cultured alone or with Biodentine (BIOD), 
ProRoot MTA original (MTAG) or Shera Mega material samples-day 14 of culture 
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  19a- MM1 fibroblasts- day 21 
 

19b- MM1 fibroblasts cultured with BIOD  
close to material sample- day 21 

 

  19c- MM1 fibroblasts cultured with BIOD  
remote from material sample- day 21 

 
19d- MM1 fibroblasts cultured with MTAG  
close to material sample- day 21 

 

  19e- MM1 fibroblasts cultured with MTAG 
remote from material sample- day 21 
 

19f- MM1 fibroblasts cultured with  
Shera Mega close to sample- day 21 
  

Figure 19- Images of MM1 fibroblasts cultured alone or with Biodentine (BIOD), 
ProRoot MTA original (MTAG) or Shera Mega material samples-day 21 of culture 
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  20a- MM1 fibroblasts- day 28 
 

20b- MM1 fibroblasts cultured with BIOD  
Close to material  sample- day 28 

 

  20c- MM1 fibroblasts cultured with BIOD  
remote from material sample- day 28 

 
20d- MM1 fibroblasts cultured with MTAG  
close to material sample- day 28 

 

 

 

20e- MM1 fibroblasts cultured with MTAG 
remote from material sample- day 28 
 

 

 
Figure 20- Images of MM1 fibroblasts cultured alone or with Biodentine (BIOD) and 
ProRoot MTA original (MTAG)-day 28 of culture 
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  21a- MM1 fibroblasts- day 35 
 

21b- MM1 fibroblasts cultured with BIOD 
 close to material sample- day 35 

 

  21c- MM1 fibroblasts cultured with BIOD  
remote from material sample- day 35 

 
21d- MM1 fibroblasts cultured with MTAG  
close to material sample- day 35 

 

 

 

21e- MM1 fibroblasts cultured with MTAG 
remote from material sample- day 35 
 

      

 
Figure 21- Images of MM1 fibroblasts cultured alone, with Biodentine (BIOD) and 
ProRoot MTA original (MTAG)-day 35 of culture
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Figure 22a 

Figure 22b 
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Figure 22c 

Figure 22d 
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Figure 22e 

Figure 22f 
Figure 22- Graphical representation of morphological changes to MM1 fibroblasts 
exposed to calcium silicate-based materials. 
 Y-axis is calibrated to reflect method of statistical input suitable for running non- 
parametric tests performed in IBM SPSS, with grade 1 representing no changes in 
morphology and 5 representing severe toxicity. Reversed numbering of y-axis allows 
better visual representation of morphological changes and reduction in cell viability.
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4.1.3   Culture of WPS1 fibroblasts for 35 days in the 
presence of BIOD, MTAG and MTA+ bioceramic discs 

WPS1 fibroblasts were photoghaphed and graded as previously described for MM1 
gingival fibroblasts (Table 14). A non-parametric Kruskal-Wallis test was performed on 
data. A post hoc Tukey test was used to identify significant differences between groups. 
SPSS version 21 was used to analyse the data. Post hoc Tukey testing is displayed in 
section  8.3.1. 

4.1.3.1   WPS1 periradicular control cell culture  
WPS1 cells in early passage consisted of two morphologically different fibroblast 
populations with large fibroblast population and a smaller fibroblast form. The early 
passages did not seem to demonstrate a contact inhibition with a bilayer of larger 
fibroblasts and smaller fibroblasts being characteristic. Cell densities were high in early 
passages (Figure 23a). Subsequent passages, consisted of slower growing larger 
fibroblasts (Figure 23b). Often higher passages took longer to populate the culture dish, 
and often only reached 80% confluence. Experiments were conducted on passages 
between 3 and 6. Grading of WPS1 fibroblasts was carried out as described in section 
3.2.3 and 4.1.2 and shown in table form (Table 14).  
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  23a- WPS1 control cell culture showing typical 
fibroblast morphology (passage 3) 
 

23b- WPS1 fibroblasts cultured for 28 days.  
Cell density remained low in some areas of  
the culture dish (passage 6) 
 Figure 23- WPS1 fibroblasts cultured without material samples 

Showing a typical fibroblast morphology (23a). Later passages of WPS1 cells began to 
show cell senescence (23b). 
 

4.1.3.2   WPS1 periradicular fibroblasts cultured with 
Biodentine (BIOD)  

At day 7, a diffuse granular mineral precipitate was present extending over a large area 
of the sample dish, being denser in the close zones (Figure 24a, b). Some larger 
crystalline structures were also present in some close views. Over the experimental 
period, the density of the precipitate increased, with larger crystals forming within the 
dense precipitate (Figure 28a). Cell density in the close zone showed a marked 
reduction compared to negative control cells (p=0.000-0.012) (Figure 24a, 25a, 26a, 
27a, 28a) with visual grading ranging between 2 and 4. Cell cytoplasm was altered to a 
thinner, stellate appearance (Figure 26a, 28a). Some views showed bright, rounding cell 
bodies due to severe toxicity (Figure 24a). It was difficult to grade some views due to 
the dense precipitate (Figure 25a, 27a).  Over the experimental period cell density 
increased within the close zones, Cell morphology remained either stellate of spindle 
like in close zones (Figure 24a, 27a.) 
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The mineral precipitate varied in remote areas. Some remote areas of the culture dish 
had a similar mineral dense precipitate to the close zones (Figure 27 a, b), while other 
areas had little or no precipitate (Figure 26b). Cells in remote areas of the culture dish 
containing a dense precipitate  also showed  similar changes in morphology to cells in 
close proximity to BIOD samples ( Figure 24b) and a reduced  cell density compared to 
negative control cultures (p=0.000). 
Mineral precipitate in remote areas of the culture dish became more extensive with time 
(Figure 25b). Precipitate ranged from diffuse granular, granular clumps, or a very fine  
precipitate. Precipitates often consisted of mixed forms of precipitates. Areas of greater 
precipitate density were often was associated with more marked changes in cell 
morphology and reduced cell density. Cell numbers close to material samples increased 
compared to day 7. Cell morphology remained similar to early stages of cell culture, 
cells being thin spindle like or a stellate form (Figure 28a). In remote areas. Cell density 
also increased over the experimental period. Differences between control cells was still 
statistically significant after 35 days (p= 0.012 close, p=0.000 remote)
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Table 14- Visual grading of WPS1 fibroblast cultures exposed to calcium silicate 
material sample

0 1 2 3 4 5
WPS1 day 7 Control (n=9) 0 9 0 0 0 0

Close (n=15) 0 0 0 14 1 0
Remote (n=16) 0 0 13 3 0 0
Close (n=16) 0 2 11 1 2 0

Remote (n=15) 0 8 7 0 0 0
Close (n=11) 0 0 1 10 0 0

Remote (n=12) 0 12 0 0 0 0
Close (n=3) 0 2 1 0 0 0

Remote (n=3) 0 3 0 0 0 0
WPS1 day 14 Control (n=9) 0 9 0 0 0 0

Close (n=13) 0 0 10 3 0 0
Remote (n=13) 0 2 7 3 1 0
Close (n=12) 0 6 4 1 1 1

Remote (n=11) 0 4 0 1 3 3
Close (n=10) 0 4 5 1 0 0
Remote (n=8) 0 8 0 0 0 0
Close (n=2) 0 2 0 0 0 0

Remote (n=2) 0 2 0 0 0 0
WPS1 day 21 Control (n=9) 0 9 0 0 0 0

Close (n=16) 0 0 9 7 0 0
Remote (n=17) 0 7 9 1 0 0
Close (n=19) 0 4 9 4 2 0

Remote (n=24) 0 13 3 8 3 0
Close(n=12) 0 1 9 2 0 0

 (Remote n=12) 0 12 0 0 0 0
Close (n=3) 0 3 0 0 0 0

Remote (n=3) 0 3 0 0 0 0
WPS1 day 28 Control (n=9) 0 9 0 0 0 0

Close (n=15) 0 0 3 12 0 0
Remote (n=18) 0 7 10 1 0 0
Close (n=18) 0 4 10 2 2 0

Remote (n=19) 0 14 5 0 0 0
Close (n=12) 0 4 7 1 0 0

Remote (n=12) 0 11 1 0 0 0
Close (n=4) 0 1 3 0 0 0

Remote (n=3) 0 3 0 0 0 0
WPS1 day 35 Control (n=9) 0 9 0 0 0 0

Close (n=15) 3 0 6 5 1 0
Remote (n=20) 0 2 18 0 0 0
Close (n=21) 0 10 7 4 0 0

Remote (n=16) 0 14 0 1 1 0
Close (n=12) 0 2 10 0 0 0

Remote (n=12) 0 12 0 0 0 0
Close (n=3) 0 3 0 0 0 0

Remote (n=3) 0 3 0 0 0 0

MTAG day 21

BIOD day 14
MTAG day 14

MTA+ gel day 14
MTA+ H20 day 14

BIOD day 21

MTA+ H20 day 35

MTA+ H20 day 28

MTA+ gel day 21
MTA+ H20 day 21

BIOD day 28
MTAG day 28

MTA+ gel day 28

BIOD day 35
MTAG day 35

MTA+ gel day 35

Visual Assessment Grade 

BIOD day 7
MTAG day 7 

MTA+ gel day 7
MTA+ H20 day 7 

Visual assessment of WPS1 periradicular
fibroblasts exposed to materials
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4.1.3.3   WPS1 periradicular fibroblasts cultured with 
ProRoot MTA (MTAG)  

MTAG differed from BIOD in that far less extensive mineral deposits formed around 
MTAG samples during the culture period, with a diffuse granular precipitate being 
deposited in a narrow band around the material samples (Figure 24c, 25c). One sample 
formed no precipitate (Figure 27c). Larger crystal structures formed within the 
precipitate over the time period (Figure 26c). Cell responses varied widely close to the 
material, with one sample showing marked cell death at all time points of the 
experiment in both close and remote zones. Generally this indicates that MTAG releases 
less mineral into the culture medium than BIOD.  
Changes to a more spindle like cytoplasm was seen at day 7 in the close zone when 
compared to control cells (p=0.000) (Figure 24c). Remote areas were affected less at 
this time point (p=0.017) (Figure 24d), but differences were still significant. Differences 
between close and remote areas was also significant at day 7 (p=0.007).  Cell density 
increased over the time of the experiment. Some cells also lost their thin, spindle 
morphology, resembling the control cells (Figure 27c). One sample however continued 
to show signs of severe toxicity throughout the experimental period (Figure 29a). Cells 
did show some recovery in this sample, with ingrowth of cells into areas of previous 
cell death. This sample showed areas around it’s circumference of both severe toxicity 
and almost normal cellular appearance and density. The same was true of remote areas 
in this particular sample. As materials were mixed from the same batch of material, this 
marked difference may indicate either varying chemical dynamics within the set 
material or subset of fibroblast population in this heterogeneous cell culture with 
reduced tolerance to leachates released from the material sample.  At the end of the 
experimental period (35 days) statistical differences existed  between  negative control 
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cells and the close zone around the material samples (p=0.009), but  not the remote 
zones (p=0.279).  

4.1.3.4   WPS1 periradicular fibroblasts cultured with 
MTAplus (MTA+)  

Cells were affected less by MTA+ than either MTAG or BIOD. MTA+ showed no 
significant difference to control cell cultures in remote areas of the culture dish at all 
time points (p= 0.000-0.010) (Figure 24f, 25f, 26f, 27f, 28f).  The cellular response 
MTA+ mixed with gel was initially comparable with BIOD in areas close to material 
samples(p=0.160), then  MTA+ gel cellular responses improved, fluctuated but were 
more favourable  between day 14, 21 and 28 compared BIOD ( p=0.036, p=0.91, 
p=0.00).  Similar cellular responses were seen between MTA+ and MTAG, with MTAG 
having a more favourable initial cellular response (p=0.003) (Figure 24c, e).  
 One area of dense, granular precipitate had a small window adjacent the material 
sample, with no precipitate present. A dense cells population was seen growing up to 
precipitate, but had not migrated over the precipitate. This area was sparsely populated 
at day 14 with 2 cells being visible by 28 days, this area contained no cells (Figure 29b, 
c).  
 Cell densities appeared to be higher with MTA+ (both gel and H₂O) both in close and 
remote areas of the culture dish than BIOD and MTAG samples. Changes in 
morphology were observed, with some cells becoming more spindle like, or stellate as 
with BIOD. Cytoplasmic processes of some cells appeared to coalesce around some 
crystalline deposits, and therefore seemed to demonstrate a positive chemotactic 
property of the crystalline body (Figure 29d). 
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  24a- WPS1 fibroblasts cultured with BIOD  
close to material sample- day 7 

 
24b- WPS1 fibroblasts cultured with BIOD 
remote from material sample- day 7 

 

24c- WPS1 fibroblasts cultured with MTAG  
close to material sample- day 7 

 
24d- WPS1 fibroblasts cultured with MTAG 
remote from material sample- day 7 

 

  24e- WPS1 fibroblasts cultured with MTAplus 
close to material sample- day 7 
 

24f- WPS1 fibroblasts cultured with MTAplus 
remote from material sample- day 7 
  

Figure 24- Images of WPS1 fibroblasts cultured with Biodentine (BIOD), MTA plus and 
ProRoot MTA original (MTAG) -day 7 of culture. 
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  25a- WPS1 fibroblasts cultured with BIOD  
close to material sample- day 14 

 
25b- WPS1 fibroblasts cultured with BIOD 
remote from material sample- day 14 

 

 25c- WPS1 fibroblasts cultured with MTAG 
close to material sample- day 14 

 
25d- WPS1 fibroblasts cultured with MTAG 
remote from material sample- day 14 

 

  25e- WPS1 fibroblasts cultured with MTAplus 
close to material sample- day 14 
 

25f- WPS1 fibroblasts cultured with MTAplus 
remote from material sample- day 14 
  

Figure 25- Images of WPS1 fibroblasts cultured with Biodentine (BIOD), MTA plus and 
ProRoot MTA original (MTAG) -day 14 of culture. 
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  26a- WPS1 fibroblasts cultured with BIOD  
close to material sample- day 21 

 
26b- WPS1 fibroblasts cultured with BIOD 
remote from material sample- day 21 

 

  26c- WPS1 fibroblasts cultured with MTAG  
close to material sample- day 21 

 
26d- WPS1 fibroblasts cultured with MTAG 
remote from material sample- day 21 

 

  26e- WPS1 fibroblasts cultured with MTAplus 
close to material sample- day 21 
 

26f- WPS1 fibroblasts cultured with MTAplus 
remote from material sample- day 21 
  

Figure 26- Images of WPS1 fibroblasts cultured with Biodentine (BIOD), MTA plus and 
ProRoot MTA original (MTAG) -day 21 of culture. 
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  27a- WPS1 fibroblasts cultured with BIOD  
close to material sample- day 28 

 
27b- WPS1 fibroblasts cultured with BIOD 
remote from material sample- day 28 

  27c- WPS1 fibroblasts cultured with MTAG  
close to material sample- day 28 

27d- WPS1 fibroblasts cultured with MTAG 
remote from material sample- day 28 

 

  27e- WPS1 fibroblasts cultured with MTAplus 
close to material sample- day 28 
 

27f- WPS1 fibroblasts cultured with MTAplus 
remote from material sample- day 28 
  

Figure 27- Images of WPS1 fibroblasts cultured with Biodentine (BIOD), MTA plus and 
ProRoot MTA original (MTAG) -day 28 of culture. 
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  28a- WPS1 fibroblasts cultured with BIOD  
close to material sample- day 35 

 
28b- WPS1 fibroblasts cultured with BIOD 
remote from material sample- day 35 

 

  28c- WPS1 fibroblasts cultured with MTAG  
close to material sample- day 35 

 
28d- WPS1 fibroblasts cultured with MTAG 
remote from material sample- day 35 

  28e- WPS1 fibroblasts cultured with MTAplus 
close to material sample- day 35 
 

28f- WPS1 fibroblasts cultured with MTAplus 
remote from material sample- day 35 
  

Figure 28- Images of WPS1 fibroblasts cultured with Biodentine (BIOD), MTA plus and 
ProRoot MTA original (MTAG) –day 35 of culture. 
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  29a- One MTAG sample appeared to be  
cytotoxic to WPS1 fibroblasts 

 
29b- WPS1 fibroblasts failed to proliferate  
over dense mineral precipitate- day 14 

 

  29c- WPS1 fibroblasts still did not proliferate 
over dense precipitate- day 28 

 
29d- WPS1 fibroblasts cytoplasm extensions 
appear to coalesce around crystalline  
deposits formed around MTAplus sample 

  
Figure 29- Atypical images of WPS1 fibroblasts cultured with material samples. 
One MTAG sample appeared to be more cytotoxic than other similar samples mixed 
from the same batch of material (29a).  Fibroblasts survived and proliferated up to 
some areas of dense precipitate, but did not migrate over the dense precipitate (29b, c). 
Some crystalline deposit caused cells to coalesce around the crystalline deposit (29d).



115  

 

Figure 30a 

Figure 30b 
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Figure 30c 

Figure 30d 
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Figure 30e 

Figure 30f 
Figure 30- Graphical representation of morphological changes to WPS1 fibroblasts 
exposed to calcium silicate-based material. 
 Y-axis is calibrated to reflect method of statistical input suitable for running a non- 
parametric tests performed in IBM SPSS, with grade 1 representing no changes in 
morphology, and 5 representing severe toxicity. Reversed numbering of y-axis allows 
better visual representation of morphological changes and reduction in cell viability.
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4.1.4   Culture of WPS9 fibroblasts for 35 days in the 
presence of BIOD, MTAG bioceramic discs and IRM 

WPS9 fibroblasts were photoghaphed and graded as previously described for MM1 
gingival fibroblasts (Table 15). A non-parametric Kruskal-Wallis test was performed on 
data. A post hoc Tukey test was used to identify significant differences between groups. 
SPSS version 21 was used to analyse the data. Post hoc Tukey testing is displayed in 
section  8.3.1. 

4.1.4.1   WPS9 periradicular fibroblast control cell culture  
WPS9 cells were characterized by sometimes sparse cell populations within a culture 
dish as well as sometime dense conglomerates of cells in the early stages of culture 
(Figure 31a, b). Within cell cultures grown without material samples (negative control 
cell cultures), cell density varied within the culture dish. Thus grading was sometimes 
problematic in the early stages of culture.
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  31a- WPS9 fibroblast control cell culture on day 
7 showing lower proliferation rate than other 
WPS9 cell cultures at same time point. Spaces 
are visible between cells 

 

31b- WPS9 control fibroblast cell culture on day 
7 showing higher proliferation than some WPS9 
cell cultures at the same time point 

 

31c- WPS9 fibroblast control cell culture on day 
14 showing similar cell density to other WPS9 
cell cultures at the same time point 

 

31d- WPS9 fibroblast control cell cultures 
showed similar densities after 14 days 

 
Figure 31- WPS9 fibroblast showing differing proliferation rates within the same 
culture dish (Figure 31a, b).  
By day 14 onwards, WPS9 control cell cultures demonstrated more uniform cell 
densities and cell morphology (Figure 31c, d).
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4.1.4.2   WPS9 periradicular fibroblasts cultured with 
Biodentine (BIOD) 

BIOD showed two distinct zones of mineralisation, one immediately close to the 
material, and a second ring of precipitate extending into the area classed as remote 
(Figure 32a, b). Cells within this precipitate zone had low density and showed thinning 
of the cytoplasmic extensions. This area was not specifically graded as it often mirrored 
the zone immediately close to the material. The second precipitation zone was 
characteristic of BIOD alone and probably due to the addition of the setting accelerant 
(CaCl₂) and the calcium carbonate (CaCO₃) nucleation agent. Where precipitate density 
was not as great within the halo produced by BIOD, cells could be observed with a 
more stellate, thinned cytoplasm compared to cells just out of the precipitate zone 
(Figure 33b).  Cell populations increased with time adjacent to the material sample and 
appearances ranged from that of a normal fibroblast to the angular, stellate form (Figure 
32a, 33a, 34a, 35a, 36a). At all time points a significant difference was observed  
between negative control WPS9 cells and cells growing close to the BIOD sample ( p= 
0.00- 0.001).  
Although some morphological changes did occur in cells remote from material samples, 
most cells appeared normal (Figure 32a, 36a). This was not statistically significant 
(p=0.160-1.00). BIOD samples became detached from the culture dish more easily than 
other material samples due to the release of granular precipitate disrupting the material/ 
cyanoacrylate bond interface. This may have retention implications for shallow 
resorption cavities.
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Table 15- Visual grading of WPS9 fibroblast cultures exposed to calcium silicate 
materials

0 1 2 3 4 5
WPS9 day 7 Control (n=9) 0 9 0 0 0 0

Close( n=15) 0 1 6 7 1 0
Remote (n=15) 0 12 3 0 0 0
Close (n=18) 0 13 1 3 1 0

Remote (n=19) 0 19 0 0 0 0
Close (n=10) 0 0 0 2 8 0

Remote (n=10) 0 0 0 3 7 0
Close (n=9) 0 9 0 0 0 0

Remote (n=9) 0 9 0 0 0 0
WPS9 day 14 Control (n=9) 0 9 0 0 0 0

Close (n=15) 0 1 9 5 0 0
Remote (n=15) 0 13 2 0 0 0
Close (n=16) 0 12 4 0 0 0

Remote (n=15) 0 15 0 0 0 0
Close (n=12) 0 0 0 0 12 0

Remote (n=12) 0 0 0 6 3 0
Close (n=9) 0 9 0 0 0 0

Remote (n=9) 0 9 0 0 0 0
WPS9 day 21 Control (n=9) 0 9 0 0 0 0

Close (n=15) 0 2 13 0 0 0
Remote (n=15) 0 2 13 0 0 0
Close (n=18) 1 12 5 0 0 0

Remote (n=16) 0 16 0 0 0 0
Close (n=9) 0 0 0 0 9 0

Remote (n=8) 0 0 3 4 1 0
Close (n=9) 0 9 0 0 0 0

Remote (n=9) 0 9 0 0 0 0
WPS9 day 28 Control (n=9) 0 9 0 0 0 0

Close (n=15) 0 4 11 0 0 0
Remote (n=15) 0 15 0 0 0 0
Close (n=14) 0 12 2 0 0 0

Remote (n=15) 0 14 1 0 0 0
Close (n=10) 0 0 0 0 9 1
Remote (n=9) 0 0 4 2 3 0
Close (n=8) 0 8 0 0 0 0

Remote (n=11) 0 11 0 0 0 0
WPS9 day 35 Control (n=9) 0 9 0 0 0 0

Close (n=15) 0 3 10 2 0 0
Remote (n=16) 0 15 0 0 1 0
Close (n=15) 1 13 1 0 0 0

Remote (n=15) 0 15 0 0 0 0
Close (n=9) 0 0 0 0 9 0

Remote (n=9) 0 0 6 1 2 0
Close (n=8) 0 8 0 0 0 0

Remote (n=11) 0 11 0 0 0 0

MTAG day 35
IRM day 35
PTFE day 35

BIOD day 28
MTAG day 28
IRM day 28
PTFE day 28

BIOD day 35

PTFE day 14

BIOD day 21
MTAG day 21
IRM day 21
PTFE day 21

IRM day 7
PTFE day 7 

BIOD day 14
MTAG day 14
IRM day 14

Visual assessment of WPS9 periradicular Visual Assessment Grade 
fibroblasts exposed to materials

BIOD day 7
MTAG day 7 
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4.1.4.3   WPS9 periradicular fibroblasts cultured with 
ProRoot MTA  

Cells tolerated MTAG samples very well throughout the 35 day culture period. With 
cell cytoplasm generally appearing normal and cell density being similar to WPS9 
negative control cell cultures (Figure 32c, 33c, 34c, 35c). Only one culture dish showed 
some slight changes in cell morphology and a reduction in cell numbers at day 21 and 
28, but  cells had almost completely  recovered by  day 35. Other areas close to MTAG 
material samples demonstrated very high cell densities ( Figure 36c). A precipitate was 
associated with cells close to the material samples by days 28 and 35 (Figure 35c, 36c), 
although the level of precipitate was nowhere near the extent of precipitate formed by 
BIOD samples. Visual grading of images did not show a significant difference to 
negative control cell cultures over the 35 day culture period  p=0.87-1.00). 
All cells in remote areas showed no change to morphology throughout the culture 
period  when compared to negative control cell cultures (p=0.439-1.00) (Figure 32d, 
33d, 34d, 36d)  apart from on day 28 where  a slight change in morphology was seen in 
one culture dish (Figure 35d). 

4.1.4.4   WPS9 periradicular fibroblasts cultured with 
IRM (zinc oxide eugenol-based dental cement)  

IRM caused severe cell toxicity at all time points compared to control cells over all time 
periods (Figure 32e, f, 33e, f, 34e, f, 35e, f, 36e, f). Cell death, contraction and rounding 
of cell cytoplasm occurred in areas both close, to and remote from the IRM samples. 
Cell density remained low in all areas close to material samples throughout the 
experimental period. Where cells survived adjacent the IRM samples, cell cytoplasm 
was either rounded or severely contracted, with extensive cell lysis evident in areas 
close to the IRM samples (Figure 32e, 33e, 34e, 35e, 36e).  Changes in cell morphology 
and cell density were significant  when compared to negative control cell cultures  in 
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both close and remote areas at all time points (p=0.00). Some recovery of cell numbers 
did occur in remote areas, but cell morphology remained significantly altered (Figure 
34f, 35f, 36f).
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  32a- WPS9 fibroblasts cultured with BIOD  
close to material sample- day 7 

 
32b- WPS9 fibroblasts cultured with BIOD 
remote from material sample- day 7 

 

32c- WPS9 fibroblasts cultured with MTAG 
 close to material sample- day 7 

 
32d- WPS9 fibroblasts cultured with MTAG 
remote from material sample- day 7 

 

  32e- WPS9 fibroblasts cultured with IRM  
close to material sample- day 7 

32f- WPS9 fibroblasts cultured with IRM  
remote material from sample- day 7  

Figure 32- Images of WPS9 fibroblasts cultured with Biodentine (BIOD), ProRoot MTA 
original (MTAG) and the zinc oxide/eugenol based Intermediate Restorative Material 
(IRM) -day 7 of culture. 
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  33a- WPS9 fibroblasts cultured with BIOD  
close to material sample- day 14 

 
33b- WPS9 fibroblasts cultured with BIOD 
remote from material sample- day 14 

 

  33c- WPS9 fibroblasts cultured with MTAG  
close to material sample- day 14 

 
33d- WPS9 fibroblasts cultured with MTAG 
remote from material sample- day 14 

 

  33e- WPS9 fibroblasts cultured with IRM  
close to material sample- day 14 
 

33f- WPS9 fibroblasts cultured with IRM  
remote from material sample- day 14 
  

Figure 33- Images of WPS9 fibroblasts cultured with Biodentine (BIOD), ProRoot MTA 
original (MTAG) and the zinc oxide/eugenol based Intermediate Restorative Material 
(IRM) -day 14 of culture. 
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  34a- WPS9 fibroblasts cultured with BIOD  
close to material sample- day 21 

 
34b- WPS9 fibroblasts cultured with BIOD 
remote from material sample- day 21 

 

  34c- WPS9 fibroblasts cultured with MTAG  
close to material sample- day 21 

 
34d- WPS9 fibroblasts cultured with MTAG 
remote from material sample- day 21 

 

  34e- WPS9 fibroblasts cultured with IRM  
close to material sample- day 21 

34f- WPS9 fibroblasts cultured with IRM 
remote from material sample- day 21 

 
Figure 34- Images of WPS9 fibroblasts cultured with Biodentine (BIOD), ProRoot MTA 
original (MTAG) and the zinc oxide/eugenol based Intermediate Restorative Material 
(IRM)–day 21 of culture 



127  

 

  35a- WPS9 fibroblasts cultured with BIOD  
close to material sample- day 28 

 
35b- WPS9 fibroblasts cultured with BIOD 
remote from material sample- day 28 

 

  35c- WPS9 fibroblasts cultured with MTAG  
close to material sample- day 28 

 
35d- WPS9 fibroblasts cultured with MTAG 
remote from material sample- day 28 

 

  35e- WPS9 fibroblasts cultured with IRM  
close to material sample- day 28 
 

35f- WPS9 fibroblasts cultured with IRM  
remote from material sample- day 28 
  

Figure 35- Images of WPS9 fibroblasts cultured with Biodentine (BIOD), ProRoot MTA 
original (MTAG) and the zinc oxide/eugenol based Intermediate Restorative Material 
(IRM)–day 28 of culture 
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  36a- WPS9 fibroblasts cultured with BIOD  
close to material sample- day 35 

 
36b- WPS9 fibroblasts cultured with BIOD 
remote from material sample- day 35 

 

  36c- WPS9 fibroblasts cultured with MTAG  
close to material sample- day 35 

 
36d- WPS9 fibroblasts cultured with MTAG 
remote from material sample- day 35 

 

  36e- WPS9 fibroblasts cultured with IRM  
close to material sample- day 35 
 

36f- WPS9 fibroblasts cultured with IRM  
remote from material sample- day 35 
  

Figure 36- Images of WPS9 fibroblasts cultured with Biodentine (BIOD), ProRoot MTA 
original (MTAG) and the zinc oxide/eugenol based Intermediate Restorative Material 
(IRM)–day 35 of culture
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Figure 37a 

Figure 37b 
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Figure 37c 

Figure 37d 
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Figure37e 

Figure 37f 
 
Figure 37- Graphical representation of morphological changes to WPS9 fibroblasts 
exposed to calcium silicate-based materials. 
 Y-axis is calibrated to reflect method of statistical input suitable for running a non- 
parametric tests performed in IBM SPSS, with grade 1 representing no changes in 
morphology and 5 representing severe toxicity. Reversed numbering of y-axis allows 
better visual representation of morphological changes and reduction in cell viability.
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4.2   Extent of precipitate formation around material samples 
The mineral precipitate formed around BIOD material samples was more extensive than 
other calcium silicate materials. Mineral precipitate formed by calcium silicate materials 
has been identified as hydroxyapatite (Sarkar et al., 2005, Taddei et al., 2011). The 
quantity of hydroxyapatite formed may have clinical significance to bioactivity 
(Bozeman et al., 2006). Extensive formation of precipitate may represent a more 
significant scaffold for tissue repair (Gandolfi et al., 2010) 
This experiment measured the extent of visible mineral precipitate formed around 
material samples placed in a simulated body fluid. 

4.2.1   Determination of extent of mineral precipitate 
formation around material samples. 

BIOD produced significantly more precipitate than MTAG. The precipitate was dense 
and extended far into the culture dish. In comparison, MTAG showed significantly less 
formation of a precipitate (Figure 38a, b). The precipitate formed on and around both 
BIOD and MTAG was white in colour and was not due to physical breakdown of the 
materials. 

 
Table 16- Area of mineral precipitate formation around material samples after setting 
and exposure to phosphate containing medium (PBS)  

BIOD gMTA
85.67 4.87
89.68 4.18
89.34 4.72
90.83 12.41

101.47 12.01
mean 91.40 7.66

SD 5.95 4.18

Total area of gross visible 
precipitate formation (mm²)

Material
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 An independent sample t-test was used to analyse data (Table 16). Differences in the 
mineral precipitation were significant (p=0.00).  

4.2.2-Surface mineral deposition 
Surface morphology was also different with obvious outgrowths of a white mineral 
structure from the BIOD samples (Figure 38c). The MTAG sample showed far less 
extensive mineral outgrowth on the surface of the material (Figure 38d). 
 

38a BIOD sample showing mineral 
precipitate formed when in contact with 
phosphate containing medium 
 

38b MTAG sample showing less extensive 
mineral precipitate when exposed to 
phosphate containing medium 
 

38c Surface of BIOD showing crystalline 
growth on material surface 
 

38d Less extensive crystalline growth on 
MTAG 
  

Figure 38- Images of precipitate formation around material samples and on surface of 
materials after exposure to phosphate containing medium (PBS) 
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4.3.  Determination of effects of exposure of fibroblasts to material 
eluates 
  MM1 gingival fibroblasts and WPS9 periradicular fibroblasts were used in eluate 
exposure experiments. Cell density and FCS supplement concentration of growth 
medium was optimised for both cell lines being used (Cell density optimisation 8.2).   

MM1 gingival fibroblasts were plated at a cell density of 5 x 104 cells ml⁻¹, and WPS9 
periradicular fibroblasts plated at 1 x 10⁵ cells ml ⁻¹. 
All eluate dilutions, negative controls and optical blanks were supplemented with 1% 
FCS. 

4.3.1   MM1 gingival fibroblasts exposed to varying eluate 
concentrations 

MM1 gingival fibroblasts were exposed to  varying  eluate concentrations of MTAG, 
BIOD and IRM over a period of 168 hours, with MTT assays being conducted at 24, 96 
and 168 hours to assess cell viability. 

4.3.1.1   Exposure of MM1 fibroblasts to eluates of MTAG 
Eluates collected over 0-7 days-All eluate concentrations did not cause a significant 
change in viability of MM1 fibroblasts over the 7 day experimental period (p=0.309-
1.000) when compared to control cells, except an eluate dilution of 1:1000 which 
appeared to cause an increase in cell viability (p=0.009) at day 1 (Table 17, Figure 39).  
Eluates collected over 7-14 days-At day 1 no differences were observed between 
controls and all MTAG dilutions ( p=0.262-1.00). At days 4, a neat and 1:2 eluate 
dilution appeared to increase cell viability (p=0.001-0.002).  On day 7, a neat eluate 
caused a statistically significant reduction in cell viability (p=0.000) (Table 18, Figure 
40). 
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Eluates collected over 14-21 days- MTAG eluates collected over the 14-21 day period 
showed both a significant reduction in cell viability at day 4 and 7 at the neat 
concentration (p=0.00-0.052), and an increase in viability at day 7 with 1:2-1:10 
dilutions (p=0.00-0.013). No effect on cells were observed at day 1 with all 
concentrations and at day 4 at 1:2-1:1000, and day 7 at 1:20-1:1000 dilutions (Table 19,  
Figure 41). 
Eluates collected over 21-28 day- On days 1 and 4, there no statistical differences 
between control and cells exposed to all dilutions of MTAG. On day 7, a neat- 1:10 
eluate dilution had caused an increase in cell viability (p=0.00-0.005) (Table 20, Figure 
42). 
Eluates collected over 28-35 days- No changes were observed at all eluate 
concentrations, compared to control cells at day 1. Neat- 1:2 concentrations showed an 
increase in cell viability at day 4 (p=0.00). Day 7 also showed an increase in cell 
viability at neat- 1:4 eluate concentrations (p=0.00-0-009) (Table 21,  
Figure 43).  
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Table 17- MTT assay for MM1 gingival fibroblasts exposed to material eluates collected over days 0-7 
Cells were exposed to eluates for 1, 4 and 7 days to test immediate and cumulative effect of eluates. Data was normalised to allow 
comparison between time points.  

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
MTAG day 1 79.31 7.02 82.19 11.14 107.05 11.09 140.29 26.81 134.25 16.83 140.71 12.64 157.60 20.64
MTAG day 4 82.53 7.03 108.75 6.26 67.73 9.41 96.21 8.07 94.95 13.18 105.87 20.08 119.42 10.54
MTAG day 7 55.41 14.11 89.79 20.19 118.21 29.94 67.73 11.52 66.14 1.24 75.09 23.63 60.58 21.77
BIOD day 1 12.69 18.63 12.28 0.41 41.26 2.27 90.16 1.49 93.87 4.86 107.19 5.86 122.99 11.37
BIOD day 4 1.74 0.57 2.12 0.95 4.75 0.22 37.00 9.84 51.80 4.20 100.35 8.42 121.92 3.66
BIOD day 7 -1.23 1.50 0.76 1.50 0.95 2.38 1.15 2.48 1.55 1.58 87.01 20.88 76.28 18.11
IRM day 1 2.12 1.72 2.80 0.82 1.28 1.28 91.26 7.20 71.20 4.94 57.74 8.04 91.12 27.24
IRM day 4 3.37 0.22 1.74 0.43 0.99 0.43 92.32 12.53 89.31 6.33 93.70 11.75 103.36 10.92
IRM day 7 0.76 0.69 -0.64 0.34 -1.03 0.69 87.61 4.86 99.93 9.00 109.07 0.34 92.38 26.53

Control base 100.00 27.61
Control day1 100.00 37.26
Control day 4 100.00 25.38
Control day 7 100.00 21.85

1:100 1:1000 Control no elute

Material

Absorption (normalised data) for MM1 gingival fibroblasts exposed to material eluates collected between  day 0-7
Dilution

Neat 1:2 1:4 1:10 1:20
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Table 18- MTT assay for MM1 gingival fibroblasts exposed to material eluates collected over days 7-14 
Cells were exposed to eluates for 1, 4 and 7 days to test immediate and cumulative effect of eluates. Data was normalised to allow 
comparison between time points. 

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
MTAG day 1 152.15 34.89 130.01 50.31 138.86 8.88 134.43 11.54 113.95 12.93 113.40 18.05 121.15 17.75
MTAG day 4 172.06 32.43 170.28 15.54 128.19 38.74 127.59 41.23 113.96 30.26 105.66 23.12 125.82 21.74
MTAG day 7 5.89 2.07 126.36 22.34 111.80 18.55 108.49 11.16 93.26 19.00 83.00 16.40 90.28 9.23
BIOD day 1 101.50 26.21 103.71 13.29 111.18 21.54 128.62 27.90 130.84 22.55 117.55 50.59 121.70 10.01
BIOD day 4 113.96 10.87 114.55 15.81 106.84 26.40 137.67 11.66 124.04 19.02 114.55 14.56 127.59 4.48
BIOD day 7 73.07 0.99 88.30 6.61 76.71 13.70 110.47 14.90 98.89 6.04 114.77 4.33 108.49 11.85
IRM day 1 -1.47 0.96 -0.08 1.66 -1.19 1.27 84.61 11.63 55.27 4.79 69.94 11.81 126.68 28.59
IRM day 4 -2.25 2.72 0.71 0.00 -2.25 4.48 151.90 26.20 141.23 21.86 115.74 18.17 144.79 11.66
IRM day 7 4.24 1.52 1.26 1.52 -3.38 3.97 141.25 13.48 116.43 28.71 118.41 22.03 122.72 29.39

Control base 100.00 30.35
Control day 1 100.00 34.39
Control day4 100.01 22.09
Control day 7 100.00 17.95

1:100 1:1000 Control no elute

Material

Absorption (normalised data) for MM1 gingival fibroblasts exposed to material eluates collected between  day 7-14
Dilution

Neat 1:2 1:4 1:10 1:20
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Table 19- MTT assay for MM1 gingival fibroblasts exposed to material eluates collected over days 14-21 
Cells were exposed to eluates for 1, 4 and 7 days to test immediate and cumulative effect of eluates. Data was normalised to allow 
comparison between time points. 

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
MTAG day 1 116.64 8.23 108.21 8.72 101.68 13.28 93.67 13.57 86.92 7.27 81.02 3.12 89.24 11.40
MTAG day 4 19.30 11.55 126.00 14.76 119.40 24.34 124.35 23.71 95.20 24.97 102.62 20.76 108.67 28.40
MTAG day 7 9.30 4.59 228.89 70.82 219.12 20.48 198.73 30.75 168.58 29.20 156.69 10.38 109.54 7.02
BIOD day 1 104.20 14.87 87.98 18.76 75.96 4.02 88.82 6.94 76.38 5.62 75.33 4.57 95.14 14.60
BIOD day 4 61.93 9.20 82.55 9.56 97.95 30.58 135.07 16.67 103.72 13.34 105.37 10.61 98.50 1.65
BIOD day 7 86.60 21.33 99.35 39.73 121.86 21.71 141.39 12.76 188.54 20.32 146.49 8.48 127.80 21.05
IRM day 1 -.13 .63 -2.02 1.67 -.55 2.03 89.66 16.77 81.02 5.70 86.08 5.11 91.14 16.37
IRM day 4 3.08 1.72 1.98 1.43 1.43 1.72 137.55 19.35 101.80 23.10 107.30 18.71 131.22 15.59
IRM day 7 8.45 1.95 4.63 3.21 8.03 7.09 139.70 25.05 157.53 33.26 127.80 22.97 140.12 35.09

Control base 100.00 16.89
Control day 1 100.00 16.69
Control day4 100.00 18.08
Control day 7 100.00 16.09

1:1000 Control no elute

Material

Absorption (normalised data) for MM1 gingival fibroblasts exposed to material eluates collected between  day 14-21
Dilution

Neat 1:2 1:4 1:10 1:20 1:100
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Table 20- MTT assay for MM1 gingival fibroblasts exposed to material eluates collected over days 21-28 
Cells were exposed to eluates for 1, 4 and 7 days to test immediate and cumulative effect of eluates. Data was normalised to allow 
comparison between time points. 
 

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
MTAG day 1 134.78 14.78 117.31 2.84 98.75 8.26 100.75 18.22 93.66 7.75 110.76 7.70 123.50 3.47
MTAG day 4 132.76 25.14 138.50 12.98 131.32 8.46 121.76 9.80 128.69 7.54 137.54 1.66 141.61 9.80
MTAG day 7 165.54 15.17 191.21 7.63 156.79 11.63 149.46 21.43 111.10 17.61 112.23 18.47 115.33 9.15
BIOD day 1 102.03 10.54 91.47 10.22 94.56 7.73 92.02 14.59 88.38 13.78 91.47 6.28 95.29 6.14
BIOD day 4 91.14 10.05 113.86 16.82 102.86 10.96 118.65 21.07 104.77 18.56 110.27 20.42 109.32 7.47
BIOD day 7 77.26 10.26 123.79 8.91 124.64 6.10 132.82 7.86 119.00 13.39 113.36 8.04 123.23 15.88
IRM day 1 1.04 .95 1.58 1.44 11.23 7.12 58.17 8.77 59.81 7.67 77.64 1.67 78.92 9.01
IRM day 4 2.39 1.49 -.24 .41 18.18 30.87 98.07 4.38 87.31 3.61 121.76 9.56 93.29 5.60
IRM day 7 6.18 1.69 3.92 3.42 60.05 13.68 124.64 20.54 79.23 10.24 100.95 22.75 106.59 8.48

Control base 100.00 28.06
Control day 1 100.00 23.14
Control day4 100.00 17.29
Control day 7 100.00 14.15

Control no elute

Material

1:2 1:4 1:10 1:20 1:100 1:1000

Absorption (normalised data) for MM1 gingival fibroblasts exposed to material eluates collected between  day 21-28
Dilution

Neat
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Table 21- MTT assay for MM1 gingival fibroblasts exposed to material eluates collected over days 28-35 
Cells were exposed to eluates for 1, 4 and 7 days to test immediate and cumulative effect of eluates. Data was normalised to allow 
comparison between time points. 

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
MTAG day 1 122.28 6.97 108.18 7.79 78.98 5.03 106.37 11.15 88.25 14.33 73.14 7.79 98.92 5.61
MTAG day 4 164.60 23.37 165.34 11.27 126.49 5.50 135.53 7.07 125.51 3.05 127.22 2.96 128.44 3.62
MTAG day 7 183.59 11.55 214.43 28.50 141.62 18.51 116.18 4.88 103.37 7.01 117.53 6.97 102.36 8.72
BIOD day 1 95.70 14.65 90.26 9.06 71.13 3.04 84.62 3.69 88.05 4.57 76.77 8.05 88.65 4.61
BIOD day 4 127.22 21.55 140.66 16.79 137.48 14.09 139.93 0.73 150.92 5.29 149.45 6.99 129.42 1.12
BIOD day 7 84.83 26.04 127.30 6.31 116.35 4.42 113.31 4.36 117.19 8.64 123.93 7.74 129.83 5.28
IRM day 1 0.64 0.35 0.04 0.92 -0.56 0.70 62.27 11.81 64.69 8.68 58.44 9.15 80.39 15.76
IRM day 4 2.61 0.85 -1.78 2.96 0.17 2.24 112.32 12.32 101.32 13.56 119.65 4.04 118.67 16.91
IRM day 7 3.94 0.88 3.44 0.51 3.44 0.88 107.58 4.63 109.94 4.42 120.90 3.37 123.93 4.59

Control base 100.00 15.49
Control day 1 100.00 24.90
Control day4 100.00 27.84
Control day 7 100.00 14.10

Material

Absorption (normalised data) for MM1 gingival fibroblasts exposed to material eluates collected between  day 28-35
Dilution

Neat 1:2 1:4 1:10 1:20 1:100 1:1000 Control no elute
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Figure 39- MTT assay performed on MM1 gingival fibroblasts exposed to ProRoot MTA original (MTAG) eluates collected over days 0-7 
An extraction ratio of 3cm²ml⁻¹ was used. Dilution range is from 1:1 to 1:1000 with assays conducted at 1,4 and 7 days after initial plating 
of cells at 5 x 10⁴ cells ml⁻¹ . No Eluate concentration caused a significant decrease in cell viability.
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Figure 40- MTT assay performed on MM1 gingival fibroblasts exposed to ProRoot MTA original (MTAG) eluates collected over days 7-14 
An extraction ratio of 3cm²ml⁻¹ was used. Dilution range is from 1:1 to 1:1000 with assays conducted at 1, 4 and 7 days after initial 
plating of cells at 5 x 10⁴ cells ml⁻¹. At day 4, a neat and 1:2 dilution caused an increase in cell viability.  At day 7 a neat eluate caused a 
significant decrease in cell viability.
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Figure 41- MTT assay performed on MM1 gingival fibroblasts exposed to ProRoot MTA original (MTAG) eluates collected over days 14-
21. 
An extraction ratio of 3cm²ml⁻¹ was used. Dilution range is from 1:1 to 1:1000 with assays conducted at 1, 4 and 7 days after initial 
plating of cells at 5 x 10⁴ cells ml⁻¹. Neat eluates caused a significant reduction in cell viability at days 4 and 7. Dilutions of 1:2 and 1:4 
caused an increase in viability at day 7. 
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Figure 42- MTT assay performed on MM1 gingival fibroblasts exposed to ProRoot MTA original (MTAG) eluates collected over days 21-
28 
An extraction ratio of 3cm²ml⁻¹ was used. Dilution range is from 1:1 to 1:1000 with assays conducted at 1, 4 and 7 days after initial 
plating of cells at 5 x 10⁴ cells ml⁻¹. On day 7, neat, 1:2, 1:4 and 1:10 eluate dilutions caused an increase in cell viability. 
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Figure 43- MTT assay performed on MM1 gingival fibroblasts exposed to ProRoot MTA original (MTAG) eluates collected over days 28-
35. 
An extraction ratio of 3cm²ml⁻¹ was used. Dilution range is from 1:1 to 1:1000 with assays conducted at 1, 4 and 7 days after initial 
plating of cells at 5 x 10⁴ cells ml⁻¹. On days 4 and 7, a neat and a 1:2 dilution showed a significant increase in cell viability. On day 7, a 
1:4 eluate dilution also increased cell viability. 
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4.3.1.2   Exposure of MM1 fibroblasts to eluates of BIOD 
 
Eluates collected over 0-7 days-MM1 fibroblasts were inhibited by higher eluate 
concentrations, with this effect becoming more pronounced over the 7 day period. Neat 
-1:4 concentrations of BIOD eluates reduced cell viability at day 1 (p=0.000-0.006-). By 
day 4 the 1:10 eluate dilution also caused a statistically significant reduction in cell 
viability (0.000-0.001). By day 7, neat-1:20 BIOD eluate concentrations demonstrated a 
marked reduction in cell viability thus demonstrating a cumulative effect of BIOD 
eluates on cells (p=0.000) (Table 17, Figure 44). 
Eluates collected over 7-14 days-No statistical differences were found between 
controls and cells exposed to all BIOD eluate concentrations over all time periods 
(p=0.969-1.000) (Table 18, Figure 45). 
Eluates collected over 14-21 days-Only an eluate dilution of 1:20 days caused an 
effect on MM1 cells at day 7. Otherwise, no eluate dilution had an effect in MM1 
fibroblast over the 7 day experimental period (p=0.151-1.000) (Table 19, Figure 46). 
Eluates collected over 21-28 days-No dilutions at any time-point caused a difference in 
cell viability compared to control cells (p=0.663-1.000) (Table 20, Figure 47). 
Eluates collected over 28-35 days- No changes were observed at all eluate 
concentrations, compared to control cells at day 1 and day 7 (p=0.543-1.000). At day 4, 
an increase in cell viability was observed with 1:2, 1:10, 1:20, 1:100 eluate 
concentrations (p=0.00-0.02). A 1:4 dilution also showed a similar trend (p=0.056) 
(Table 21, Figure 48). 
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Figure 44- MTT assay performed on MM1 gingival fibroblasts exposed to Biodentine (BIOD) eluates collected over days 0-7 
An extraction ratio of 3cm²ml⁻¹ was used. Dilution range is from 1:1 to 1:1000 with assays conducted at 1, 4 and 7 days after initial 
plating of cells at 5 x 10⁴ cells ml⁻¹. Significant reductions in viability were observed on day 1 at concentrations of 1:1 to 1:4, at day 4 at 
concentrations of 1:1 to 1:10, and day 7 at concentrations of 1:1 to 1:20.
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 Figure 45- MTT assay performed on MM1 gingival fibroblasts exposed to Biodentine (BIOD) eluates collected over days 7-14 
An extraction ratio of 3cm²ml⁻¹ was used. Dilution range is from 1:1 to 1:1000 with assays conducted at 1, 4 and 7 days after initial 
plating of cells at 5 x 10⁴ cells ml⁻¹. No statistical differences were found between controls and cells exposed to all BIOD eluate 
concentrations over all time periods 
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Figure 46 - MTT assay performed on MM1 gingival fibroblasts exposed to Biodentine (BIOD) eluates collected over days 14-21 
An extraction ratio of 3cm²ml⁻¹ was used. Dilution range is from 1:1 to 1:1000 with assays conducted at 1, 4 and 7 days after initial 
plating of cells at 5 x 10⁴ cells ml⁻¹.  No statistical differences were found between controls and cells exposed to all BIOD eluate 
concentrations over all time periods, apart from a 1:20 eluate dilution which increased cell viability at day 7.
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Figure 47- MTT assay performed on MM1 gingival fibroblasts exposed to Biodentine (BIOD) eluates collected over days 21-28 
 An extraction ratio of 3cm²ml⁻ was used. Dilution range is from 1:1 to 1:1000 with assays conducted at 1, 4 and 7 days after initial plating 
of cells at 5 x 10⁴ cells ml⁻¹.  No statistical differences were found between controls and cells exposed to all BIOD eluate concentrations 
over all time periods
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Figure 48- MTT assay performed on MM1 gingival fibroblasts exposed to Biodentine (BIOD) eluates collected over days 28-35 
 An extraction ratio of 3cm²ml⁻¹ was used. Dilution range is from 1:1 to 1:1000 with assays conducted at 1, 4 and 7 days after initial 
plating of cells at 5 x 10⁴ cells ml⁻¹. Eluate concentrations between 1:2 and 1: 100 caused an increase in cell viability.
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4.3.1.3   Exposure of MM1 fibroblasts to eluates IRM 
Eluates collected over 0-7 days- At all time points, IRM showed a marked reduction in 
cell viability at neat-1:4 dilutions (p=0.000). Concentrations of 1:10-1:1000 had no 
statistical effect on MM1 cells (p=0.462-1.000) (Table 17, Figure 49). 
Eluates collected over 7-14 days-At all time points, IRM showed a marked reduction 
in cell viability at neat-1:4 dilutions (p=0.000). Concentrations of 1:10-1:1000, again 
had no statistical effect on MM1 cells (p=0.274-1.000) (Table 18, Figure 50). 
Eluates collected over 14-21 days- At all time points, IRM showed a marked reduction 
in cell viability at neat-1:4 dilutions (p=0.000). Also as before, dilutions of 1:10-1:1000 
had no statistical effect on MM1 cells (p=0.571-1.000), except for a 1:20 dilution after 7 
days of exposure which resulted in an increase in cell viability (p-0.050) (Table 19, 
Figure 51) . 
Eluates collected over 21-28 days- At day 1 and 4, neat- 1:4 eluates caused a 
significant reduction in cell viability (p=0.00). Dilutions of 1:10-1:1000 did not show a 
statistically significant reduction in cell viability (p=0.82-1.00). At day 7, a neat and 1:2 
eluates dilution showed a similar reduction in cell viability as  for days 1 and 4 
(p=0.000), but cells exposed to a 1:4 dilution showing a partial recovery of viability 
(p=0.145). All other dilutions at all other time points had no effect on cell viability 
(Table 20, Figure 52). 
Eluates collected over 28-35 days- At day 1, neat -1:4 eluate concentrations showed a 
reduction in cell viability (p=0.00). A 1:10 dilution also showed a trend towards 
reduction in cell viability, but this was not statistically significant (p=0.051). 
Unexpectedly, a 1:100 eluate dilution also showed a reduction in cell viability (p=0.01). 
At days 4 and 7, Neat-1:4 eluate dilutions caused a significant decrease in cell viability 
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(p=0.00), with higher dilutions having no effects on cells compared to control cells 
(p=0.966-1.000) (Table 21, Figure 53).   
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Figure 49- MTT assay performed on MM1 gingival fibroblasts exposed to the zinc oxide based Intermediate Restorative Material (IRM) 
eluates collected over days 0-7  
An extraction ratio of 3cm²ml⁻¹ was used. Dilution range is from 1:1 to 1:1000 with assays conducted at 1, 4 and 7 days after initial 
plating of cells at 5 x 10⁴ cells ml⁻¹. A significant reduction in cell viability was seen at neat, 1:2 and 1:4 eluate dilutions. Eluate dilutions 
of 1:10 to 1:1000 had no statistically significant effect on cell viability
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Figure 50- MTT assay performed on MM1 gingival fibroblasts exposed to the zinc oxide based Intermediate Restorative Material (IRM) 
eluates collected over days 7-14  
An extraction ratio of 3cm²ml⁻¹ was used. Dilution range is from 1:1 to 1:1000 with assays conducted at 1, 4 and 7 days after initial 
plating of cells at 5 x 10⁴ cells ml⁻¹. A significant reduction in cell viability was seen at neat, 1:2 and 1:4 eluate dilutions. Eluate dilutions 
of 1:10 to 1:1000 had no statistically significant effect on cell viability. 
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Figure 51- MTT assay performed on MM1 gingival fibroblasts exposed to the zinc oxide based Intermediate Restorative Material (IRM) 
eluates collected over days 14-21  
An extraction ratio of 3cm²ml⁻¹ was used. Dilution range is from 1:1 to 1:1000 with assays conducted at 1, 4 and 7 days after initial 
plating of cells at 5 x 10⁴ cells ml⁻¹. A significant reduction in cell viability was seen at neat, 1:2 and 1:4 eluate dilutions. Eluate dilutions 
of 1:10 to 1:1000 had no statistically significant effect on cell viability, except for a 1:20 dilution which resulted in an increase in cell 
viability at day 7.
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Figure 52- MTT assay performed on MM1 gingival fibroblasts exposed to the zinc oxide based Intermediate Restorative Material (IRM) 
eluates collected over days 21-28  
An extraction ratio of 3cm²ml⁻¹ was used. Dilution range is from 1:1 to 1:1000 with assays conducted at 1, 4 and 7 days after initial 
plating of cells at 5 x 10⁴ cells ml⁻¹. A significant reduction in cell viability was seen at neat, 1:2 and 1:4 eluate dilutions at days 1, 4 and 7 
except a 1:4 dilution which showed a partial recovery at day 7. Dilutions of 1:10-1:1000 had no statistically significant effect in cell 
viability at all time points 
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Figure 53- MTT assay performed on MM1 gingival fibroblasts exposed to the zinc oxide based Intermediate Restorative Material (IRM) 
eluates collected over days 28-35  
An extraction ratio of 3cm²ml⁻¹ was used. Dilution range is from 1:1 to 1:1000 with assays conducted at 1, 4 and 7 days after initial 
plating of cells at 5 x 10⁴ cells ml⁻¹. A significant reduction in cell viability was seen at neat, 1:2 and 1:4 eluate dilutions at all time points. 
At day 1, eluate concentrations of 1:10 and 1:100 showed a reduction in cell viability with the 1:100 dilution having a significant effect.  
All other dilutions at other time points did not have a significant effect on cell viability.
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4.3.2   WPS9 periradicular fibroblasts exposed to varying 
eluate concentrations 

WPS9 periradicular fibroblasts were exposed to  varying  eluate concentrations of 
MTAG, BIOD and IRM over a period of 168 hours, with MTT assays being conducted 
at 24, 96 and 168 hours to assess cell viability. 

4.3.2.1   Exposure of WPS9 fibroblasts to eluates of MTAG 
Eluates collected over 0-7 days- MTAG WPS9- All eluates did not affect cell viability 
on day 1 (p=1.000). At day 4, there was a tendency for eluates to increase cell viability 
with eluate concentrations of 1:20 and 1:1000 causing a significant increase in cell 
viability. No eluate dilution affected cell viability at day 7 (Table 22, Figure 54). 
Eluates collected over 7-14 days- A neat eluate of MTAG showed an increase in cell 
viability on day 1 (p=0.000). All other dilutions at day 1 did not affect cell viability 
when compared to control cells (p=1.000). Days 4 and 7 showed no statistical difference 
to control cells, apart from a neat eluate which caused a significant reduction in cell 
viability at day 7 (Table 23, Figure 55). 
Eluates collected over 14-21 days- A neat and 1:2 eluate dilution caused an increase in 
cell viability on day 1 (p=0.00-0.01). At day 4, the neat dilution had caused a marked 
significant reduction in cell viability (p=0.00). On day 7 both a significant reduction in 
cell viability was observed with a neat eluate (p=0.00)), but a significant increase in cell 
viability was seen with 1:2-1000 dilutions (p=0.00-0.01) (Table 24, Figure 56). 
Eluates collected over 21-28 days- At day 1, no eluate concentration produced a 
change in cell viability compared to control cells (p=1.00). On day 4 all eluate 
concentrations caused a statistical increase in cell viability (p=0.00-0.008) when 
compared to control cells, except 1:20 and 1:100 eluate concentrations which showed a 
trend towards increased viability (p=0.054-0.079). Other dilutions showed a trend 
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towards increased cell viability, but this was not statistically significant (p=0.054-
0.079). Cells were not be affected by eluate dilutions at day 7 (p=0.777-1.00) (Table 25, 
Figure 57). 
Eluates collected over 28-35 days- All eluate concentrations of MTAG had no effects 
on cell viability compared to control cells at all time points, except for a neat eluate at 
day 4 which appeared to increase cell viability (p=0.009) (Table 26, Figure 58). 
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Table 22- MTT assay for WPS9 periradicular fibroblasts exposed to material eluates collected over days 0-7 
Cells were exposed to eluates for 1, 4 and 7 days to test immediate and cumulative effect of eluates. Data was normalised to allow 
comparison between time points. 

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
MTAG day 1 102.76 3.29 116.46 16.77 113.83 6.46 121.21 12.95 98.86 1.74 118.46 12.51 121.42 18.18
MTAG day 4 87.71 16.98 150.75 12.52 144.10 39.63 151.67 11.85 153.10 4.30 145.94 14.68 172.55 16.28
MTAG day 7 59.93 25.58 122.77 7.92 103.88 1.07 101.82 1.28 109.01 10.20 116.40 7.22 122.15 3.76
BIOD day 1 36.25 12.71 5.58 0.18 31.19 3.60 76.51 9.03 87.79 5.39 88.11 3.93 96.12 3.64
BIOD day 4 2.76 0.53 1.94 0.77 3.99 0.92 70.10 15.52 86.58 11.37 114.21 11.17 142.05 23.46
BIOD day 7 0.78 0.36 1.60 1.23 2.83 1.23 -1.07 1.88 -2.92 0.71 126.88 14.79 121.54 13.73
IRM day 1 -3.10 1.10 -4.47 0.66 0.08 2.61 87.26 7.84 90.95 7.51 97.59 18.45 96.22 2.81
IRM day 4 1.13 0.47 0.31 0.53 -0.61 0.53 108.17 12.71 117.69 14.86 111.14 7.08 110.83 2.66
IRM day 7 1.60 0.62 0.58 1.88 -0.86 0.62 164.25 21.56 143.92 23.09 153.99 17.99 141.25 10.85

Control base 100.00 31.93
Control day 1 100.00 19.26
Control day4 100.00 44.97
Control day 7 100.00 19.52

Control no elute

Material

1:2 1:4 1:10 1:20 1:100 1:1000

Absorption (normalised data) for WPS9 periradicular fibroblasts exposed to material eluates collected between  day 0-7
Dilution

Neat
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Table 23- MTT assay for WPS9 periradicular fibroblasts exposed to material eluates collected over days 7-14 
Cells were exposed to eluates for 1, 4 and 7 days to test immediate and cumulative effect of eluates. Data was normalised to allow 
comparison between time points. 

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
MTAG day 1 177.82 18.12 120.89 5.31 100.13 14.10 115.24 14.46 113.56 18.22 105.78 18.99 116.77 9.88
MTAG day 4 116.07 6.27 87.12 7.21 101.86 34.72 128.74 23.66 116.33 18.14 124.61 16.35 88.93 6.78
MTAG day 7 37.57 20.26 111.51 67.29 71.53 27.11 89.17 40.54 120.45 27.50 111.74 35.51 124.92 32.26
BIOD day 1 132.18 7.11 101.35 13.40 96.47 19.66 93.26 16.10 93.88 12.30 88.53 16.99 103.80 7.50
BIOD day 4 105.99 19.16 82.73 18.51 97.72 7.40 138.57 8.54 142.18 18.26 109.87 17.49 117.88 14.74
BIOD day 7 58.12 5.46 82.92 6.71 85.82 14.82 99.45 9.67 99.23 22.27 108.39 9.15 138.99 19.50
IRM day 1 0.63 0.70 -0.90 0.53 1.08 2.52 103.34 18.59 98.91 27.80 64.57 7.24 87.01 17.28
IRM day 4 -0.26 0.90 -0.78 0.00 -1.81 0.45 126.67 28.94 112.71 3.50 88.15 20.66 97.72 16.69
IRM day 7 6.08 1.40 2.06 1.02 -0.63 2.05 169.82 21.68 87.83 24.80 102.35 19.91 108.61 27.34

Control base 100.00 34.97
Control day 1 100.00 17.38
Control day4 100.00 24.08
Control day 7 100.00 29.87

1:100 1:1000 Control no elute

Material

Absorption (normalised data) for WPS9 periradicular fibroblasts exposed to material eluates collected between  day 7-14
Dilution

Neat 1:2 1:4 1:10 1:20
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Table 24- MTT assay for WPS9 periradicular fibroblasts exposed to material eluates collected over days 7-14 
Cells were exposed to eluates for 1, 4 and 7 days to test immediate and cumulative effect of eluates. Data was normalised to allow 
comparison between time points. 

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
MTAG day 1 177.13 1.21 165.63 6.29 149.89 13.10 152.91 6.29 127.49 9.51 129.71 5.62 147.06 19.20
MTAG day 4 6.25 2.59 119.14 9.20 128.34 8.05 145.40 21.53 114.93 9.17 111.67 11.97 117.42 3.59
MTAG day 7 9.24 5.26 172.90 37.16 187.25 33.23 198.74 20.41 197.59 15.02 196.44 34.03 209.65 10.48
BIOD day 1 120.43 35.55 123.45 15.43 128.09 29.53 131.93 6.80 123.45 2.73 114.98 3.05 120.23 11.11
BIOD day 4 72.37 23.53 101.70 17.35 101.51 4.04 115.88 6.31 118.76 16.41 106.88 5.58 140.03 7.85
BIOD day 7 39.68 21.68 97.67 62.66 148.78 57.35 213.09 80.56 217.69 33.68 178.64 16.43 159.12 35.86
IRM day 1 1.57 0.61 2.18 2.18 11.66 3.33 94.60 6.30 96.41 9.50 95.41 11.21 90.76 10.44
IRM day 4 0.31 0.66 -0.84 0.88 -1.80 0.88 109.75 6.96 113.39 15.50 105.92 14.12 122.98 26.25
IRM day 7 13.84 2.63 -0.52 3.45 -6.26 1.99 124.09 9.80 154.52 24.84 168.30 34.58 132.13 20.31

Control base 100.00 12.36
Control day 1 100.00 26.55
Control day4 100.00 21.77
Control day 7 100.01 37.46

1:100 1:1000 Control no elute

Material

Absorption (normalised data) for WPS9 periradicular fibroblasts exposed to material eluates collected between  day 14-21
Dilution

Neat 1:2 1:4 1:10 1:20
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Table 25- MTT assay for WPS9 periradicular fibroblasts exposed to material eluates collected over days 14-21 
Cells were exposed to eluates for 1, 4 and 7 days to test immediate and cumulative effect of eluates. Data was normalised to allow 
comparison between time points. 

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
MTAG day 1 91.84 4.43 88.08 10.83 79.17 5.20 96.47 4.99 72.49 4.66 83.96 11.57 83.79 12.61
MTAG day 4 169.00 49.55 172.90 20.65 183.50 13.34 173.18 13.15 161.74 10.05 160.07 12.25 183.50 15.55
MTAG day 7 57.49 20.57 86.94 6.92 91.18 2.60 123.47 13.55 104.49 3.70 120.35 15.21 144.99 18.50
BIOD day 1 67.86 33.44 65.29 24.76 64.27 5.64 75.91 20.18 50.73 16.43 79.85 23.33 75.40 23.95
BIOD day 4 92.58 39.37 105.41 12.63 132.74 30.77 151.98 33.85 115.45 31.78 128.56 20.92 138.88 34.12
BIOD day 7 15.58 25.21 80.42 38.69 103.08 35.40 130.26 17.42 116.39 12.34 121.77 12.52 128.85 20.54
IRM day 1 -3.73 5.07 -1.51 0.30 4.66 5.45 62.90 12.15 55.36 14.11 63.75 22.61 59.98 3.79
IRM day 4 8.09 2.56 4.46 0.97 4.46 2.56 137.20 26.30 124.10 39.92 137.76 26.68 123.54 17.36
IRM day 7 -1.98 1.77 0.28 1.30 70.23 8.72 148.10 18.73 108.46 10.55 137.63 8.95 124.60 5.40

Control base 100.00 35.59
Control day 1 100.00 34.49
Control day4 100.00 23.45
Control day 7 100.00 33.73

1:10 1:20 1:100 1:1000 Control no elute

Material

Absorption (normalised data) for WPS9 periradicular fibroblasts exposed to material eluates collected between  day 21-28
Dilution

Neat 1:2 1:4
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Table 26- MTT assay for WPS9 periradicular fibroblasts exposed to material eluates collected over days 28-35 
Cells were exposed to eluates for 1, 4 and 7 days to test immediate and cumulative effect of eluates. Data was normalised to allow 
comparison between time points. 

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
MTAG day 1 129.12 18.18 128.45 15.62 99.77 9.68 124.95 27.29 109.28 14.52 102.94 13.08 111.61 8.55
MTAG day 4 153.89 10.07 134.29 30.58 125.00 8.07 115.31 9.18 108.03 20.00 113.49 36.36 139.35 19.60
MTAG day 7 97.48 8.69 117.31 4.16 114.14 6.49 110.97 8.53 119.51 4.47 106.98 4.93 105.74 17.24
BIOD day 1 86.77 9.61 100.94 5.08 81.60 11.72 90.27 5.06 85.93 1.32 68.76 7.53 80.77 2.02
BIOD day 4 86.42 2.78 81.17 30.18 86.62 2.99 118.13 14.56 102.18 9.17 95.11 5.73 106.82 10.59
BIOD day 7 74.63 17.96 86.75 3.51 97.35 3.90 107.39 8.70 111.80 7.25 110.97 2.99 115.93 2.90
IRM day 1 -1.47 4.28 -1.98 2.75 14.74 11.68 99.77 12.46 87.10 5.62 67.59 5.21 74.26 14.03
IRM day 4 3.60 1.85 0.77 1.26 1.17 2.29 82.58 14.77 69.65 8.36 66.62 10.68 103.99 9.62
IRM day 7 0.85 0.86 1.27 0.86 0.44 0.63 111.39 4.18 84.41 4.87 89.64 8.60 87.57 2.04

Control base 97.97 41.44
Control day 1 100.00 13.98
Control day4 100.00 32.68
Control day 7 100.00 11.37

1:100 1:1000 Control no elute

Material

Absorption (normalised data) for WPS9 periradicular fibroblasts exposed to material eluates collected between  day 28-35
Dilution

Neat 1:2 1:4 1:10 1:20
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Figure 54- MTT assay performed on WPS9 periradicular fibroblasts exposed to ProRoot MTA original (MTAG) eluates collected over 
days 0-7 days  
An extraction ratio of 3cm²ml⁻¹ was used. Dilution range is from 1:1 to 1:1000 with assays conducted at 1, 4 and 7 days after initial 
plating of cells at 1x 10⁵ cells ml⁻¹. All eluate concentrations had no statistically significant effect on cell viability except eluate 
concentrations of 1:20 and 1:1000 which increased cell viability at day 4. At the same time point, eluate dilutions of 1:2, 1:4, 1:10 and 
1:100 appeared to increase cell viability, but this was not statistically significant.
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Figure 55- MTT assay performed on WPS9 periradicular fibroblasts exposed to ProRoot MTA original (MTAG) eluates collected over 
days 7-14  
An extraction ratio of 3cm²ml⁻¹ was used. Dilution range is from 1:1 to 1:1000 with assays conducted at 1, 4 and 7 days after initial 
plating of cells at 1x 10⁵ cells ml⁻¹. All eluate dilutions had no statistical significant effect on cell viability at all time points except neat 
eluates which increased cell viability at day 1 then reduced cell viability at day 7.
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Figure 56- MTT assay performed on WPS9 periradicular fibroblasts exposed to ProRoot MTA original (MTAG) eluates collected over 
days 14-21  
An extraction ratio of 3cm²ml⁻¹ was used. Dilution range is from 1:1 to 1:1000 with assays conducted at 1, 4 and 7 days after initial 
plating of cells at 1x 10⁵ cells ml⁻¹. On day 1 cell viability was increased by a neat and a 1:2 eluate dilution. On days 4 and 7, a neat eluate 
significantly reduced cell viability. On day 7 a statistically significant increase in cell viability was seen at eluate dilutions of 1:2 to 
1:1000. 
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Figure 57- MTT assay performed on WPS9 periradicular fibroblasts exposed to ProRoot MTA original (MTAG) eluates collected over 
days 21-28  
An extraction ratio of 3cm²ml⁻¹ was used. Dilution range is from 1:1 to 1:1000 with assays conducted at 1, 4 and 7 days after initial 
plating of cells at 1x 10⁵ cells ml⁻¹. No statistically significant change in cell viability occurred at day 1 and 7. On day 4 cell viability was 
increased with most eluate dilutions showing a significant increase in cell viability.
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Figure 58- MTT assay performed on WPS9 periradicular fibroblasts exposed to ProRoot MTA original (MTAG) eluates collected over 
days 28-35  
An extraction ratio of 3cm²ml⁻¹ was used. Dilution range is from 1:1 to 1:1000 with assays conducted at 1, 4 and 7 days after initial 
plating of cells at 1x 10⁵ cells ml⁻¹. No eluate dilution caused a statistically significant change in cell viability, except for a neat eluate 
concentration which significantly increased cell viability at day 4. 
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4.3.2.2   WPS9 periradicular fibroblasts exposed to eluates 
of BIOD 

Eluates collected over 0-7 days –A neat to 1:4 eluate dilution affected cell viability at 
days 1 and 4 when compared to control cells (p=0.000-0.001).Dilutions from 1:10 to 
1:1000 had no effect on cell viability at days 1 and 4. By day 7, neat, 1:2, 1:4, 1;10 and 
1:20 eluate dilutions caused a statistically significant reduction in cell viability (p= 
0.000). At this time-point, 1:100 and 1:1000 did not affect cell viability (p=1.000) 
(Table 22, Figure 59). 
Eluates collected over 7-14 days- All eluates of BIOD now showed no statistical effect 
on cell viability at all time points (p=0.776-1.000) (Table 23, Figure 60).  
Eluates collected over 14-21 days- On day 1 and 4, cells were not affected by any 
eluate concentration (p=0.915-1.000). On day 7, a neat eluate caused a reduction in cell 
viability (p=0.042). A 1:2 and 1:4 eluate dilution showed no difference to control cells 
(p=0.439-1.000).Dilutions of 1:4, 1:10, 1:20 and 1:100 showed a statistical increase in 
cell viability (p=0.000), and a dilution of 1:1000 showed a trend towards increased cell 
viability (p=0.058) (Table 24, Figure 61). 
Eluates collected over 21-28 days - All BIOD eluates did not seem to exert an effect 
on WPS9 fibroblasts at  all time points (p=0.367-1.00), apart from a neat eluate at day 7 
which statistically significantly reduced cell viability (p=0.000) (Table 25, Figure 62). 
Eluates collected over 28-35 days- All eluate concentrations of BIOD had no effects 
on cell viability compared to control cells at all time points (p=0.959-1.000) (Table 26, 
Figure 63).
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Figure 59- MTT assay performed on WPS9 periradicular fibroblasts exposed to Biodentine (BIOD) eluates collected over days 0-7  
An extraction ratio of 3cm²ml⁻¹ was used. Dilution range is from 1:1 to 1:1000 with assays conducted at 1, 4 and 7 days after initial 
plating of cells at 1x 10⁵ cells ml⁻¹. A cumulative effect of eluates resulted in higher dilution ratios affecting cell viability by the end of the 
7 day experimental period.
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Figure 60- MTT assay performed on WPS9 periradicular fibroblasts exposed to Biodentine (BIOD) eluates collected over days 7-14 
 An extraction ratio of 3cm²ml⁻¹ was used. Dilution range is from 1:1 to 1:1000 with assays conducted at 1, 4 and 7 days after initial 
plating of cells at 1x 10⁵ cells ml⁻¹.  All eluates of BIOD had no statistically significant effect on cell viability.
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Figure 61- MTT assay performed on WPS9 periradicular fibroblasts exposed to Biodentine (BIOD) eluates collected over days 14-21 
An extraction ratio of 3cm²ml⁻¹ was used. Dilution range is from 1:1 to 1:1000 with assays conducted at 1, 4 and 7 days after initial 
plating of cells at 1x 10⁵ cells ml⁻¹.  On days 1 and 4, all eluate dilutions had no effect on cell viability. On day 7, a neat eluate caused a 
reduction in cell viability, a 1:2 and a 1:4 eluate dilution also had no effect on cell viability. Dilutions of 1:4, 1:10, 1:20 and 1:100 showed 
a statistical increase in cell viability, and a dilution of 1:1000 showed a trend towards increased cell viability.
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Figure 62- MTT assay performed on WPS9 periradicular fibroblasts exposed to Biodentine (BIOD) eluates collected over days 21-28 
An extraction ratio of 3cm²ml⁻¹ was used. Dilution range is from 1:1 to 1:1000 with assays conducted at 1, 4 and 7 days after initial 
plating of cells at 1x 10⁵ cells ml⁻¹. All BIOD eluates did not affect cell viability at all time points, except for a neat eluate at day 7 which 
caused a statistically significant reduction in cell viability
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Figure 63- MTT assay performed on WPS9 periradicular fibroblasts exposed to Biodentine (BIOD) eluates collected over days 28-35 
An extraction ratio of 3cm²ml⁻¹ was used. Dilution range is from 1:1 to 1:1000 with assays conducted at 1, 4 and 7 days after initial 
plating of cells at 1x 10⁵ cells ml⁻¹. All eluate concentrations of BIOD had no effects on cell viability when compared to control cells at all 
time points.
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4.3.2.3   Exposure of WPS9 fibroblasts to eluates of IRM 
Eluates collected over 0-7 days-At all time points, neat, 1:2 and 1:4 eluate dilutions 
showed a statistically significant reduction in cell viability (P=0.000). At days 1 and 4, 
eluate dilutions of 1:10 to 1:1000 had no statistically significant effect on cell viability 
(p=1.000). At day 7, Concentrations of 1:10 and 1:100 showed an increase in cell 
viability (p=0.000-0.010). A 1:20 and a 1:100 eluate dilutions did not affect cell 
viability at day 7 (p=0.389-0.567) (Table 22, Figure 64). 
Eluates collected over 7-14 days- At all time points, a neat,1:2 and 1:4 eluate dilution 
caused a statistically significant decrease in cell viability (p=0.000). Dilutions of 1:10 to 
1:1000 had no statistical effect on cell viability at all time points (p=0.981-1.000), 
except a 1:10 eluate dilution at day 7 which caused a statistically significant increased 
cell viability (p=0.001) (Table 23, Figure 65). 
Eluates collected over 14-21 days- Cellular responses to IRM eluates were as before 
with a neat, 1:2 and 1:4 eluate dilutions causing a significant reduction in cell viability 
(p=0.00) at all time points.  Eluate dilutions of 1:10-1000 had no statistical effect on cell 
viability at all time points (p=0.163-1.000), except for a 1:100 eluate dilution which 
appeared to cause an increase in cell viability on day 7 (p=0.004) (Table 24, Figure 66). 
Eluates collected over 21-28 days- Neat, 1:2 and 1:4 eluate dilutions caused 
statistically significant reduction in cell viability (p=0.00) at days 1 and 4. Neat and 1:2 
eluate dilutions also caused a significant reduction in cell viability (p=0.00) at days 7. 
Other eluate concentrations, had no effect on cell viability (p=0.598-1.00) (Table 25, 
Figure 67). 
Eluates collected over 28-35 days- Neat, 1:2 and 1:4 eluate dilutions caused a 
statistically significant reduction in cell viability at all time points (p=0.00). All other 
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eluate dilutions had no effect on cell viability compared to control cells at all time 
points (p=0.888-1.000) (Table 26, Figure 68). 
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Figure 64- MTT assay performed on WPS9 periradicular fibroblasts exposed to the zinc oxide based Intermediate Restorative Material 
(IRM) eluates collected over days 0-7 
An extraction ratio of 3cm²ml⁻¹ was used. Dilution range is from 1:1 to 1:1000 with assays conducted at 1, 4 and 7 days after initial 
plating of cells at 1x 10⁵ cells ml⁻¹. A neat, 1:2 and 1:4 eluate dilution caused a significant reduction in cell viability at all-time points. A statistically significant increase in cell viability was seen at day 7 at 1:10 and 1:100 eluate dilutions. 
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Figure 65- MTT assay performed on WPS9 periradicular fibroblasts exposed to the zinc oxide based Intermediate Restorative Material 
(IRM) eluates collected over days 7-14 
 An extraction ratio of 3cm²ml⁻¹ was used. Dilution range is from 1:1 to 1:1000 with assays conducted at 1, 4 and 7 days after initial 
plating of cells at 1x 10⁵ cells ml⁻¹. A neat, 1:2 and 1:4 eluate dilution caused a significant reduction in cell viability at all-time points. A statistically significant increase in cell viability was seen at day 7 at a 1:10 eluate dilutions. 
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Figure 66- MTT assay performed on WPS9 periradicular fibroblasts exposed to the zinc oxide based Intermediate Restorative Material 
(IRM) eluates collected over days 14-21 
An extraction ratio of 3cm²ml⁻¹ was used. Dilution range is from 1:1 to 1:1000 with assays conducted at 1, 4 and 7 days after initial 
plating of cells at 1x 10⁵ cells ml⁻¹. A neat, 1:2 and 1:4 eluate dilution caused a significant reduction in cell viability at all-time points. 
Eluate dilutions of 1:10, 1:20, 1:100 and 1:1000 had no significant effect on cell viability at all time points, except for a 1:100 eluate 
dilution which caused a statistically significant increase in cell viability at day 7.
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Figure 67- MTT assay performed on WPS9 periradicular fibroblasts exposed to the zinc oxide based Intermediate Restorative Material 
(IRM) eluates collected over days 21-28 
An extraction ratio of 3cm²ml⁻¹ was used. Dilution range is from 1:1 to 1:1000 with assays conducted at 1, 4 and 7 days after initial 
plating of cells at 1x 10⁵ cells ml⁻¹. A neat, 1:2 and 1:4 eluate dilution caused a significant reduction in cell viability at all-time points, 
except for a 1:4 eluate dilution which did not have a significant effect on cell viability at day 7. A 1:10, 1:20, 1:100 and a 1:1000 did not 
have a significant effect on cell viability at all time points
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Figure 68- MTT assay performed on WPS9 periradicular fibroblasts exposed to the zinc oxide based Intermediate Restorative Material 
(IRM) eluates collected over days 28-35 
An extraction ratio of 3cm²ml⁻¹ was used. Dilution range is from 1:1 to 1:1000 with assays conducted at 1, 4 and 7 days after initial 
plating of cells at 1x 10⁵ cells ml⁻¹. A neat, 1:2 and 1:4 eluate dilution caused a significant reduction in cell viability at all-time points. 
Eluate dilutions of 1:10, 1:20, 1:100 and 1:1000 had no significant effect on cell viability at all time points. 
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4.4   Immunocytochemistry 
After 35 days of culture, cells were fixed in methanol and then used for 
immunocytochemistry. Two markers associated with mesenchymal cell morphology 
(vimentin and α smooth muscle actin) were chosen  (Ivaska et al., 2007, Khouw et al., 
1999) . 

 4.4.1   MM1 gingival fibroblasts stained for vimentin 
MM1 gingival fibroblasts stained positively for the mesenchymal intermediate 
cytoskeletal protein vimentin. Cell morphology was more clearly demonstrated by 
immunofluorescence microscopy than light microscopy alone. MM1 gingival fibroblast 
control cells had a similar morphology to MM1 fibroblasts exposed to Shera Mega 
cyanoacrylate glue and BIOD, with vimentin fibre density and distribution being similar 
throughout the cell cytoplasm (Figure 69a, b, e, f). 
MM1 fibroblasts exposed to MTAG and SSB showed an altered cell morphology, with 
the cell cytoplasm having a bipolar morphology with a thinned cytoplasm. Alignment of 
vimentin intermediate filaments was also arranged in a more linear form (Figure 69c, d, 
g, h).
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  69a- MM1 p21 control cell culture 
 

69b- MM1 p19 + Shera Mega-material  
border 

 

  69c- MM1 p21 + MTAG close to material 
sample 

 
69d- MM1 p21 + MTAG remote from  
Material sample 

 

  69e- MM1 p21 + BIOD close to material  
sample 
 

69f- MM1 p21 + BIOD remote from material 
sample 
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  69g- MM1 p11 + SSB close to material  
sample 

 
69h- MM1 p11 + SSB remote from material 
sample 

 Figure 69- MM1 gingival fibroblasts stained for Vimentin after 35 days culture 
Control MM1cells, MM1 cells exposed to Shera Mega cyanoacrylate glue and BIOD 
have a similar appearance, maintaining a typical fibroblast morphology (69a, b, e, f). 
MM1 fibroblasts exposed to MTAG and SSB showed a similar change in cell 
morphology to a more spindle like form with thinned cytoplasm. ICC also appears to 
demonstrate increased intensity of vimentin within the cytoplasm of cells exposed to 
MTAG and SSB (69c, d, g, h). 
 

4.4.2    WPS1 periradicular fibroblasts stained for 
vimentin 

WPS1 periradicular fibroblasts stained positively for the mesenchymal intermediate 
cytoskeletal protein vimentin. Cell morphology was more clearly demonstrated by 
immunofluorescence than light microscopy alone. WPS1 periradicular fibroblast control 
cells had typical fibroblast morphology (Figure 70a, b). WPS1 fibroblasts exposed to all 
calcium silicate-based materials had a similar morphology to WPS1 control cells, with 
vimentin fibre density and distribution being similar throughout the cell cytoplasm 
(Figure 70, d).  
The precipitate produced by BIOD meant that WPS1 fibroblasts could not be examined 
within the dense precipitate zone under light microscopy (Figure 70e), but the same 
view taken using immunofluorescent microscopy showed that WPS1 periradicular 
fibroblasts grew over the precipitate ( Figure 70f). Cell morphology appeared to be 
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altered, with cells showing thin cytoplasmic processes. It was not possible to see the 
distribution of vimentin fibres in this precipitation zone ( Figure 70g). 
Although quantitative comparison of vimentin expression was not possible, image 
density and visual assessment would suggest similar expression of vimentin in all cell 
cultures. 
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  70a- WPS1 p3 control cell culture 
 

70b- WPS1 p3 control cell culture 
 

  70c- WPS1 p3 + MTAG close to material  
sample 
 

70d- WPS1 p3 + MTAG remote from material 
sample 
 

  70e- WPS1 p3 + BIOD showing precipitate  
(visible light microscopy) 
 

70f- WPS1 p3+ BIOD same view as 69e but  
using fluorescent light microscopy. Cells are  
seen growing over precipitate 
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  70g- WPS1 p3 + BIOD close to material sample. 
High power view of image 70f. Cells are 
positively stained for vimentin, but vimentin 
fibres are not clearly defined 
 

70h- WPS1 p3 + BIOD remote from material 
sample  
 

  70i-WPS1 p3 + MTA+ close to material sample 
 

70j- WPS1 p3 + MTA+ remote from material 
sample  

Figure 70- WPS1 periradicular fibroblasts stained for Vimentin after 35 days culture. 
Protein localisation was visualised using a specific primary antibody and a 
fluorescently labelled secondary (Alexafluor 488) 
Control WPS1cells (70a, b) have a similar morphology to WPS1 cells exposed to MTAG 
and MTA plus (70c, d, i, j). The precipitate around BIOD could not be assessed for cell 
presence by light microscopy (70e), but immunofluorescent marker shows WPS1 cells 
growing over the precipitate (70f). The structure of vimentin fibres was not clearly 
visible through the dense mineral precipitate of BIOD (70g). Generally, cell density and 
morphology are comparable with control cell cultures, and the reduction in cell 
numbers close to material samples did not occur as with MM1 gingival fibroblasts.



190  

 

4.4.3   MM1 gingival fibroblasts stained for α smooth 
muscle actin (αSMA) 

Although αSMA was weakly expressed in most cells, some fibroblasts expressed αSMA 
very strongly compared to others (Figure 71a, b). Exposure of MM1 fibroblasts to  
MTAG downregulated αSMA, with only one micrograph showing αSMA clearly 
present in one cell (Figure 71c). Because of difficulty in focusing on faint images, long 
exposure times and non-specific nuclear staining, further ICC was not carried out on 
other cell cultures exposed to calcium silicate material (Figure 71d).
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  71a- MM1 p21 control cell culture 20 x 
magnification 

 
71b- MM1 p21 non-specific binding of antibody 

 

  71c- MM1 p21 + MTAG close to material sample 
 

71d- MM1 p21 – MTAG remote from material sample 
 
Figure 71- MM1 gingival fibroblasts stained for αSMA after 35 days of culture. Protein 
localisation was visualised using a specific primary antibody and a fluorescently 
labelled secondary (Alexafluor 488) 
Control cells showed αSMA was expressed more strongly in some cells than others 
(71a, b). Non- specific binding was observed in some views (71b). Although αSMA 
expression was seen to be downregulated in cell cultures exposed to MTAG for 35 days, 
images were extremely difficult to obtain due to low immunofluorescence. (71c, d). 
Because of difficulties in microscope focusing and the need for long exposure times (up 
to 120 second), further αSMA analysis using ICC was abandoned.  
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4 .5   Protein Biochemistry 
After 35 days of culture, some cell cultures were selected for Western blotting. Two 
markers were chosen, vimentin and α smooth muscle actin (Ivaska et al., 2007, Khouw 
et al., 1999). 

 
4.5.1   Western Blotting MM1 gingival fibroblasts 
4.5.1.1   Vimentin 

 Vimentin expression was upregulated in numerous protein lysate samples of MM1 
gingival fibroblasts exposed to MTAG, MTAW and BIOD materials when compared to 
protein lysates collected from control cell cultures alone (Figure 72). Vimentin 
expression was highest in cell cultures exposed to MTAG, then BIOD, with lysates of 
MTAW showed less upregulation of vimentin when compared to other materials.  

4.5.1.2   αSMA 
Tricalcium silicate materials downregulated αSMA when compared to control cell 
cultures. MTAG showing the greatest  downregulation of αSMA (Figure 72)
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Figure 72- Western blot of MM1 cell lysates cultured in the presence of bioceramics.  
Total protein of cell lysates was determined using a Pierce BCA protein assay kit 
(#23225- Thermo Scientific). From the results of the protein assay kit, cell lysates 
containing 1.2µg of total protein was loaded into each gel well. Primary antibodies 
used were rabbit anti-human vimentin polyclonal antibody (#3932-Cell Signalling) and 
rabbit anti-human α actin-smooth muscle polyclonal antibody (#S0010-Epitomics). 
Western blot demonstrates Vimentin upregulation and αSMA downregulation compared 
to MM1 gingiva fibroblasts cultured in media alone. Vimentin expression appears to be 
greatest in cells cultured with MTAG, then BIOD, MTAW compared to MM1 cells 
alone.  Downregulation of αSMA expression in MM1 fibroblasts when MM1 gingival 
fibroblasts are exposed to bioceramic discs may explain the change in cell morphology. 
Expression of αSMA is higher in MM1 fibroblasts cultured alone. MM1 gingival 
fibroblasts cultured with BIOD, MTAW and MTAG show less αSMA expression. 
 

4.5.2   Western Blotting WPS1 periradicular fibroblasts 
4.5.2.1   Vimentin 

WPS1 periradicular fibroblasts showed a downregulation of vimentin when exposed to 
tricalcium silicate-based materials. Both a Pierce BCA kit and a Bio-Rad stain-free gel/ 
normalisation technique were used to calculate protein loading for our gels. Visual 
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assessment of blots loaded with equal protein loading as determined by a Pierce BCA 
kit showed downregulation of vimentin (Figure 73, 74). 

 
Figure 73- Western blot of WPS1cell lysates cultured in the presence of bioceramics. 
 Total protein of cell lysates was determined using a Pierce BCA protein assay kit 
(#23225- Thermo Scientific). From the results of the protein assay kit, cell lysates 
containing 1.0µg of total protein was loaded into each gel well. Primary antibodies 
used were rabbit anti-human vimentin polyclonal antibody (#3932-Cell Signalling) and 
rabbit anti-human α actin-smooth muscle polyclonal antibody (#S0010-Epitomics). 
Downregulation of vimentin is demonstrated. BIOD shows the least downregulation 
followed by MTA+, with MTAG showing the greatest downregulation  

  
Figure 74- Mean vimentin expression of WPS1 fibroblasts (95% confidence level).  
All tricalcium silicate materials show a downregulation of vimentin.  
As vimentin downregulation was opposite to that of MM1 gingival fibroblasts, gels 
were repeated using Bio-Rad GTX stain free gels to confirm results. Protein loading 
was determined from a Bio-Rad stain free gel (Figure 75), then compared to the 



195  

 

vimentin immunoblot (Figure 76). Vimentin expression was lower in cells exposed to 
MTAG than BIOD (Table 27, Figure 77), but this was not statistically significant. 

 
Figure 75- Bio-Rad GTX stain-free gel loaded with equal volumes of cell lysate (7.5µl) 
and Laemmli buffer (total volume 15µl per well). 
Image Lab 5.1 software (BioRad) was then used to calculate relative total protein 
loading. Values from immuno-blot were then compared to the total protein of the 
sample and relative protein expression is calculated by Image Lab software.  

 
Figure 76- Vimentin expression of WPS1 fibroblasts when exposed to tricalcium silicate 
materials.  
Primary antibodies used was rabbit anti-human vimentin polyclonal antibody (#3932-
Cell Signalling). Values of protein expression are determined by comparing to protein 
loading (stain-free gel) rather than to levels in immuno-blot
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Table 27- Mean normalised volume of Vimentin and αSMA expression of WPS1 
fibroblasts exposed to tricalcium silicate-based materials. 
 
 

  
Figure 77- Mean vimentin expression of WPS1 fibroblasts (95% confidence level). 
 MTAG shows a tendency to downregulate vimentin. MTAG caused a statistically 
significant downregulation of vimentin when compared to BIOD 

Mean sd Mean sd Mean sd Mean sd
Vimentin 22927594 5956371 29746591 3860097 19258492 3019949 15752875 1312158
αSMA 3185993 3633252 55188 32322.86 68766 1398 103965 139051.39

material
Control Biodentine MTA+ gMTA



197  

 

4.5.2.2   αSMA 
αSMA expression was downregulated  in WPS1 fibroblasts exposed to  tricalcium 
silicate materials. MTAG showed the least downregulation when compared to control 
cell cultures (Figure 78, 79).  Results were not statistically significant. 

 
Figure 78- WPS1 fibroblast αSMA expression when exposed to tricalcium silicate 
materials. 
Primary antibodies used was rabbit anti-human α actin-smooth muscle polyclonal antibody (#S0010-Epitomics). Expression is low, but analysis is still possible when 
areas are compared to protein loading estimated using analysis of a stain-free gel (not 
shown for αSMA).  
 
 

  
Figure 79- Graphical representation of mean αSMA expression (95% confidence level). 
All tricalcium silicates caused a downregulation of αSMA when compared to control 
cell cultures, but differences were not statistically significant 
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4.6   mRNA Analysis 
After 35 days of culture, cell cultures were for mRNA analysis. An osteogenic 
microarray was selected. 

4.6.1   MM1 fibroblasts 
The Microarray tested the expression of 84 genes related to osteogenic differentiation 
and 7 housekeeper genes and controls which were  β2 microglobulin (B2M), 
Hypoxanththine phosphoribosyltrannsferase 1 (HPRT1),  Ribosomal protein L13a 
(RPL13A),  Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), Actin β (ACTB) 
Human genomic gene contamination (HGDC),  Reverese transcription control (RTC) 
(x3) and Positive PCR control (PPC) (x3).   
Eight markers were upregulated by a factor greater than 3-fold. These were Bone 
morphogenic protein 2 ( BMP2), collagen 10A1 ( COL10A1) colony stimulating factor 
2 and 3 ( CSF2, CSF3), integrin α2 (ITGA2), matrix metalloproteinase 8 and 10 
(MMP8, MMP10) and statherin (STATH) (Table 28a). A second run resulted in 
different fold expressions of some markers when MM1 gingival fibroblasts  were 
exposed to MTAG, with fibroblast growth factor 2 (FGF2), vascular eodothelial growth 
factor A ( VEGFA) mRNA being upregulated (Table 29a). MMP10 showed the highest  
fold upregulation  of 141 and 216  in the two microarrays. 
mRNA expression was downregulated for several collagens ( COL 11A1,12A1,14A1, 
15A1, 1A1, 1A2, 3A1, 4A3, 5A1) (Table 28b, 28b), alkaline phosphatase (ALPL), 
Bigycan (BNG), Bone morphogenic protein 1,4 (BMP1, 4), Cartilage oligomeric matrix 
protein (COMP), Fibroblast growth factor 3 (FGF3), Fibroblast growth factor receptor 2 
(FGFR2), Intercellular adhesion molecule 1(ICAM1), Insulin-like growth factor 1 and 2 
(IGF1, 2) Insulin-like growth factor 1 receptor (IGF1R),   Intergrin α1 (ITGA1), Matrix 
metaloproteinase 9 (MMP9), Platelet-deived growth  factor α (PDGFA), Transforming 
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growth factor β3 (TGFB3),  Tumor necrosis factor (TNF),   Vascular cell adhesion 
molecule 1 (VCAM1) and Actin β (ACTB) were also downregulated  by a factor greater 
than 3 fold.  
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PCR Array Catalog: PAHS-026   
   
Test Group: MM1 MTAG   
Control Group: Control Group   
   
Fold Difference: 3   
   
Arrays included in Test Group: MM1 MTAG  run 1 13.03.12 
Arrays included in Control Group: MM1 run 1 13.03.12 
   
   
   

Gene Symbol Fold Regulation Comments 
BMP2 3.9317 OKAY 

COL10A1 3.1588 OKAY 
CSF2 3.2827 A 
CSF3 3.5486 OKAY 
ITGA2 3.6307 OKAY 

MMP10 141.6689 A 
MMP8 10.4032 B 
STATH 22.9983 OKAY 

28a- Upregulation of mRNA expression, relative to control induced by MTAG in 
gingival fibroblasts (in red). 
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Gene Symbol Fold Regulation Comments 
ALPL -9.4995 A 
BGN -3.6417 OKAY 

BMP1 -3.3876 OKAY 
BMP4 -48.6201 A 

COL11A1 -8.7822 B 
COL12A1 -5.22 OKAY 
COL14A1 -47.0664 A 
COL15A1 -11.9623 OKAY 
COL1A1 -12.9544 OKAY 
COL1A2 -3.2914 OKAY 
COL3A1 -7.4474 OKAY 
COL5A1 -5.902 OKAY 
COMP -21.2982 OKAY 
FGF3 -3.0375 B 

FGFR2 -6.8826 B 
ICAM1 -5.299 OKAY 
IGF1R -3.1003 OKAY 
IGF2 -5.5184 OKAY 

ITGA1 -3.1171 OKAY 
MMP9 -8.8451 B 

PDGFA -4.8729 OKAY 
TGFB3 -3.7806 OKAY 

TNF -24.8834 B 
VCAM1 -4.1484 OKAY 

28b- Downregulation of mRNA expression relative to control induced by MTAG in 
gingival fibroblasts (in green) 

 
Table 28- 3 fold upregulation and downregulation of the expression of mRNA for 
various osteogenic markers from the initial microarray.  
Upregulation is indicated in red (27a), and downregulation in green (27b). 
 
Letters OK, A, B, C in comments column refer to reliability of results obtained. 
 
Comment OK: This gene’s average threshold cycle is relatively low in both control and 
test samples meaning that the genes expression is reasonably detected in both samples.   
Comment A: This gene’s average threshold cycle is relatively high (> 30) in either the 
control or the test sample, and is reasonably low in the other sample (< 30). These data 
mean that the gene’s expression is relatively low in one sample and reasonably detected 
in the other sample suggesting that the actual fold-change value is at least as large as 
the calculated and reported fold-change result.   
Comment B: This gene’s average threshold cycle is relatively high (> 30), meaning that 
its relative expression level is low, in both control and test samples. This fold-change 
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result may also have greater variations; therefore, it is important to have a sufficient 
number of biological replicates to validate the result for this gene.   
Comment C: This gene’s average threshold cycle is either not determined or greater 
than the defined cut-off (default 35cycles), in both samples meaning that its expression 
was undetected, making this fold-change result erroneous and un-interpretable.
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PCR Array Catalog: PAHS-026   
   
Test Group: MM1 MTAG   
Control Group: Control Group   
   
Fold Difference: 4   
   
Arrays included in Test Group: MM1 MTAG  run 2 18.05.12 
Arrays included in Control Group: MM1 run 1 13.03.12 
   
   
   

Gene Symbol Fold Regulation Comments 
COL10A1 6.4824 OKAY 

CSF2 39.1198 A 
CSF3 22.7083 OKAY 
FGF2 6.1265 OKAY 

MMP10 226.1302 A 
MMP8 8.6462 B 
STATH 12.4278 OKAY 
VEGFA 6.507 OKAY 
HGDC 6.9918 B 

29a- Upregulations of mRNA induced by MTAG in gingival fibroblasts (in red) 
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Gene Symbol Fold Regulation Comments 
ALPL -76.351 A 
BGN -4.1867 OKAY 

BMP1 -4.0064 OKAY 
BMP4 -31.2403 A 

COL11A1 -11.0285 B 
COL12A1 -5.4684 OKAY 
COL14A1 -33.8431 OKAY 
COL15A1 -9.7282 OKAY 
COL1A1 -16.4198 OKAY 
COL3A1 -11.2437 OKAY 
COL4A3 -7.1861 B 
COL5A1 -7.1967 OKAY 
COMP -16.1673 OKAY 
FGFR2 -7.5423 B 
FLT1 -4.3795 OKAY 

ICAM1 -8.6724 OKAY 
IGF1 -6.2424 OKAY 

MMP9 -12.803 B 
TNF -27.2685 B 

ACTB -4.0231 OKAY 

29b-downregulations of mRNA induced by MTAG in gingival fibroblasts (in green) 
 

Table 29- 4 fold upregulations and downregulations of osteogenic markers from 2nd 
microarray.  
Upregulations are indicated in red (28a), and downregulations are indicated in green 
(28b). 
 
Letters OK, A, B, C in comments column refer to reliability of results obtained. 
 
Comment OK: This gene’s average threshold cycle is relatively low in both control and 
test samples meaning that the genes expression is reasonably detected in both samples.   
Comment A: This gene’s average threshold cycle is relatively high (> 30) in either the 
control or the test sample, and is reasonably low in the other sample (< 30). These data 
mean that the gene’s expression is relatively low in one sample and reasonably detected 
in the other sample suggesting that the actual fold-change value is at least as large as 
the calculated and reported fold-change result.   
Comment B: This gene’s average threshold cycle is relatively high (> 30), meaning that 
its relative expression level is low, in both control and test samples. This fold-change 
result may also have greater variations; therefore, it is important to have a sufficient 
number of biological replicates to validate the result for this gene.   
Comment C: This gene’s average threshold cycle is either not determined or greater 
than the defined cut-off (default 35cycles), in both samples meaning that its expression 
was undetected, making this fold-change result erroneous and un-interpretable.
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5    Discussion 
The project was specifically looking at the biocompatability of calcium silicate cements, 
comparing the original formulaton  of ProRoot MTA (MTAG) with the recently 
introduced material Biodentine ( BIOD). 
Visual observations showed  that tricalcium silicate cements induced changes in cell 
morphology, with the MM1 gingival fibroblast cell line  demonstrating the greatest 
change in cell morpghology when exposed to MTAG and WPS1 and WPS9 
periradicular fibroblasts  demonstrating the  greatest change in morphology when 
exposed to BIOD. MTAG had  negligible effect on WPS1 and WPS9 periradicular 
fibroblast cell lines. 
Formation of a mineralised precipitate was far greater around BIOD than MTAG 
samples and where it was possible to observe cells growing in dense areas of mineral 
precipitate, changes in morphology were observed. 
MTT assays using eluates of test materials demonstrated that BIOD is initially very 
cytotoxic, but this totoxicity  diminishes rapidly. MTAG cytotoxicity was initially low, 
and increased  to a peak between 14- 21 days. An increase in cellular activity was also 
seen prior to the cells demonstrating effects of toxicity, or at a lower eluate dilutions of 
test materials. 
Expression of intermediate cytosteletal filament vimentin was also altered by the 
material samples, showing both upregulation in MM1 gingival fibroblasts, and 
downregulation in WPS1 fibroblasts.   

The  expression of αSMA was downregulated by the calcium silicate based materials 
tested in all cell lines, with MTAG inducing the greatest downregulation. Changes in 
regulations of cytoskeletal proteins indicates differing responses of cell phenotypes to 
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calcium silicate-based materials. Results of MTT assays did not correlate to  the 
changes in cell morphology observed between gingival and periradicular fibroblasts. 
Morphology changes may therefore that indicate  in bioactivity over a long period. 
Gene expression microarrays conducted on MM1 gingival fibroblasts demonstrate 
several upregulations and downregulations of mRNAs associated with osteogenic 
differentiation. 
An analysis of these results follows. 

5.1    Visual observations 
Saidon demonstrated that fresh set calcium silicate materials placed into confluent cell 
cultures caused profound cell death with disruption of the cell monolayer, coagulation 
of extracellular matrix and classic cell rounding indicating severe cell toxicity (Saidon 
et al., 2003). This phenomenon was also observed in a preliminary direct exposure 
experiment (results not shown), when fresh set calcium silicate materials were placed 
onto confluent MM1 gingival fibroblast cell cultures. Additionally, fresh set materials 
may disrupt the tissue culture plastic of the culture dish, with cells failing to proliferate 
over this ‘damaged’ tissue culture plastic even after 14 days of culture and repeated 
changing of culture medium.  A scratch assay conducted on confluent MM1 gingival 
fibroblasts showed that the MM1 fibroblast migrated over the damaged monolayer and 
no evidence of the monolayer disruption was observed within 48 hours (results not 
shown). Thus an aging, maturation/ washing phase was used in the direct exposure 
experiment to reduce the initial toxicity of the materials being tested, and represents a 1-
2 week post placement state of the material. Cell culture was not detrimentally affected 
by the initial setting reaction of the materials on the tissue culture plastic of the culture 
dish. 
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BIOD has recently been shown to have similar biocompatibility to MTA when cultured 
with and human MG63 osteosarcoma and mouse 3T3 fibroblast cell lines. Similar 
morphological appearance was observed when MG63 osteosarcoma cells were grown 
on MTAW and BIOD materials (Attik et al., 2014, Corral Nuñez et al., 2014). This is 
different to the observations made of primary cell lines when exposed to the materials 
tested in this study. The effects of calcium silicate-based materials caused differing 
morphological changes between fibroblast populations, with gingival fibroblasts 
showing a marked morphological change when exposed to MTA based materials, apart 
from BIOD.  However MTAG showed less morphological change when exposed to 
periradicular fibroblast cell lines (WPS1, WPS9) than when exposed to BIOD.  
BIOD also had a significantly wider area of mineral precipitation than other MTA based 
materials, this sometimes made observations of cells grown with BIOD difficult. WPS1 
and WPS9 fibroblasts were seen to adopt a stellate morphology within in less dense area 
of precipitation around the BIOD samples. This was not observed as often with MM1 
fibroblasts, however this may be due to a more optically dense precipitate around the 
BIOD samples cultured with MM1 gingival fibroblasts and may still have occurred. A 
mouse osteoblast cell line has also been seen to adopt a stellate morphology when 
cultured on MTAW and wOPC mixed with the hydration accelerant calcium lactate 
gluconate, but not with MTAW and OPC mixed with distilled water alone (Ji et al., 
2011). The authors observed that the spikes and nuclear protrusions of the attached 
osteoblast were healthy and adherent. This observation may suggest that the 
morphological change observed in cells exposed to the accelerated BIOD is not a 
detrimental one (although no others have reported a similar morphology). It would also 
be expected that, when placed in tissues, BIOD may produce a more extensive 
mineralised precipitate than MTA. 
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Hydration of MTA based materials has been described (2.3.4).  Cement chemist 
notation (CCN) is used  in the discription of  tricalcium silicate hydration. Specific 
hydration dynamics of tricalcium silicate (C₃S), the main constituent in MTA based 
materials, is in two phases. The tricalcium silicate particle hydrates in contact with 
water forming calcium and silicate ions. Precipitation of a calcium silicate hydrate (C-S-
H) occurs around the C₃S particle occurs when saturation of the mixing water with 
calcium and silicate ions is reached. The C-S H layer now reduces hydration of the C₃S 
particle, with hydration and ion release occurring more slowly through the diffusion 
barrier of the C-S-H layer. Production of C-S H is directly related to surface area, and 
inversely related to particle size (Garrault et al., 2006) (Figure 80). 

 
Figure 80- Hydration of tricalcium silicate grain.  
Initial dimension of grain (arrowed). E represents total dimension of C-S-H produced, e 
represents dimension of hydrated C₃S. Central area represents unhydrated C₃S. 
Complete C-S-H layer forms diffusion barrier and slows down  further hydration of the 
C₃S grain (taken from Garrault et al)  (Garrault et al., 2006)  
Calcium hydroxide is formed as a by-product of the hydration of C₃H, and is 
proportional to hydration of C₃S (Camilleri et al., 2013). Calcium ions react with the 
hydrating water to form calcium hydroxide (Camilleri, 2011) 
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Ca²⁺+2OH⁻→Ca(OH)₂ 
The more rapid setting of BIOD is attributed to the small particle size, increased wetting 
due to hydrosoluble polymers in mixing liquids and CaCl₂ accelerant (Camilleri et al., 
2013).  CaCl₂ is the most widely used cement accelerant in commercial use, but the 
mechanism of setting acceleration is not fully understood (Abdelrazig et al., 1999). 
CaCl₂ enhanced the physical properties of MTA (Antunes Bortoluzzi et al., 2006), and 
it’s action is on several phased of MTA’s constituents. Action on CaCl₂ on tricalcium 
silicate particles may be to cause flocculation of C-S-H around the tricalcium silicate 
particles resulting in a less dense C-S-H layer. This will allow further hydration of the 
tricalcium silicate particles (Figure 81). 
 

  
Figure 81- Effect of CaCl₂ on C-S-H layer around a C₃S particle. 
Hydration of C₃S results in dense C-S-H layer surrounding the cement grain. This 
forms a barrier to further cement grain hydration (a). Accelerant causes flocculation of 
C-S-H colloid around the cement grain resulting a more porous C-S-H layer, allowing 
easier diffusion through flocculated area. CaCl₂ thus not only accelerates the setting, 
but increases hydration (b) (Juenger et al., 2005).  
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Ions released from the tricalcium silicate cement grain can therefore travel further and 
have more space for hydration. Thus leachate release from BIOD will initially be much 
higher and occur over a shorter period of time than un-accelerated MTA cements. 
Leachate release from BIOD would then be expected to be reduced due to the more 
complete hydration of the material. The hydration dynamics of MTAG is different with 
an initial rapid phase which is quickly suppressed by the presence of gypsum. Further 
hydration then continues, but is limited by the C-S-H layer around the cement grain 
particles. Particle size also affects this process. This hydration dynamic could explain 
the cytotoxic profile seen in our MTT assays with a cytotoxic effect being seen at 
between 7-21 days at neat MTAG eluate concentrations. Camilleri also found  MTA 
samples set for one day to have good biocompatability, whereas MTA samples set for 
28 days were less biocompatable (Camilleri et al., 2004).  
Subsequent MTT assays indicated a marked toxic effect on both gingival and 
periradicular fibroblasts when exposed to eluates of BIOD collected between 0-7 days, 
but the direct culture experiments did not show this toxic effect with BIOD, 
demonstrating rapid reduction in toxicity due to the washing of material samples with 
HBSS prior to culturing with cells. The hydration mechanism of BIOD would be 
expected to result in a high initial Ca(OH)₂ concentration. This will explain the initial 
high cytotoxicity of BIOD which then rapidly reduces. BIOD also contains a CaCO₃, 
which is added by the manufacture and initiates nucleation of hydration products (Grech 
et al., 2013). This may effect cytotoxicity by precipitation of hydration products around 
CaCO₃ particles reducing concentrations of hydrates released by BIOD (Grech et al., 
2013), and the formation of a rich extracellular network of fibronectinin in close contact 
with CaCO₃ particles, this initiating the formation of a mineralised tissues (Seux et al., 
1991). 
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The mineral precipitates was not analysed, but hydroxyapatite is known to be formed 
from Ca(OH)₂ in a simulated tissue fluid  (Taddei et al., 2011). The high precipitate 
levels found with BIOD are probably due to higher initial  Ca(OH)₂ levels caused by 
greater cement hydration and the nucleation effect of CaCO₃ growing the precipitate 
more rapidly, and with our BIOD samples being immersed in a similar simulated tissue 
fluid for 4 days, it would be expected that the precipitate formed is composed of 
hydroxyapatite. 
 Macrophage phagocytosis of hydroxyapatite has been shown  (Gopinath, 2006). 
Macrophages expression of osteoinductive growth factors, including BMP2,  has been 
demonstrated (Champagne et al., 2002) and may be induced by hydroxyapatite (Takebe 
et al., 2007), although  other work contradicts this (Jakobsen et al., 2009). Thus a 
possible mechanism may exist whereby hard tissue repair is enhanced by the potential 
interactions of inflammatory cell lines with exogenous hydroxyapatite produced by the 
hydration of BIOD (Moretton et al., 2000). 

5.2   Exposure of Fibroblasts to material Eluates 
Previous studies have used varying methods of eluate production, with eluate extraction 
ratios and extraction times varying greatly (Bryan et al., 2010, Zhao et al., 2012). 
Researchers have used either weight (Osorio et al., 1998) or surface area (Silva et al., 
2012) to standardise their eluate extraction protocols. Direct exposure methods have 
also been used, with materials being both placed within a tissue culture insert (Kim et 
al., 2008), unmixed material powder added to cell culture  (Alanezi et al., 2010), in 
direct contact with cell culture (Jafarnia et al., 2009) , or contained within a material 
structure such as a  dentine block (Hakki et al., 2012).  This range of conditions has also 
shown a range in cell viability. 
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The MTT assay experiments looked at the changes in cell viability with a view to 
demonstrating dynamic temporal changes in a cell culture system. ISO 10993-5 states 
that it is justified to use a longer eluate extraction and cell exposure time if materials 
being tested are in direct and permanent contact with tissues (ISO10993-5, 2009). One 
of the primary uses of the calcium silicate test materials is repair of communications 
between the oral cavity and the periodontal tissues (Parirokh and Torabinejad, 2010). 
Thus a harsh cytotoxicity test was justified. An extended eluate collection period was 
used over five time points similar to Bryan (Bryan et al., 2010), but using a higher 
eluate extraction ratio (ISO10993-12, 2012). This demonstrates BIOD and MTAG have 
differing toxicity profiles. The differing hydration dynamics of the materials being the 
most probable causes of these changes in cell viability (Juenger et al., 2005, Garrault et 
al., 2006, Camilleri et al., 2013). Yoshino has also shown differences in toxicity 
between MTA based materials, with AMTA causing a significant reduction in cell 
viability when compared to OPC (Yoshino et al., 2013) . This was attributed to the 
rapid hydration of the CaO contained in AMTA, the presence of an aluminate phase 
(which also hydrates rapidly) resulted in a higher initial production of Ca(OH)₂ than the 
sulphate containing (setting retardant) OPC used in their experiment.  
Camilleri confirmed the high CaO content of AMTA, and also the lack of a setting 
retardant in AMTA (CaSO₄), an aluminium content and a slower hydration rate of 
tricalcium silicate than BIOD. Additionally, Camilleri demonstrated AMTA to have a 
rapid and an intense exothermic peak almost instantly on hydration. BIOD produced a 
less intense exothermic peak developing over a 90 minute period.  BIOD was also 
shown to have  a higher Ca(OH)₂  peak than AMTA at 24 hours, but AMTA to have a 
higher Ca(OH)₂ peak than BIOD at 28 days (Camilleri et al., 2013).  
The MTT assay protocol used here, has demonstrated clear differences between the two 
main test materials (MTAG and BIOD), with BIOD having a significantly higher 
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cellular toxicity in initial stages of maturation than MTAG. The hydration mechanism 
of BIOD (resulting in high initial Ca(OH)₂ levels) explains these finding (Camilleri et 
al., 2013). Unlike AMTA, MTAG incorporates CaSO₄, so does not have the initial 
rapid hydration phase, but does have the slower tricalcium silicate hydration phase of 
AMTA. Thus the increased toxicity of MTAG at our 14-21 day time point may possibly 
be explained by the slower hydration phase releasing Ca(OH)₂ over this time period. 
Only the undiluted eluates caused this decrease in cell viability, but eluate dilutions 
collected from the same time point were seen to increase cell viability. Others have 
stated that the biocompatibility of the material is due to the presence of Ca(OH)₂   
(Camilleri et al., 2005a). Ca(OH)₂ is the main chemical compound released on 
hydration of MTA  (Fridland and Rosado, 2003, Fridland and Rosado, 2005). High 
concentrations of Ca(OH)₂ cause a reduction in cell viability, but a reduced 
concentration resulted in an increase in viability (Eick et al., 2014). Thus, a localised 
surface increase in Ca(OH)₂ levels may  transiently inhibit cell attachment, and also 
increase cellular activity remote from the material.  
As stated previously, the particulate nature of the two materials also explains the 
differences in toxicity, with BIOD hydrating more rapidly producing higher levels of 
Ca(OH)₂ (Camilleri et al., 2013).   The flocculation effect of CaCl₂ further enhancing 
hydration and Ca(OH)₂ production will increase this initial toxicity (Juenger et al., 
2005).  BIOD is then effectively more stable due to this more complete hydration. 
Ca(OH)₂ is found in hydrated BIOD and so still can potentially leach, but with lower 
concentrations, a more stimulatory effect results. MTAG varies from BIOD in both 
constituents and particle size. The hydration of MTAG is initially controlled by the 
inhibitory effect of calcium sulphate (gypsum) which counteracts the rapid C₃A 
hydration (Darvell and Wu, 2011). The slower hydration of the C₃S phase of MTAG 
explains the findings of increased cellular activity over a longer period than BIOD. 
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Although white forms of MTA are comprised of smaller particles  (Komabayashi and 
Spångberg, 2008), there may therefore be an advantage in engineering particle size to 
enhance bioactivity much as a slow release drug delivery system may work. 
The eluates used in the MTT assays were un-filtered (as stated by ISO 10993-12), but 
the large amount of precipitate formed by BIOD in the eluate extraction vessel was not 
collected with the eluate. The cellular response to this precipitate was not tested. As 
before, it was assumed that this precipitate was calcium hydroxyapatite (Taddei et al., 
2011). 
Eluates of MTAG also caused statistically significant increase in cell viability prior to a 
significant reduction. This occurred with both gingival and periradicular cell lines. An 
increase in cell viability was also sometimes noted at the next lower dilution range from 
the dilution that caused a marked decrease in cell viability. Neat MTAG eluates 
collected over the 7-14 day period and exposed to both gingival and periradicular 
fibroblasts first demonstrated an increase in viability before then showing a significant 
decrease after 7 days of exposure to eluates.  
Initial cell death seen in BIOD is as a result of highly alkaline environment produced by 
rapid hydration. Cellular metabolism is dependent on enzymatic activity with enzymes 
functioning optimally in a narrow neutral pH range. High alkalinity will denature 
proteins, whose function is dependent on their three dimensional structure. Disruption 
of cell metabolism occurs leading to rupture of the plasma membrane (Siqueira and 
Lopes, 1999). 
The increase in cell viability before a sharp decrease may be explained by an increased 
glucose metabolism (Vander Heiden et al., 2001). This is protective of cells by 
activating protein kinase C, causing inhibition of glycogen synthase kinase 3 
(implicated in apoptosis pathways) (Zhao et al., 2007). The p53 and MAPK pathway 
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has also been shown to regulate glycolysis and apoptosis and is dependent on levels  of 
cellular stress (Bensaad et al., 2006). Thus the increase in cell viability, or possibly 
more appropriately termed metabolism, could be as a result of a stress induced increase 
in glycolysis,which may increase cell survival, or delay apoptosis.  
Increased cell viability reported by others may also be explained by this process of 
increased cell metabolic rate as a stress survival mechanism. Other work has shown a 
greater cell viability when cells have been exposed to eluates of  tricalcium silicate-
based materials  (Lee et al., 2013), but eluates were diluted 4 times before exposure to 
cell cultures. Zhao showed a statistically significant increase in cell viability when cell 
cultures were exposed to MTA eluates of 2mg ml⁻¹. However, a small increase in 
concentration resulted in significantly reduced cell viability (Zhao et al., 2012). 
Karimjee has demonstrated a non-linear relationship between exposure to MTA eluates 
and cell viability, with an increase in cell viability preceding a decrease (Karimjee et al., 
2006).  Ma has in fact demonstrated the findings of both Zhao and Karimjee, with high 
eluate concentrations of MTA showing a progressive time dependent reduction in cell 
viability, and dilutions of 1:1- 1:8 showing an increase in cell viability at day 3 before a 
decrease in cell viability at day 7 (Ma et al., 2011).  
IRM was also used in the MTT experiments, because of its known toxicity (Hume, 
1988). IRM did demonstrate a similar increase then decrease in cell viability as MTAG. 
Also IRM did not show a reduction in toxicity over the 35 day experimental period as 
BIOD did. Karimjee and Ma have also shown classic dose time-dependent reductions in 
cell viability when exposed to other dental materials (IRM, amalgam, glass ionomer) 
used in retrograde root fillings. These materials did not initiate what we now think to be 
a protective cell pathway as MTA based materials appear to. 
In conclusion these results have demonstrated cellular responses to our tricalcium 
silicate materials as a result of hydration dynamics and possibly initiation of a cellular 
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protective pathway and also explains results previously not fully understood (Ma et al., 
2011).  

5.3   Immunocytochemistry and Protein biochemistry 
5.3.1   Vimentin 

Vimentin is a type III intermediate filament and expressed in mesenchymal cells. It is 
used as a marker for such cell types (Ivaska et al., 2007). Vimentin has a significant 
influence on cytoskeletal organisation and cell morphology (Evans, 1998, Mendez et 
al., 2010). Vimentin has long been thought of as a structural protein, but its roles in cell 
signalling are now increasingly being understood, with vimentin/ MAPK complexes 
aiding phosphorylated MAPK/vimentin complexes to translocate to the nucleus (Toda 
et al., 2012).Vimentin can both promote apoptosis by caspace cleavage  forming pro-
apoptotic cleavage products (Byun et al., 2001), or suppress apoptosis by formation of 
caspace resistant vimentin (Belichenko et al., 2001). Vimentin is also important in 
cellular response to trauma, acting as a polymerisation partner to other intermediate 
filaments (Jing et al., 2007). These results suggest that vimentin possesses a greater 
cellular functionality than simply cytoplasmic structural support, and its upregulation 
may be important in cell survival in stress via both apoptosis arrest, stabilisation of 
signalling pathways and increasing the structural integrity of the cell cytoplasm. 
Osteoblast differentiation is suppressed by vimentin. Activating transcription factor 4 
(ATF4) is a leucine zipper transcription factor, and involved in OCN transcription. 
Osteoblastic suppression is via binding of ATF4 to a leucine-zipper domain contained 
in vimentin. This is via a non SMAD pathway (Lian et al., 2012). 
 Bonson looked at the vimentin expression of gingival and periodontal ligament 
fibroblasts cultured with set  and washed MTA or Geristore particles,  and found 
consistent expression of vimentin when compared to control cell cultures  (Bonson et 
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al., 2004).  However in these experiments, using Western blotting, vimentin was shown 
to be  upregulated in MM1 gingival fibroblast, but downregulated in WPS1 fibroblasts. 
With MM1 gingival fibroblasts showing upregulation of vimentin, and increased 
mitochondrial activity demonstrated, it is postulated that cell survival and expression of 
synergistic growth factors contributes significantly to the bioactive properties of 
tricalcium silicate-based materials. The MM1 gingival fibroblasts has been shown not 
follow an osteoblastic differentiation pathway (Berndt, 2012). 
In contrast,  previous work profiling WPS1 fibroblasts, showed high expression of ALP, 
and increased alazarin red staining of WPS1 fibroblasts exposed to an osteogenic 
medium when compared to MM1 gingival fibroblasts. Thus WPS1 periradicular 
fibroblasts appear to follow an osteoblastic differentiation pathway (Berndt, 2012). 

5.3.2   α Smooth Muscle Actin 
αSMA is expressed by both gingival and periodontal ligament fibroblasts 
(Giannopoulou and Cimasoni, 1996). αSMA expression has been demonstrated 
transiently as an initial response  to  pulp capping with MTA (Yoshiba et al., 2012). 
This transient expression is also seen in developing tissues, but not in adult mature 
tissues, suggesting that α SMA is a marker for mesenchymal precursor cells (Yamada et 
al., 2005). Growth factors can influence αSMA expression, with TGFβ1inducing a 
significant upregulation  of αSMA (Kinner et al., 2002, Hinz et al., 2001), but PDGF, 
FGF2 and BMP2 cause a downregulation of αSMA (Kinner et al., 2002, Li et al., 2011, 
Yang et al., 2011). Fibroblast morphology alters dependent on αSMA expression. In 
culture αSMA positive cells were large and polygonal, whereas αSMA negative cells 
were smaller and spindle shaped. Additionally, αSMA expression changes during 
growth and quiescent phases of culture (Khouw et al., 1999).  
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Both MM1 gingival fibroblasts and WPS1 periradicular fibroblasts express αSMA, but 
not uniformly throughout the cell population. We found αSMA was found to be 
downregulated when exposed to tricalcium silicates, both via immunocytochemistry and 
western blotting.  Downregulation appeared to be most prominent with cells exposed to 
MTAG. A possible explanation for the MM1 fibroblast change in cell morphology is 
the downregulation of αSMA, although this does not explain the normal appearance of 
WPS 1 and 9 cell lines when exposed to tricalcium silicates. As BMP2 and VEGFA are 
known to be induced by tricalcium silicates (Maeda et al., 2010, Paranjpe et al., 2010), 
αSMA downregulation may also possibly be explained by release these growth of 
factors.  

5.4   Microarray 
The  microarray was conducted after 35 days of culture. With animal studies 
demonstrating subsidence of inflammation after an extended period, continued 
bioactivity is a desirable property. Microarrays are designed to analyse numerous 
mRNA expressions. Data from the array will then allow further targeted investigation, 
both by RNA and protein analysis (Lallier and Spencer, 2007, Kim et al., 2010). A total 
of 84 RNA profiles were analysed in our microarray and demonstrated some unexpected 
results. These have to be taken in the context of an extended culture period, given that 
the expression of recognised osteogenic markers show temporal variations (Yuan et al., 
2010). However, the upregulation of BMP2, FGF2 and VEGFA (Li et al., 2013, 
Seghezzi et al., 1998) seen over 2 separate microarrays suggest a continued bioactivity 
of MTAG after 35 days.  
Post transcriptional gene regulation is influenced by many factors, with RNA silencing 
being mechanism of regulation (Glisovic et al., 2008, Kim et al., 2014, Arcondeguy et 
al., 2013). The presence of mRNA does not therefore indicate specific cellular activity. 



219  

 

The results of the microarray are discussed, but additional protein biochemistry 
techniques should be used to confirm these results represent an actual cellular effect. 
Other upregulations that are not expected are marked increases in some matrix 
metalloproteinases (MMP 8, 10), and decreases in others (MMP9). These are enzymes 
involved in degradation of the extracellular matrix, thus allowing ECM remodelling. 
MMP8 is involved in the remodelling of type 1 collagen (Sorsa et al., 2004) , the major  
ECM component of the periodontal ligament (Becker et al., 1991). MMP8, together 
with IL1F2 and IL8 are proposed as a biomarker for periodontal and cardiovascular 
disease, as it’s upregulation indicates a pathological process (Sorsa et al., 2011). 
Additionally MMP8 has been shown to possess anti-inflammatory properties both by 
processing of anti- inflammatory cytokines (Kuula et al., 2009) and regulation of cell 
apoptosis (Gueders et al., 2005).  
 MMP10 (stromelysin-2) has the widest activity of the MMP family. MMP10 degrades 
proteoglycans and fibronectin. MMP10 also cleaves  proMMP8, so producing active 
MMP8 (Murphy et al., 2002). It is involved in pathological processes including 
rheumatoid arthritis and local tumour invasion (Sapna et al., 2013). MMP10 has 
recently been shown to enhance the BMP2 induced osteoblastic differentiation, with 
Osterix, RunX2 COL1, ALP and Osteocalcin mRNA levels upregulated. Additionally, 
MMP10 silencing RNA (siRNA) significantly reduced their expression. Additionally 
SMAD phosphorylation was increased (Mao et al., 2013). With histological findings 
from animal studies of furcation, perforation apical and pulpal repair with MTA based 
materials showing minimal inflammation (Ford et al., 1995), this may suggest that  the 
upregulation of MMP8 and MMP10 mRNA therefore indicates both ECM remodelling, 
and protective anti- inflammatory and anti-apoptotic processes, rather than enhancing 
tissue breakdown. 
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Collagen and fibronectin degradation, facilitated by MMP8 and MMP10, produces 
peptides with active binding domains. They have an affinity for biominerals, bind to α2-
Integrin, and can activate numerous intracellular pathways including the MAPK 
pathway (Xiao et al., 1998, Gilbert et al., 2003) . This may be a mechanism by which 
tricalcium silicate induced ECM degradation by upregulation of MMPs initiates 
osteoblastic differentiation.  Integrin α2 mRNA subunit was upregulated in our 
microarray but this was not associated with upregulation of other mRNA associated 
with activation of α2-Integrin and associated signalling pathways, such as RunX2. 
MMP9 is a gelatenase. Downregulation of MMP9 in our assays may be as a 
consequence of  an increased mRNA expression  of BMP2 (Choi et al., 2009), or a 
downregulation of mRNA expression of RunX2 (Pratap et al., 2005). Other microarray 
data suggests cell responsiveness to BMP2 is reduced despite mRNA upregulation of 
BMP2. The SMAD family and TGFβ receptors downregulation suggests a reduced 
ability of our gingival fibroblasts to respond to osteogenic growth factors. MMP9 
downregulation by BMP2 upregulation or the  slight downregulation of RunX2 initially 
is contradictory, but can be explained by activation of alternate pathways to SMADs, 
which has been demonstrated by Choi in association with chondrocyte differentiation 
via the GSK 3β pathway (Choi et al., 2009) and  by Qin in association with 
odontoblastic differentiation via the p38a MAPK pathway (Qin et al., 2012) . Type 10 
collagen α1 mRNA (COL 10α1) was also upregulated in our microarray. Chondrocytes 
show reduced expression of MMP9 , and express COL 10α1 in endochondral 
ossification (Shen, 2005), but the relevance of increased expression of  COL 10α1 
mRNA to oral fibroblasts is not understood. 
Statherin expression of MM1 gingival fibroblasts suggests a physiological response to 
Ca²⁺ ions released from MTAG. Statherin allows a supersaturated Ca²⁺solution to exist 
(Moreno et al., 1979). Statherin has a hydroxyapatite (HAP) binding domain which 
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controls hydroxyapatite crystal growth (Raj et al., 1992).Statherin’s 3D structure 
inhibits further seeding of hydroxyapatite crystals (Goobes et al., 2007) whereas other 
mineralisation associated proteins, possessing a similar N terminal binding motif initiate 
hydroxyapatite crystal growth (Daculsi et al., 1999). MM1 gingival fibroblasts differ 
from our WPS1 and WPS9 cell lines in that they demonstrated  low ALP expression and 
reduced levels of mineralisation as demonstrated by Alizarin red assays (Berndt, 
2012).Thus, statherin mRNA upregulation in our gingival fibroblast cell cultures 
exposed to MTAG may partly explain  this reduced mineralisation potential.  
Differences exist between PDL and GF with PDL demonstrating more osteogenic 
markers (Ivanovski et al., 2001, Pi et al., 2007). Bonson demonstrated a similar gene 
expression of osteogenic markers in both GF and PDLF when exposed to MTA (Bonson 
et al., 2004). Despite our microarray demonstrating upregulations of mRNAs associated 
with osteogenic differentiation, downregulation as well as unaltered regulations of other 
key osteogenic regulators suggest that MM1 gingival fibroblasts are not directly 
involved in hard tissue repair but play an active role in recruitment of progenitor cells. 
For example, SMAD1, which is involved in BMP signalling pathways (Conidi et al., 
2011), was downregulated in our assay, also a slight downregulation of RunX2 is 
opposite to an expected upregulation. 
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6    Principle findings and further work 
The principle findings of this study are: 

 Tricalcium silicate-based dental bioceramics alter gingival fibroblast 
morphology. 

 Tricalcium silicate-based dental bioceramics have different toxicity profiles with 
accelerated tricalcium silicates showing high initial toxicity, and original 
formulations showing a reduced but delayed toxicity. The differences in toxicity 
may be related to cement hydration mechanisms. 

 Tricalcium silicate-based dental bioceramics upregulate vimentin expression in 
gingival fibroblasts, but downregulate vimentin expression in periradicular 
fibroblasts, suggesting different signalling pathways are initiated in these cell 
lines 

 Tricalcium silicate-based dental bioceramics down regulate αSMA in both 
gingival and periradicular fibroblasts. 

 Upregulations and downregulations of  mRNAs in our MM1 gingival fibroblast 
cell line  suggest a reduced osteogenic potential of gingival fibroblasts, thus 
resististing ectopic calcification and osteogenic differentiation. 

 

Further work: 
 Examine macrophage interaction with precipitate of BIOD to assess this 

potential  additional bioactive element of BIOD. 
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 Further examine  the osteogenic potential peridicular fibroblasts exposed to 
tricalcium silicates 

 Examine interactions of vimentin with transcription factors in downregulation of 
osteogenic signalling in cell lines with reduced osteogenic potential 

 Examine the interaction of fibroblasts to  mineral precipitates in extended cell 
culture. 

 Determine whether RNA expressions of fibroblasts exposed to tricalcium 
silicates correlate to protein expression. 

 Determine the effect of  matrix metalloproteinase induced osteogenesis via 
peptide cleavage of extracellular matrix 
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8    Appendices 
8.1   Biological buffer and reagent formulations: 

8.1.1   Western blotting 
RIPA buffer with protease 
inhibitors: 

50mM  Tris HCl pH 7.2 –tris (hydroxymethyl) 
aminomethane 

 150mM NaCl 

 0.1% (w/v) SDS- Sodium dodecyl sulfate 
(anionic surfactant) 

 1.0% (v/v)Triton X 100   

 1.0% (w/v) sodium deoxycholate 

 5mM EDTA 

 cOmplete, mini Protease inhibitor  Cat No. 
04693124001- Roche Diagnostics, Burgess hill, 
UK 

Laemmli Loading buffer: 62.5mM Tris HCl pH 6.8 

 25% (v/v) glycerol 

 2% (w/v) SDS 

 0.01% (w/v) Bromophenol Blue 

 5% (v/v) 2- Mercaptoethanol 
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10x TBST (Tris-buffered saline  24.2 g Tris 

plus Tween 20): 80g sodium chloride 

 5ml Tween 20 

 14ml H Cl ( add to give pH of 7.6)   

 1l distilled H₂O 

10X TBS: As above- no Tween 20 added 

Running Buffer (TGS-Tris-
glycine-SDS): 

25mM Tris HCl pH 8.3 
192mM glycerine 
0.1% (w/v) SDS 

Gel  Stain:  
 

Pierce GelCode Blue containing Coomassie 
R250  

Transfer Buffer: 5.82g Tris 

 2.93g Glycerine 

 3.75ml 10% SDS 

 200ml Methanol   

 1l distilled H₂O 

Blocking Buffer: 100ml TBST 
1g dried skimmed milk 
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8.2   MTT assay experiment optimisation   
8.2.1   Optimisation procedures 

Before the cell viability experiments could be performed, optimisation experiments 
were used to determine the appropriate supplementation of growth medium with FCS 
and cell density to be used for cell lines being used.  MM1 gingival fibroblasts, and 
WPS9 periradicular fibroblasts were used in these experiments. 
Four 24 well plates per cell line were used to determine the level of FCS 
supplementation of growth medium (Table 30), and two 96 well plates per cell line to 
determine cell plating density (Table 31).  
Oral fibroblasts were cultured in 90mm culture dishes to confluence, then trypsinised to 
produce a suspension of single cells (as previously described in 3.2.2)  
Cells were counted in a Bio-Rad TC 10 automated cell counter (as described in 3.4.2.2). 
The number of oral fibroblast cells required to seed  the 24 well plates with 500µl  of 
cell suspension, and  the 96 well plates with 150µl of cell suspension per well at the 
desired cell density was calculated (as described in 3.4.2.3) in accordance to the plating 
pattern in table 30 and 31. 
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Table 30- Plate layout for FCS optimisation experiment 
A 24 well plate was used with 5 cell densities and normal growth medium supplemented 
with either 1% 0r 5% FCS 

1 2 3 4 5 6
1 X 10⁵ 7.5 X 10⁴ 5 X 10⁴ 2 X 10⁴ 1 X 10⁴ BLANK

A cells ml⁻¹ cells ml⁻¹ cells ml⁻¹ cells ml⁻ ¹ cells ml⁻¹ % FCS
% FCS % FCS %FCS % FCS % FCS ONLY
1 X 10⁵ 7.5 X 10⁴ 5 X 10⁴ 2 X 10⁴ 1 X 10⁴ BLANK

B cells ml⁻¹ cells ml⁻¹ cells ml⁻¹ cells ml⁻ ¹ cells ml⁻¹ % FCS
% FCS % FCS %FCS % FCS % FCS ONLY
1 X 10⁵ 7.5 X 10⁴ 5 X 10⁴ 2 X 10⁴ 1 X 10⁴ BLANK

C cells ml⁻¹ cells ml⁻¹ cells ml⁻¹ cells ml⁻ ¹ cells ml⁻¹ % FCS
% FCS % FCS %FCS % FCS % FCS ONLY
1 X 10⁵ 7.5 X 10⁴ 5 X 10⁴ 2 X 10⁴ 1 X 10⁴ BLANK

D cells ml⁻¹ cells ml⁻¹ cells ml⁻¹ cells ml⁻ ¹ cells ml⁻¹ % FCS
% FCS % FCS %FCS % FCS % FCS ONLY

2  X 10⁴ cells ml⁻¹ 
supplimented with FCS (1-5%)

 1 X 10⁴ cells ml⁻¹ 
supplimented with FCS (1-5%)

supplimented with FCS (1-5%)
 NO CELLS- growth medium  

 1 X 10⁵ cells ml⁻¹
 supplimented with FCS (1-5%)

  7.5 X 10⁴ cells ml⁻¹ )
supplimented with FCS (1-5%

 5 X 10⁴ cells ml⁻¹ 
supplimented with FCS (1-5%)
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Table 31- Plate layout for cell density optimisation experiment.  
5 cell plating densities were used. A previous experiment had established the optimum concentration of FCS to be 1%. This concentration 
was used for this optimisation experiment. 

1 2 3 4 5 6 7 8 9 10 11 12
A 1 x 10⁵ 1 x 10⁵ 7.5 x 10⁴ 7.5 x 10⁴ 5 x 10⁴ 5 x 10⁴ 2 x 10⁴ 2 x 10⁴ 1 x 10⁴ 1 x 10⁴ Blank Blank

Cells Cells Cells Cells Cells Cells Cells Cells Cells Cells No Cells No Cells  - 1 x 10⁵  cells ml ⁻ ¹
1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS

B 1 x 10⁵ 1 x 10⁵ 7.5 x 10⁴ 7.5 x 10⁴ 5 x 10⁴ 5 x 10⁴ 2 x 10⁴ 2 x 10⁴ 1 x 10⁴ 1 x 10⁴ Blank Blank
Cells Cells Cells Cells Cells Cells Cells Cells Cells Cells No Cells No Cells  - 7.5 x 10⁴ cells ml ⁻ ¹

1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS
C 1 x 10⁵ 1 x 10⁵ 7.5 x 10⁴ 7.5 x 10⁴ 5 x 10⁴ 5 x 10⁴ 2 x 10⁴ 2 x 10⁴ 1 x 10⁴ 1 x 10⁴ Blank Blank

Cells Cells Cells Cells Cells Cells Cells Cells Cells Cells No Cells No Cells  - 5 x 10⁴ cells ml ⁻ ¹
1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS

D 1 x 10⁵ 1 x 10⁵ 7.5 x 10⁴ 7.5 x 10⁴ 5 x 10⁴ 5 x 10⁴ 2 x 10⁴ 2 x 10⁴ 1 x 10⁴ 1 x 10⁴ Blank Blank
Cells Cells Cells Cells Cells Cells Cells Cells Cells Cells No Cells No Cells  - 7.5 x 10⁴ cells ml ⁻ ¹

1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS
E 1 x 10⁵ 1 x 10⁵ 7.5 x 10⁴ 7.5 x 10⁴ 5 x 10⁴ 5 x 10⁴ 2 x 10⁴ 2 x 10⁴ 1 x 10⁴ 1 x 10⁴ Blank Blank

Cells Cells Cells Cells Cells Cells Cells Cells Cells Cells No Cells No Cells  - 2 x 10⁴ cells ml ⁻ ¹
1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS

F 1 x 10⁵ 1 x 10⁵ 7.5 x 10⁴ 7.5 x 10⁴ 5 x 10⁴ 5 x 10⁴ 2 x 10⁴ 2 x 10⁴ 1 x 10⁴ 1 x 10⁴ Blank Blank
Cells Cells Cells Cells Cells Cells Cells Cells Cells Cells No Cells No Cells  - 1 x 10⁴ cells ml ⁻ ¹

1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS
G 1 x 10⁵ 1 x 10⁵ 7.5 x 10⁴ 7.5 x 10⁴ 5 x 10⁴ 5 x 10⁴ 2 x 10⁴ 2 x 10⁴ 1 x 10⁴ 1 x 10⁴ Blank Blank

Cells Cells Cells Cells Cells Cells Cells Cells Cells Cells No Cells No Cells
1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS

H 1 x 10⁵ 1 x 10⁵ 7.5 x 10⁴ 7.5 x 10⁴ 5 x 10⁴ 5 x 10⁴ 2 x 10⁴ 2 x 10⁴ 1 x 10⁴ 1 x 10⁴ Blank Blank
Cells Cells Cells Cells Cells Cells Cells Cells Cells Cells No Cells No Cells

1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS 1%FCS
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Cells were maintained at 37°C, 5% CO₂ and 95% humidity in a cell incubator for 24 
hours to allow cells to attach.  
A baseline MTT assay was performed on two 24 well plates, and one 96 well plate to 
test for even plating of the cells. The MTT assay was performed (as described in section 
3.4.2.5).  The procedure for the 24 well plates differed from the 96 well plates in that  

 Each of the wells of the 24 well were washed twice with 500µl of HBSS, rather 
than 200µl of HBSS for each of the wells of the 96 well plate.  

 500µl of MTT working solution was added to each of the well of the 24 well 
plate rather than 100µl for each of the wells of the 96 well plate.  

 500µl of DMSO was used to dissolve the insoluble formazan crystals in the 24 
well plate rather than 100µl for each of the wells of the 96 well plate 

The plates were then placed in a BMG Labtech Fluostar Optima ELISA plate reader and 
read at optical densities 550 and 620nm. Results were analysed using Microsoft Excel 
2013 and IBM SPSS version 21 (as described in 3.4.2.5). 
The   medium was removed from the remaining two 24 well plates, and the remaining 
96 well plate after the 24 hours attachment period and replaced with working solutions.  

One 24 well plate was cultured with 500µl of normal growth medium per well 
supplemented with 1% FCS, and the other 24 well plate with 500µl of normal growth 
medium supplemented  with 5% FCS.  
From the results of the FCS optimisation experiment (Table 32, Figure 82), the medium 
in the remaining 96 well plate was exchanged for 150 µl of normal growth medium per 
well supplemented with 1% FCS.  
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Medium was refreshed in the 24 well plates and the 96 well plate after 96 hours and 
MTT assays performed on the remaining plates after 168 hours (as previously described 
in 3.4.2.5 and as 8.2.2.1). 

8.2.2   FCS supplementation optimisation 
MTT assays performed on MM1 fibroblasts cultured with normal growth medium 
supplemented with either 1% or 5% showed an increase in optical densities with 
increased plating densities. Similar optical densities were seen at cell plating densities 
of up to 5 X 10⁴ cells ml ⁻¹ with medium supplemented with both 1% and 5% FCS 
(Table 32, Figure 82). 
MTT assays performed on WPS9 fibroblasts cultured with normal growth medium 
supplemented with either 1% or 5% showed an increase in optical densities with 
increased plating densities. Similar optical densities were seen at all cell plating 
densities with medium supplemented with both 1% and 5% FCS (Table 32, Figure 82). 
As good optical densities were achieved with both 1% and 5% FCS supplementation of 
growth medium, the lower concentration of 1% FCS supplementation was chosen for all 
subsequent MTT assay experiments. 
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Absorbance   
Cell plating density 

1 x 10⁴ 2 x 10⁴ 5 x 10⁴ 7.5 x 10⁴ 1 x 10⁵ 
Mean Standard 

Deviation 
Mean Standard 

Deviation 
Mean Standard 

Deviation 
Mean Standard 

Deviation 
Mean Standard 

Deviation 

Cell_line 
MM1 FCS_conc 1% .0153 .0021 .0230 .0052 .0905 .0048 .1400 .0125 .1630 .0068 

5% .0255 .0054 .0217 .0069 .1127 .0013 .1772 .0103 .2285 .0153 
WPS9 FCS_conc 1% .1048 .1718 .0263 .0107 .1255 .0628 .2288 .0441 .3163 .0494 

5% .0842 .1207 .0500 .0201 .1472 .0548 .2222 .0299 .3030 .0446 
 
Table 32- Mean optical densities for MM1 and WPS9 cell plating density and FCS supplementation optimisation (24 well plate). 
MM1 and WPS9 fibroblasts showed linear increase in optical density with increase in plating density. 
MM1 fibroblasts plated at 2 X 10⁴ and 5 X 10⁴ cells ml ⁻¹ showed similar optical densities when cultured with growth medium supplemented with 1% and 5% FCS. Optical densities of WPS9 fibroblasts did not appear to be dependent on FCS concentration.  
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Figure 82- Initial cell density and FCS concentration optimisation experiments. 
 A significant difference in cell viability at FCS concentrations of 1% and 5% was not shown. A 1%FCS concentration was used for all subsequent 
MTT assay experiments.
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8.2.3   Cell plating density optimisation  
Both MM1 and WPS9 fibroblasts showed a linear relationship between cell density and 
optical density.  
MM1 gingival fibroblasts showed higher optical densities than WPS9 periradicular 
fibroblasts at the same cell plating density.  MM1 gingival fibroblasts plated at 5 X 10⁴ 
cells ml ⁻¹ and WPS9 periradicular fibroblasts plated at 1 X 10⁵ cells ml⁻¹ gave similar 
optical densities that were easily visible to the naked eye. These optical densities were 
within the readable range of the BMG Labtech Fluostar Optima ELISA plate reader 
used in this colourmetric assay. 

A plating density of 5 X 10 ⁴ cells ml⁻¹ was chosen for subsequent MTT assay 
experiments with MM1 gingival fibroblasts, and 1 X 10⁵ cells ml⁻¹ for WPS9 
periradicular fibroblasts (Table 33,Figure 83).
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Absorbance   
Cell plating density 

1 x 10⁴ 2 x 10⁴ 5 x 10⁴ 7.5 x 10⁴ 1 x 10⁴ 
Mean Standard 

Deviation 
Mean Standard 

Deviation 
Mean Standard 

Deviation 
Mean Standard 

Deviation 
Mean Standard 

Deviation 

Cell_line 
MM1 Time Baseline .01775 .01158 .04844 .03759 .26562 .02317 .35850 .05310 .46087 .07689 

7 Day .07400 .01566 .14885 .02475 .27906 .03926 .36394 .04685 .40175 .02482 
WPS9 Time Baseline .01062 .00296 .02850 .00900 .14456 .03049 . . .23531 .02094 

7 Day .02031 .00625 .04550 .01042 .16444 .02969 . . .25562 .01869 
 Table 33-   Mean optical density- MM1 and WPS9 plating density optimisation (96 well plate) 
MM1 gingival fibroblasts showed higher optical densities than WPS9 periradicular fibroblasts at the same plating density. Thus a lower 
plating density of 5 X 10⁴ cells ml ⁻1 was used for MM1 fibroblasts compared to the higher plating density of 1 X 10 ⁵ cells ml ⁻¹ for WPS9 
fibroblasts 
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Figure 83- Cell density optimisation for MM1 gingival fibroblasts and WPS9 periradicular fibroblasts using 96 well plates 
MM1 gingival fibroblasts showed greater optical density than WPS9 periradicular fibroblasts. . Thus a lower plating density of 5 X 10⁴ 
cells ml ⁻1 was used for MM1 fibroblasts compared to the higher plating density of 1 X 10 ⁵ cells ml ⁻¹ for WPS9 fibroblasts 
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8.3   Statistical tests 
8.3.1   Visual observations statistical analysis and post hoc 
testing 

 

  
Table 34- Summary of visual observation statistical analysis and post-hoc Tukey test for 
MM1 gingival fibroblast- day 7  
 

Variable Mean Post hoc test N Mean Total Chi- df Asymp. 
Rank Rank Square Sig (p)

MM1- day 7 10 54.00 119 91.466 8 0.000
BIOD day 7 Close 16 54.00

BIOD day 7 Remote 15 54.00
MTAG 5X4 day 7 Close 15 101.60

MTAG 5X4 day 7 Remote 15 54.00
MTAG 8X1 day 7 Close 15 54.00

MTAG 8X1 day 7 Remote 15 54.00
Sheramega day 7 Close 9 54.00

Sheramega day 7 Remote 9 54.00
Total 119

MM1- day 7 10 30.00 59 0.000 4 1.000
BIOD day 7 Close 16 30.00

BIOD day 7 Remote 15 30.00
Sheramega day 7 Close 9 30.00

Sheramega day 7 Remote 9 30.00
Total 59

MM1- day 7 7.00 MTAG 5X4 day 7 Close 15 17.00 25 13.151 1 0.000
N=10 13.00 MTAG 5X4 day 7 Remote 15 13.00 25 0.000 1 1.000

13.00 MTAG 8X1 day 7 Close 15 13.00 25 0.000 1 1.000
13.00 MTAG 8X1 day 7 Remote 15 13.00 25 0.000 1.000

BIOD day 7 Close 10.00 MTAG 5X4 day 7 Close 15 22.40 31 18.925 1 0.000
N=16 16.00 MTAG 5X4 day 7 Remote 15 16.00 31 0.000 1 1.000

16.00 MTAG 8X1 day 7 Close 15 16.00 31 0.000 1 1.000
16.00 MTAG 8X1 day 7 Remote 15 16.00 31 0.000 1 1.000

BIOD day 7 Remote 9.50 MTAG 5X4 day 7 Close 15 21.50 30 18.000 1 0.000
N=15 15.50 MTAG 5X4 day 7 Remote 15 15.50 30 0.000 1 1.000

15.50 MTAG 8X1 day 7 Close 15 15.50 30 0.000 1 1.000
15.50 MTAG 8X1 day 7 Remote 15 15.50 30 0.000 1 1.000

MTAG 5X4 day 7 Close 21.50 MTAG 5X4 day 7 Remote 15 9.50 30 18.000 1 0.000
N=15 21.50 MTAG 8X1 day 7 Close 15 9.50 30 18.000 1 0.000

21.50 MTAG 8X1 day 7 Remote 15 9.50 30 18.000 1 0.000
MTAG 5X4 day 7 Remote 15.50 MTAG 8X1 day 7 Close 15 15.50 30 0.000 1 1.000

N=15 15.50 MTAG 8X1 day 7 Remote 15 15.50 30 0.000 1 1.000
15.50 MTAG 8X1 day 7 Remote 15 15.50 30 0.000 1 1.000

Combined_Variablepost hoc test ( from SPSS)
Post hoc MM1 day 7
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Table 35- Summary of visual observation statistical analysis and post-hoc Tukey test for 
MM1 gingival fibroblast- day 14  

Variable Mean Post hoc test N Mean Total Chi- df Asymp. 
Rank Rank Square Sig (p)

MM1- day14 9 46.00 124 83.146 8 0.000
BIOD day 14 Close 15 51.13

BIOD day 14 Remote 15 46.00
MTAG 5X4 day 14 Close 15 108.00

MTAG 5X4 day14 Remote 15 61.47
MTAG 8X1 day 14 Close 18 90.83

MTAG 8X1 day14 Remote 19 46.00
Sheramega day 14 Close 9 46.00

Sheramega day 14 Remote 9 46.00
Total 124

MM1- day14 9 31.00 61 0.000 4 1.000
BIOD day 14 Remote 15 31.00

MTAG 8X1 day14 Remote 19 31.00
Sheramega day 14 Close 9 31.00

Sheramega day 14 Remote 9 31.00
Total 61

MM1- day14 12.00 BIOD day 14 Close 15 12.80 24 0.600 1 0.439
N=9 5.00 MTAG 5X4 day 14 Close 15 17.00 24 19.108 1 0.000

10.50 MTAG 5X4 day14 Remote 15 13.70 24 2.760 1 0.097
7.50 MTAG 8X1 day 14 Close 18 17.25 27 11.171 1 0.001

BIOD day 14 Close 16.00 BIOD day 14 Remote 15 15 30 1.000 1 0.317
N=15 9.00 MTAG 5X4 day 14 Close 15 22.00 30 19.295 1 0.000

14.13 MTAG 5X4 day14 Remote 15 16.87 30 1.724 1 0.189
11.47 MTAG 8X1 day 14 Close 18 21.61 33 11.527 1 0.001
18.13 MTAG 8X1 day14 Remote 19 17.00 34 1.267 1 0.260

BIOD day 14 Remote 8.0 MTAG 5X4 day 14 Close 15 23.00 30 26.417 1 0.000
N=15 13.5 MTAG 5X4 day14 Remote 15 17.50 30 4.462 1 0.035

10.5 MTAG 8X1 day 14 Close 18 22.40 33 16.569 1 0.000
MTAG 5X4 day 14 Close 21.53 MTAG 5X4 day14 Remote 15 9.47 30 17.095 1 0

N=15 19.47 MTAG 8X1 day 14 Close 18 14.49 33 2.432 1 0.119
27.00 MTAG 8X1 day14 Remote 19 10.00 34 30.896 1 0
17.00 Sheramega day 14 Close 9 5.00 24 19.108 1 0.000
17.00 Sheramega day 14 Remote 9 5.00 24 19.108 1 0.000

MTAG 5X4 day14 Remote 12.50 MTAG 8X1 day 14 Close 18 20.75 33 7.351 1 0.07
N=15 20.03 MTAG 8X1 day14 Remote 19 15.50 34 5.573 1 0.018

13.70 Sheramega day 14 Close 9 10.50 24 2.76 1 0.097
13.70 Sheramega day 14 Remote 9 10.50 24 2.76 1 0.097

MTAG 8X1 day 14 Close 25.86 MTAG 8X1 day14 Remote 19 12.50 37 19.901 1 0.000
N=18 17.25 Sheramega day 14 Close 9 7.50 27 11.171 1 0.001

17.25 Sheramega day 14 Remote 9 7.50 27 11.171 1 0.001
MTAG 8X1 day14 Remote 14.50 Sheramega day 14 Close 9 14.50 28 0.000 1 1.000

N=19 14.50 Sheramega day 14 Remote 9 14.50 28 0.000 1 1.000

Post hoc MM1 day 14
Combined_Variablepost hoc test ( from SPSS)
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Table 36- Summary of visual observation statistical analysis and post-hoc Tukey test for 
MM1 gingival fibroblast- day 21  

Variable Mean Post hoc test N Mean Total Chi- df Asymp. 
Rank Rank Square Sig (p)

MM1- day 21 9 39.50 119 87.39 8 0.000
BIOD day 21 Close 15 39.50

BIOD day 21 Remote 15 39.50
MTAG 5X4 day 21 Close 17 95.09

MTAG 5X4 day 21 Remote 15 67.70
MTAG 8X1 day 21 Close 15 101.53

MTAG 8X1 day 21 Remote 15 48.90
Sheramega day 21 Close 9 39.50

Sheramega day 21 Remote 9 39.50
Total 119

MM1- day 21 9 29.00 57 0.000 4 1.000
BIOD day 21 Close 15 29.00

BIOD day 21 Remote 15 29.00
Sheramega day 21 Close 9 29.00

Sheramega day 21 Remote 9 29.00
Total 57

MM1-day21 6.50 MTAG 5X4 day 21 Close 17 17.20 26 15.441 1 0.000
N=9 8.00 MTAG 5X4 day 21 Remote 15 15.20 24 8.280 1 0.004

5.00 MTAG 8X1 day 21 Close 15 17.00 24 19.108 1 0.00
11.00 MTAG 8X1 day 21 Remote 15 13.40 24 1.971 1 0.160

MTAG 5X4 day 21 Close 21.88 MTAG 5X4 day 21 Remote 15 10.40 32 13.682 1 0.000
N=17 16.82 MTAG 8X1 day 21 Close 15 16.13 32 0.083 1 0.774

22.41 MTAG 8X1 day 21 Remote 15 9.80 32 17.711 1 0.000
MTAG 5x4  Remote 9.20 MTAG 8X1 day 21 Close 15 21.80 30 17.817 1 0.000

day 21 N=15 18.50 MTAG 8X1 day 21 Remote 15 12.50 30 4.833 1 0.028
MTAG 8x1  Close-day21 22.6 MTAG 8X1 day 21 Remote 15 8.40 30 22.302 1 0.000

N=15

Combined_Variablepost hoc test ( from SPSS)
Post hoc MM1 day 21
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Table 37- Summary of visual observation statistical analysis and post-hoc Tukey test for 
MM1 gingival fibroblast- day28  
 
 

Combined_Variablepost 
hoc test ( from SPSS)

Variable Mean Post hoc test N Mean Total Chi- df Asymp. 
Rank Rank Square Sig (p)

MM1- day 28 9 28.50 111 89.062 8 0.000
BIOD day 28 Close 15 28.50

BIOD day 28 Remote 15 28.50
MTAG 5X4 day 28 Close 15 87.90

MTAG 5X4 day 28 Remote 15 63.87
MTAG 8X1 day 28 Close 13 90.88

MTAG 8X1 day  28 Remote 17 76.74
Sheramega day 28 Close 3 28.50

Sheramega day 28 Remote 9 28.50
Total 111

MM1- day 28 9 26.00 51.00 0.000 4 1.000
BIOD day 28 Close 15 26.00

BIOD day 28 Remote 15 26.00
Sheramega day 28 Close 3 26.00

Sheramega day 28 Remote 9 26.00
Total 51

MM1- day 28 N=9 6.00 MTAG 5X4 day 28 Close 15 16.40 24 14.622 1 0.000
6.50 MTAG 5X4 day 28 Remote 15 16.10 24 13.292 1 0.000
5.00 MTAG 8X1 day 28 Close 13 16.00 22 18.237 1 0.000
5.00 MTAG 8X1 day  28 Remote 17 18.00 26 20.455 1 0.000

MTAG 5X4 day 28 Close 20.43 MTAG 5X4 day 28 Remote 15 10.57 30 10.672 1 0.001
N=15 15.17 MTAG 8X1 day 28 Close 13 13.73 28 0.335 1 0.563

20.70 MTAG 8X1 day  28 Remote 17 12.79 32 6.796 1 0.009
MTAG 5X4 day 28 Remote 9.63 MTAG 8X1 day 28 Close 13 20.12 28 13.889 1 0.000

N=15 13.77 MTAG 8X1 day  28 Remote 17 18.91 32 4.176 1 0.041
MTAG 8X1 day 28 Close 20.04 MTAG 8X1 day  28 Remote 17 12.03 30 8.157 1 0.004

N=13

Post hoc MM1 day 28
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Table 38- Summary of visual observation statistical analysis and post-hoc Tukey test for 
MM1 gingival fibroblast- day 35  
 
 

Combined_Variablepost 
hoc test ( from SPSS)

Variable Mean Post hoc test N Mean Total Chi- df Asymp. 
Rank Rank Square Sig (p)

BIOD day 35 Close 10 19.50
BIOD day 35 Remote 16 19.50

MTAG 5X4 day 35 Close 17 76.38
MTAG 5X4 day 35 Remote 17 50.12
MTAG 8X1 day 35 Close 18 81.53

MTAG 8X1 day  35 Remote 14 60.75
Total 101

MM1- day 35 9 18.00 35 0.000 2 1.000
BIOD day 35 Close 10 18.00

BIOD day 35 Remote 16 18.00
Total 35

MM1- day 35 5.00 MTAG 5X4 day 35 Close 17 18.00 26 23.4 1 0.000
N=9 6.50 MTAG 5X4 day 35 Remote 17 17.21 26 13.495 1 0.000

5.00 MTAG 8X1 day 35 Close 18 18.00 27 20.513 1 0.000
5.00 MTAG 8X1 day  35 Remote 14 16.50 23 17.789 1 0.000

MTAG 5X4 day 35 Close 23.65 MTAG 5X4 day 35 Remote 17 11.35 34 17.372 1 0.000
N=17 16.03 MTAG 8X1 day 35 Close 18 19.86 35 2.867 1 0.090

19.71 MTAG 8X1 day  35 Remote 14 11.50 31 10.77 1 0.001
MTAG 5X4 day 35 Remote 10.91 MTAG 8X1 day 35 Close 18 24.69 35 18.738 1 0.000

N=17 13.94 MTAG 8X1 day  35 Remote 14 18.50 31 2.399 1 0.121
MTAG 8X1 day 35 Close 20.97 MTAG 8X1 day  35 Remote 14 10.75 32 12.597 1 0.000

N=18

Post hoc MM1 day 35
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Table 39-  Summary of visual observation statistical analysis and post-hoc Tukey test 
for WPS1 periradicular fibroblast- day 7  

Variable Mean Post hoc test N Mean Total Chi- df Asymp. 
Rank Rank Square Sig

WPS1- day 7 9 18.50 100 77.854 8 0.000
BIOD day 7 Close 15 84.53

BIOD day 7 Remote 16 58.72
MTAG day 7 Close 16 56.34

MTAG day 7 Remote 15 34.60
MTA+ gel day 7 Close 11 80.73

MTA+ gel day 7 Remote 12 18.50
MTA+ H2O day 7 Close 3 30.00

MTA+ H20 day 7 Remote 3 18.50
Total 100

WPS1- day 7 9 12.50 24 0.000 2 1.000
MTA+ gel day 7 Remote 12 12.50
MTA+ H20 day 7 Remote 3 12.50

Total 24
WPS1- day 7 5.00 BIOD day 7 Close 15 17.00 24 21.600 1 0.000

N=9 5.00 BIOD day 7 Remote 16 17.50 24 20.455 1 0.000
6.00 MTAG day 7 Close 16 16.94 25 15.320 1 0.000
9.00 MTAG day 7 Remote 15 14.60 24 5.682 1 0.017
5.00 MTA+ gel day 7 Close 11 15.00 20 18.000 1 0.000
6.00 MTA+ H2O day 7 Close 3 8.00 12 3.000 1 0.083

BIOD day 7 Close 22.60 BIOD day 7 Remote 16 9.81 31 20.095 1 0.000
N=15 21.60 MTAG day 7 Close 16 10.75 31 13.098 1 0.000

23.00 MTAG day 7 Remote 15 8.00 30 25.096 1 0.000
14.33 MTA+ gel day 7 Close 11 12.36 26 1.970 1 0.160
11.00 MTA+ H20 day 7 Close 3 2.00 18 13.421 1 0.000

BIOD day 7 Remote 17.13 MTAG day 7 Close 16 15.88 32 0.247 1 0.620
N=16 20.66 MTAG day 7 Remote 15 11.03 31 12.144 1 0.000

10.03 MTA+ gel day 7 Close 11 19.77 27 13.092 1 0.000
20.50 MTA+ gel day 7 Remote 12 6.50 28 24.192 1 0.000
11.90 MTA+ H2O day 7 Close 3 4.17 19 6.418 1 0.011
11.50 MTA+ H20 day 7 Remote 3 2.00 19 10.688 1 0.001

MTAG day 7 Close 19.72 MTAG day 7 Remote 15 12.03 31 7.173 1 0.007
N=16 10.59 MTA+ gel day 7 Close 11 18.95 27 8.560 1 0.003

19.75 MTA+ gel day 7 Remote 12 7.50 28 18.659 1 0.000
10.91 MTA+ H2O day 7 Close 3 5.17 19 3.554 1 0.059
11.31 MTA+ H20 day 7 Remote 3 3 19 6.99 1 0.008

MTAG day 7 Remote 8.23 MTA+ gel day 7 Close 11 20.68 26 18.97 1 0.000
16.80 MTA+ gel day 7 Remote 12 10.50 27 7.28 1 0.007
9.70 MTA+ H2O day 7 Close 3 8.50 18 0.17 1 0.680
10.20 MTA+ H20 day 7 Remote 3 6.00 18 2.164 1 0.141

MTA+ gel day 7 Close 18.00 MTA+ gel day 7 Remote 12 6.50 23 21.231 1 0.000
N=11 8.95 MTA+ H2O day 7 Close 3 2.17 14 9.805 1 0.002

9.00 MTA+ H20 day 7 Remote 3 2.00 14 10.5 1 0.001
MTA+ gel day 7 Remote 7.50 MTA+ H2O day 7 Close 3 10.00 15 4.00 1 0.046

N=12 8.00 MTA+ H20 day 7 Remote 3 8.00 15 0.00 1 1.000
MTA+ H2O day 7 Close 4.00 MTA+ H20 day 7 Remote 3 3.00 6 1.00 1 0.317

N=3

Post hoc WPS1 day 7
Combined_Variablepost hoc test ( from SPSS)
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Table 40-  Summary of visual observation statistical analysis and post-hoc Tukey test 
for WPS1 periradicular fibroblast- day 14  
 

Combined_Variablepost 
hoc test ( from SPSS)

Variable Mean Post hoc test N Mean Total Chi- df Asymp. 
Rank Rank Square Sig

WPS1- day 14 8 18.50 79 33.145 8 0.000
BIOD day 14 Close 13 53.42

BIOD day 14 Remote 13 50.46
MTAG day 14 Close 12 38.29

MTAG day14 Remote 11 53.82
MTA+ gel day 14 Close 10 38.80

MTA+ gel day 14 Remote 8 18.50
MTA+ H2O day 14 Close 2 18.50

MTA+ H2O day 14 Remote 2 18.50
Total 79

WPS1- day 14 8 10.50 20 0.000 3 1.000
MTA+ gel day 14 Remote 8 10.50
MTA+ H2O day 14 Close 2 10.50

MTA+ H2O day 14 Remote 2 10.50
Total 20

WPS1- day 14 4.50 BIOD day 14 Close 13 15.00 21 16.970 1 0.000
N=8 5.50 BIOD day 14 Remote 13 14.38 21 11.891 1 0.001

7.50 MTAG day 14 Close 12 12.50 20 5.272 1 0.022
6.50 MTAG day14 Remote 11 12.55 19 7.203 1 0.007
6.50 MTA+ gel day 14 Close 10 11.90 18 6.646 1 0.010

BIOD day 14 Close 13.65 BIOD day 14 Remote 13 13.35 26 0.015 1 0.903
N=13 15.46 MTAG day 14 Close 12 10.33 25 3.740 1 0.053

11.12 MTAG day14 Remote 11 14.14 24 1.187 1 0.276
14.19 MTA+ gel day 14 Close 10 9.15 23 4.379 1 0.036

BIOD day 14 Remote 14.88 MTAG day 14 Close 12 10.96 25 2.015 1 0.156
11.00 MTAG day14 Remote 11 14.27 24 1.344 1 0.246
13.77 MTA+ gel day 14 Close 10 9.70 23 2.432 1 0.119

MTAG day 14 Close 10.17 MTAG day14 Remote 11 14.00 23 2.029 1 0.154
11.33 MTA+ gel day 14 Close 10 11.7 22 0.021 1 0.886

MTAG day14 Remote 13.05 MTA+ gel day 14 Close 10 8.75 21 2.709 1 0.100

Post hoc WPS1 day 14



256  

 

  
Table 41-  Summary of visual observation statistical analysis and post-hoc Tukey test 
for WPS1 periradicular fibroblast- day 21  

Combined_Variablepost 
hoc test ( from SPSS)

Variable Mean Post hoc test N Mean Total Chi- df Asymp. 
Rank Rank Square Sig

WPS1- day 21 9 26.50 118 46.039 8 0.000
BIOD day 21 Close 16 85.34

BIOD day 21 Remote 17 55.06
MTAG day 21 Close 19 73.47

MTAG day 21 Remote 27 64.02
MTA+ gel day 21 Close 12 73.29

MTA+ gel day 21 Remote 12 26.50
MTA+ H2O day 21 Close 3 26.50

MTA+ H2O day 21 Remote 3 26.50
Total 118

WPS1- day 21 9 14.00 27 0.000 3 1.000
MTA+ gel day 21 Remote 12 14.00
MTA+ H2O day 21 Close 3 14.00

MTA+ H2O day 21 Remote 3 14.00
Total 27

WPS1- day 21 5.00 BIOD day 21 Close 16 17.50 25 18.750 1 0.000
N=9 8.50 BIOD day 21 Remote 17 16.15 26 8.097 1 0.004

7.00 MTAG day 21 Close 19 18.05 28 12.753 1 0.000
11.50 MTAG day 21 Remote 27 20.83 36 6.968 1 0.008
5.50 MTA+ gel day 21 Close 12 15.13 21 15.197 1 0.000

BIOD day 21 Close 22.19 BIOD day 21 Remote 17 12.12 33 10.973 1 0.001
N=16 19.84 MTAG day 21 Close 19 16.45 35 1.147 1 0.284

25.41 MTAG day 21 Remote 27 19.98 43 2.064 1 0.151
16.41 MTA+ gel day 21 Close 12 11.96 28 2.856 1 0.091

BIOD day 21 Remote 15.21 MTAG day 21 Close 19 21.45 36 3.73 1 0.053
N=17 20.53 MTAG day 21 Remote 27 23.74 44 0.743 1 0.389

12.76 MTA+ gel day 21 Close 12 18.17 29 3.828 1 0.05
MTAG day 21 Close 25.13 MTAG day 21 Remote 27 22.35 46 0.524 1 0.469

N=19 16.29 MTA+ gel day 21 Close 12 15.54 31 0.063 1 0.802
MTAG day 21 Remote 19.44 MTA+ gel day 21 Close 12 21.25 39 0.229 1 0.632

N=27

Post hoc WPS1 day 21



257  

 

  
 
Table 42- Summary of visual observation statistical analysis and post-hoc Tukey test for 
WPS1 periradicular fibroblast- day 28

Post hoc WPS1 day 28
Combined_Variablepost 

hoc test ( from SPSS)
Variable Mean Post hoc test N Mean Total Chi- df Asymp. 

Rank Rank Square Sig
WPS1- day 28 9 27.00 110 58.1 8 0.000

BIOD day 28 Close 15 95.00
BIOD day 28 Remote 18 56.64
MTAG day 28 Close 18 69.89

MTAG day 28 Remote 19 39.11
MTA+ gel day 28 Close 12 59.96

MTA+ gel day  28 Remote 12 30.83
MTA+ H2O day 28 Close 4 61.50

MTA+ H2O day 28 Remote 3 27.00
Total 110

WPS1- day 28 9 6.50 12 0.000 1 1.000
MTA+ H2O day 28 Remote 3 6.50 0.000

Total 12
WPS1- day 28 5.00 BIOD day 28 Close 15 17.00 24 19.714 1 0.000

N=9 8.50 BIOD day 28 Remote 18 16.75 27 8.735 1 0.003
7.00 MTAG day 28 Close 18 17.50 27 12.531 1 0.000
12.00 MTAG day 28 Remote 19 15.68 28 2.780 1 0.095
7.00 MTA+ gel day 28 Close 12 14.00 21 9.000 1 0.003
10.50 MTA+ gel day  28 Remote 12 11.38 21 0.750 1 0.386
5.50 MTA+ H2O day 28 Close 4 10.38 13 8.100 1 0.004
6.5. MTA+ H2O day 28 Remote 3 6.5 12 0 1 1.000

BIOD day 28 Close 24.40 BIOD day 28 Remote 18 10.83 33 18.534 1 0.000
N=15 21.80 MTAG day 28 Close 18 13.00 33 7.868 1 0.005

26.50 MTAG day 28 Remote 19 10.39 34 25.087 1 0.000
18.70 MTA+ gel day 28 Close 12 8.13 27 14.164 1 0.000
19.90 MTA+ gel day  28 Remote 12 6.63 27 22.135 1 0.000
11.70 MTA+ H2O day 28 Close 4 3.63 19 9.051 1 0.003
11.00 MTA+ H2O day 28 Remote 3 2.00 18 10.200 1 0.001

BIOD day 28 Remote 16.11 MTAG day 28 Close 18 20.89 36 2.314 1 0.128
N=18 22.44 MTAG day 28 Remote 19 15.74 37 4.726 1 0.030

15.08 MTA+ gel day 28 Close 12 16.13 30 0.131 1 0.717
18.69 MTA+ gel day  28 Remote 12 10.71 30 8.056 1 0.005
11.31 MTA+ H2O day 28 Close 4 12.38 22 0.119 1 0.730
11.92 MTA+ H2O day 28 Remote 3 5.50 21 3.500 1 0.061

MTAG day 28 Close 24.44 MTAG day 28 Remote 19 13.84 37 10.834 1 0.001
N=18 16.72 MTA+ gel day 28 Close 12 13.67 30 1.086 1 0.297

19.78 MTA+ gel day  28 Remote 12 9.08 30 12.863 1 0.000
11.89 MTA+ H2O day 28 Close 4 9.75 22 0.454 1 0.500
12.17 MTA+ H2O day 28 Remote 3 4.00 21 5.209 1 0.022

MTAG day 28 Remote 13.45 MTA+ gel day 28 Close 12 20.04 31 5.179 1 0.023
N=19 17.08 MTA+ gel day  28 Remote 12 14.29 31 1.475 1 0.225

11.03 MTA+ H2O day 28 Close 4 16.63 23 3.302 1 0.069
11.89 MTA+ H2O day 28 Remote 3 9.00 22 0.975 1 0.323

MTA+ gel day 28 Close 16.04 MTA+ gel day  28 Remote 12 8.96 24 8.362 1 0.004
N=12 8.46 MTA+ H2O day 28 Close 4 8.63 16 0.005 1 0.943

9.00 MTA+ H2O day 28 Remote 3 4.00 15 3.750 1 0.053
MTA+ gel day  28 Remote 7.17 MTA+ H2O day 28 Close 4 12.50 16 6.667 1 0.01

N=12 8.13 MTA+ H2O day 28 Remote 3 7.50 15 0.250 1 0.617
MTA+ H2O day 28 Close 5.13 MTA+ H2O day 28 Remote 3 2.5 7 3.375 1 0.066

N=4
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Table 43- Summary of visual observation statistical analysis and post-hoc Tukey test for 
WPS1 periradicular fibroblast- day 35  
 
 

Post hoc WPS1 day 35
Combined_Variablepost 

hoc test ( from SPSS)
Variable Mean Post hoc test N Mean Total Chi- df Asymp. 

Rank Rank Square Sig
Control no materials- day 35 9 31.00 111 41.429 8 0.000

BIOD day 35 Close 15 74.20
BIOD day 35 Remote 20 74.20
MTAG day 35 Close 21 61.00

MTAG day 35 Remote 16 40.56
MTA+ gel day 35 Close 12 71.00

MTA+ gel day  35 Remote 12 31.00
MTA+ H2O day 35 Close 3 31.00

MTA+ H2O day 35 Remote 3 31.00
Total 111

Control no materials- day 35 9 14.00 27 0.000 3 1.000
MTA+ gel day  35 Remote 12 14.00
MTA+ H2O day 35 Close 3 14.00

MTA+ H2O day 35 Remote 3 14.00
Total 27

WPS1- day 35 8.00 BIOD day 35 Close 15 15.20 24 6.324 1 0.012
N=9 6.00 BIOD day 35 Remote 20 19.05 29 20.618 1 0.000

10.00 MTAG day 35 Close 21 17.86 30 6.859 1 0.009
12.00 MTAG day 35 Remote 16 13.56 25 1.172 1 0.279
6.00 MTA+ gel day 35 Close 12 14.75 21 13.636 1 0.000

BIOD day 35 Close 20.40 BIOD day 35 Remote 20 16.20 35 2.135 1 0.144
N=15 21.13 MTAG day 35 Close 21 16.62 36 1.754 1 0.185

19.47 MTAG day 35 Remote 16 12.75 31 4.73 1 0.030
15.60 MTA+ gel day 35 Close 12 12.00 27 1.747 1 0.186

BIOD day 35 Remote 23.15 MTAG day 35 Close 21 18.95 41 1.682 1 0.195
N=18 23.80 MTAG day 35 Remote 16 11.88 36 14.456 1 0.000

16.90 MTA+ gel day 35 Close 12 15.83 32 0.295 1 0.587
MTAG day 35 Close 21.76 MTAG day 35 Remote 16 15.38 37 4.401 1 0.036

N=18 16.10 MTA+ gel day 35 Close 12 18.58 33 0.621 1 0.431
MTAG day 35 Remote 10.88 MTA+ gel day 35 Close 12 19.33 28 9.431 1 0.002

N=19
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Table 44- Summary of visual observation statistical analysis and post-hoc Tukey test for 
WPS9 periradicular fibroblast- day 7

Variable Mean Post hoc test N Mean Total Chi- df Asymp. 
Rank Rank Square Sig (p )

Control no materials- day 7 9 36.50 112 86.400 8 0.000
BIOD day 7 Close 15 82.43

BIOD day 7 Remote 15 44.70
MTAG day 7 Close 18 51.50

MTAG day 7 Remote 19 36.50
IRM day 7 Close 9 101.67

IRM day 7 Remote 9 100.00
PTFE day 7 Close 9 36.50

PTFE day 7 Remote 9 36.50
Total 112

Control no materials- day 7 9 23.50 46 0.000 3 1.000
MTAG day 7 Remote 19 23.50

PTFE day 7 Close 9 23.50
PTFE day 7 Remote 9 23.50

Total 46
WPS9- day 7 5.50 BIOD day 7 Close 15 16.70 24 15.879 1 0.000

N=9 11.00 BIOD day 7 Remote 15 13.40 24 1.971 1 0.160
11.50 MTAG day 7 Close 18 15.25 27 2.923 1 0.087
14.50 MTAG day 7 Remote 19 14.50 28 0.000 1 1.000
5.00 IRM day 7 Close 9 14.00 18 15.648 1 0.000
5.00 IRM day 7 Remote 9 14.00 18 15.300 1 0.000

BIOD day 7 Close 21.80 BIOD day 7 Remote 15 9.20 30 17.462 1 0.000
N=15 22.23 MTAG day 7 Close 18 12.64 33 9.083 1 0.003

26.37 MTAG day 7 Remote 19 10.50 34 27.181 1 0.000
8.83 IRM day 7 Close 9 18.61 24 12.003 1 0.001
9.10 IRM day 7 Remote 9 18.70 24 10.406 1 0.001

BIOD day 7 Remote 15.90 MTAG day 7 Close 18 17.92 33 0.632 1 0.427
N=15 19.40 MTAG day 7 Remote 19 16.00 34 4.045 1 0.044

8.00 IRM day 7 Close 9 20.00 24 19.078 1 0.000
8.00 IRM day 7 Remote 9 20.00 24 18.904 1 0.000

MTAG day 7 Close 21.60 MTAG day 7 Remote 19 16.50 37 5.906 1 0.015
N=18 9.97 IRM day 7 Close 9 22.06 27 16.223 1 0.000

10.08 IRM day 7 Remote 9 21.83 27 15.27 1 0.000
MTAG day 7 Remote 10.00 IRM day 7 Close 9 24.00 28 26.308 1 0.000

N=19 10.00 IRM day 7 Remote 9 24.00 28 26.116 1 0.000
IRM day 7 Close 10.00 IRM day 7 Remote 9 9.00 18 0.262 1 0.609

N=9

Post hoc WPS9 day 7
Combined_Variablepost hoc test ( from SPSS)
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Table 45- Summary of visual observation statistical analysis and post-hoc Tukey test for 
WPS9 periradicular fibroblast- day 14  

Combined_Variablepost 
hoc test ( from SPSS)

Variable Mean Post hoc test N Mean Total Chi- df Asymp. 
Rank Rank Square Sig

Control no materials day14 9 34.50 106 89.149 8 0.000
BIOD day 14 Close 15 77.57

BIOD day 14 Remote 15 40.03
MTAG day 14 Close 16 44.88

MTAG day14 Remote 15 34.50
IRM day 14 Close 9 100.50

IRM day 14 Remote 9 92.83
PTFE day 14 Close 9 34.50

PTFE day 14 Remote 9 34.50
Total 106

Control no materials day14 9 21.50 42 0.000 3 1.000
MTAG day14 Remote 15 21.50
PTFE day 14 Close 9 21.50

PTFE day 14 Remote 9 21.50
Total 42

WPS9- day 14 5.50 BIOD day 14 Close 15 16.70 24 16.269 1 0.000
N=9 11.50 BIOD day 14 Remote 15 13.10 24 1.255 1 0.263

11.00 MTAG day 14 Close 16 14.13 25 2.571 1 0.109
12.50 MTAG day14 Remote 15 12.50 24 0.000 1 1.000
5.00 IRM day 14 Close 9 14.00 18 17.000 1 0.000
5.00 IRM day 14 Remote 9 14.00 18 15.300 1 0.000

BIOD day 14 Close 21.83 BIOD day 14 Remote 15 9.17 30 18.367 1 0.000
N=15 22.13 MTAG day 14 Close 16 10.25 31 15.574 1 0.000

22.50 MTAG day14 Remote 15 8.50 30 23.200 1 0.000
8.00 IRM day 14 Close 9 20.00 24 18.265 1 0.000
9.00 IRM day 14 Remote 9 18.33 24 11.524 1 0.001

BIOD day 14 Remote 15.07 MTAG day 14 Close 16 16.88 31 0.653 1 0.419
N=15 16.50 MTAG day14 Remote 15 14.50 30 2.071 1 0.150

8.00 IRM day 14 Close 9 20.00 24 20.529 1 0.000
8.00 IRM day 14 Remote 9 20.00 24 19.652 1 0.000

MTAG day 14 Close 17.88 MTAG day14 Remote 15 14.00 31 4.167 1 0.041
N=16 8.50 IRM day 14 Close 9 21.00 25 19.780 1 0.000

8.5 IRM day 14 Remote 9 21 25 19.073 1 0.000
MTAG day 14 Remote 8.00 IRM day 14 Close 9 20.00 24 23 1 0.000

N=15 8.00 IRM day 14 Remote 9 20.00 24 21.905 1 0.000
IRM day 14 Close 12.50 IRM day 14 Remote 9 6.50 18 8.5 1 0.004

N=9

Post hoc WPS9 day 14
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Table 46- Summary of visual observation statistical analysis and post-hoc Tukey test for 
WPS9 periradicular fibroblast- day 28  
 
 
 

Post hoc WPS9 day 21
Combined_Variablepost 

hoc test ( from SPSS)
Variable Mean Post hoc test N Mean Total Chi- df Asymp. 

Rank Rank Square Sig
Control no materials- day 21 9 37.00 110 83.460 8 0.000

BIOD day 21 Close 15 78.17
BIOD day 21 Remote 15 43.33
MTAGday 21 Close 18 48.19

MTAG day 21 Remote 17 37.00
IRM day 21 Close 9 105.50

IRM day 21 Remote 9 93.06
PTFE day 21 Close 10 37.00

PTFE day 21 Remote 8 37.00
Total 110

Control no materials- day 21 9 22.50 44 0.000 3 1.000
MTAG day 21 Remote 17 22.50
PTFE day 21 Close 10 22.50

PTFE day 21 Remote 8 22.50
Total 44

WPS9- day 21 6.00 BIOD day 21 Close 15 16.40 24 16.309 1 0.000
N=9 11.50 BIOD day 21 Remote 15 13.10 24 1.255 1 0.263

12.00 MTAG day 21 Close 18 15.00 27 1.636 1 0.201
13.50 MTAG day 21 Remote 17 13.50 26 0.000 1 1.000
5.00 IRM day 21 Close 9 14.00 18 17.000 1 0.000
5.00 IRM day  21 Remote 9 14.00 18 14.949 1 0.000

BIOD day 21 Close 21.00 BIOD day  21 Remote 15 10.00 30 15.596 1 0.000
N=15 22.37 MTAG day 21 Close 18 12.53 33 11.116 1 0.001

23.87 MTAG day 21 Remote 17 10.00 32 24.039 1 0.000
8.00 IRM day 21 Close 9 20.00 24 20.529 1 0.000
9.73 IRM day 21 Remote 9 17.11 24 9.562 1 0.002

BIOD day 21 Remote 16.13 MTAG day 21 Close 18 17.72 33 0.397 1 0.529
N=15 17.63 MTAG day 21 Remote 17 15.50 32 2.342 1 0.126

8.00 IRM day 21 Close 9 20.00 24 20.529 1 0.000
8.27 IRM day 21 Remote 9 19.56 24 17.438 1 0.000

MTAG day 21 Close 19.89 MTAG day 21 Remote 17 16.00 35 2.938 1 0.087
N=18 9.50 IRM day 21 Close 9 23.00 27 19.952 1 0.000

10.06 IRM day 21 Remote 9 21.89 27 15.276 1 0.000
MTAG day 21 Remote 9.00 IRM day 21 Close 9 22.00 26 25.000 1 0.000

N=17 9.00 IRM day 21 Remote 9 22.00 26 23.803 1 0.000
IRM day 21 Close 13.50 IRM day 21 Remote 9 5.50 18 12.49 1 0.000

N=9
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Table 47- Summary of visual observation statistical analysis and post-hoc Tukey test for 
WPS9 periradicular fibroblast- day 28  

Post hoc WPS9 day 28
Combined_Variablepost 

hoc test ( from SPSS)
Variable Mean Post hoc test N Mean Total Chi- df Asymp. 

Rank Rank Square Sig
Control no cells1- day 28 9 37.00 106 82.153 8 0.000

BIOD day 28 Close 15 70.37
BIOD day 28 Remote 15 37.00
MTAG day 28 Close 15 46.80

MTAG day 28 Remote 15 40.03
IRM day 28 Close 9 100.67

IRM day  28 Remote 9 90.67
PTFE day 28 Close 8 37.00

PTFE day 28 Remote 11 37.00
Total 106

Control no cells1- day 28 9 14.50 28 0.000 2 1.000
PTFE day 28 Close 8 14.50

PTFE day 28 Remote 11 14.50
Total 28

WPS9- day 28 7.00 BIOD day 28 Close 15 15.80 24 11.677 1 0.001
N=9 12.50 BIOD day 28 Remote 15 12.50 24 0.000 1 1.000

11.00 MTAG day 28 Close 15 13.40 24 1.964 1 0.161
12.00 MTAG day 28 Remote 15 12.80 24 0.600 1 0.439
5.00 IRM day 28 Close 9 14.00 18 16.200 1 0.000
5.00 IRM day  28 Remote 9 14.00 18 14.860 1 0.000

BIOD day 28 Close 21.00 BIOD day 28 Remote 15 10.00 30 16.789 1 0.000
N=15 19.13 MTAG day 28 Close 15 11.87 30 6.656 1 0.010

20.50 MTAG day 28 Remote 15 10.50 30 13.426 1 0.000
8.00 IRM day 28 Close 9 20.00 24 18.761 1 0.000
9.47 IRM day  28 Remote 9 17.56 24 9.815 1 0.002

BIOD day 28 Remote 14.00 MTAG day 28 Close 15 17.00 30 3.214 1 0.073
N=15 15.00 MTAG day 28 Remote 15 16.00 30 1.000 1 0.317

8.00 IRM day 28 Close 9 20.00 24 22.500 1 0.000
8.00 IRM day  28 Remote 9 20.00 24 21.600 1 0.000

MTAG day 28 Close 16.53 MTAG day 28 Remote 15 14.47 30 1.186 1 0.276
N=15 8.00 IRM day 28 Close 9 20.00 24 19.316 1 0.000

8.6 IRM day  28 Remote 9 19 24 14.199 1 0.000
MTAG day 28 Remote 8.00 IRM day 28 Close 9 20.00 24 21.158 1 0.000

N=15 8.13 IRM day  28 Remote 9 19.78 24 19.277 1 0.000
IRM day 28 Close 12.67 IRM day  28 Remote 9 6.33 18 8.316 1 0.004

N=9
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Table 48- Summary of visual observation statistical analysis and post-hoc Tukey test for 
WPS9 periradicular fibroblast- day 35 
 
 

Post hoc WPS9 day 35
Combined_Variablepost 

hoc test ( from SPSS)
Variable Mean Post hoc test N Mean Total Chi- df Asymp. 

Rank Rank Square Sig
Control no cells- day 35 9 39.00 108 82.233 8 0.000

BIOD day 35 Close 15 77.13
BIOD day 35 Remote 16 42.97
MTAG day 35 Close 15 39.53

MTAG day 35 Remote 15 39.00
IRM day 35 Close 9 102.50

IRM day  35 Remote 9 90.00
PTFE day 35 Close 9 39.00

PTFE day 35 Remote 11 39.00
Total 108

Control no cells- day 35 9 22.50 44 0.000 3 1.000
MTAG day 35 Remote 15 22.50
PTFE day 35 Close 9 22.50

PTFE day 35 Remote 11 22.50
Total 44

WPS9- day 35 6.50 BIOD day 35 Close 15 16.10 24 12.904 1 0.000
N=9 12.50 BIOD day 35 Remote 16 13.28 25 0.563 1 0.453

12.50 MTAG day 35 Close 15 12.50 24 0.000 1 1.000
12.50 MTAG day 35 Remote 15 12.50 24 0.000 1 1.000
5.00 IRM day 35 Close 9 14.00 18 17.000 1 0.000
5.00 IRM day  35 Remote 9 14.00 18 15.244 1 0.000

BIOD day 35 Close 21.50 BIOD day 35 Remote 16 10.84 31 13.790 1 0.000
N=15 21.17 MTAG day 35 Close 15 9.83 30 15.546 1 0.000

21.50 MTAG day 35 Remote 15 9.50 30 18.643 1 0.000
8.00 IRM day 35 Close 9 20.00 24 18.537 1 0.000
10.87 IRM day  35 Remote 9 15.22 24 3.047 1 0.081

BIOD day 35 Remote 16.47 MTAG day 35 Close 15 15.50 31 0.334 1 0.563
N=16 16.47 MTAG day 35 Remote 15 15.50 31 0.938 1 0.333

8.78 IRM day 35 Close 9 20.50 25 20.250 1 0.000
9.00 IRM day  35 Remote 9 20.11 25 17.058 1 0.000

MTAG day 35 Close 15.50 MTAG day 35 Remote 15 15.50 30 0.000 1 1.000
N=15 8.00 IRM day 35 Close 9 20.00 24 20.518 1 0.000

8.20 IRM day  35 Remote 9 19.67 24 18.106 1 0.000
MTAG day 35 Remote 8.00 IRM day 35 Close 9 20.00 24 23.000 1 0.000

N=15 8.00 IRM day  35 Remote 9 20.00 24 21.866 1 0.000
IRM day 35 Close 13.00 IRM day  35 Remote 9 6.00 18 10.5 1 0.001

N=9
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8.4   MTT Assay raw data 
MTT assays  were conducted as described in section 3.4.2. Plates were then read by a 
BMG Labtech Fluostar Optima ELISA plate reader, and data produced using associated 
BMG software. The results were displayed  in table form  as 550nm plate readings 
minus the 620nm readings (Table 49-53) and corresponds to the plating pattern in Table 
11 in section 3.4.2.3. The  mean optical  blanks  (wells only normal growth medium-no 
cells and no eluates) were calculated  for wells A12, B12, C12, D12, E12, F12 (see 
Table 11 for plate layout), and this figure deducted from readings for individual wells. 
The mean  value of control wells were calculated (wells containing cells, normal growth 
medium, but no eluates- A10,11, B10,11, C 10,11, D10,11, E10,11,F10,11 G10,11, and 
H1-11). 
Data was then normalised by  dividing  individual values of cell wells by mean control 
wells and multiplying by 100 (Figure 84).  

 =  
       100 

Figure 84- Equation used to normalise data for statistical analysis. 
Microsoft Excel 2013 was used to calculate normalised data before importing into IBM 
SPSS version 21 for statistical analysis 
 
Normalised data was then analysed using SPSS version 21.
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Table 49- Raw data from MTT assay for eluates collected over 0-7 days and exposed to 
gingival and periradicular fibroblasts for up to 7 days at various dilutions

Raw Data 550 - Raw Data 620 (WPS9 periradicular fibroblasts fibroblasts-day 1)
1 2 3 4 5 6 7 8 9 10 11 12

A 0.347 0.332 0.352 0.159 0.154 0.087 0.011 0.011 0.005 0.176 0.006 0.009
B 0.439 0.389 0.333 0.036 0.037 0.036 0.004 0.007 0.003 0.27 0.001 -0.001
C 0.402 0.364 0.37 0.13 0.108 0.114 0.01 0.021 0.026 0.319 0 -0.001
D 0.449 0.374 0.383 0.281 0.273 0.228 0.284 0.277 0.323 0.267 -0.001 -0.004
E 0.334 0.325 0.335 0.287 0.316 0.286 0.279 0.322 0.318 0.298 0.005 0.002
F 0.425 0.406 0.349 0.305 0.304 0.283 0.32 0.26 0.316 0.293 0.002 -0.001
G 0.464 0.394 0.35 0.311 0.323 0.334 0.363 0.333 0.359 0.334 -0.001 0.004
H 0.415 0.388 0.403 0.401 0.386 0.353 0.344 0.347 0.355 0.345 0.001 0.009

Raw Data 550 - Raw Data 620 ( WPS( periradicular fibroblasts-day 4)
1 2 3 4 5 6 7 8 9 10 11 12

A 0.362 0.252 0.297 0.029 0.026 0.026 0.02 0.023 0.022 0.181 0.019 0.02
B 0.53 0.535 0.462 0.027 0.024 0.022 0.021 0.018 0.018 0.204 0.014 0.018
C 0.632 0.446 0.384 0.034 0.031 0.028 0.015 0.018 0.015 0.122 0.014 0.014
D 0.552 0.475 0.509 0.274 0.277 0.188 0.338 0.356 0.417 0.201 0.016 0.017
E 0.531 0.516 0.503 0.338 0.298 0.264 0.364 0.384 0.456 0.193 0.017 0.016
F 0.529 0.512 0.439 0.412 0.41 0.348 0.372 0.362 0.406 0.229 0.022 0.018
G 0.634 0.578 0.528 0.533 0.516 0.393 0.384 0.384 0.369 0.254 0.022 0.017
H 0.596 0.556 0.497 0.5 0.482 0.409 0.373 0.348 0.387 0.311 0.024 0.021

Raw Data 550 - Raw Data 620 ( WPS9 periradicular fibroblasts- day 7)
1 2 3 4 5 6 7 8 9 10 11 12

A 0.114 0.158 0.075 0.02 0.02 0.019 0.02 0.022 0.021 0.146 0.022 0.025
B 0.227 0.223 0.203 0.019 0.023 0.021 0.02 0.022 0.016 0.148 0.015 0.017
C 0.189 0.186 0.186 0.023 0.025 0.021 0.016 0.017 0.018 0.129 0.016 0.018
D 0.186 0.182 0.183 0.02 0.014 0.016 0.3 0.31 0.245 0.129 0.018 0.02
E 0.211 0.197 0.178 0.015 0.013 0.013 0.264 0.282 0.21 0.151 0.017 0.017
F 0.216 0.212 0.194 0.234 0.242 0.197 0.253 0.302 0.25 0.179 0.016 0.014
G 0.222 0.218 0.21 0.23 0.227 0.19 0.237 0.268 0.238 0.176 0.018 0.02
H 0.192 0.158 0.196 0.203 0.205 0.201 0.21 0.231 0.218 0.2 0.018 0.024
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Table 50- Raw data from MTT assay for eluates collected over 7-14 days and exposed 
to gingival and periradicular fibroblasts for up to 7 days at various dilutions. 
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Table 51- Raw data from MTT assay for eluates collected over 14-21 days and exposed 
to gingival and periradicular fibroblasts for up to 7 days at various dilutions. 
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Table 52- Raw data from MTT assay for eluates collected over 21-28 days and exposed 
to gingival and periradicular fibroblasts for up to 7 days at various dilutions. 
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Table 53- Raw data from MTT assay for eluates collected over 28-35 days and exposed 
to gingival and periradicular fibroblasts for up to 7 days at various dilutions. 
 
 
 

Raw Data 550 - Raw Data 620 ( MM1 gingival fibroblasts- day 4)
1 2 3 4 5 6 7 8 9 10 11 12

A 0.229 0.206 0.269 0.151 0.208 0.192 0.013 0.013 0.015 0.172 -0.01 0.017
B 0.218 0.246 0.243 0.182 0.197 0.227 0.012 0.004 0.007 0.188 0.009 0.011
C 0.175 0.19 0.183 0.215 0.201 0.177 0.011 0.013 0.007 0.177 0.01 0.008
D 0.191 0.188 0.206 0.201 0.202 0.2 0.167 0.178 0.145 0.169 0.005 0.008
E 0.178 0.186 0.18 0.218 0.222 0.208 0.16 0.158 0.127 0.165 0.011 0.007
F 0.18 0.183 0.188 0.205 0.213 0.224 0.176 0.167 0.177 0.167 0.011 0.015
G 0.183 0.191 0.182 0.187 0.185 0.188 0.196 0.17 0.15 0.157 0.011 0.017
H 0.145 0.123 0.128 0.072 0.051 0.192 0.163 0.156 0.129 0.137 0.019 0.012
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8.5   PCR Microarray 
8.5.1   mRNA quantitive and qualities analysis 

Before  the micro array was performed, RNA was quantatively and qualatively analyses. 
Cultures used were MM1 gingival fibroblast control cell cultures and MM1 fibroblasts 
cultured with MTAG for 35 days. 
RNA quantification was carried out using a GE NanoVue Spectrophotometer. The first 
RNA samples (including a second flow through collected from the spin column) were 
read at 260nm to determine RNA concentration. Additional readings at 230 and 280nm 
were also taken. The ratio A260/A280 and A260/A230 were calculated. The ratio A260/A280 
indicated  RNA purity with low protein contamination (values ≥ 2.0), but the ratio 
A260/A230   being less than 2.0 indicated potential contamination (Table 54).  

Cells/ treatment Concentration µg ml-1 260:280nm 260:230nm 
MTA 1st Eluant 186.8 2.172 0.866 

MTA 2nd Eluant 15.2 2.657 0.111 
MM1 1st Eluant 142.8 2.190 0.925 

MM1 2nd Eluant 17.2 2.867 0.606 
 
Table 54- RNA quantitive and qualitative data from the NanoVue Spectrophotometer 
The first flow through (1st Eluants) were further assessed for RNA quality and 
degradation before being used in the real time RT-PCR experiments 
 
RNA samples were then electrophoresed in a an Algient Lab 901 Tape Station 
screentape electrophoresis machine, using using an RNA Screen Tape electrophoresis 
mini gel. This indicated that RNA quality was of high quality with minimal RNA 
degradation, and suitable for real time RT-PCR (Table 55). RNA degradation products 
were minimal between the 18S and the the lower marker (Figure 85- 86) 

Location RINe 28S/18S (height) Sample Concentration Sample Description Observations 
A1 9.21 1.77  MM1  
B1 8.66 1.25  MTAG  



271  

 

 
Table 55- Output from Aligent 901 tape Station. The RINe value demonstrate minimal  
RNA degradation, with RINe values being ≥ 8.6
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Figure 85- Image of ScreenTape electrophoresis gel for MM1 fibroblasts-1st microarray 
MM1 gingival fibroblasts (A1) has three main bands at 28S, 18S and the lower marker. 
MM1 gingival fibroblasts cultured with MTAG samples (B1) has strong bands at28Sand 
18S. Reduced definition between bands 28S and 18S, and feint bands between 18S and 
the lower marker indicating slight RNA degradation 
 
 

28S 18S 

Lower marker 
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 A1

 B1 

 
Figure 86- Graphical representation of ScreenTape electrophoresis gel. 
MM1 gingival fibroblasts (A1) demonstrates defined peaks from the lower marker, 18S 
and 28S indicating good quality RNA with minimal degradation. MM1 gingival 
fibroblasts cultured with MTAG shows a slight peak between the lower marker peak and 
18S indicating slight RNA degradation. 
 
 
Further RNA was extracted from  duplicate cultures. RNA quantification quantative 
analysis was performed as above using a GE NanVue spectrophotometer and an Aligent  
901 tape station  and processed  as above. RNA was extracted from  MM1 gingival 
fibroblast control cell culture and MM1 fibroblasts cultured with MTAG for 35 days. 
Results from the GE NanoVue spectrophptpmeter demonstrated   acceptable RNA 
concentration and  low  contamination (Table 56).
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Cells/treatment Concentration µg ml-1 260:280nm 260:230nm 
MTA Grey  188.4 2.112 1.812 

MM1  107.2 2.094 2.030 
 
Table 56- RNA quantitive and qualitative data from the NanoVue Spectrophotometer 
A260/A280 and A260/ A230 ratios are ≥ 2.0 apart from the MTAG A260/ A230  which is 1.812 
indicating low level contamination, Samples were further assessed further for quality 
and  degradation before being used in the real time RT-PCR experiments. 
 
 RNA samples were then electrophoresed in a an Algient Lab 901 Tape Station 
screentape electrophoresis machine, using using an RNA Screen Tape electrophoresis 
mini gel. This indicated that RNA quality was of high quality with minimal RNA 
degradation, and suitable for real time RT-PCR (Table 57). RNA degradation products 
were minimal between the 18S and the the lower marker (Figure 87, 88, 89) 

Location RINe 28S/18S (height) Sample Concentration Sample Description Observations 
A1 9.04 1.29  MTAG  
B1 9.14 1.61  MM1  
C1 9.14 2.45  MTAG-0.5  
D1 9.00 2.39  MM1-0.5  

 
Table 57- Output from Aligent 901 tape Station. Samples were tested neat and diluted 
by 50%. The RINe value demonstrate minimal RNA degradation with values being ≥ 9.0 
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28S 18S 

Lower Marker 

Figure 87- Image of ScreenTape electrophoresis gel for MM1 fibroblasts- 2nd microarray.
Neat samples of MM1 gingival fibroblasts cultured with MTAG (A1)and  MM1 gingival 
fibroblasts (B1), and 50% dilutions of  MM1 gingival fibroblasts cultured with MTAG 
(C1)and  MM1 gingival fibroblasts (D1) demonstrate three main bands at 28S, 18S and 
the lower marker indicating good quality RNA with minimal RNA degradation 
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A1 

 B1 

   
Figure 88-Graphical representation of ScreenTape electrophoresis gel. 
Both RNA samples from MM1 gingival fibroblasts cultured with MTAG (A1) and MM1 
gingival fibroblasts (D1)demonstrate defined peaks from the lower marker, 18S and 28S 
indicating good quality RNA with minimal degradation.                  
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 D1 

 
 
Figure 89-Graphical representation of ScreenTape electrophoresis gel. 
Both dilute  RNA samples from MM1 gingival fibroblasts cultured with MTAG (C1) and 
MM1 gingival fibroblasts (D1) demonstrate defined peaks from the lower marker, 18S 
and 28S indicating good quality RNA with minimal degradation
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8.5.2   Qaigen RT2 Profiler PCR human osteogenesis microarray-gene regulations 
 

 Osteogenic PCR   PCR1 PCR2 
Location Gene: Symbol GeneID Fold 

Regulation Comments Fold 
Regulation Comments 

A01 Alpha-2-HS-glycoprotein AHSG 197 -1.1282 C 3.6797 B 
A02 Alkaline phosphatase, liver/bone/kidney ALPL 249 -9.4995 A -76.351 A 
A03 Ameloblastin (enamel matrix protein) AMBN 258 -1.1282 C -1.2364 C 
A04 Amelogenin, Y-linked AMELY 266 -1.1282 C -1.2364 C 
A05 Annexin A5 ANXA5 308 1.2757 OK -1.1701 OK 
A06 Bone gamma-carboxyglutamate (gla) protein BGLAP 632 -1.3681 OK -1.1993 OK 
A07 Biglycan BGN 633 -3.6417 OK -4.1867 OK 
A08 Bone morphogenetic protein 1 BMP1 649 -3.3876 OK -4.0064 OK 
A09 Bone morphogenetic protein 2 BMP2 650 3.9317 OK 2.5454 OK 
A10 Bone morphogenetic protein 3 BMP3 651 1.52 OK 1.4626 OK 
A11 Bone morphogenetic protein 4 BMP4 652 -48.6201 A -31.2403 A 
A12 Bone morphogenetic protein 5 BMP5 653 -1.1282 C -1.2364 C 
B01 Bone morphogenetic protein 6 BMP6 654 -2.5272 OK -1.2938 OK 
B02 Calcitonin receptor CALCR 799 -1.1282 C -1.2364 C 
B03 CD36 molecule (thrombospondin receptor) CD36 948 2.507 OK 1.3356 OK 
B04 Cadherin 11, type 2, OB-cadherin (osteoblast) CDH11 1009 -2.7571 OK -1.8929 OK 
B05 Collagen, type X, alpha 1 COL10A1 1300 3.1588 OK 6.4824 OK 
B06 Collagen, type XI, alpha 1 COL11A1 1301 -8.7822 B -11.0285 B 
B07 Collagen, type XII, alpha 1 COL12A1 1303 -5.22 OK -5.4684 OK 
B08 Collagen, type XIV, alpha 1 COL14A1 7373 -47.0664 A -33.8431 OK 
B09 Collagen, type XV, alpha 1 COL15A1 1306 -11.9623 OK -9.7282 OK 
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B10 Collagen, type I, alpha 1 COL1A1 1277 -12.9544 OK -16.4198 OK 
B11 Collagen, type I, alpha 2 COL1A2 1278 -3.2914 OK -2.88 OK 
B12 Collagen, type II, alpha 1 COL2A1 1280 -1.1282 C -1.2364 C 
C01 Collagen, type III, alpha 1 COL3A1 1281 -7.4474 OK -11.2437 OK 
C02 Collagen, type IV, alpha 3 (Goodpasture 

antigen) COL4A3 1285 -1.5433 B -7.1861 B 
C03 Collagen, type V, alpha 1 COL5A1 1289 -5.902 OK -7.1967 OK 
C04 Cartilage oligomeric matrix protein COMP 1311 -21.2982 OK -16.1673 OK 
C05 Colony stimulating factor 2 (granulocyte-

macrophage) CSF2 1437 3.2827 A 39.1198 A 
C06 Colony stimulating factor 3 (granulocyte) CFS3 1440 3.5486 OK 22.7083 OK 
C07 Cathepsin K CTSK 1513 -1.4289 OK -1.1696 OK 
C08 Dentin matrix acidic phosphoprotein 1 DMP1 1758 -1.1282 C 1.301 B 
C09 Dentin sialophosphoprotein DSPP 1834 -1.1282 C -1.2364 C 
C10 Epidermal growth factor EGF 1950 1.4782 A -1.0174 A 
C11 Epidermal growth factor receptor EGFR 1956 1.4411 OK -1.2604 OK 
C12 Enamelin ENAM 10117 -1.1282 C -1.2364 C 
D01 Fibroblast growth factor 1 FGF1 2246 1.146 OK -1.2232 OK 
D02 Fibroblast growth factor 2 FGF2 2247 2.1615 OK 6.1265 OK 
D03 Fibroblast growth factor 3 FGF3 2248 -3.0375 B -3.3287 B 
D04 Fibroblast growth factor receptor 1 FGFR1 2260 -1.8825 OK -1.4509 OK 
D05 Fibroblast growth factor receptor 2 FGFR2 2263 -6.8826 B -7.5423 B 

D06 
Fms-related tyrosine kinase 1 (vascular 

endothelial growth factor/vascular permeability 
factor receptor) 

FLT1 2321 -2.8907 OK -4.3795 OK 

D07 Fibronectin 1 FN1 2335 1.4347 OK -1.2682 OK 
D08 Growth differentiation factor 10 GDF10 2662 -2.1744 OK -2.0971 OK 
D09 Intercellular adhesion molecule 1 ICAM1 3383 -5.2951 OK -8.6724 OK 
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D10 Insulin-like growth factor 1 (somatomedin C) IGF1 3479 -1.8742 OK -6.2424 OK 
D11 Insulin-like growth factor 1 receptor IGF1R 3480 -3.1003 OK -2.3095 OK 
D12 Insulin-like growth factor 2 (somatomedin A) IGF2 3481 -5.5184 OK -1.7293 OK 
E01 Integrin, alpha 1 ITAG1 3672 -3.1171 OK -2.9956 OK 
E02 Integrin, alpha 2 (CD49B, alpha 2 subunit of 

VLA-2 receptor) ITGA2 3673 3.6307 OK 2.8199 OK 

E03 Integrin, alpha 3 (antigen CD49C, alpha 3 
subunit of VLA-3 receptor) ITGA3 3675 -1.3213 OK -2.8886 OK 

E04 Integrin, alpha M (complement component 3 
receptor 3 subunit) ITGAM 3684 -1.2248 B 1.1216 B 

E05 
Integrin, beta 1 (fibronectin receptor, beta 

polypeptide, antigen CD29 includes MDF2, 
MSK12) 

ITGB1 3688 -1.0726 OK 1.1411 OK 

E06 Multiple inositol-polyphosphate phosphatase 1 MINPP1 9562 -1.0828 OK 1.251 OK 
E07 Matrix metallopeptidase 10 (stromelysin 2) MMP10 4319 141.6689 A 226.1302 A 
E08 Matrix metallopeptidase 2 (gelatinase A, 72kDa 

gelatinase, 72kDa type IV collagenase) MMP2 4313 -1.2354 OK -2.1354 OK 

E09 Matrix metallopeptidase 8 (neutrophil 
collagenase) MMP8 4317 10.4032 B 8.6462 B 

E10 Matrix metallopeptidase 9 (gelatinase B, 92kDa 
gelatinase, 92kDa type IV collagenase) MMP9 4318 -8.8451 B -12.803 B 

E11 Msh homeobox 1 MSX1 4487 -1.1221 B -2.5749 OK 
E12 Nuclear factor of kappa light polypeptide gene 

enhancer in B-cells 1 NFKB1 4790 -2.6137 OK -2.0126 OK 
F01 Platelet-derived growth factor alpha polypeptide PDGFA 5154 -4.8792 B -3.1888 OK 
F02 Phosphate regulating endopeptidase homolog, 

X-linked PHEX 5251 -1.2509 OK 1.1617 OK 
F03 Runt-related transcription factor 2 RUNX2 860 -1.8617 OK -2.0108 OK 
F04 Scavenger receptor class B, member 1 SCARB1 949 -1.792 OK -2.5574 OK 
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F05 
Serpin peptidase inhibitor, clade H (heat shock 

protein 47), member 1, (collagen binding protein 
1) 

SERPIN
H1 871 

-2.0996 
OK -1.1991 OK 

F06 SMAD family member 1 SMAD1 4086 -2.437 OK -2.7645 OK 
F07 SMAD family member 2 SMAD2 4087 -1.6424 OK -1.4239 OK 
F08 SMAD family member 3 SMAD3 4088 -2.1468 OK -1.5313 OK 
F09 SMAD family member 4 SMAD4 4089 -1.5428 OK -1.183 OK 
F10 SRY (sex determining region Y)-box 9 SOX9 6662 1.7576 OK 1.1067 OK 
F11 Statherin STATH 6779 22.9983 OK 12.4278 OK 
F12 Tuftelin interacting protein 11 TFIP11 24144 1.0756 B 1.0235 OK 
G01 Transforming growth factor, beta 1 TGFB1 7040 -1.5241 OK -2.0155 OK 
G02 Transforming growth factor, beta 2 TGFB2 7042 1.3794 OK -1.699 OK 
G03 Transforming growth factor, beta 3 TGFB3 7043 -3.7806 A -2.3663 OK 
G04 Transforming growth factor, beta receptor 1 TGFB1R 7046 -2.6308 OK -2.859 OK 
G05 Transforming growth factor, beta receptor II  TGFBR2 7048 2.0497 B 1.4214 OK 
G06 Tumor necrosis factor TNF 7124 -24.8834 B -27.2685 B 
G07 Tuftelin 1 TUFT1 7286 -2.668 B 1.0758 OK 
G08 Twist homolog 1 (Drosophila) TWIST1 7291 -1.5091 OK -2.1593 OK 
G09 Vascular cell adhesion molecule 1 VCAM1 7412 -4.1484 OK -2.3538 OK 
G10 Vitamin D (1,25- dihydroxyvitamin D3) 

receptor VDR 7421 -1.7583 OK -1.4726 OK 
G11 Vascular endothelial growth factor A VEGFA 7422 2.4094 OK 6.6507 OK 
G12 Vascular endothelial growth factor B VEGFB 7423 -1.1022 OK -1.2747 OK 
H01 Beta-2-microglobulin B2M 567 -1.5049 OK -1.0246 OK 
H02 Hypoxanthine phosphoribosyltransferase 1 HPRT1 3251 1.3837 OK 1.1692 OK 
H03 Ribosomal protein L13a RPL13A 23521 -1.3816 OK 1.0274 OK 
H04 Glyceraldehyde-3-phosphate dehydrogenase GAPDH 2597 1.5027 OK 1.1339 OK 
H05 Actin, beta ACTB 60 -2.9189 OK -4.0231 OK 
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H06 Human Genomic DNA Contamination HGDC  -1.1282 C 6.9918 B 
H07 Reverse Transcription Control RTC  1.0908 OK -1.3035 OK 
H08 Reverse Transcription Control RTC  1.0299 OK -1.6622 OK 
H09 Reverse Transcription Control RTC  1.0264 OK -1.7411 OK 
H10 Positive PCR Control PPC  1.0364 OK 1.6887 OK 
H11 Positive PCR Control PPC  1.1447 OK 1.3238 OK 
H12 Positive PCR Control PPC  1.2482 OK -3.479 OK 

 
Table 58- Gene regulations for Qiagen Real Time PCR for MM1 gingival fibroblasts exposed to MTAG material samples for over 35 days 
using a Qiagen PCR array for osteogenic markers (PAHS-026). 
Untreated MM1 gingival fibroblasts were the control. 2 duplicate samples were analysed against the control MM1gingival fibroblasts. 
Upregulations and downregulations were not of the same magnitude for both duplicate microarrays, but gene up and downregulations 
were generally similar. Fold regulations in red are upregulations greater than 2, fold regulations in black are up or downregulations less 
than 2, and fold regulations in blue are downregulations greater than 2. Letters OK, A, B, C in comments column refer to reliability of 
results obtained. 
 
Comment OK: This gene’s average threshold cycle is relatively low in both control and test samples meaning that the genes expression is 
reasonably detected in both samples.   
Comment A: This gene’s average threshold cycle is relatively high (> 30) in either the control or the test sample, and is reasonably low in 
the other sample (< 30). These data mean that the gene’s expression is relatively low in one sample and reasonably detected in the other 
sample suggesting that the actual fold-change value is at least as large as the calculated and reported fold-change result.   
Comment B: This gene’s average threshold cycle is relatively high (> 30), meaning that its relative expression level is low, in both control 
and test samples. This fold-change result may also have greater variations; therefore, it is important to have a sufficient number of 
biological replicates to validate the result for this gene.   
Comment C: This gene’s average threshold cycle is either not determined or greater than the defined cut-off (default 35cycles), in both 
samples meaning that its expression was undetected, making this fold-change result erroneous and un-interpretable. 
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